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Magnetic bubbles and kinetic Alfvén waves in the
high-latitude magnetopause boundary

K. Stasiewicz,'? C. E. Seyler,® F. S. Mozer,* G. Gustafsson,' J. Pickett,® and
B. Popielawska?

Abstract. We present a detailed analysis of magnetic bubbles observed by the
Polar satellite in the high-latitude magnetopause boundary. The bubbles which
represent holes or strong depressions (up to 98%) of the ambient magnetic field
are filled with heated solar wind plasma elements and observed in the vicinity of
strong magnetopause currents and possibly near the reconnection site. We analyze
the wave modes in the frequency range 0-30 Hz at the magnetopause (bubble) layer
and conclude that the broadband waves in this frequency range represent most
likely spatial turbulence of kinetic Alfvén waves (KAW), Doppler-shifted to higher
frequencies (in the satellite frame) by convective plasma flows. We present also
results of a numerical simulation which indicate that the bubbles are produced by
a tearing mode reconnection process and the KAW fluctuations are related to the
Hall instability created by macroscopic pressure and magnetic field gradients. The
observed spatial spectrum of KAW extends from several ion gyroradii (~ 500 km)

down to the electron inertial length (~ 5 km).

1. Introduction

Satellites traversing the Earth’s magnetosheath often
observe strong oscillatory depressions of the magnetic
field, 6B/By ~ 90% [Kaufmann et al., 1970; Tsurutani
et al., 1982; Fazakerley and Southwood, 1994; Lucek et
al., 1999]. Similar oscillations are detected in the mag-
netosheaths of Jupiter and Saturn [Tsurutani et al.,
1993; Erddos and Balogh, 1996; Schwartz et al., 1996].
These structures have been shown to be mirror mode
waves generated in a high-beta plasma by anisotropic
ion distributions. In the magnetosheath such ions can
be produced either by bow shock compression or by
field-line draping close to the magnetopause [Crooker
and Siscoe, 1977; Denton et al., 1994]. Description of
the physical mechanism of the mirror instability can be
found in [Hasegawa, 1969; Southwood and Kivelseon,
1993; Kivelson and Southwood, 1996].
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Singular, deep magnetic depressions were first ob-
served in the solar wind [Turner et al., 1977]. Win-
terhalter et al. [1994; 2000] reported from Ulysses data
that linear magnetic holes (without any accompanying
change in the interplanetary magnetic field (IMF) di-
rection) may appear either as irregular trains of dips,
or isolated dips. Motivated by the fact that magnetic
holes are observed in a rather mirror mode stable envi-
ronment, Baumgdrtel [1999] proposed a soliton solution
in the frame of the Hall MHD. Tsurutani et al. [1999]
described another type of magnetic decreases in the so-
lar wind that are bounded by interplanetary disconti-
nuities and found that no good theoretical mechanism
for the whole ensemble of magnetic holes/depressions
does actually exist. Singular holes in the magnetic field
were also observed at the low- and high-latitude mag-
netopause [Lihr and Klocker, 1987; Treumann et al.,
1990; Gosling et al., 1991] and in the outer cusp [Savin
et al., 1998].

In this paper we present a detailed analysis of mag-
netic holes (bubbles) observed by the Polar satellite.
We find that it is unlikely that the magnetic holes ob-
served at the magnetopause boundary layer are related
to mirror mode waves. We present results of a numerical
simulation which indicate that the bubbles may be re-
lated to tearing mode instability driven by strong mag-
netopause currents and the smaller scale fluctuations
represent kinetic Alfvén waves driven by macroscopic
pressure and magnetic field gradients via Hall instabil-
ity. The results suggest also presence of a turbulent cas-
cade where the energy of kinetic Alfvén waves (KAW)
cascades through wide range of spatial scales: from a
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few ion gyroradi p; ~ 500 km down to the electron in-
ertial scale A\e = ¢/wpe ~ 5 km (c is speed of light and
wpe is the electron plasma frequency).

2. Observations
2.1. Overview of the Event April 11, 1997

During periods of high solar wind pressure (5-10 nPa)
the orbit of the Polar spacecraft with the apogee of 9
Rp occasionally crosses the magnetopause current layer
and enters the magnetosheath region. In 1996 and 1997
during spring/summer season, when Polar apogee was
on the dayside, the magnetopause crossings were most
common in region poleward of the cusp at high lati-
tudes. Omne such an event occurred on April 11, 1997,
1330-1530 UT when Polar was in the dusk sector of the
high-latitude dayside lobe, GSM (z, y, 2)=(2.8, 1.5, 8.0)
Rpg at 1430 UT. The Wind spacecraft was located 230
Rgin front of the Earth and registered solar wind at a
steady speed of 450 km s~ with the pressure increasing
from 5 to 10 nPa, due to the increase of the solar wind
number density. During this time interval the IMF was
relatively steady with Bgsm=(3, -2, 20) nT at Wind
position, delayed to Polar by 56 min. A general config-
uration of the Polar orbit during this case is given by
Russell et al. [2000].

We shall now focus on the magnetometer data (cour-
tesy of C. Russell, 2000) which are shown in Figure 1.
The spacecraft was in the high-latitude compressed lobe
field of the magnitude of 110 nT until 1428 UT, when it
encountered three magnetic bubbles layers (MBL) seen
best in plot B as dropouts of the total magnetic field,
marked with solid bars. The bubble layers are located
adjacent to the magnetopause current layer best seen
as reversals of B,. The minimum field measured dur-
ing this event was 1.4 nT which corresponds tc 98%
depression of the ambient field of ~ 100 nT. The first
bubble layer was followed by a prominent crossing of the
magnetopause layer at 1434 UT and entering into the
magnetosheath with nearly oppositely directed mag-
netic field of similar strength. A sudden change of the
B, and B, to opposite values at 1435 UT, accompanied
by a decrease of By, is consistent with a high-latitude
magnetopause crossing, as the change is toward IMF-
like configuration of B,, a strongly dominating compo-
nent in the solar wind.

The spacecraft reentered the MBL during 1443-1446,
returned to the magnetosheath and after another cross-
ing of the MBL and the magnetopause at 1452 it con-
tinued its journey inside the magnetosphere. From the
electric field measured by the EFI (Electric Field In-
strument) we compute the vg = E x B/B? velocity for
the time interval in Figure 1. The modulus of velocity
v is shown in the lowest panel. As can be seen in Fig-
ure 1 the vg flows are highly variable (50-300 kms~1!)
and significantly higher (~ 200 kms™!) in the bubble
layers compared to ~ 80 kms™!in the megnetosheath

MAGNETIC BUBBLES AND KAW

50}
2y
=50
0 10 20 60
40
Z o0
& 40t
—80
60
100 T
; W
~ O
B MMN
-1 00
60
150 " " frre [y IEE
= 100 W’T’M s
e
m 50¢F 1
0 . . . . .
0 10 20 30 40 50 60
300 T T T T T
2
gooof| |
4
0 . .
0 10

30 40 50 60

POLAR 97-04-11  Time [min] from 1400 UT

Figure 1. Magnetopause crossings on April 11, 1997.
Three-component magnetic field Bz, By, B, in GSM co-
ordinates, |B|, and the convection speed vg.

(MS) and inside the magnetosphere. The general di-
rection of the convective vz and the bulk plasma flow
V (not shown here) are consistent with the expected
geometry of flows associated with magnetopause cross-
ing. The GSM vg, component is positive (sunward)
inside the magnetosphere and consistently negative (al-
beit small) in the magnetosheath ”proper” (i.e., in the
MS region outside of the cuter part of the MBL, from
1435:30 to 1442:00 UT and from 1447:00 to 1451:00
UT). Correspondingly, the GSM vg, component is neg-
ative in the magnetosphere and consistently positive
in the MS proper. The GSM vg, compcnent is posi-
tive throughout all regions, consistent with the expected
flow duskward in the postafternoon sector of the mag-
netopause. The bulk plasma flow in the MS proper is
sub-Alfvénic, V < 170 kms~!, antisunward, duskward
and poleward, with all three components cof equal mag-
nitude of about 100 kms~! (C. Kletzing, private com-
munication, 2000). The three bubble layers are char-
acterized by enhanced vy flows with increased kinetic
energy coming presumably from the redistribution of
the ambient magnetic field energy, which can be de-
duced from high correlation between 3 and vg panels
in Figure 1.

The characteristics of the electron and ion distribu-
tions measured during this event and snown in Plate
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Plate 1. Particle distributions measured during the analyzed event. Three electron and three
ion panels show particle fluxes along the magnetic field, perpendicular, and antiparallel to B.
The magnetosheath and bubble layers are marked with MS and B, respectively.
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Figure 2. The mirror mode instability condition (1)
derived from particle measurements. The plasma is mir-
ror mode stable in all regions: the magnetosheath, bub-
ble layer, and the magnetosphere.

1 corroborate the presented above interpretation of the
magnetopause crossings. It is seen that the magnetic
depressions in Figure 1 are filled with ions and elec-
trons with energy higher than in the adjacent magne-
tosheath region. The particle energization is accompa-
nied by strong depressions (annihilation) of the mag-
netic field. The maximum depression of the magnetic
field is AB =~ 100 nT which corresponds to the magnetic
energy density AB2/2up =4 x 107° Jm~3. This mag-
netic energy is equivalent to particle energy of 800 eV
per ion-electron pair at the number density of 30 cm—3.
It should be noted here that contrary to our conclu-
sions, some other authors [Fuselier et al., 2000; Russell
et al., 2000; Le et al., 2001] do not interpret this case
as a magnetopause crossing.

The particle moments show that in the bubble layer
the parallel ion and electron pressure exceeds the per-
pendicular components. This indicates that the condi-
tion for the mirror instability [Southwood and Kivelseon,
1993]

T /T

v W

is not fulfilled. In Figure 2 we show the plot of the mir-
ror instability condition (1) derived from particle mea-
surements. The plasma is found to be mirror mode
stable in all regions. In Table 1 we show characteristic
plasma parameters in the three main regions of Figure
1: the magnetosheath, bubble layer, and the magneto-
sphere.

We now focus on the first bubble layer from Figure 1
which we show in Figure 3. The picture shows that the
strong depressions of the magnetic field B are associ-
ated with some density variations (on logarithmic scale
they do not show very well; see Figure 4 for details), but
the very strong density gradient at 1431:15 (first verti-
cal line) is not related to appreciable magnetic pertur-
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bations. This density gradient separates obviously the
inner magnetosphere from the magnetopause boundary
(bubble) layer. On the other hand, the magnetic sig-
natures of the magnetopause seen as reversals of B,
at 1434:10 (second vertical line) is not associated with
strong density variation. It is, however, associated with
strong particle heating leading to a large decrease of to-
tal B. In the bottom panel we show the Alfvén velocity

By

VA = 175
(1op)/?

where p = n;m; is the ion mass density. The ion species
is assumed to be hydrogen, and the number density is
derived from the “satellite potential“ measured by the
electric field experiment. We have used an empirical for-
mula derived by Escoubet et al. [1997], calibrated here

with the moments of the particle distributions measured
by the HYDRA instrument.

2)

2.2. Magnetic Bubbles and KAWs

The nature of the observed magnetic bubbles is re-
vealed if we inspect higher resolution plot of two or-
thogonal components of the magnetic and electric fields
shown in Figure 4. High degree of correlation between
B, and E,, components is characteristic for Alfvén waves.
Indeed, for amplitudes §E ~ 30 mV m~! and §B ~ 150
nT, the ratio dE/6B = 200 kms~!, which is close to
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Figure 3. Details of a bubble layer: magnetic field B,
and B, the electron density n., and the Alfvén velocity

VA-
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Table 1. Plasma Parameters in Three Regions of Plate 1.
n, B, Te, Ti, VE, Vi, VA, >‘ev Pi, )‘iy ﬂa fCia fLH’ fpi9
em™® nT eV eV kms™! kms™! kms' km km km Hz Hz kHz
Sheath 25 100 20 150 100 150 400 1 20 50 0.1 1.4 65 1
Bubble 15 50 50 400 200 300 200 1 80 60 1 0.7 32 1
Sphere 0.2 110 80 800 50 400 5000 10 40 500 107% 15 60 0.1

Parameters not defined in text are:

Ai = ¢/wpi, fee elec-

tron gyrofrequency, fpi, fei ion (proton) plasma and gyro-

frequency, and fru lower-hybrid frequency.

the value for Alfvén velocity v4 inside the bubble layer.
The bottom panel shows the electron density derived
from the satellite potential (solid line) with superim-
posed values obtained as moments from the electron
and ion measurements (asterisks). One can see good
agreement, between these two techniques.

Let us recall basic properties of Alfvén waves. The
original low-frequency MHD wave [Alfvén, 1942 is dis-
persionless

®3)

where k, is the wave vector parallel to the ambient
magnetic field. Significant modifications are introduced
when the wavelength perpendicular to the background

w = k)z'UA,
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Figure 4. High degree of correlation between perpen-
dicular components of B, and E, with 6E,/dB, ~ 200
kms~ !~ vy indicates Alfvénic structures. The bot-
tom panel shows the electron density derived from the
satellite potential (solid line) and from particle mea-
surements (asterisks).

magnetic field becomes comparable either to the ion gy-
roradius at electron temperature, ps = (Te/ ms)*? Jwei,
the ion thermal gyroradius, p; = (T;/m;)Y/?/wei
[Hasegawa, 1976], or to the collisionless electron skin
depth A\ = c/wpe [Goertz and Boswell, 1979], where
we; is ion cyclotron frequency and wp, is electron plasma
frequency.

Recent review by Stasiewicz et al. [2000a] provides
a comprehensive discussion on dispersive Alfvén waves
in the ionospheric and in laboratory plasmas. In stan-
dard terminology, the inertial Alfvén waves (IAW) are
w < we Alfvén waves in a medium where the elec-
tron thermal velocity, vie = (27 /me)l/ 2. is less than
va. In such a case, the parallel electric field is sup-
ported by the electron inertia. Kinetic Alfvén waves
(KAW) are waves in a medium where v;e > va. In
this case the parallel electric force is balanced by the
parallel electron pressure gradient. The term disper-
sive Alfvén waves (DAW) would cover these two cases.
Clearly, the IAW arises in a low-beta plasma with
B = 2uenT /B2 < m¢/m;, whereas the KAW appear
in an intermediate beta plasma with m./m; < 8 < 1.
Here, T = (T. + T;)/2 is the plasma temperature.
The low-beta conditions and IAW occur in the top-
side ionosphere below approximately 1 Rg, whereas at
higher altitudes the Alfvén waves have kinetic proper-
ties (KAW).

For w < wg; kinetic Alfvén waves, the well known
dispersion equation reads

w = kyvay/1+ K3 (p2 + p2), (4)

whereas the E/B ratio for plane, obliquely propagating
waves can be expressed as [Stasiewicz et al., 2000a]

OB, va(l+k%p})
B~ o s <o/ ©

0B,
In the above approximation we have used the experi-
mental condition T;/T, =~ 8 which implies p; > ps.

An analysis of the E/B ratio performed for TAW mea-
sured by Freja at lower altitudes [Stasiewicz et al.,
2000b] has demonstrated that broadband ELF waves
observed in the frequency range 0-500 Hz represent in
fact spatial turbulence of dispersive Alfvén waves. Sim-
ply, waves w < w,; with a spectrum of spatial scales
Ak (such that k = 27/)) are recorded on a moving
spacecraft as waves in the frequency domain




29,508

Awd =V- Ak, (6)
where v is velocity of the plasma structure with respect
to the satellite. Distinction between true time domain
waves Aw and Doppler-shifted spatial waves Ak can be
done directly with multiple probe measurements, or in-
directly with the help of the polarization relation (5)
as has been done by Stasiewicz et al. [2000b; 2001]
for waves measured by Freja. The polarization rela-
tion for IAW is similar to (5) with collisionless electron
skin depth ). instead of ion gyroradius p;. Additional
difference between the Freja and Polar cases is that
the convective flows at Freja altitudes (~1500 km) are
much smaller than the satellite velocity so v &~ vy = 7
kms~tin (6). On the other hand, at Polar apogee
the satellite speed v, ~ 3 kms™!is much smaller than
convective flows, and v =~ vg ~ 100 kms~!. DAW
spectrum Ak described by (5) should be observed on a
spacecraft as a frequency spectrum

~ <’U > 1+ 27Tp’i 2f2
T vcosf ’

where f(= k- v/2m) is an apparent Doppler frequency
in the satellite frame, 6 is the angle between the k vec-
tor and the velocity v, and angle brackets represent a
spatial average.

‘ o0E, )

0B,

In Figure 5 we show average power spectrum of the
electric field fluctuations measured in the frequency
range 0-10* Hz and the ratio §E/6B as a function of
frequency. To make these plots, we took continuous dc
field and snapshot measurements at higher frequencies
within the bubble layers marked in Figure 1. The fre-
quency spectrum is covered by three instruments. The
dc magnetic field is sampled continuously at the rate
8.3 s~ 1, the low-frequency waveform receiver (LFWR)
and high-frequency waveform receiver (HFWR) provide
snapshots sampled at the rate 100 s~!, and 50,000 s~ 1,
respectively. The plots of dc and LFWR channels over-
lap completely, indicating good intercalibration. How-
ever, because of the wave instrument filter character-
istics the plots in Figure 5 at the transition frequency
of ~ 50 Hz between LFWR and HFWR are not reli-
able. The LFWR and HFWR snapshots are taken at
different locations, which can also explain the observed
mismatch in the frequency spectra. Anyway, the power
spectrum and the waveforms show that the dominant
mode represent broadband ELF waves 0-30 Hz with a
significant power drop above ~30 Hz, which is near the
lower hybrid range.

The asterisk curve shows (7) computed for v4 = 150
kms~!and p;/v = 0.4 s, which is satisfied for, for ex-
ample, p; = 60 km and v = 150 kms™!, (cosf) ~ 1.
A good agreement between approximation (7) and the
measurements provides indirect evidence that in the fre-
quency range 0-30 Hz the waves represent spatial tur-
bulence of DAW.
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Figure 5. Power spectrum of the electric field fluctu-
ations and the ratio 6E, /6B, in the magnetic bubble
regions (Polar, April 11, 1997, 1430-1453 UT). The as-
terisk plot shows equation (7) computed for v4 = 150
kms~!and p;/v=04s.

Transition from (5) to (7) requires knowledge of the
angle between the convection velocity v g and the wave
vector k. Because both these vectors are expected to
vary significantly in time (space) we use here statisti-
cal average of spectra which would result in an average
value for (cos@) and other parameters in (7). Transla-
tion from frequency to spatial scale A = v/f requires
the knowledge of the convective velocity v. For v ~100
kms~!, the frequency of 1 Hz corresponds to A =100
km which is of the order of ion gyroradius, while 100 Hz
corresponds to A & 1 km, which is about the electron
inertial length. It appears from Figure 5 that for scales
larger than p; waves have §E/dB ~ v4, while the dis-
persive KAW spectrum (7) extends from p; down to Ae.
Above 30 Hz, or close to the inertial electron scale, dissi-
pative processes related presumably to electron acceler-
ation lead to the dropout of the electric field power seen
in Figure 5. The bubble structures correspond roughly .
to ~ 0.2 Hz. It is interesting to note that the order-
ing of scales p; and A, is reversed at low altitudes and
DAW waves measured on Freja extends from A, ~ 300
m down to p; ~ 20 m, where they are strongly dissi-
pated due to stochastic acceleration of ions [Stasiewicz
et al., 2000c].

3. Theory and Simulation

The discussion on linear spectra for KAW in the pre-
vious section could not address the origin of the ob-
served large-amplitude structures. Since the kinetic
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Alfvén wave carry a parallel and perpendicular electric
field they can accelerate ions and electrons along as well
as perpendicular to the magnetic field. The nonlinear
interaction with quasi-stationary density and compres-
sional magnetic field perturbations can give rise to mod-
ulational instability. Even the linear small-amplitude
DAW become compressional for sufficiently large k| .
Indeed, the density fluctuations depend on the kA,
where \; = va/we = ¢/wpi is the inertial ion length, as
[Hollweg, 1999

i _p B (8)

no VA
The above result applies both to KAW and TAW and
shows that the Alfvén wave becomes compressible when
perpendicular size of the structures becomes compara-
ble to the inertial ion length. In our case, it is seen
from Table 1 that the wave-induced convective flows
are comparable to the Alfvén velocity, and the density
perturbations implied by (8) may be quite large, as seen
in Figure 4.

The density fluctuations imply pressure fluctuations
that drive a magnetization current, which in turn pro-
duces a compressive magnetic field B,. In the linear
approximation the density and compressional magnetic
field fluctuations are related as [Hollweg, 1999]

6B, /B 2
M 4 ©

-
Va

(571,'/710

where c, is the ion sound speed. The observed values
for c; can be obtained from Table 1 as vs = v;/T. /T,
that is, they are 2-3 times smaller than v;.

The parallel electric field of KAW will affect particles

which are in Landau resonance with the wave

kv, = w. (10)
Table 1 shows that both ion thermal and bulk flow is
of the order of the Alfvén speed. Thus, one expects
efficient ion heating via Landau resonance which can
account for ion energization seen in Plate 1.

The linear theory has a limited application to the
strongly nonlinear structures seen in the measurements.
We present here results from the solution of the resis-
tive Hall MHD equations which are intended to model
a tearing mode reconnection process leading to mag-
netic bubble or island formation which are associated
with kinetic Alfvén wave fluctuations. We present the
general resistive Hall MHD equations then specialize to
the two-dimensional geometry that we use in the sim-
ulations. The Hall instability which is related to drift
Alfvén waves is discussed in the context of the two-
dimensional model for which it is shown that instabil-
ity exists at scales smaller than the tearing mode scale.
A sample simulation of high spatial resolution is pre-
sented which exhibits the formation of magnetic islands
through the tearing mode and kinetic Alfvén wave fluc-
tuations through the Hall instability.
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3.1. Hall MHD Model
The Hall MHD equations are
on+V-(nu)=0, (11)
1 1
(G +u-Viu=-=-Vp+ —(VxB)xB, (12)
p Hop
G+u-V)p+ywV-u=0, (13)
0B = -V x E, (14)
1
E B- ——
+ux uone(VXB)XB+nJ’ (15)
VxB=ugJ, (16)

where n is the number density, p = Mn is the mass
density, M is the mean particle mass, u is the fluid
velocity, p is the pressure, B is the magnetic field, J
is the current density, E is the electric field, n is the
resistivity, and +y is the adiabatic constant for which we
use v = 2 in our simulations.

3.2. Two-Dimensional Dimensionless Equations

The equations are nondimensionalized as follows: The
fluid velocities are normalized to the characteristic Alfvén
speed va = Bo/\/pofto, mass density to the ambi-
ent mass density pg, length scales to a characteristic
length L, and timescales to L/va. We consider two-
dimensional variations in the x — z plane where the y di-
rection is ignorable. In two dimensions when expressed
in terms of the vector potential B = §By — § X VA,
the electric field components become

E; =uy0;Ay +u, By —

% [% 0z(By)* + 8wAyV2Ay} — 0By, (a7)
Ey = uy 0 Ay +u; 0,4, +

% (8:Ay 8.B, — 8,A,0,B,) — 1V>A,, (18)
E, =uy0,Ay —uz By —

= % 0:(By)* + aszVZAy} +n0:By,  (19)

where € = \;/L is the Hall parameter and \; = ¢/wp;.
The components of the momentum equation are

Opug + (ugpOy + 1,0, u, =

1 1
- [az (p + = Bj) + aszvay] ) (20)

2
Osy + (uz0yp + u,0,)uy =

1
> (8,448, B, — 0,A, 8,:By), (21)

atuz + (uma:l: + uzaz)uz =

1
- [az (p +1 Bj) + aszv2Ay] .
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The components of Faraday’s law are

0tAy = —E,, (23)
0By = 0, E, — 0,E;. (24)
Finally, the continuity and pressure equations are
Op + Oz (puz) + 05(pu;) =0,  (25)
Oep + ugOpp + u,0.p + Yp (am'uw + azuz) = 0. (26)

Equations (17) - (26) are the complete two-dimensional
Hall MHD equations.

3.3. Hall Instability

Near the magnetopause the ion temperature is large
due to the solar wind. This creates an electric field E,
to balance ion pressure. The magnetic gradient gener-
ates a cross-field current resulting in a J x B force that
must be balanced by the pressure gradient. Thus the
equilibrium electric field is related to the magnetic gra-
dient as well as the plasma pressure which is predomi-
nately the ion pressure. The resulting E x B or current
drift of the electrons can generate an instability. We
perform a local analysis having k, = 0 of (17) - (26)
assuming perturbations of the form exp [ik,z — iwt] and
a varying magnetic field By, (x). To simplify the analy-
sis we assume incompressible perturbations and thereby
neglect the fast magnetosonic wave and only include the

shear dispersive Alfvén wave. After considerable alge-
bra we find

(w2 — kﬁvi)(w —k,up) + w(w2 - kfci)kz/\f =0, (27)

where vg = (uonoe) "10By, /0 and c2 = vpy/po. Equa-
tion (27) has unstable roots for vg > ¢, and within a
band-limited range of wave numbers. The local approx-
imation does not allow us to consider k, # 0 since the
equilibrium varies in the z direction although the sim-
ulation does of course allow nonzero k.. For the ho-
mogeneous case we can allow k, # 0 and we find for
k.A; < 1, the dispersion relation w? = k202 (1 + k2p?),
where k? = k2 + k2, which is the kinetic Alfvén wave
dispersion relation.

The Hall instability has been discussed in the context
of laboratory plasma by Gordeev et al. [1994] and by
Maggs and Morales [1996]. The instability given by (27)
is due to the interaction between the drift mode w =
k,vp and the Alfvén-ion cyclotron mode given by w? =
k2v% (1 + k2p?). The acoustic speed is stabilizing and
the threshold condition is vg > ¢;. A local analysis
can be misleading in a sheared magnetic field such as
we consider here. This is because the shear limits the
x extent of the mode thereby significantly altering the
stability properties. A nonlocal analysis is required to
obtain quantitative estimates of the growth rate. That
analysis is beyond the scope of the present paper and
will be deferred to a future publication.
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3.4. Simulation Results

We present the results of one simulation to show the
magnetic bubble structure and the fluctuations associ-
ated with the Hall instability. The simulation is not
intended to reproduce the observations in any detail
but only to show that with reasonable initial conditions
spontaneous reconnection in the form of a tearing mode
will result and that instability associated with the large
gradients of the bubble boundary will arise from the
Hall instability. This should be considered in compar-
ing the simulation results to the data.

The simulation code is based upon the Fourier spec-
tral method and is similar to that described by Seyler
[1990]. The equations are solved in dimensionless form
with the following nondimensional tilded variables: =
tL/va, X = x/L, it = u/vs, B = B/By, P = P/Py,
and g = p/po, where L is the characteristic scale of the
equilibrium. From these one can revert from simula-
tion to physical units. The simulation dimensions are
—m <z <mand —27 < z < 27. The Hall parameter is
€ = 0.026. The number of grid points used are 128 in x

Current Density

=

Figure 6. Current density contours taken at time
100 showing the region of most intense current which
bounds the magnetic bubble/island region.
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Figure 7. Contour plot of the B, magnetic field at time
100 showing the fluctuations due to the drift-Alfvén
mode which is also an indication of the electron flow.

and 256 in z. The time step is At = 0.0025. The ini-
tial equilibrium is of the form Jy(z) = Jpsech(—az?),
where Jo = 8 and a = 4. The dimensionless resistivity
is 7 = 0.002. The dimensionless current layer width a
was chosen to produce a tearing mode unstable current
layer that grows to form fully developed bubbles in a
time comparable to the Hall instability growth time.
The current density is shown in Figure 6. The mag-
netic bubbles are the two magnetic islands formed by
the tearing mode. The kinetic Alfvén wave fluctuations
are readily apparent. The contour plot of By(z,z) is
shown in Figure 7. This plot clearly shows the vortices
associated with the flow due to the Hall instability. The
fluctuations due to the Hall instability are concentrated
on the bubble boundaries since that is where the mag-
netic field gradient is largest. Figures 1 and 3 also show
that magnetic fluctuations are enhanced near the bub-
ble boundaries. This is consistent with the interpre-
tation that the fluctuations are the result of the Hall
instability which is driven by the magnetic gradient.
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The plots shown in Figures 8 and 9 are taken along
z at four grid points to the right of the centerline of
the simulation region. They show the relative level of
variation of the magnetic field, pressure, and density.
Figure 8 shows the magnetic bubble from the perspec-
tive of a one-point satellite measurement and can be
compared to Figure 3 (of the observational section).
The best comparison is obtained when the simulation
B is compared to the Polar-observed B, and when the
simulation z coordinate has a significant component in
the Polar z direction. Given that the Polar GSM co-
ordinates (z,y,2) = (2.8,1.5,8.0) Rg correspond to a
location over the cusp where the geomagnetic field has
a significant x component, this correspondence is rea-
sonable if one recalls that the simulation coordinates are
appropriate to the nose of the magnetopause located at
approximately (z,y, z) = (10,0,0) Rg. We should men-
tion here that the real boundary layer is subject to both
rapid radial motion (oscillations in the simulation z di-
rection) and convective flows along the boundary. In
effect, the satellite trajectory corresponds to a mean-
dering motion through the simulation region and can-
not be directly compared to a single straight line cut
through the region.

Figure 9 shows that the region inside the magnetic
bubble or island is significantly hotter than the outside
region. This is due to the fact that the initial pressure at
z = 0 must be larger to create pressure balance with the
equilibrium magnetic field. Since we chose the initial
density to be constant, this implies the temperature is
hottest initially at = 0. The evolution of the pressure
is such that the temperature is hottest in the center

y

X

B (2 (o), B () (dash) & B (2) (4o

-~0.5}

-2 o 2

Figure 8. Magnetic field components at time 100 taken
along z at a point in z four grid points to the right of
the centerline of the simulation. The magnetic bubble
region is clearly revealed as the region of minimum B, .
The fluctuations in the field are due to the drift-Alfvén
instability.
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Figure 9. Pressure and density at the same time and
location as in Figure 8. The region of highest pressure
corresponds to the region within the magnetic bubble
and is where the temperature is maximum.

of the magnetic island. This is not surprising since the
tearing mode evolves quasi-statically in that the growth
time is much less that the Alfvén time. Therefore quasi-
static pressure balance requires that the pressure has
a maximum where the magnetic field magnitude is a
minimum. Thus the increase of the plasma pressure is
due to the compensation the magnetic field depression,
so that the total pressure is approximately constant.

The tearing mode instability has been discussed by
numerous authors, the list of which is too extensive to
give here. Much of the relevant literature is referenced
in the review article by White [1986]. The tearing mode
is spontaneous reconnection that lowers the magnetic
energy of the initial equilibrium state. The formation
of magnetic islands is characteristic of the tearing mode.
A magnetic island is a region of closed contours of the
vector potential which typically has a lower field at the
center of the island. Magnetic islands form as the re-
sult of the reconnection flow in which the plasma is
advected toward the separatrix by the inflow and ex-
hausted into the region inside the separatrix by the
outflow jets thereby filling the region inside the separa-
trix with plasma and forming a magnetic bubble. The
magnetic energy is lowered and converted into kinetic
energy in this process. The amount the initial mag-
netic energy is lowered depends considerably upon the
plasma parameters and the initial conditions, but about
10% is typical [Steinholfson and Van Hoven, 1984]. The
redistribution of the magnetic energy density can vary
greatly between the outside and inside regions of the
island. The Polar observation of more than 90% is not
unreasonable and is close to what was found in the sim-
ulation.
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4. Discussion and Conclusions

A detailed analysis of electromagnetic and plasma
properties of magnetic holes observed in the vicinity
of the magnetopause layer supplemented by a numeri-
cal simulation show that these are most likely related to
tearing mode instability which develops strongly nonlin-
ear structures on the scale of the current layer width.

We have demonstrated that the dE/dB ratio for
large-scale features is close to the Alfvén velocity, in-
dicating that these can be regarded as nonlinear Alfvén
wave structures, probably related to the evolution of the
tearing mode instability. For smaller scale structures
this ratio gradually increases, and it is well represented
by the dispersion relation for KAWs (see Figure 5).
Thus the measurements suggest that broadband waves
observed at the magnetopause layer in the frequency
range 0.1-30 Hz represent most likely spatial turbulence
of nonlinear and dispersive Alfvén waves (A ~ 1500—5
km and w <« 1 Hz), which are Doppler-shifted to the ob-
served frequencies by convective plasma flows vg ~ 150
kms~!.

The numerical simulation indicates that the small-
scale KAW may be generated through the Hall instabil-
ity on the macroscopic pressure and magnetic field gra-
dients produced by the tearing mode driven by strong
magnetopause currents. The presented particle mea-
surements indicate that both ions and electron are en-
ergized to about twice their initial energy inside the
magnetopause bubble layer. The particle energization
could be related to kinetic Alfvén waves which cover
the spatial scales ranging from A;, p; down to A, and
thus can interact and energize both with ions and elec-
trons. The magnetic fluctuations are likely due to a
drift-Alfvén type instability. We have only presented
a limited analysis, and more work is necessary to have
complete understanding of the fluctuations. The sim-
ulation model is limited to two dimensions. This in
itself restricts the possible types of instabilities. Since
the current due to reconnection is in the ignorable di-
rection of the simulation, these instabilities would not
be account for in the model. To include these would
require a three-dimensional model. The solution of a
three-dimensional model at the required resolution is
beyond our capabilities at this point in time. A lin-
ear stability analysis, however, is tractable and will be
reported upon in a future paper.

The existence of a guide magnetic field component
is inevitable near the magnetopause if the solar wind
magnetic field is not strictly north or south. Our two-
dimensional simulations consider the y direction as the
ignorable coordinate and the magnetic islands lie in the
x — z plane. In a recent paper, Hau and Sonnerup
[1999] analyze Active Magnetospheric Particle Tracer
Explorer data using a technique for recovering magnetic
field maps from in situ data. Of the four events they
study, one has a magnetic island geometry in which the
ignorable coordinate is along the GSM z direction and
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the other three have the GSM y direction as ignorable.
The results of Hau and Sonnerup [1999] appear to sup-
port our contention that magnetic bubbles are magnetic
islands due to tearing modes.

The processes discussed in this paper involve trans-
formations of considerable amount of energy between
the magnetic, electric fields, and particles (thermal and
translational). For example, we observe a reduction of
98% of the magnetic energy inside some bubbles. Con-
sequently, full understanding of the processes discussed
in this paper is of fundamental importance for the en-
ergetics of the solar wind - magnetosphere coupling.
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