


 

flank magnetopause, across which a substantial velocity 
shear exists, has been proposed as a candidate 
mechanism for plasma transport under such conditions 
(e.g., [8]).  Recent numerical simulations interestingly 
show that transport of plasma is inevitable in a highly 
rolled-up vortex created in the nonlinear phase of the 
KHI.  According to these studies, plasma transport 
across the magnetopause can be accomplished through 
reconnection or turbulence induced in the rolled-up 
vortex [9-11], or through collapse of the vortex 
mediated by electron inertia effects [12].  When vortical 
plasma flows, generated through the nonlinear 
development of the KHI, can overcome the magnetic 
tension, the field lines in the vortex may be twisted into 
an anti-parallel geometry and be reconnected, resulting 
in field-aligned entry of solar wind plasmas through the 
interconnected field lines.  On the other hand, the 
Rayleigh-Taylor (RT) instability may be triggered in a 
rolled-up vortex, because centrifugal force operating on 
plasmas rotating in the vortex can be regarded as an 
effective gravity and the interface between dense and 
tenuous plasmas in the vortex can become RT unstable.  
According to a simulation study [11], this RT instability 
in the vortex leads to a highly turbulent state.  Reference 
[12] suggests that secondary KHI can be excited within 
a rolled-up vortex because, in the presence of finite 
electron inertia effects, a current-driven instability starts 
to grow in the nonlinear stage of the KHI and provides 
seed perturbations for the secondary KHI.  
Consequently, the parent, MHD-scale vortex collapses, 
resulting in intermixing of two plasmas that were 
originally separated by the velocity shear layer.   

In fact, the tail flank of the magnetosphere has a highly 
3D geometry, with the plasma sheet that can become 
KH-unstable being sandwiched between the KH-stable 
northern and southern lobes (see Fig. 1a).  Whether or 
not the KHI can grow vigorously enough to form a 
rolled-up vortex in such a situation is not a 
straightforward question.  To address this issue, 
Reference [13] has conducted 3D MHD simulations of 
the KHI under the magnetotail flank-like situation and 
have shown that a KH vortex can be fully rolled-up as 
long as the thickness of the plasma sheet is comparable 
to, or larger than, the KHI wavelength (3 to 9 RE) [3,15] 
and the magnetic field component in the direction along 
the shear flow is sufficiently small.   

Quasi-periodic perturbations in plasma and magnetic 
field parameters or multiple crossings of the 
magnetopause have often been observed by spacecraft 
located near the flank magnetopause and are often 
interpreted as being associated with surface waves or 
vortices excited by the KHI (e.g., [14-16]).  However it 
was not possible from these single- (or dual-) spacecraft 
measurements to conclude with certainty whether those 
perturbations were due to the rolled-up vortices, the 

vital ingredient for plasma to be transported, or just to 
small-amplitude surface waves that do not seem to 
transport plasma.   

 

 

Fig. 1. Three-dimensional (3D) cutaway view of the 
magnetosphere showing signatures of the Kelvin-
Helmholtz instability (KHI).  (a) View of the 
magnetosphere showing the KH vortices excited along 
the duskside magnetopause.  The KHI can grow at the 
interface between the solar wind and the plasma sheet in 
both of which the plasma energy dominates, whereas it 
cannot grow at the interface between the solar wind and 
the lobes where the magnetic energy dominates and the 
magnetic tension prevents it from deforming the 
magnetopause.  Consequently, the vortices can evolve 
only along the low-latitude magnetopause and only low-
latitude portions of the magnetospheric and solar-wind 
field lines are entrained into the vortices, inducing 
characteristic field perturbations in regions off the 
equator.  The coordinate system is defined such that –x 
is in the direction of motion of the vortex structure 
which was sliding anti-sunward in the spacecraft frame, 
y points outward along the magnetopause normal, and z 
points to the north.  (b) Vortex structure resulting from a 
3D numerical simulation of the magnetohydrodynamic 
KHI in a magnetotail flank-like geometry.  Colour-
coded is the plasma density in an x-y cross-section cut 
below the equatorial plane.  The density, velocity, and 
magnetic field variations predicted from the simulation 
along a synthetic satellite trajectory denoted by the 
white dashed line are shown in Fig. 2.   

2.2 Cluster observation of rolled-up vortices  
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period of 2-4 minutes.  The density shown in Fig. 2c 
shows strong up and down variations, indicating that the 
spacecraft was moving back and forth between the 
magnetosheath and the magnetosphere.  These features 
suggest that the magnetopause surface was corrugated, 
implying the excitation of the KHI at the boundary 
during the interval.   

To see if rolled-up KH vortices were involved in this 
observation, here we describe, according to a simulation 
result, what should be expected within a rolled-up 
vortex.  Since a considerable plasma density gradient 
exists across the magnetopause, the vortical plasma flow, 
which is a well-known feature present in the nonlinear 
phase of the KHI, leads to a peculiar density structure in 
a KH vortex.  As eddy turnover proceeds, the dense, 
magnetosheath plasma intrudes into the magnetosphere 
from the anti-sunward edge of the KH waves, and 
results in a filament-like high-density region sitting on 
the magnetospheric side of tenuous plasma (Fig 1b).   

This reversed density structure as well as the vortical 
plasma flow pattern has indeed been identified by 
Cluster (Fig. 2d, e).  For the intervals marked by the red 
line segments in Fig 2c, Cluster 1 (C1) located on the 
most magnetospheric side observed plasmas which are 
denser than those seen by C3 and C4 located on the 
magnetosheath side of C1.  This fact demonstrates that 
overturning of KH waves was occurring in this event.  
In addition, the density variation seen by C1 agrees well 
with that predicted from the simulation along a synthetic 
spacecraft trajectory that passes through the centre of 
rolled-up vortices (Fig. 2c).  This suggests that Cluster 
was moving through the central portion of the vortices 
from their tailward side toward the sun.  Since the 
spacecraft should in fact have been nearly at rest in the 
Earth’s rest frame, it turns out that the vortices were 
convected tailward along the magnetopause at a speed 
of about 210 km/s, which has been estimated by 
averaging the velocity vectors measured by C1, C3, and 
C4, over the interval under discussion.  Fig. 2e shows 
that the velocity perturbation vectors, transformed into 
the frame of the vortices and viewed from the north, 
change its orientation in a counter-clockwise sense 
around the centre of the vortices.  This sense of rotation 
is precisely consistent with that expected in a vortex 
excited at the duskside magnetopause.  These facts 
indicate that Cluster did encounter rolled-up KH 
vortices.   

One may see that the measured velocity fluctuations are 
highly perturbed and do not agree well with those 
predicted from the simulation.  However it should be 
noted that there are several effects that could lead to this 
discrepancy.  First, the orientation of the flow 
perturbations may differ, depending on which part of 
the rolled-up, filamentary density structure the 
spacecraft were observing.  The predicted vectors, 
shown in Fig. 2e, should be seen only along the 

trajectory penetrating through the exact centre of the 
vortices.  If the actual spacecraft trajectory is somewhat 
shifted from the centre, it may see flow perturbations 
with different orientations (the exact location of the 
spacecraft relative to the vortex centre is hardly known 
from the measurements).  Second, seed velocity 
fluctuations present in space, which would have 
initiated the KHI perhaps on the front side of the 
magnetosphere, would not be organized at all as in the 
simulation, but should have had various orientations and 
magnitudes.  This may lead to more complex flow 
perturbations in the real vortices than seen in the 
simulation.  Third, in a highly rolled-up vortex, 
secondary instabilities as predicted in [11,12] could be 
triggered and, as a result, smaller scale vortices develop, 
resulting in strongly complex plasma flows within the 
large-scale vortex.  If this is the case, the less organized 
flow perturbations seen in the observation are consistent 
with the view that plasma transport, evidence of which 
will be given in the next subsection, occurred via the 
secondary instabilities excited in the discovered large-
scale vortices.  Fourth, the spatial dimension of the 
magnetosphere in the direction along the solar wind 
(shear) flow is much larger than the wavelength of 
fastest growing KH mode [18].  In such a situation, two 
or more vortices may coalesce to form one larger vortex.  
If the measurement was made during the phase of the 
coalescence, it is quite possible that flow perturbations 
in the vortices are highly variable.   

In addition to the above plasma signatures of the KH 
vortices that appear in both 2D and 3D situations, a 
characteristic magnetic field perturbation pattern that 
should manifest only in a 3D configuration of the tail 
flank was identified by Cluster (Fig. 2f).  This field 
perturbation, first predicted by 3D MHD simulations 
[13], can be induced in near-magnetopause regions 
between the plasma sheet and the lobes, because the 
KHI develops only along the plasma sheet-
magnetosheath interface and only low-latitude portions 
of the near-magnetopause field lines are pulled into the 
vortices (Fig. 1a).  Cluster situated on the southward 
side of the equatorial plane successfully detected bipolar 
signatures expected on this side in the x and y magnetic 
field components, in correlation with the density 
variation, when it crossed the trailing edge of the KH 
waves [3].  This combined plasma and magnetic field 
observations demonstrate that the roll-up of KH vortices 
occurred at the magnetopause under a 3D configuration 
of the magnetosphere.   

2.3 Implications for boundary layer formation  

Cluster detected cool ions of magnetosheath origin on 
the magnetospheric side of the magnetopause and, 
importantly, in the vicinity of the rolled-up vortices.  As 
seen in Fig. 2a, the low-energy ions of magnetosheath 
origin are found throughout the relevant interval, even 
in the lowest density region corresponding to the 
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2.4 Single-spacecraft detection of roll-up 
possible?  

Since we now appreciate that rolled-up vortices are an 
important ingredient for plasma transport via the KHI to 
occur and that the roll-up of KH vortices can indeed 
occur along the flank magnetopause, it is natural for us 
to attempt to find if there is some indicator of the roll-up 
that can be identified even in single-spacecraft 
observations.  For this purpose, we inspect if there is 
any clear difference between rolled-up and not-rolled-up 
vortices seen in a 3D MHD simulation of the KHI.  Fig. 
4 shows simulation results at the moment the growth of 
the KHI has just saturated.  In the left panels, the 
density in the most KH unstable plane is represented as 
colour contour, for three different initial conditions.  
These panels indicate, from top to bottom, that a KH 
wave is not-rolled-up, weakly-rolled-up, and fully-
rolled-up, respectively.  The right panels show 
corresponding scatter plots, constructed from the 
simulated data, in which the x (along the initial velocity 
shear) component of the flow velocity is plotted against 
the plasma density.  Here the data points are sampled 
equally from a simulation domain surrounding the KH 
wave.  One should thus expect this kind of relationship 
between Vx and the density to be seen, if spacecraft 
uniformly observes the region in the vicinity of a KH 
wave.  What is important and interesting here is that, in 
the fully-rolled-up case, some fractions of the low-
density, magnetospheric plasmas are flowing faster, in 
the –x (anti-sunward) direction, than the dense, 
magnetosheath plasma (which has the velocity of –
1·(0.5V0) and the density of unity in the plot).  In the 
not- or weakly-rolled-up cases, on the other hand, the 
scatter plots only show a monotonous profile with no 
low-density and higher-speed flow.   

This anti-sunward acceleration of the low-density 
plasma is explained by the force balance in a rolled-up 
vortex in the direction radial from the centre of the 
vortex.  Since at a certain radial distance the centrifugal 
force operating on denser and tenuous fluids must be 
equal, the tenuous, magnetospheric plasma must rotate 
faster than the denser, magnetosheath plasma in the 
vortex [12].   

To see whether or not this “low-density and higher-
speed” feature can be used as an indicator of the roll-up, 
we show in Fig. 5 a scatter plot of the x component of 
the bulk velocity and ion density, constructed using the 
data obtained during the interval when Cluster detected 
the rolled-up KH vortices [3].  The plot indeed shows 
the presence of low-density ions that are streaming anti-
sunward with a speed higher than the magnetosheath 
ions.  While the anti-sunward speed of the densest, 
magnetosheath ions was about 250 km/s, that of less 
dense (< 5 /cc) ions reaches up to 350 km/s.   

Since a scatter plot as shown in Fig. 5 can easily be 
produced and the “low-density and higher-speed” 
feature can easily be identified even from single-
spacecraft data, our finding suggests that single-
spacecraft detection of rolled-up vortices is now 
possible.  Of course, the signature solely must not be 
taken as the smoking gun evidence of the roll-up, since 
such a low-density and high-speed flow may be 
produced also as a result of magnetopause reconnection 
or of time-varying solar wind conditions.  We 
emphasize that the above signature must be found 
together with other signatures of the KHI, to conclude 
with certainty that vortices are rolled-up.  Such 
signatures that can be identified even with single-
spacecraft observations would be quasi-periodic 
perturbations in the plasma and magnetic parameters 
and vortex-like flow fluctuations.   

 

 

 

 

Fig. 4. Difference between “rolled-up” and “not-rolled-
up” vortices.  The left panels show the density in the x-y 
plane in colour while the right panels show scatter plots 
of Vx and density, constructed using data from a 
simulation domain that covers the KH wave/vortex.  
The top to bottom panels represent not-rolled-up, 
weakly-rolled-up, and fully-rolled-up vortices, 
respectively.   
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