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We present detailed measurements of ion scale vortices of drift type coupled to Alfvén waves in an
inhomogeneous and collisionless space magnetoplasma. The two free parameters of a dipolar vortex,
intensity and spatial radius, are measured. The vortices are driven by a strong density gradient on a
boundary layer with scale size of the same order as the vortex diameter. Observations of vortices off the
gradient show that symmetry-breaking conditions in a real inhomogeneous plasma can lead not only to
cross-field but also to cross-boundary anomalous transport of particles and energy.
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One outstanding problem for laboratory and experimen-
tal plasmas for fusion research is the observed transport of
plasma across a confining magnetic field [1]. The best
candidate to explain so-called cross-field anomalous trans-
port is related to the presence of low-frequency drift waves
and coherent structures [1-5]. Drift modes may be caused
by pressure gradient driven instabilities due to inhomoge-
neities in plasma density and/or temperature. Conditions
similar to a laboratory plasma are frequently found at
boundary layers in astrophysical and space plasmas [6].

The basic model equation for low-frequency drift waves
in strongly magnetized and inhomogeneous plasma is the
Hasegawa-Mima equation (HME) [7], which admits solu-
tions describing both (linear) drift waves as well as (non-
linear) localized coherent vortex structures of various
types.

In a microphysical picture, a vortex is formed when
energy is fed into a perturbation which can grow strong
enough that self-trapping can occur, due to a nonlinearity
of vector type. In an electrostatic vortex in a magnetized
plasma By = ByZ, there is a surplus of charge on a field
line. The strong radial electric field cannot neutralize the
charge accumulation since the dominant convective vecto-
rial velocity vy = E X B/B? is directed in the azimuthal
direction, causing the particles to circulate. Hence the
vorticity (V X vg); = —V3 ¢/B2 # 0, which shows that
drift modes are essentially vortex modes. In contrast, the
mobility of the electrons in the direction along the mag-
netic field will allow currents j to flow in the case of an
uneven charge distribution.

Alfvén waves are low-frequency electromagnetic trans-
verse perturbations traveling along the magnetic field lines
and are fundamental to large-scale energy transport in
space, astrophysical, and laboratory plasmas [8]. A trans-
verse magnetic perturbation is according to Ampere’s law
V X B = uyj + 1/c*0E/at equivalent to a parallel cur-
rent jj. This provides a natural coupling between an elec-
trostatic vortex and an Alfvén wave. These more general
vortices are denoted (drift-)Alfvénic vortices and are char-
acterized by both an electrostatic potential ¢ as well as the
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parallel component of the magnetic vector potential A [9—
15].

In this Letter, we use the collisionless magnetized space
plasma in the terrestrial magnetosphere as a plasma labo-
ratory and present the most detailed in situ measurements
of drift vortices in inhomogeneous plasma to date. In par-
ticular, we determine the two free parameters of a particu-
larly strong dipolar (modon) vortex, the potential strength
and the vortex radius, using in situ multipoint measure-
ments in a physically correct coordinate system for the first
time.

We consider low-frequency fluctuations w < w,; in a
strongly magnetized plasma m,/m; < B < 1, where
w.; = gB/m; is the ion gyrofrequency and B is the ratio
of thermal to magnetic pressure. The low-frequency mo-
tion allows the use of the quasineutrality condition n; = n,
and the drift approximation for the perpendicular ion mo-
tion. The ion motion parallel to the ambient magnetic field
By, = ByZ (ion sound waves) can be neglected due to a
parallel phase velocity vy, ; < w/k, < vy, .. This is the
parameter regime where linear drift waves are unstable and
can grow due to a free energy source such as a pressure
gradient. The inhomogeneity is assumed to be along X. The
perpendicular electric field is purely potential E; =
—V | ¢, while the parallel electric field and the magnetic
field involve the parallel component of the magnetic vector
potential Ay. We get Ejy = —2-V¢ — 94, /9t for the
electric field and B = B, + (VA)) X By/B for the mag-
netic field, where we have assumed 6B < B,

From the two-fluid equations in the drift approxima-
tion, a set of nonlinear equations describing low-frequency
drift waves (e.g., [9-15]) can be derived, describing
the nonlinear evolution of drift-Alfvén waves as well as
electrostatic drift waves, generalizing the electrostatic
HME.

The HME and its electromagnetic generalization contain
the ion gyroradius at electron temperature as a natural
length scale p; = c¢,/w,; (it acts as the normalization unit
length), where the sound speed is ¢, = /T,/m;. The full
system of equations, as well as the electrostatic HME,

© 2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.101.065001

PRL 101, 065001 (2008)

PHYSICAL REVIEW LETTERS

week ending
8 AUGUST 2008

admits localized coherent vortex solutions of Larichev-
Reznik (dipolar, modon) type [16], as well as monopolar
and tripolar vortices and vortex chains (e.g., [9-14]). A
further generalization valid for scale sizes of the resulting
dipolar vortices comparable to the Larmor radius was
recently carried out [15]. These theoretical results are in
accord with our observations as discussed below.

We now present observations of vortex structures con-
sistent with the above-mentioned equations and their solu-
tions, by the multispacecraft Cluster mission [17] from the
cusp region of the terrestrial magnetosphere. The multi-
point measurements make it possible to separate temporal
and spatial phenomena, allowing us to determine the nor-
mal to the density gradient, construct a spatial scale, find
the vortex potential, and calculate the current densities.
The main plasma parameters are summarized in Table I
and are seen to agree with the conditions for the electro-
static and Alfvénic drift modes summarized above. For an
overview of the overall geophysical conditions associated
with the cusp, see the papers on a previously reported cusp
crossing [18] where vortices were detected [6].

On 6 April 2004 around 01:59:10 UT, the Cluster space-
craft were on an outbound trajectory entering a tailward
boundary to the high-altitude cusp region. Figure 1(a)
shows how the four spacecraft encounter a boundary layer
with a strong density gradient. The density is calculated
from the spacecraft potential [19]. The electric and mag-
netic fields have been decomposed into a field-aligned
coordinate (FAC) system, with components displayed in
Figs. 1(b)—1(f). The unit vectors of the FAC system are
2 =B,/|By| and § = 2 X Vn,/|Vn,|, respectively, with
X = § X Z completing the right-handed system. Then
{%, ¥} spans the plane perpendicular to B,, with Z field
aligned and X pointing mostly along the density gra-
dient. The By, where By/|By| = (—0.40, —0.02, —0.92)
geocentric solar ecliptic (GSE) was determined by apply-
ing a running average of 3 s, which is about 8 times the
proton gyroperiod. The density gradient normal direction
h = Vn,/|Vn,| = (—0.29,0.96,0.03) GSE and its veloc-
1ty Vgradient = 33 km/s were found by assuming that it is a
planar structure and using the time of crossing of the four
spacecraft, together with their locations in space [20]. This

TABLE I. Characteristic plasma parameters in the cusp and
derived vortex related parameters.

Quantity Value Quantity Value
n, [em™3] 2 v, [km/s] 2600
T; [eV] 300 ¢, [km/s] 100
Te [eV] 100 UL,gradiem [km/s] 33
|By| [nT] 170 vy [km/s] 12
B 0.01 Ve [km/s] 5930
fei [Hz] 2.6 vy, [km/s] 240
ps [km] 8 ro Lpsl 3
A; [km] 160 Gmax [V] 400-550
L = |k|™! [km] 50

allows us to express the field quantities in the physically
relevant coordinate system, proportional to (Vn,, By X
Vn,, By), only possible due to the multipoint measure-
ments and not previously done. Associated with the density
gradient is a thin current sheet, visible in Fig. 1(f), which
shows the parallel component of the ambient magnetic
field. This current sheet is observed on all four spacecraft
and provided an independent calculation of the gradient
agreeing with the density measurement.

The FAC component measured by C2 pointing mostly
along the gradient (X) is displayed in Fig. 1(b). We observe
a strong, 160 mV/m peak to peak, tripolar electric field
signature directly on the density gradient (highlighted in
blue, hereafter referred to as vortex 1). We note, in par-
ticular, that the scale size of the structure ry is directly
determined by the scale of the density gradient ry ~ L; cf.
the red line in Fig. 1(a). Here L = |«|™" = |—n//ny| ! is
the inhomogeneity scale size. This is contrary to the nor-
mal theoretical assumption ry << L. Below, we show that
ro = L/2, where ry is the vortex radius. This signature of
1 s duration is the single strongest electric field signal
during more than 1.5 h of data in the cusp. A tripolar
electric field is a signature of a dipolar potential structure.
Below, we show how this electric field is consistent with
trapped particles in a drift vortex of dipolar (modon) type.
The second highlighted patch (hereafter referred to as
vortex 2) in Fig. 1 shows another vortex, now visible in
the transverse electric field component. This dipolar elec-
tric field is consistent with either (1) a crossing of a dipolar
vortex on the side of the vortex center or (2) a monopolar
vortex. The data do not allow this ambiguity to be resolved
for vortex 2. We note that this vortex is also observed in
conjunction with a density inhomogeneity [red line in
Fig. 1(a)]. The density topology for vortex 2 more resem-
bles a cavity than a gradient and could possibly be self-
consistently produced by the self-interacting spatially lo-
calized fields.

Both vortices are observed simultaneously with a strong
and localized Alfvénic perturbation, with the perpendicular
components of the magnetic field displayed in Figs. 1(d)
and 1(e). By using the magnetic field and the velocity
obtained above, the current density can be calculated
from Ampere’s law by neglecting the displacement current
and assuming that the structures are convected past the
spacecraft. We note that the peaks in both the transverse
current as well as the parallel current [Figs. 1(g) and 1(h)]
coincide with the location of the vortex structures visible in
the electric field. We speculate that the parallel current is
carried by field-aligned electrons in the shear Alfvén wave,
which couples to the drift vortex mode as explained above.
The transverse current (calculated from the parallel mag-
netic field) is consistent with a diamagnetic current sheet
formed by the relative drift motion of electrons and ions
caused by the density (pressure) gradient j,; = en(vp; —
Vp.), Where v, = —Vp X B/(gnB?). Inserting numbers
from Table I for the first highlighted area (location of
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FIG. 1 (color online). Observations of
drift vortices on a density gradient and
coupled to an Alfvén wave, by the
Cluster multispacecraft in the cusp re-
gion of the magnetosphere. See main text

for a description of the coordinate sys-
tem used. (a) shows four-spacecraft data,
while (b)—(h) show data from C2.
(a) Electron density showing the gra-

dient. (b) Electric field perpendicular to
the ambient magnetic field and along the
density gradient. (c) Electric field per-
pendicular to the density gradient.
(d) Perpendicular magnetic field along

the density gradient. (e) Perpendicular
magnetic field transverse to the gradient.
(f) Parallel magnetic field. (g) Per-
pendicular current density. (h) Parallel
current density. Note the different units

for the current panels.

01:59:10
06-Apr-2004

vortex 1), we get j, = 10 nA/m™2, in accord with the
measured current density in Fig. 1(g).

We now determine the spatial size and calculate the
strength of the potential field, the two free parameters for
a dipolar vortex. Figure 2 shows a map of how spacecraft
C2 and C4 cross vortex 1 in the plane perpendicular to the
ambient magnetic field; compare with Fig. 1(b). The other
two spacecraft are located outside the map. Here we have
used the position of the spacecraft in the FAC-Vn, system
and assumed perpendicular convection using the velocity
from four-spacecraft timing. From the analysis represented
in Fig. 2, we get the vortex radius ry = 24 km = 3p,,
indicated by a yellow circle. We note that these scale sizes
are in reasonable accord with the theoretical result that
vortices should be found near the minimum vortex imped-
ance [15].

To determine the potential strength (vortex intensity),
we integrate the perpendicular electric field along the
spacecraft trajectory (which is also in the perpendicular

1
01:59:15

plane). The result for vortex 1 is displayed in Fig. 3. We
find |ppax| ~400-550 V. The potential distribution in
Fig. 3 is mainly dipolar, with an asymmetry due to the
larger electric field on one side of the vortex, making it
almost resemble a tripolar vortex [21]. This asymmetry
could be due to, e.g., an inclination « of the vortex sym-
metry axis to By, the intrinsic group velocity being com-
parable to the convection speed of the plasma, or the fact
that the structure is a semitripolar vortex.

We now show that the critical amplitude and hence the
trapping condition are fulfilled. For vortex 1, we get from
Fig. 3 and Table I the dimensionless nonlinearity b=
ed/T, = 5. The angular rotation frequency inside the
potential field is

Qp=—2=_—"2 (1)

With values from Table I, we get for an approximate shape
of a potential maximum ¢ = ¢, (1 — r*/r3) the angular
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FIG. 2 (color online). Spacecraft trajectories and electric field
from C2 (lower) and C4 (upper) in the (Vn,, By X Vn,) plane.
The center of the coordinate system is the instantaneous position
of C2 at the time of maximum absolute amplitude of Ey,. The
yellow circle indicates the vortex size, with an inferred vortex
radius of ry = 24 km = 3p,.

frequency |Qz| = 10 s™' and the vortex turnover time
T =27/Qf = 0.6 s. Comparing the angular frequency
with the characteristic frequency for a (linear) drift wave
" = (kyvy)/(1 +Kkp3) = 065", we get Qp> 0"
Hence the particle motion in the strong potential field is
dominated by the rotational vortex flow, and the self-
trapping condition is fulfilled.

The observations show that the vortices are formed on
density gradients with a scale size twice the vortex radius
but are also observed off the gradient. A similar result was
found in a lab plasma [22], where coherent structures
denoted ‘““blobs” and ‘“‘holes” were observed on a density
gradient of similar scale size as the structures. In an ideal-
ized theoretical framework, a dipolar vortex has a linear
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FIG. 3. Estimate of the electrostatic potential ¢ for vortex 1
integrated from the electric field perpendicular to the ambient
magnetic field and along the spacecraft trajectory.

momentum in a direction perpendicular to both the ambi-
ent magnetic field as well as the density inhomogeneity,
causing cross-field transport. In a real plasma, such as
presented in this Letter, the ideal symmetry conditions
are broken which can lead to cross-boundary (momentum
component in the Vn direction) as well as cross-field
transport of particles and energy. A quantitative estimate
of anomalous convective transport due to particle trapping
in drift vortices with consequences for space boundary
environments will be published elsewhere.
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