Magnetic Kelvin-Helmholtz Instability at the Sun
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ABSTRACT

Flows and instabilities play a major role in the dynamics of magnetised plasmas including
the solar corona, magnetospheric and heliospheric boundaries, cometary tails and astrophysical
jets. The non-linear effects, multi-scale and microphysical interactions inherent to the flow-driven
instabilities are believed to play a role, e.g., in plasma entry across a discontinuity, generation of
turbulence and enhanced drag. However, in order to clarify the efficiency of macroscopic insta-
bilities in these processes, we lack proper knowledge of their overall morphological features. Here
we show the first observations of the temporally and spatially resolved evolution of the magnetic
Kelvin-Helmholtz instability in the solar corona. Unprecedented high-resolution imaging obser-
vations of vortices developing at the surface of a fast coronal mass ejecta are taken by the new
Solar Dynamics Observatory, validating theories of the non-linear dynamics involved. The new
findings are a corner stone for developing a unifying theory on flow-driven instabilities in rarefied
magnetised plasmas, important to shed light on the fundamental processes at work in key regions
of the Sun-Earth system.

Subject headings: instabilities — plasmas — solar-terrestrial relations — Sun: corona — Sun: coronal
mass ejections (CMEs) — Sun: oscillations
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Flow-driven instabilities typically arise at flow
shear boundaries, and are accompanied by en-
ergy transfer. A classical example is the Kelvin-
Helmholtz (KH) instability, which occurs when
two fluids flow at different velocities parallel to
a surface of discontinuity with a strong enough
shear to overcome the restraining surface tension
force. The phenomenon is well understood in fluid
and gas dynamics, but is much more challeng-
ing in magnetised plasmas typical of space and
astrophysical environments, where the 3-d topol-
ogy and various conditions of the rarefied plasma
introduce additional constraints and control the
characteristics of the resulting disturbances that
overcome the magnetic tension force of the curved
field lines. At the terrestrial magnetopause, the
archetypal natural example of an interface be-
tween two plasma regions in sheared flow, a num-
ber of instabilities may mediate plasma transfer,
mixing and energisation. The KH instability is
one that operates on the magnetopause (Hasegawa
1975) with large-scale consequences for its dynam-
ics (e.g., Farrugia et al. 1998; Nykyri & Otto 2001).
The instability is believed to be operative in other
planetary environments of the solar system (e.g.,
Amerstorfer et al. 2007; Sundberg et al. 2010, and
references therein). Many theories have also ex-
plored whether it could occur at fast-slow stream
interfaces at the Sun or in the solar wind (Ko-
rzhov et al. 1984; Joarder et al. 1997; Suess et al.
2009). Moreover, in flow channels, it is invoked
in various solar structures (e.g., Karpen et al.
1993; Ofman et al. 1994; Andries & Goossens 2001;
Lapenta et al. 2003; Berger et al. 2010; Ryutova
et al. 2010), planetary magnetotails (e.g., McKen-
zie 1970), cometary tails (e.g., Ershkovich 1980),
astrophysical sources, such as jets in active galac-
tic nuclei and around stellar mass black holes (e.g.,
Ferrari et al. 1981; Stella & Rosner 1984).

And yet, for an instability so important in
space, solar and astrophysical plasma environ-
ments, it has not been possible to find convinc-
ing imaging observational evidence of the over-
all morphological features in the development of
this instability. New capabilities for studying the
Sun allow us to detect and image KH waves for
the first time, in a fast Coronal Mass Ejection
(CME) event where the instability develops at
the flank of the CME ejecta, and with resolutions
unmatched in any other natural plasma labora-
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Fig. 1.— Fast coronal mass ejecta erupting from
the Sun, with KH waves detected on its North-
ern flank. The SDO/ATA image, shown in solar-
centred X (increasing towards West) versus Y (in-
creasing towards North) coordinates, is taken in
the 131A channel and centred on the ejecta lift-
ing off the South-East solar limb. With increas-
ing (brighter) intensity levels, it shows the ejecta
canopy and within it, a brighter core above a
thinner ‘reconnecting’ current sheet. The overlaid
rectangular ROI indicates the Northern flank re-
gion, where substructures, corresponding to the
presumed KH waves, are detected against the
darker coronal background, and which is used to
construct the time-distance image plot in Figure
2.

tory before. These capabilities are provided by
the Atmospheric Imaging Assembly (ATA) (Lemen
et al. 2010) on board the Solar Dynamics Obser-
vatory (SDO), which images the Sun (since end
of March 2010) in ten white light, ultraviolet and
extreme ultraviolet (EUV) bandpasses, covering a
wide range of temperatures, at an unprecedented
high temporal cadence (up to 10-20 s) and spatial
resolution (0.6” per pixel).

The CME event occurred on November 3 2010,
following a C4.9 GOES class flare (peaking at
12:15:09 UT from active region NOAA 11121, lo-
cated near the South-East solar limb). The insta-
bility is detected in the highest AIA temperature
channel only, centered on the 131A EUV bandpass
at 11 MK. In this temperature range, the ejecta
lifting off from the solar surface forms a bubble of
enhanced emission against the lower density coro-
nal background, as shown in Figure 1. Along the
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Fig. 2.— Development of KH waves on the upper ejecta flank region. Snapshots of the ROI overlaid in
Figure 1 are taken every 12 s and are directed vertically with increasing distance above the solar surface. To
improve the contrast, the intensity is shown relative to a background intensity profile, decreasing with height.
This background profile is taken as a running smooth average of the vertical profile obtained from averaging
all the ROI images in the horizontal direction. In this time-distance image, the slope of the upper dashed line
connecting ejecta front radial positions over time indicates the speed of the ejecta front; the lower slope of
the long-dashed lines connecting related substructures indicates an observational ‘phase speed’, Vk, which is
about half the former ejecta front speed. The waves are coherent and non-dispersive, with regular separation
distances corresponding to wavelength A, as indicated between two long-dashed lines. One structure is seen
to develop to an indicated maximum height h within less than 36 s.

Northern flank of the ejecta, a train of three to four
substructures forms a regular pattern in the inten-
sity contrast. Figure 2 shows several snapshots,
taken every 12s, of this Northern ejecta flank re-
gion, when the substructures are seen to develop.
The direction along the ejecta flank is oriented
vertically and indicated with distance above the
solar surface. The resulting time-distance image
allows us to derive the speed of the ejecta front,
Vejecta = 833 £ 5 km s_l(projected in the plane of
the sky) and to infer that the substructures are co-
herent, non-dispersive, perturbations that propa-
gate with observational ‘phase speed’, V;, = 41747
kms~'. The distance between substructures cor-
respond to a projected wavelength A = 18 £ 0.4
Mm. Thus the period of these perturbations is
43 + 2 s. We interpret these perturbations as
KH waves. Considering the convectively unsta-
ble surface mode (Mills et al. 2000), perturba-
tions along the boundary surface, while growing,
are convected downstream with the corresponding
group velocity. The (projected) propagation ve-

locity of the wave envelope or group speed, V4, is
about half the ejecta front speed, Vejecta, Which
may be seen to correspond to limiting cases ex-
pected from linear theory (Chandrasekhar 1961;
Hasegawa 1975).

The CME flow environment and geometry may
be compared to those of the archetypal planetary
magnetosphere, with a common onset of the KH
instability prescribed by the flow shear directions
and the density differences between environments,
as sketched in Figure 3 (panels a and b). While the
instability is expected on both sides of the mag-
netopause for similar magnetic field orientations,
some helical configuration of the canopy field can
explain here why the phenomena could be ob-
served on one flank of the ejecta only. This helical
configuration may be localised (Srivastava et al.
2010) during the finite time (30 & 6s) over which
the instability is observed to develop, which would
be short enough in comparison with the Alfvénic
time for the helical twist to be smoothed out.
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Fig. 3.— Sketch of comparison of the KH instability conditions in two key regions of the Sun-Earth system,
(a) the CME and (b) the Magnetosphere, with (c) close-up view on a KH vortex illustrated by numerical
simulations (Nykyri et al. 2006). Purple and orange colours indicate low and high plasma density levels.
Flow vectors are shown in (c). In the low density regions (purple) being compared: (b) the equatorial cross-
section of the magnetosphere is shown with the Earth’s (almost) dipolar magnetospheric field as viewed from
the North; in (a), by analogy, the plane of sky where the waves are detected is shown with the magnetic
field canopy of the corona, best represented parallel to the solar surface, pointing in the same direction. In
the high density regions (orange) being compared: (b) the best conditions for the KH instability to occur
are those of magnetosheath field lines (draped IMF lines around the magnetopause) parallel or anti-parallel
to the Earth’s magnetospheric field, since one can align the wave vector perpendicular to these lines so as
to switch off magnetic tensions; in (a), to simplify and facilitate the comparison, the magnetic topological
configuration in and around the ejecta is stripped of the presence of current sheet(s) associated with the
active region; the ejecta canopy, formed by a magnetic field arcade of loops connected at both ends to the
Sun, is overlying a magnetic field flux rope (brightest core in Figure 1). While the instability is expected on
both sides of the magnetopause for similar magnetic field orientations, either a localised helical configuration
on one flank or a general helical configuration of the canopy field, but less favourable on the other flank, can
explain here why the phenomena could be observed on one flank of the ejecta only.

Aternatively, there may be a general helical config-
uration of the canopy field, but less favourable on
the other flank. For instance, the observed asym-
metry may be a feature of the azimuthal mode
structure of the instability in the twisted field (Za-
qarashvili et al. 2010). Additionally, the observed
asymmetry may simply result from the preferen-
tial line-of-sight viewpoint (similar to the dawn-
dusk asymmetry caused by non-zero Interplane-
tary Magnetic Field (IMF) clock angles (Farrugia
et al. 1998; Foullon et al. 2008)). As magnetic
field lines reconnect below the ejecta, the flank re-
gion of interest appears to rotate around the ejecta
axis (starting at time + 48 s in Figure 2), so that
the waves are no longer visible in the coronal back-
ground contrast but can still be traced as intensity
enhancements above the ejecta region. Such rota-

tion of the CME axis has been attributed to kink
instability at the onset of the eruption (Foullon
et al. 2007), based on similar evidence reported
for filament eruptions with axial rotation in the
solar corona. This offers a unique opportunity to
demonstrate that the instability is indeed localised
on this flank region.

A few rolled-up structures are visible in Fig-
ures 1 and 2. Much insight has been gained by
performing high-resolution numerical simulations,
where e.g. in its non-linear stage, the instabil-
ity may set up rolled-up vortices (panel ¢ in Fig-
ure 3), which entrain magnetic fields of opposing
direction (Nykyri & Otto 2004), allowing recon-
nection to occur as a secondary process and thus,
for the magnetopause, allowing solar wind plasma
to gain access to the magnetosphere (Nykyri &



Otto 2001; Hasegawa et al. 2004). By broadening
the magnetopause boundary layer (Foullon et al.
2008), a layer of mixed magnetospheric and solar
wind plasmas just inside and adjacent to the main
current sheet, the KH mechanism contributes also
to enhance diffusion onto closed field lines (Miura
1984; Phan et al. 1997; Farrugia et al. 2001). How-
ever, many of the details of these processes, how
they operate, how they ‘evolve’ in time and space
and their importance to the formation of boundary
layers and the global dynamics of e.g. the magne-
tospheric system are not fully understood. Using
theoretical investigations of the non-linear dynam-
ics involved by means of magnetohydrodynamics
(MHD) numerical simulations (Miura 1984), the
initial total thickness of the velocity shear layer
at the fast ejecta interface is inferred to be of the
order of AL = 2.25 £ 1.5 Mm (the fastest grow-
ing KH modes occur at wavelength approximately
6 to 12 times AL). The SDO/ATA images show
the formation of a structure reaching size h ~ 10
Mm, which developed in 30+ 6s (Figure 2), that is
with exponential growth rate, v = 0.0540.03 s~!
(using AL as the initial size). This result is con-
sistent with predicted linear growth rates (Miura
1984) that are greater than 0.1 X Vejecta/AL for
magnetosonic Mach numbers My > 0.8, implying
a realistic Alfvén speed V4 < 918 km s_l(for the
sound speed of ~ 504 kms ™ 'at 11 MK), and is the
first ever direct validation of this theory.

An important consequence of the presence of
KH vortices at CME ejecta (canopy) surfaces is
their effect on the total drag force, which af-
fects the CME kinematics and hence its geo-
effectiveness (e.g., Foullon et al. 2007). The
drag on plasma flows caused by convecting vortex
structures is indicated by an anomalous viscosity
(Miura 1984). For a transverse flow to magnetic
field geometry, the inferred eddy viscosity is of the
order of vgpo ~ 1.2 X 10’2ALVejecta/2 ~ 2 x 1014
erg cm? s~!, which is an order of magnitude larger
than estimates at the magnetopause. With prac-
tical implications for space weather forecasting,
this effect is relevant to explain differences in drag
properties between CMEs (Vrsnak et al. 2008;
Maloney & Gallagher 2010) considering not only
their different speeds and masses, but also their
magnetic field topologies. In addition, the as-
symetry in drag forces as expected here on the
flanks of the ejecta is relevant to explain trajec-

tory deflections or even axial rotations (while it
may be noted that the shedding of vortices behind
an obstacle can generate quasi-periodic transverse
motions (Nakariakov et al. 2009; Gruszecki et al.
2010)).

Also noted here is the occurrence of the in-
stability in the hottest ATA temperature channel.
Further detailed examination of the magnetic KH
instability will be undertaken in future. For in-
stance, we note that dissipation, i.e.thermal con-
duction or viscosity, enhanced in high-temperature
plasmas, may have the effect of lowering the in-
stability threshold (Ruderman et al. 1996; Joarder
et al. 1997). The range of favourable conditions for
the instability to occur and be visible, in combi-
nation with the issuing wave characteristics that
are observed (period, wavelength, growth rate),
means that the instability needs the energy range,
time and spatial resolutions offered by SDO/ATA
and could not have been observed with previously
available instruments. The discovery of the KH in-
stability in the solar corona enables to deepen our
understanding of the 3-d geometrical conditions
of instability onset, the non-linear evolution and
its consequences for anomalous viscosity. From a
broader point of view, the combined observational
and theoretical characterisation and the compari-
son between related solar and terrestrial phenom-
ena allow us to foster a cross-fertilisation between
the fields and is a promising way to understand
the basic plasma physics process at work in flow-
driven macroscopic instabilities common to space,
solar and astrophysical plasma environments.
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