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ABSTRACT

The term “magnetic hole” has been used to denote isolated intervals when the magni-
tude of the interplanetary magnetic field drops to a few tenths, or less, of its ambient
value for a time that corresponds to a linear dimension of tens to a few hundreds of pro-
ton gyro-radii. Data obtained by the Ulysses magnetometer and solar wind analyzer have
been combined to study the properties of such magnetic holes in the solar wind between
1 AU and 5.4 AU and to 23” south latitude. in order to avoicl confusion with decreases in

field strength at interplanetary discontinuities, the study has focused on linear holes
across which the field direction changed by less than 5°. The holes occurred preferen-

tially, but not without exception, in the interaction regions on the leading edges of high-
speed solar wind streams. Although the plmrna surrounding the holes was generally sta-
ble against the mirror instability, there are indications that the holes may have been rem-
nants of mirror mode structures created upstream of the points of observation. Those in-
dications include: (1) For the few holes for which proton or alpha-particle pressure could
be measured inside the hole, the ion thermal pressure was always greater than in the
plasma adjacent to the holes. (2) The plasma surrounding many of the holes was :

marginally stable for the mirror mode, while the plasma environment of all the holes was
significantly closer to mirror instability than was the average solar wind. (3) The plasma
containing trains of closely spaced holes was closer to mirror instability than was the
plasma containing isolated holes. (4) The near-hole plasma had much higher ion ~ (ratio

of thermal to magnetic pressure) than did the average solar wind. (5) Near the holes,
T1 /T1 1 tended to be either >1 or larger than in the average wind, (6) The proton and al-
pha-particle distribution functions measured inside the holes occasionally exhibited the
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flattened phase-space-density COntOUfX  ill VJ_-vl I space found in some numcrica] simula-

tions of the mirror instability.

INTROI)UC”l’ION

l%c term “magnetic hole” was introduced by 7’urnerefaL  [1977] todescribc  lo-

calized depressions in the magnitude of the interplanetary magnetic field (IMF) observed
in 1971 by Explorer 43 (also known as IMP 6). “1’hc holes were defined as dips in the

field magnitude to less than 1 nT detected in plots of data averaged over 15-s intervals
(the detailed definition used in the present paper is different; see the analysis section).

Their study found 28 magnetic holes in 18 days of data. The holes were distinct entities
in otherwise nearly average IMF conditions; i.e., they were not random depressions in a
region of noisy or weak fields. The widths of the holes ranged from 2 to 130 s, with a

median of 50 s, corresponding to thickness in the solar radial direction of -200 proton
gyro radii. Nine of the holes showed large angle changes with evidence for sub-Alfv6nic
instreaming and field reconnection, Eight of the 28 holes, however, exhibited little or no
directional change; such structures were named linear holes. The linear holes were ob-
served in regions of high plasma ~ = nkT/(B2/8n), and all but one of them occurred on or

near the leading edges of high-speed streams in the solar wind. Turner et al. suggested
that the linear holes, which could not have been caused by reconnection, resulted from the
diamagnetic response of the field to local plasma inhornogeneities, but the cause of the
inhomogeneities remained an open question.

In a follow-on study, Fitzenreiter  and Dur2aga [1978] analyzed magnetic holes
observed by both the IMP 5 and IMP 6 spacecraft. Combination of the data from the two
spacecraft demonstrated consistency with planar current sheets with no significant curva-
ture over a distance of -2x105 km. For each of the holes analyzed, however, the field ro-
tated by >90°,  and thus the conclusions concerning planar structure do not necessarily

apply to linear holes. By assuming that the linear holes are also planar structures, Fitzen-
reiter and Burlaga went on to show that the shape and thickness of the currents on the :

edges of linear holes agree with those deduced by Burlaga  and Lemaire [1978] from their

self-consistent solution of the Vlasov and Maxwell equations in one dimension.

Klein and Burlaga  [1980] found that magnetic holes tend to be concentrated near
stream interfaces where fast streams overtake the slower ambient wind. That study did
not distinguish between linear and rotational holes, however. They suggested that the
holes might be due to instabilities associated with the interface or to material trapped

between adjacent converging flows near the Sun.
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Clues to the origin and nature of magnetic holes in the solar wind can perhaps be ob-
tained from studies of similar features observed in the Earth’s rnagnctoshcath,  Ka@nann

et al. [ 1970] were the first to study dropouts in field magnitude in the magnetoshcath.
Using Explorer- 12 data, they showed that the dips in field strength were anti-correlated
with the flux of electrons with energy >200 eV (there were no lower-energy plasma data

from that spacecraft), and interpreted the structures as slow-mode magnetoacoustic
waves, while admitting the possibility of standing pressure-balance structures, Kaufmann

et al, went on to suggest that the mirror instability might bc the underlying cause of the
features. Using data from IMP 6, Crooker et al. [1979] showed that the anisotropy of the

plasma depletion layer just outside the magnetopausc  was usually unstable to the mirror
mode. Tsurufani  et aL [1982] used data from lSEE 1 and 2 to show that the quasi-
periodic dips in field strength in the magnetosheath  did, in fact, meet the high” P and

TL/Tl I >1 criteria for the mirror instability. Subsequent observations of variations in the
magnitude of the magnetic field credited to the mirror instability have been made in the
near-Earth magnetosheath [Hubert et al., 1989; Hubert ef al., 1989; Zmcombe e~ al., 1992;

Anderson and Fuse/ier,  1993], in the far-downstream terrestrial magnetosheath
[I%urufani  et aL, 1984], in the rnagnetosheaths of Jupiter and Saturn [7surutani et al.,

1982; Bulogh et al., 1992], and in the cometosheath of comet Halley [Russell et al.,
1987].

Against this background of magnetosheath observations, Tsurutani et al, [1992]
interpreted a series of magnetic dips (which they did not call “magnetic holes”) observed
by Ulysses in the plasma behind an interplanetary shock as being caused by the mirror
instability, The ion P during that period was high (-4), but the plasma anisotropy was not

examined,
The mirror instability occurs when both the plasma ~ and the temperature anisotropy

(TJ/1’i 1 ) are large (the larger ~, the less anisotropy is required). Theoretically, the insta-

bility was first treated as a magnetohydrodynamic instability [Rudakov and Sagdeev,

196 1; Thompson, 1964], but was later described more accurately with a kinetic approach
[Tajiri,  1967; Hasegawa, 1969] by which it was shown that the mirror instability selec-

tively affects the portion of the particle distribution with large pitch angles. Recently,
further elucidating the kinetic approach, Southwood  and Kivelson  [1993] described the
physical mechanism of the instability in terms of the behavior of the large pitch angle
particles which play the role of “resonant” particles,

I.inear Vlasov theory predicts that T~_lI’1 1>1 also leads to the growth of the proton
cyclotron instability. This growing mode has a lower threshold anisotropy at intermedi-
ate and low P [Gary et aL, 1976], implying that the mirror instability should be observed
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only above some critical value of (1. Price et al. [ 1986] have shown that the presence of

alpha particles introduces damping of the proton cyclotron instability while leaving the
mirror mode unaffected, thereby reducing the critical P value. Anderson and Fusefier

[ 1993] found that in the subsolar rnagnetoshcath the critical value of the parallel proton
beta, (3I 1, is about two or three; below that value proton-cyclotron-like fluctuations

predominated whereas mirror-like fluctuations were primarily observed above that criti-

cal value.

Because linear theory predicts that the relationship between these two instabilities is a
sensitive function of the relative helium ion concentration [Gary et al., 1993], it would be

interesting to study the effect of this concentration on the possible growth of the mirror
instability.

In this paper we pursue the question of the possible relation of magnetic holes in the
solar wind to the mirror instability and compare the data to the results of numerical simu-
lations and theory. The methodology was: (1) to search 26 months of solar-wind data ac-
quired by the magnetometer on Ulysses for magnetic holes, (2) to compile statistics con-
cerning their nature and occurrence rate as a function of distance from the Sun and rela-
tive to the solar wind stream structure, (3) to select a subset of linear holes that were rea-
sonably simple and isolated from other field variations, calculate the mirror instability
criterion for each event in the subset, and compare the results to the average wind
observed by Ulysses, and (4) to examine the ion distribution functions within the holes.
The detailed study was limited to linear holes to minimize confusion with dips in field
magnitude caused by reconnection or other processes associated with interplanetary
discontinuities.

OBSERVATIONS

INSTRUMENTATION
The Ulysses magnetometer experiment utilizes both a tri-axial fluxgate magnetometer

and a vector helium magnetometer [Babgh cf al., 1992]. The experiment usually returns
one vector pcr second, although, when allowed by the spacecraft data rate, can return two

vectors per second. The magnetometers have been in near] y continuous operation since
shortly after launch.

The plasma data were obtained by the lJ1ysses  solar wind plasma experiment Solar
Wind Observations Over the Poles of the Sun (SWOOPS). The design and operation of

SWOOPS are described by Bame et al. [1992]. In its usual mode of operation, SWOOPS
measures the three-dimensional distribution of protons and alphas with resolution of 5%
in energy and -5° in both polar and azimuthal angles. ‘l’he ion data are acquired by mea-
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suring the two-dimensional angular distributions for each of four consecutive energy lev-

els during a single 12-s spin of the spacecraft. A complete, 40-energy-level spectrum is
acquired over ten consecutive spins (i.e., over 2 minutes). A 2-minute spectrum is ob-
tained every 4 or 8 rein, depending on whether the spacecraft is being tracked or is stor-

ing data for later readout, SWOOPS has been in nearly continuous operation since

November 18, 1990, when I.Jlysscs was 1.15 AU from the Sun, but notational motion of
the spacecraft between November 18 and December 18, 1990, prevented determination of

the three-dimensional distribution functions for that period.

STATISTICAL. ANAI.YSIS

An example of a magnetic hole is given in Figure 1a, showing 1-second-average
Ulysses magnetometer data. Figure lb displays the same event expanded along the time
axis by a factor of 16, showing that the hole is indeed resolved with 7 data points. The
field magnitude dropped precipitously from about 9.5 nT to less than 3.0 nT in about 7
seconds. In this example there was little or no rotation of the field as it decreased: the
solar-ecliptic x and y components (there is no z component in this example) decreased in
phase with each other. Also note the three or four small inverted spikes following the
hole which look in all respects much like the hole except the decrease was much less.

The appearance of holes in the magnitic field data is varied. Figure 2 shows five un-
related intervals, each of which contains magnetic holes of different structures, all with
field rotations less than 5“. As it turns out, the events with no field rotation are those

most easily recognized as magnetic holes, often appearing as isolated or small wave train
events in a quiet background. The holes depicted in Figure 2 range from what could be
described as short wave trains (a and b), to single events reminiscent of solitons. All
have a quiet magnetic field background, with the exception of Figure 2c, where the noisy
background may disguise a wave train of magnetic holes.

In order to gather statistical information about the magnetic holes, Ulysses magnetic
field data (one second averages) covering the period from launch to the end of 1992 were .

electronically scanned. A hole was defined to be a dip’ in the field strength such that
Bnlin/BO <0.5 where Bnlin and 130 are the minimum and average field magnitudes within

a sliding window 300 seconds in length. The defining values of Bmin/BO and the window
length were arrived at by trial and error, noting that with values of 0.5 and 300s, respec-

tively, the program found most of the magnetic holes that were visually apparent in plots
of time series data, The program also determined the width & of each hole, in seconds, as
well as the field rotation 80 across the hole.



Thcsearch program found 4127n]agnctici  lolesduringt l~c26n~ontllp  criodO ct. 1990
to Ilcc. 1992, including 428 events downstream of the Jovian bow shock. In the solar

wind, outside the Jovian environment, there were typically about 100 events per month

(I~igure 3). This large number probably reflects the simplicity of the selection procedure.
We know the selected sample includes many magnetic holes, but there arc also probably

contributions from heliospheric current sheet crossings [ Winferhalfer et al., 1993] and
from other phenomena that produce field decreases but that are not commonly considered
to bc magnetic holes. On the other hand, all the events represent significant, short-lived
decreases of the field magnitude, so it is conceivable that they all involve the same under-

lying physical mechanism.

Magnetic holes were found over the full ranges of heliocentric distance and latitude
sampled by Ulysses through 1992. Figure 3 shows that the rate of occurrence was highly

variable. There is no obvious indication in J?igure 3 that the occurrence of holes was re-
lated to heliocentric distance. There is a suggestion, however, that the number of holes
may have increased with latitude, although this point requires further analysis of higher
latitude Ulysses data.

The rotation of the magnetic field vector across a hole (60) was usually small (Figure

4), with more than 30% of the holes having rotations less than 10”. If we restrict the se-
lection to cases in which the rotation of the magnetic field vector across the hole was
small (“linear holes”), say 50<5°, the average number of events per month was 33,

which is greater than the number of linear holes observed near 1 AU over a much shorter
interval by 7’urner  et al, [1977].

The number of holes decreased with 13nlin/B(),  which is a reasonable trend. ‘I’here
were 40 holes with Bnlin/B() <0.05, and approximately 800 holes at the top end of the
selection range (0,45 < Bnun/Bo < 0.50). The average value of Bnlin decreased with time

and heliocentric distance, although at every distance the field somtimes reached very low
values. Typically, Bnlin was about 0.01 nT (Figure 5), but many holes had minimum field
strengths that were larger. There were 41 holes with B ~lin <0.005 nT.

Figure 6 shows the widths of the holes in seconds. The “width” is defined here as the
interval that contains the field minimum, and whose start point and end point are one
standard deviation below the average field. Typical] y, the width was between 5 seconds
and 25 seconds, with a most probable value lying in the 10-15 seconds bin and a median
value of 22s. These numbers compare well with those found by Turner et al. [1977], who
determined the width of their 28 cases to range from 2 s to 130 s, with a median of 50s.
It is important to remember that the geometry of the crossing is not taken into account
here, a fact which may contribute to the scatter of the values in I;igure 6.
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O(CURRENCE OF IIOLES RELATIVE TO I.ARCW-SCAI.Fi  SOLAR WIND STRUCTURES

To further analyze the properties of the magnetic holes wc concentrated on the linear

holes across which the magnetic field rotated less than 5“. I:rom the resulting list of 540

events, wc then hand-picked 55 cases that occurred in a quiet background and were thus
easily identifiable, as those shown in Figures 1 and 2. That list was then cut to the 45
events for which a good plasma spectrum (with no spacecraft nutation) was obtained
within 15 minutes of the observation of the hole.

The 45 holes selected for further study were situated in a variety of solar wind set-

tings. Beginning in early May, 1991, when Ulysses was still near the ecliptic at a solar
distance of 2.85 AU, through the middle of 1993 (35° south latitude; 4,5 AU), both the

magnetometer and SWOOPS data showed the solar wind usually to be divided into dis-
tinctive interaction regions (IRs) separated by relatively quiet non-interaction regions

(NONIRS) [Smith et al,, 1993; IVeugebauer  cf UL,  1994]. Of the 32 magnetic holes in our
sample observed during that period, 27 were in 1 Rs, 3 were in NONIRS, while 2 were in a
region of ambiguous type. ‘I’wo of the 13 holes observed between Dec. 18, 1990 and
May 1, 1991 (i.e., after the cessation of spacecraft nutation but before the regular appear-
ante of well defined IRs and NONIRS) were also in shocked plasma. One of those holes
occurred in a region of plasma with TJ_ > Tl 1 extending -4 hours downstream of a strong
reverse shock. But other associations can also be found. At least 12 holes were in
plasma that could be identified as originating in coronal mass ejections, Seven holes
were located in the high-density plasma sheet in which the hcliospheric current sheet was
usually embedded.

CONSISTENCY WITH MIRROR MODE STRLJCTUI-W

As mentioned in the introduction, features resembling magnetic holes in planetary
magnetosheaths have been associated with the mirror instability. One of the purposes of
the present study is to determine whether or not the holes detected by Ulysses in the solar
wind might have the same origin.

If the magnetic holes are mirror-mode struct ures, the dip in magnetic pressure must be ‘

compensated by an increase in the perpendicular plasma pressure, Because most of the

magnetic holes passed by the spacecraft in less than a minute while ion spectra were ob-
tained for 2 minutes out of every 4 or 8 minutes, it was usually not possible to measure
the ion density and temperature within a hole. q’here were a few lucky exceptions, how-

ever, when the phasing of the energy sweeps happened to allow the mapping of the peak
of either the proton or the alpha-particle distribution (seldom both) within a magnetic
hole. There were 8 proton and 5 alpha particle spectra from which in-hole ion densities
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and tetnpcraturcs could be calculated. When those values were compared to the densities
and temperatures calculated from adjacent spectra that did not overlap magnetic holes,

the results shown in Table 1 were obtained. The first column gives the year, day number,

and U’I’ of the plasma measurement in the hole, The next two columns give the apparent
thickness of the hole (v&) in units of either the proton or the alpha gyroradius (RLP or

RI,a) calculated from the field strength and ion temperature measured inside the hole.
The general shape of the time-series plot of magnetic field strength is also noted in those

columns, with “simple” indicating a simple v- or u-shaped depression and “double” indi-

cating the appearance of two overlapping holes with more of a w-shape. The last three
columns give the ratio of density n, temperature T, and the product nT inside the hole to
the corresponding values for a nearby spectrum outside the hole (denoted by subscript o).
The data suggest that both the density and temperature usually increased inside a hole,

while the thermal pressure was consistently higher inside than outside. It is not possible,
however, to carry out a detailed calculation of pressure balance because we do not have
simultaneous observations of protons, alphas, and electrons inside the hole.

The stability criterion for mirror mode waves can be stated as a ratio

where instability corresponds to R >1.  Figure 7a shows the distribution of R computed
from hourly averages of Ulysses field and plasma data between Dec. 18, 1990 (when the
spacecraft nutation stopped) and the end of 1992?. Figure 7b shows the values of R com-

puted from the plasma spectra in the undisturbed plasma adjacent to each of the magnetic
holes in our smaller data set. The values of ~, Tl 1, and TJ_ used to calculate R correspond

to total ion values, including protons and alphas, but not electrons. From Figure 7a it is
seen that the solar wind is almost always vcIy stable against the mirror instability, with a
median value of R = 0.32. R exceeded 1.0 for only 4% of the hours in the interval sam-
pled, For the near-hole observations, however, R was usually between 0.5 and 1.0 :
(Figure 7b), with what amounts to a cut-off near R=l. These features are consistent with

a state of marginal stability: On the other hand, there are a number of cases which are
closer to R=O.5 than they arc to R=l, and it is difficult to argue that the plasma conditions
are only marginally stable for those cases. Yet Figure 8 shows that it is primarily single

isolated holes (like in Figure ?.d and e) that appear to have evolved away from the R=l
line, as opposed to multiple holes (like in IJigure 2a to c) which cluster more closely
around R=]. Our
mode instabilities

interpretation is that [Jlysses observed structures generated by mirror
which remained after the distribution relaxed to a marginally stable
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state. The single holes may be older remnants of wave trains whose other members have

decayed away, and whose distribution is much more isotropiz,ed,

Further in fortnation comparing the state of the solar-wind plasma near magnetic holes

to that found during other times is summarized in Table 2. The first row summarizes the
data shown in Figure 7. The next two rows contain data on the constituent parts of the in-

stability criterion. Tl 1 is almost always greater than T1 in the solar wind, but on average

the plastna adjacent to magnetic holes is as likely t~ have TL/Tl I >1 as <1. We note that
Anderson and I“uselier  [1993] found that mirror instabilities in the sunward magne-
toshcath were limited to the higher ~ situations whereas the ion cyclotron instability

dominated in lower ~ plasma. Finally, Table 2 shows that the alpha-particle abundance

was slightly lower than average in the near-hole plasma with values of n~/ np from 0.021

to 0.123.

PARTICLE  Ixsnuwnorw

Figures 9 and 10 display the distribution functions constructed from the few space-
craft spins when the SWOOPS energy-sweep sequence allowed the mapping of the peaks
of either the proton or alpha-particle distributions. The distributions correspond to the
entries in Table 1, with protons plotted in Figure 9 and alphas in Figure 10. The data
were transformed and binned into a two-dimensional coordinate system aligned with the
magnetic field and moving with the proton flow speed. Bins containing one or more
measurements are marked by a + and contours in regions of phase space with only a few
+ symbols are not very reliable. There are two contour intervals per decade; i.e., each
contour represents a phase space density a factor of 3.16 above or below its neighboring
contour.

The contours in Figures 9 and 10 can be compared to the results of numerical simula-
tions by McKean et al. [1993] in their Figures 2b and 6g. Both of their simulated
distribution functions, one for a slow-growth rate situation and the other for a large-am-
plitude, rapid-growth case, show rather box-shaped or flattened inner contours in the re-
gion of minimum field strength. Some of our distributions (Figures 9g, 9h, 10a, and 10b)

exhibit such flattening, but others don’t, Our contours do not resemble the distributions
proposed by Soufhwood  and Kivelson  [1993], but the 5° angular resolution of the

SWOOPS instrument (which is coarser than the binning intervals in Figures 9 and 10)
would probably smooth out the rather narrow features sketched by Southwood and Kivel -

son, even if finite gyro-radius effects did not do so, as was suggested by McKean  e? al.

[1993].
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From their simulations, McKecm  ef al. [ 1993] also produced contours for the distribu-
tion functions on .thc edges of the holes where the field magnitude was changing rapidly.
I{xamination of the SWOOPS data that overlapped hole edges revealed no evidence of
more ions (either protons or alphas) moving into the low field region than moving away

from it, as found in the simulations. A possible exeption to this statement is shown in

Figure 9h, but these observations were obtained almost at the center of the hole.

DISCUSSION AND CONCLUSIONS

The question that naturally arises is what is the origin of the magnetic holes in the so-

lar wind. Some decreases in the magnitude of the interplanetary magnetic field maybe
caused by reconnection at tangential discontinuities [Burfaga,  1968], while others are as-

sociated with quasi-perpendicularly propagating rotational discontinuities with ion-sense
rotation [ZVeugebauer,  1989]. The subset of the LJlysses holes selected for detailed anal-
ysis ‘was, however, limited to linear holes with angular rotation of the field < 5“, thus
eliminating any contribution by or confusion with magnetic reconnection or directional
discontinuities.

In principle, a magnetic depression and cmt-of-phase changes in the field strength and
density could be caused by a slow mode wave. We find, however, that the solar wind
speed varies little across the holes (< 1 ktnh). Thus, there is no evidence for the wave
electric field, 8E oc l& x Ill, necessary for a propagating slow mode wave.

It has been suggested to us that the magnetic holes might have been caused by high-
speed impacts of dust with the spacecraft. We believe this interpretation is unlikely. The
recurring streams of dust particles [Grun and al., 1993] measured by the Ulysses dust

experiment appear to be uncorrelated with the magnetic holes in our data set.
‘ Furthermore, the distortion of the magnetic field caused by dust impact differs from that

of magnetic holes. The magnetic pulses attributed to dust-grain impact on the Giotto
spacecraft [ZVeubauer  et aL,  1990] had time durations of less than a second, compared to
tens of seconds for the magnetic holes studied here. Also, the dust-caused dips in field
strength observed by Giotto were followed by periods of stronger field, which were not

typical of the Ulysses holes,
We believe the linear magnetic holes observed by Ulysses are probably remnants of

structures caused by the occasional mirror instability of the solar wind. The reasons for

this belief, discussed in more detail in subsequent paragraphs, are: (1) The dip in field
strength is accompanied by a simultaneous increase in plasma density and pressure. (2)
The holes are found in high ~ plasma that is significantly less stable to the mirror mode

than most of the solar wind, (3) I’hc plasma with trains of closely spaced magnetic holes
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is often marginally mirror-mode stable. (4) There is somctirncs a similarity of the

squared-off velocity-space contours observed within the holes to distribution functions

derived from numerical simulations of mirror-mode waves,

The alpha-particles in the solar wind arc expected to suppress the growth rate of the
ion cyclotron instability which would otherwise bc more effective than the mirror insta-

bility in reducing the ion anisotropy [Price et af., 1986; Gary et al., 1993]. For the five

cases in which alpha-particle data were available inside the holes, the alpha-particle .gyro-

radius was roughly a quarter of the hole dimension and the velocity distributions of the
alphas were similar to those of the protons. Thus the alphas probably participate in the

mirror-mode process.

If our interpretation concerning the mirror instability is correct, it leads to the conclu-
sion that the holes are probably created in interplanetary space rather than being a relic
solar signal, There is no evidence in Figure 3 that magnetic holes decay or disappear
with increasing distance from the Sun. The high, but not perfect, correlation of holes
with the interaction regions between forward and reverse shocks supports the hypothesis
of interplanetary creation because the shocks associated with corotating high-speed
streams do not usually develop until the streams are beyond 1 AU.

Interestingly, a number of the holes found in the solar wind appear to have a single
large drop in the field without subsequent oscillations (cf. Figure 2). Other cases had
two or three or four oscillations, which were progressively reduced in amplitude. We
contrast this to observations of the mirror instability in planetary magnetospheres [Brown
ef al,, 1968], and particularly in the jovian magnetosheath  [Balogh et al., 1992], where
many field oscillations followed the initial field reduction. In the jovian magnetosheath,
the large amplitude waves persisted for days. In the magnetospheric  example discussed
by Hasegawa [1969], the maximum anisotropy occurred at the minimum magnetic field.
It was during the subsequent field oscillations that the plasma anisotropy was reduced.
Such features were not seen in the solar wind magnetic holes, perhaps because the initial
plasma anisotropy which triggered the instability in the solar wind was not as large as can :
be found in the magnetosphere or rnagnetosheath. Another difference between our results
in the solar wind and those obtained by other experiments in the magnetosheath  is the

degree of instability of the plasma. We found the solar wind near magnetic holes to be
generally mirror-mode stable, although sometimes only marginally so, wherein Anderson

and Fuselier [1993], for example, found the rnagnetosheath plasma to be unstable. The
difference could be the proximity of the holes observed in the magnetosheath to the
region (i.e., the bow shock) where the anisotropy was produced. This argument is
supported by Figure 8, which shows that in contrast to the single holes, wave trains, short
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as they are in the solar wind, cluster closely below the instability threshold. l“he plasma
was, therefore, not yet isotropizcd (by rncchanisms yet to bc specified) to the degree

shown in plasma with single holes . This process may resemble a sequence in time anal-

ogous to Figure 2 (if this figure represented the evolution of a single event, which is dots

not), where a small wave train evolves (a) and coalesces into a single hole (e).
Our search has found a large number of magnetic holes in the solar wind. The restric-

tion placed on the identity of the holes, namely that Bnlin/B() e 0.5, was arbitrary. We

have seen magnetic field signatures in the data which in all respects looked like magnetic
holes, except that the dip in the field magnitude was not deep enough to qualify thcm as
such. Because those events were probably formed by the same mechanism, the depth to
which the field magnitude drops is of secondary consequence. The term “hole” is per-
haps a misnomer because it emphasizes the amount of reduction in the magnetic field.

What is important is the underlying mechanism which produces the events whose n~agni-
tude depends on the amount of free energy available, Thus we expect a broad range of
field decreases and we have likel y underestimated the number of magnetic “holes”.

Our analysis suggests that the underlying mechanism as the mirror instability. This
instability requires a high plasma P and a temperature an isotropy such that TL > Tl [.

Such conditions have been observed in many regions of space: behind planetary and in-
terplanetary shocks, in coronal mass ejections, in the heliospheric  plasma sheet, in mag-
netospheres,  anywhere near a boundary that influences particle trajectories, etc.; mirror
mode structures would bc expected to form in such regions. Figure 3 confirms that the
number of holes per day is more or less constant in the solar wind, regardless of the ap-
pearance and disappearance of particular large scale solar wind structures: there is often
something going on in the solar wind that produces high P and TL > Tl [. The apparent

ubiquity of the mirror instability suggests that it is an important, if not fundamental,
mechanism by which space plasmas in all corners of the heliosphere  use up free energy.

Many questions remain unanswered. The unknown three-dimensional structure of

magnetic holes can perhaps be addressed by studying holes observed by several closely :
spaced spacecraft such as 1SEJ3 1, 2, and 3. The finding of large-scale planarity by
Fitzcnreiter and Burlaga [1978] was limited to field decreases associated with large field
rotations and may well be inapplicable to linear magnetic holes or to any other holes

resulting from the mirror instability. Another question is the lifetirnc of holes in a plasma
that is no longer mirror-mode unstable; how long do the structures survive? We do not
know how to address such a question observationally,  but simulations might bc revealing.

Another challenge for theoreticians and modelers is to explain the increase of ion temper-
ature within the holes; i.e., how are the ions heated?

12
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TabIe 2. Mean and median vahes of plasma parameters for the sohr wind containing magnetic holes compared to the same
parameters for all the SOIM wind data observed by UIysses between Dec 18, 1990 and Dec 31, 1992.

Parameter lMagnetic Hole Periods All Data
Mean / Median lMean / Median

~ p~/p, , 0.76 / 0.74 0.39 / 0.32
= 1 + l/pl

1I!,
I

I

TL I

m
I 0.92/0.94 I 0.90 / 0.82

I
I

b“

I

2.90 / 1.74 0.68 / 0.40
I

,
I
(

nfJrlp ().()54 / ().~~
!
I 0.049 / 0.042

.,
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FIGURE CAPTIONS

Figure 1. a) Example ofamagnctic  holcon Novcmbcr 29, 1990. Shown arcthcn~ag-
nctic field components in heliographic coordinates, and the field magnitude. b) The
same as in a), but with the time scale expanded by a factor of sixteen and centered on the
major hole at 02:08:55  UT,

Figure 2. Vield magnitude variations in five selected magnetic holes. The events have in
common that Bm@O c 0.5, and 56<5° (“linear holes”).

Figure 3. The number of magnetic holes found per month in the solar wind and at

Jupiter. The total number is 4127, The solar wind events are further subdivided by their
magnetic field rotation, The top scales show the monthly averages of Ulysses’ heliocen-

tric range and latitude.

Figure 4. Distribution of MI, the angle by which the magnetic field rotated across the

magnetic holes in the solar wind. The most probable rotation was in between 30 and 6°.
More than 30% of the holes had rotations less than 10°.

Figure 5. Distribution of Bnlin , the minimum magnetic field strength of each hole, for
3427 solar wind cases. The 272 cases for which Bmin >1 nT are not shown. The typical
Bmin is about 0.01 nT, with 41 holes having Bnlirl S 0.005 nT.

Figure 6. Distribution of the “width”, in seconds, across the holes. The width is defined
as the interval which contains the field minimum, and whose start point and end point are
one standard deviation below the average field, The most probable value was in the 10-
15 seconds bin, and the median value was 22s.

Figure 7. Distribution of the stability criterion for mirror mode waves R = (~L/fll I )/(1 i-
l/~1), which is >1 for instability to occur, for (a) hourly averages of all the solar wind ‘

data acquired between Dec. 18, 1990 and Dec. 31, 1992, and (b) in the plasma adjacent to

the subset of magnetic holes sclectcd for detailed study.

F;igure 8. The total ion temperature an isotropy versus total ion ~ for the events in Figure

7. Plotted are isolated holes, events that show only one decrease in the magnetic field

(open circles), and events that have two or more closely spaced decreases, i.e., multiple
holes or wavetrains (solid circles). Also shown is the instability threshold R=l (solid
line). Note that the wavctrains tend to cluster ,ncar R=].



Figure  9. Contours of proton phase-space density observed inside magnetic holes as a

function of VJ. and vi 1 in a coordinate systcm moving with the solar wind speed ancl

aligned with the interplanetary magnetic field. 3“herc arc two contours per decade. The +

signs mark VJ.-VI I bins in which there were measurements.

Figure 10. Same as Figure 9 for alpha-particle distributions.



90 333 N(IV 2.9 ULYSSES-~--–  .-– —-–—, —— - __ _T____

4. -

2, -
---" -----" -------- ""-"---"---"---"---------"-----"-"-----"--

-..—.4  -.-— -– -—–-1-—— .—L—-– –- - --- 1-—T–- ---------- ~–..–--__..  ~ .::..  ::-:_ ; ::–:_ -—.- L .-–—. ---- A . ..___ ._L–.._-._T-—–—–
_~ ~!

‘ r-- 
‘------- ‘-r--- ‘-—-r---

~-l

l-n
4

- 6 . --
- 0 . -

-1o . --.— ,—..  —— .——.  —.. —-— —-—

r

~ Bz
—~-.–.—-_.__”__._” .–-.-_-. ,  _–___ ~–- :=- ---- ; . .

1

n 1’
.

4:----7-=’-~:---
–——.. – .——-——.———b—---—  —-—____A ________ . . . . . . . ——_ . ..._..* .—. —–.--– .-. --

T ‘-----

15. ET ‘—

-- .-- —- - -– ~ - -–—---- -—...  .--—,.. . . . . .._____...r_.

\

n T“ .

12.

::--7T”””-—7  -

~-—-~  –--— t -.--–—,—~ --- ‘~—~ ‘-—T ‘–—- ‘t ‘----- --

3 ;07X+750t”-”-7:oo 11;00 13:00 15;00 17:00 19:00
02:03:00 Time in MI N:  SEC 02:19:00

Fgure la



. .

90 333 NCJV 29

r

r .T. ——...  ——y——

8,BX

U L Y S S E S, --.–.. .–- ~....
n T-

1
6.
4.

L

J Lfl-L~ --itir-<

2. \
‘- -t.+ “-” ----- s

f’- ‘-L-rr”-L’”pr
0.  -------–-----–—--—–--–––----:l-.  - - - - - - - - - - - - - -  - - - - - - - - - - - - - - - - - - - -  - - - - - -

.—L——-.—.–..1-—.–— -. —.. L_—- -—–- .1 .— . ..—...–.—4—.—.—.1 —.—
.  IFY

+-——-–~-—--r----  -–--’ l—–--—---- ‘~–-—–-–-–1  ------- -— r-- -—
nT 1

J“t -1
oil------"-----"  ---------------------------------------------------------"-----------------l

[ ------d:i: “—-----J’’ --------- -
164
12.
8.
4.

—.— —..—.....——..——_.—– .–— — -–.. .——.——.e 1
~——~-  --–—l---—--–~—--———~--——r-

n F1

0. ~;~=-y——-—;————— . ..--.%
_ —.-—— -— —-4---- -.—— ..—— —— -—. . .

[

——?—T—-

EIT
v--—.-—r-.–—.  .–– .T_ ______7 -.–-  ———1—-—

15.
, nt

-1
12. L-

9 “ 1“—---—-—--”–
6.)

_——

2[
~...-- -L...  ---”—-J——

LL~
13+

-_--F-—1—-t------”–i---””--tr””T--”——t———r—
52 0

-–-.._+
-? 15 22

0 2388: 3;7 Time in S E C O N D S 02:::;30

Figure 1 b



00:16:00

r1 . 2
91 194 JUL 13

:00
00:32:00

b

o,o[---------------------------------------------------------------------"---"-"--
I

..+ —–.r_~~—-~~—  - -- -- - - -- - - - -- - - - -  i , 1
14;00’  16:00  10:00  20:00  22:00 24;00 26:00+”-27;0770:00
13:14:00 13:30:00

~5~y---`-------"""----"""-"-"--"-"c----""-"-"-"------"--""l
2.0} I

;;:pw-’’yJJJ7-y-d@p{@p{
9;To+-T7:oT–:370cr”  15T:oot-17;io1-l  9700;31’%0:-”2370  2-25:00

14:09:00 14:25:00

L ““”--””-----”----”””---”-”
.—. -

1.2-
9 1  3 0 2  DCT 2 9 d

o,9-.P.-w.. <..--+- –w+.  +----- -.---. --+., ~,&v#. . . . -- ..+w._.A..A. !”. -. F.”w...  . . .
0 . 6
0.3 ]/
0.0 -.-. -.-. -.-. -.-. -.-. -.-. -.-. -.-. _._. _.-. -._"::c-. ..-. -.-. -.-. _._. _.-. -._. .-.. _._. _..

54;00 J6:07~$~”O+””4”OT;”001 45’; ”OOt”44’;O”0’ ”46’; 0”O+”’4”8’:  O;-50:90
07:34:00 T i m e  in MIN:SEC 07:50:00  .

~ ‘~t) 311 NOV 7 e
6 .
4, ---.” ”.&.A %8.+ .  . . . >-—... . .. . . . . . . . . . . . . . . . ..%... - ~., ., >,.,

1 I 1 1 I ‘“-- ““-”””--1”

/.,.,l[  ..+  .- . . . . . . . . . ..-!%  A”F..a~”#---Ttiw

2. \;
0, –— – — – – – –– “- -— — — — – — – —

46;00 48:00 50;00 5?~07~;O0 0;00 2’:00
19:46:00 20:02:00

Time [UT] FkJLlK2 Z!



Heliocentric Range [AU]
?.0 1.5 2.1 2.8 3.4 3.9 4.5 5.0 5.4 5.4 5.4 5.3 5.2 5.1

I 1 1 I I i I 1 1 I 1 I & 8 t 1 L 1 T 1 1 1 T $ I I
5.1 -0.1 -3.0 -4.3 -5.0 -5.4 -5.7 -5.9 -6.4 -9.4 -12.4
!+e!iographic fLatitWe  [“]

5 0 0
7

■
El
113
❑
s

-15.6 -19.0 -22.2

ode <5”
5“ s S9 <60”

60”< be <120”
120”s 3es180”
Jupiter only

%

Month

Figure 3



L t t I ,— 1.- ~-1..L. -L––  .1 —.1  —-L  —_I_._L—.I  —.1 .– I—–.L _ J -L -i - w

o
0
m

o
0
*

o
0
co

o
0
N

o
0
T -

0



~.lt L 1 L 1 i .. L--L––-JUL.U—LL.L—A..———
b
●
●

●
●

.0
●

●

●
●

● ☛
●
●

●

● ☛
●

●

●

●

●

●
.0

●

●
☛

●
●

●

●
●

● ☛

●
●

●
●

●

●

●

●
●

●
● ☛

● ☛

●
● ☛

✚ ●

O*
●

.0
●

>

● e
●

●
●

● *
●

● *
.e ●

● *
●

●

~

%
*O

●
●

●
.,...*,, . . . . . . .

●

● ✌✌✌ ✎✌✌✌✌✌✎✎✌ ✎✎✎ ✌✎✎

0 0 0
0 0 T-

?

0
p
0

0
0
0

0
1-

t-



. .

1 1 1 1 1 1 L_L_L.L  L.—J  —.L  ..I.–L..  1..L__l . ..J._  1 _..I .~_.J.__d

i!1 —
. .
—
—

i!—
a

0
u)
?--

0
v
T -

0
m
T-

0

0
0)

0
CD

0

0
u)

0
m

0

z



4000

3500

3000

2500

2000

1500

1000

500

0
14

12

10

8

6

4

2

0

~ .–r. ,-—–. , — , .-.. T  --’  - -“ 
r  

“ – -rT - —r— -T  ‘ -  ‘-r-

~-
—-’7”’””  _‘ -“-”--—T––77

~. , . . . . . ..y~ . . . . . . . . . . . . . . . . . . . . . . . ..y~

~..,. . “’””’’”””””’”’”’’””””””””””’’’’””’’’’v/NA

~.....
“’” ““’’””””’”””’’’’’’””””””’””””’”””’’’”v/m/

. . . ._r— - , . . . . .
1
i
4

..tl _-

.

1. -

0 0.5 1 1.5 2
(P*@,, )/(1 + w,)

F-7



2

--
t-
--+ 1
t-

0.9

0,8

0 . 7

0 . 6

0.5

0.4

\

M?!!!!!
0

o 0

.--l_-_L-._l--L_l--- .-—-—.——. L.-.--.–l  _... -l—————L. -.-. L1.J. 1 I —-– ———-—L—___

1 1 0
b



*

Zn,  o

lm o

13$0

m. 0

u. 0

.- —r.. . .,-.__.  _
1 –T–—r—r————, --— ~—.

.

*. o
.m.e -Ito. a .1s,0 -m. o -u., 0.0 Uo m., ml Im.o as.o

tn, o

lm, o

1s.0

m.o

u. o

0.0

‘--r” l-”——---r--r-r--l---r----
. (b) 9mz14f7. . . . . t

P
.. -,. . . . .

.,4,

. . . . . . . . .

\

. ..::::%:?:;+  ,

,

. .,. *
●,,,),

Q ::”::: $=%@/$fJ:
, ..,::. vff:””’ “ “’

l__._-l----L_ l____-m.o -Im o .,B,  O -10 9 +$.0 LO ,.0 m,, ,= * ,m.,
m o m.o

[

—.. . , —.T._.. ~.-_
r——l---—-r-’----r------,--- ~—,

m 0
t

1=.0

m.o

U 0

0 0  -.
.m. o

m.o

Ilo.o

Im.o I
m.o

!00

00 I
m 0

. ..l._ . . ..l._

(C) 91/292/1421 I

~ -—._l_.J
-Im  0 .IaI. o -no  *.o  ~g a.o m.t  ,W,, ,m,@  ~,~

- - – r - .  – – .  - r . . . .  . ,  ,
T~—,= —.-r.— ~.-.

(d) 91/292/1918

-ma .im. o .OI.  O *,o ~.. W.* 0).0 IFJ.o tim.o 80.0

mo

m 0

IM  o

mc

u.,

–-,  —–7—.,  .—... r–—-- 1 -— —r—-r—-–T__  . . . ~._.

. .
. (0) 91/302/0742

,Q&*.
)@.,*,

●. “i”+%. . . . ..
&* . ..–.1. ,“*:;:”* : ‘6 , , ,

.m.t -ml, 1 -Is., +.0 .6,, S.o so m.t IM. C Im.o

—
ma

“ ~ “~ .<’’’302’2’8 ]

.
-m,  @

A —ll!L!_LL_L’---_J
.0 -el. O +.0  0.0 el.o m.s  1200  ,mn an.

m.o ---

m.o .-

895.0

lW.  O

m,o

4.0
-=.0

X 9 1 .  o

MO

m.o

lIM 0

m.o I0.0
-Ymo

- m  9’ .lM.
..r_._——-  ~....

-..  .

~  –---r—~—-—, ------ , ---— 1
(9) 9~5m703 I

1

.l. —

-Ian. 0

.L.

-lea
.–1  .–..
ma

.—.
-.. .

‘–r– - r---— T- 
—_I_--T-—-r–l-—-—v— -- .

(h) 92/052/1707 I

L.—
-M.o -two  -Im.o  -an 0.0 m.o lXLO Im.  o w 0 m)  0

. . . .



:
,’ \ sm. ”
s

--– -~——, ----  -r  . ..7 .__r_, _. T...-.  -r..._ ~ .-.  T-

7
+

ma

m.o

Im. o

?!0

in. o --

100.0

lm. o

m. 0

w. o

-..1–.

.m.  0

..-1..
-m o

(a) 91/187/1533
I

.Im. o +3.0 0.0  m 0 Im. o

i

.1. _.l _____

M.o m.o  #no

T—----, ---- --- -- ~ _—-r. ._r.r. . . ..r .——, ——., .——. .
(b) 91/292H401

.
.

“.$#&ij$$@e

,  ,l&%f: ,  , :0.0 ~
-m. o -m.0 -IX. O -*,  o +.0 8,0 U.o  ma 1X.9 im,o m. 0

m.o r---—----T  -—-  T--=. -—-—-.— ~.. . ..T -.–..– r.._ .,_ T__
(c) 91/292/1914 1

:1 @&,\. . . . . . . . .
me -

.,.
.ns. o -Ire. o .1s.0 -no .43.0  mo uo m.o Ilko Im.o U5.O

Iwo -— ~-- , . ,- —-—-–7–7–  T.—r —T—

lm. 0

Im.o

m.o

u. o

;j/$’!Jg&z&iiii~’”
, , !:?L’?-5NT”( ‘4 . . -  .  .  .–-J–..__L.  _._  A-—0.0

.w.o  -\m.  o -Iz.0.0  +.0 -40.0  0,0 -.0 W,O  Im. o Im. o IOY.o

Vparbtlel,  kmh


