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ABSTRACT

Context. The Kelvin-HeImholtz (KH) instability is a nonlinear shear-driven instability that develops at the interface between shear
flows in plasmas. KH waves have been inferred in various astrophysical plasmas, and have been observed in situ at the magnetospheric
boundaries of solar-system planets and through remote sensing at the boundaries of coronal mass ejections.

Aims. KH waves are also expected to develop at flow shear interfaces in the solar wind. While they were hypothesized to play an
important role in the mixing of plasmas and in triggering solar wind fluctuations, their direct and unambiguous observation in the
solar wind was still lacking.

Methods. We report in-situ observations of quasi-periodic magnetic and velocity field variations plausibly associated with KH waves
using Solar Orbiter during its cruise phase. They are found in a shear layer in the slow solar wind in the close vicinity of the
Heliospheric Current Sheet. Analysis is performed to derive the local configuration of the waves. A 2-D MHD simulation is also set
up with approximate empirical values to test the stability of the shear layer. In addition, magnetic spectra of the event are analyzed.
Results. We find that the observed conditions satisfy the KH instability onset criterion from the linear theory analysis, and its de-
velopment is further confirmed by the simulation. The current sheet geometry analyses are found to be consistent with KH wave
development, albeit with some limitations likely owing to the complex 3D nature of the event and solar wind propagation. Addition-
ally, we report observations of an ion jet consistent with magnetic reconnection at a compressed current sheet within the KH wave
interval. The KH activity is found to excite magnetic and velocity fluctuations with power law scalings that approximately follow
k373 and k723 in the inertial and dissipation ranges, respectively. Finally, we discuss reasons for the lack of in-situ KH wave detection
in past data.

Conclusions. These observations provide robust evidence of KH wave development in the solar wind. This sheds new light on the

process of shear-driven turbulence as mediated by the KH waves with implications for the driving of solar wind fluctuations.

Key words. Solar-wind shear flows — Kelvin-Helmholtz waves — Slow solar-wind — Heliosphere — Space plasmas

1. Introduction

The magnetic Kelvin-Helmholtz (KH) instability is a magne-
tohydrodynamic (MHD) shear-driven instability frequently ob-
served in solar system plasmas. KH waves can be induced by the
KH instability at the surface between two media with different
flow velocity and plasma conditions. This shear instability is fun-
damental and can be found in many flow shear systems through-
out the Universe. KH waves that have been most studied in situ
are at the Earth’s magnetopause and low-latitude boundary lay-
ers where periodic fluctuations of magnetic fields and plasma
parameters are observed (e.g., Hones et al.| 1981} [Fairfield et al.
2000; |[Hasegawa et al.[|2004; |Foullon et al.|2008; Eriksson et al.

2016). This is because the Earth’s flank magnetopause is prone
to the KH instability onset condition which prefers weak mag-
netic field in the direction of the shear flow. Nevertheless, KH
waves have also been observed and identified in strong magnetic
field environments such as in the solar corona and at the flank
of a coronal mass ejection (CME) (e.g., [Foullon et al.[201 1}, |Of-
man & Thompson|2011}; [Foullon et al.|[2013} Mostl et al.|2013))
via Extreme Ultraviolet (EUV) imaging by the Solar Dynamics
Observatory (SDO). Variations of the KH instability such as a
sinusoidal mode have also been observed in a solar prominence
(Hillier & Polito/2018)) using Interface Region Imaging Spectro-
graph (De Pontieu et al.[2014).
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More recently, remote observations above the solar corona
using Heliospheric Imager instrument on board the Solar-
Terrestrial Relations Observatory (STEREO/HI1) have revealed
a transition in texture of the solar wind from highly anisotropic
coronal plasma, or “striae”, to more isotropic, or “flocculated”,
solar-wind plasma (DeForest et al.|2016). The transition is found
to be consistent with the onset of hydrodynamic and MHD insta-
bilities leading to development of turbulence. Qualitatively, this
transition is found to occur near the first surface of plasma § = 1,
where the 8 changes from 8 < 1 near the Sun to 8 = 1, and
the Alfvén critical surface where the solar wind speed reaches
the Alfvén speed (V = V,) (Chhiber et al.|2018). Ruffolo et al.
(2020) propose that the transition from striae to flocculation of
the young solar wind is powered by shear-driven instabilities
such as the KH instability, caused by the relative velocities of
adjacent coronal magnetic flux tubes. This is supported by com-
pressible MHD numerical simulations in which several features
observed by Parker Solar Probe (PSP; |Fox et al.|2016)) including
the magnetic “switchback” signatures near perihelia are repro-
duced. It is argued that the KH instability can be triggered when
the relative velocity between flux tubes is larger than twice the
local Alfvén velocity (AV > 2V,) when the magnetic field di-
rection is parallel to the direction of the largest velocity shear
(Chandrasekhar| 1961 Miura & Pritchett||{1982a)). This condition
is less stringent if the magnetic field direction does not align
with the largest shear direction. An important implication of such
shear-driven instability is that it may lead to shear-driven turbu-
lence just outside the Alfvén critical zone.

In theory, the KH instability may develop at tangential dis-
continuities (TDs) because there are relative changes in velocity
field (V) and magnetic field (B) magnitudes across them while
there is no magnetic field component threading through them,
which would otherwise stabilize the instability (as for rotational
discontinuities). The solar wind is full of TDs (e.g., |[Burlaga
et al.||[1977; Knetter et al.2004; Neugebauer & Giacalone|2010),
which separate different plasma regions. TDs are thought of as
surfaces that separate adjacent solar wind flux-tubes (e.g., Holl-
weg| 1982) that originated from granules, or meso/super granules
in the Sun’s photosphere (e.g., Roudier & Muller||1986; |Axford
& McKenzie||1992) with different plasma properties and com-
position and spread out in the heliosphere (e.g., Bruno & Car-
bone|[2005; [Borovsky|2008)). It was demonstrated theoretically
by many authors that TDs can support MHD surface waves (e.g.,
Hollweg|[1982). In particular, TDs could support the KH insta-
bility (e.g., [Burlaga [1972; [Neugebauer et al.|[1986)). As for the
flux tube picture, it was suggested that the KH instability should
be induced when adjacent flux tubes move relative to each other
with a speed greater than the Alfvén speed (Burlagal|1972)). Za-
qarashvili et al.| (2014) consider the topology of magnetic flux
tubes and found that, while the axial B of the flux tubes stabi-
lizes the KH instability, a slight twist in the B (i.e., as for when
the B does not align with the V) may allow the surface between
them with AV < V4 to become unstable to the KH instability.

Across TDs, an alignment between the change in velocity
direction (AV) and the change in magnetic field direction (AB)
are commonly observed (Neugebauer||1985; [Neugebauer et al.
1986; [Neugebauer|2006; Knetter et al.|[2004). This alignment is
not expected from the MHD discontinuity theory, unlike at rota-
tional discontinuities where this alignment is expected (Hudson
1970). This alignment of AV and AB is observed independent of
the type of solar wind stream between 1 and 2.2 AU based on
IMP 8 and Voyager 2 data (Neugebauer|1985). Based on Helios
data, [Neugebauer et al.| (1986) report that this alignment is also
observed as close as 0.3 AU. They further consider the possibil-
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Fig. 1. Overview of SolO and other spacecraft positions on 23 July 2020
at 20:01:08 UT projected in a solar equatorial plane in the RTN coor-
dinates centred at SolO. Orange solid lines represent solar wind Parker
spirals (Parker|1958) calculated using a constant velocity of 300 km s~!.
This figure was obtained using the 3DView software (Génot et al.[2018)).

ity that the KH instability may have developed across TDs and
destroyed the random alignment between AV and AB. Since the
number of TDs per unit time decrease with distance from the
Sun (e.g.,[Tsurutani & Smith|1979;|Lepping & Behannon|1986)),
Neugebauer et al. (1986) suggested that the KH instability may
have destroyed TDs as the KH instability growth rate becomes
larger with decreasing Alfvén speed.

Despite all these postulations, the KH instability has not been
observed in situ in the solar wind to our knowledge. Here we re-
port unambiguous in-situ KH wave detection using Solar Orbiter
observations (SolO; Miiller et al.|2020) during its cruise phase.
SolO is an ESA mission, launched on February 10, 2020, aimed
to study the Sun and inner heliosphere from out-of-ecliptic van-
tage points. The cruise phase started in June 2020 with the in-situ
instruments operated nominally after a successful commission-
ing. SolO was at 0.69 AU during the observations presented here
when several periodic fluctuations in plasma parameters are ob-
served.

In this work, we report quasi-periodic magnetic and plasma
variations within a shear layer in the slow solar wind consistent
with the development of the KH instability, supported by linear
theory analysis, numerical simulation, and boundary layer anal-
ysis. The paper is organized as follows. First, we present the in-
strumentation and overview, context, and KH wave observations
in Section 2] Additionally, we report observations of magnetic
reconnection signatures in the KH waves. Then, we focus on the
linear theory, boundary layer analyses, numerical simulations,
and magnetic spectra of the KH interval in Section [3] As this
event shows clear evidence of the KH waves in the solar wind,
we discuss why it was not observed in past data, as well as its im-
plications for solar wind dynamics in Section d] We summarize
our findings and discussion in Section 3]

2. Observations
2.1. Instrumentation and overview

We use magnetic field data from the fluxgate vector magnetome-
ter (MAG; |Horbury et al.[2020). MAG continuously samples the
magnetic field with the rate up to 16 vector/s in the normal mode
and up to 128 vector/s in the burst mode with a precision of
about 5 pT. We also use particle data from the Proton and Al-



R. Kieokaew et al.: Magnetic Kelvin-Helmholtz Waves in the Solar Wind

2020-07-23T18:00:00 CR2233

% SCTIME: 2020-07-23T18:00:00

Magnetogram: ADAPT

Latitude

-90
0 20 4 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
Carrington Longitude

Fig. 2. Connectivity map of the observations on July 23, 2020, produced
from the Connectivity Tool (Rouillard et al.|2020) to provide a global
context. The background is a combined image from remote observation
using SDO/AIA and STEREO-A/EUVI 171 A Carrington maps. The
blue cross represents the region of high connectivity probability of SolO
to the solar wind source regions. The green and red dots represent zones
of the high connectivity probability to the solar wind source regions
assuming fast and slow winds, respectively. The Heliospheric Current
Sheet (HCS) is marked with a red dashed line.

pha Particle Sensor (PAS) that is part of the Solar Wind Anal-
ysis instrument suite (SWA; [Owen et al.|[2020). PAS provides
high-cadence measurements of 3D velocity distribution function
of solar wind particles (electrons, protons, alpha particles, and
heavy ions). We use the Radial Tangential Normal (RTN) coor-
dinate system throughout this paper unless stated otherwise. In
this system, the coordinates are centred at the spacecraft where
R is directed radially outward from the Sun to spacecraft, T is
longitudinal along the cross product of the Sun’s rotation vector
with R, and N completes the right-handed orthogonal set, which
points in the latitudinal direction.

On July 23 - 24, 2020, SolO was at the distance 0.69 AU
from the Sun. From July 23 at 12:00 UT to July 24 at 12:00 UT,
SolO was moving from the distance r = 1.03 x 10® km (0.68
AU) to r = 1.04 x 108 km (0.70 AU) from the Sun. Fig.shows
the projected position of SolO onto the equatorial plane with the
solar wind Parker spiral (orange lines) calculated
using a constant solar wind speed of 300 km s™". This figure is
obtained using the 3DView software (Génot et al.|[2018) avail-
able at http://3dview.cdpp.eu/. The radial speed of SolO
was Vg = 11.3 km s~! throughout this interval.

Fig. [2] shows the global context on July 23, 2020 from 18
to 24 UT of the solar observations with the SolO position (blue
cross) projected onto the Sun’s surface. This figure is obtained
from the Magnetic Connectivity Tool (Rouillard et al.[2020), ac-
cessible at http://connect-tool.irap.omp.eu/. This tool
allows us to estimate solar wind source regions as measured
by spacecraft in order to connect remote and in-situ observa-
tions. The tool models the solar corona, based on a magne-
tostatic reconstruction from magnetograms using the Potential
Field Source Surface (PFSS) technique, and the interplanetary
magnetic field, based on a Parker spiral orientation. The coronal
field is reconstructed based on magnetograms from the ADAPT
(Air Force Data Assimilative Photospheric Flux Transport) flux
transport model (Arge et al.|[2010}; [Hickmann et al.|2015). The
probability of connectivity between coronal sources and in-situ
observations is then calculated using assumed slow (300 km s1)
and fast (800 km s~') solar wind streams at the spacecraft po-
sition. The tool outputs positions of high connectivity probabil-
ity for the assumed slow and fast winds with a magnetogram or

combined images as a background. Here, the background image
is produced by combining images taken by SDO and STEREO-
A in EUV at 171 10\, using the AIA and EUVI instruments, re-
spectively. The red and green dots indicate the points at the sur-
face that are most likely to be magnetically connected to SolO,
assuming uniform slow and fast wind flows, respectively. The
SolO position is estimated to be at the blue cross position. On
this image, the SolO position appears at low-latitude (~ 0?) and
near the Heliospheric Current Sheet marked by a red dashed line.
In this work, we report SolO observations of the KH waves near
an edge of the HCS.

2.2. 14-hour context

Fig. 3] shows SolO observations between 16:00 UT on July 23,
2020 and 6:00 UT on July 24, 2020, covering a 14-hour interval.
In Fig. Bp, we show the magnetic field components and mag-
nitude. Fig. Bp displays the radial component (V) and Fig. Bk
the tangential (Vr) and out-of-ecliptic (V) components of the
ion bulk flow velocity. Two main HCS crossings are observed
between 22:00 UT on July 23 and 2:00 UT on July 24 in be-
tween the purple vertical dotted lines. The HCS is characterized
by a large-scale (~several hours) change in the polarity of the ra-
dial magnetic field (Bg). Around 18:00 UT on July 23, we mark
a meso-scale structure (~a few hours) between vertical orange
dotted lines, characterizing bipolar magnetic fields with a mag-
netic discontinuity (i.e., current sheet) at the center. At this cen-
tral current sheet, there is an ion jet clearly seen in Vg, Vr, and
Vi components, probably indicating ongoing magnetic recon-
nection. This structure is known as Magnetic Increase with Cen-
tral Current Sheet (MICCS) and it has been observed with Parker
Solar Probe (Fargette et al.|202T); this signature corresponds to
two magnetic flux tubes that become interlinked and with mag-
netic reconnection at the interface (e.g., [Louarn|[2004; [Kacem
let al.| 2018} [@ieroset et al.|[2019; [Kieokaew et al.|[2020). Al-
though mentioned here for context, this feature is not discussed
any more in our study.

From 20:45 to 21:30 UT on July 23 in Fig.[3f, we observe a
velocity shear of about 30 km s~! in the V (green) and about 20
km s~ in the Vyy (blue) components. This velocity shear interval
features periodic fluctuations in the magnetic fields (Fig.[3h) and
the radial velocity (Vg; Fig. El)). The shear layer is also accom-
panied by changes in the ion number density shown in Fig. 3.
This interval as shaded in grey exhibits quasi-periodic fluctua-
tions that resemble KH waves (with periods of 6-8 minutes); we
show a zoom-in of this interval in the next section.

Figs.[Be, [Bf, and Bl show the Alfvén Mach number (My),
the normalized cross-helicity (o), and the angle between V
change and B (6sv,p), respectively. During the shaded interval,
the M, is 12, indicating that the solar wind speed is super-
Alfvénic. The o. (Matthaeus & Goldstein|[1982}, [Roberts et al
is calculated from o, = 2(6V - 6b)/{|5V[* + [6b[>), where
0V =V — (V)0min and 6b = b — (b)y,.in are the velocity field
and magnetic field fluctuations from the 20—min running aver-
ages of V and b = B/+/ugp, where p is the vacuum perme-
ability and p is the average proton mass density, respectively.
The magnetic field b is measured in Alfvén speed units in km
s~!. The sum brackets {...) are taken over 20-min running av-
erages. o, relates to the cross helicity H, = % f (V - b)d*x and

the energy per unit mass E =  [(V? + b?*)d’x through the re-
lation o, = 2H,./E. This quantity measures the Alfvénicity with
0. = %1 indicating Alfvénic fluctuations, where the signs +, —
correspond to Alfvénic propagation anti-parallel or parallel to
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Fig. 3. Solar Orbiter observations between 16:00 UT on 23 July 2020 and 6:00 UT on 24 July 2020 showing the context of the Kelvin-Helmholtz
instability observation (shaded area). (a) Magnetic fields in the RTN coordinates. (b) Ion bulk velocity Vx component. (c) Ion bulk velocity V; and
Vi components. (d) Ion number density. (e) Alfvén Mach number. (f) Normalized cross-helicity. (g) The angle between 6V and B (see text). The
Heliospheric Current Sheet (HCS) is observed between 22:00 UT on 23 July 2020 and 2:00 UT on 24 July 2020, marked by purple dotted lines.
The Magnetic Increase with Central Current Sheet (MICCS) is observed between 17:35 and 18:08 UT on 23 July 2020, marked by orange dotted

lines.

the mean field, respectively. During the shaded interval, o is
fluctuating between 0 and 0.5, indicating that the solar wind fluc-
tuations are not strongly Alfvénic. The angle 6syp is calculated
from arccos(6V -B/(|6V||B])). The magnetic field in the direction
of the velocity jump, i.e. when 6y is near 0° or 1807, has a sta-
bilizing effect on the KH instability due to the magnetic tension
exerted in the direction of the shear flow (e.g., [Chandrasekhar
1961)). For the shaded time period, Fig. Bz shows that the an-
gle between 6V and B is spreading from 60° to 120°. The non-
alignment of 6V and B during this interval indicates the possibil-
ity for this shear layer to be unstable to the KH instability with a
wave vector perpendicular to B, which minimizes the role of the
magnetic tension.

2.3. KH wave observations

Fig. @ shows a zoom-in around the shaded time period in Fig. 3]
between 20:45 and 21:30 UT on July 23, 2020. The quasi-
periodic fluctuations in several parameters resemble in-situ KH
waves at the interface between shear flows (e.g.,[Hasegawa et al.
2004). The magnetic field in Fig. @ clearly shows repeated, ho-
mologous fluctuations in all components. We mark sharp mag-
netic rotations (1) - (7) with vertical dashed lines. Fig. Eb shows
Vg and Fig. Ek shows V7 and Vi components of the ion bulk ve-
locity. The velocity shear is clearly seen in the V; component. To
mark the shear layer, we define Side 1 at 20:38 UT as the begin-
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ning of the shear interval and Side 2 as the end of the shear inter-
val at 21:29 UT, marked by magenta dotted-dashed lines. Sides
1 and 2 are characterized mainly by the tangential velocity Vy
which reached local minimum and maximum, respectively. The
periodic features are also seen in the velocity fields especially
for the tangential (V7) component in Fig. @k in which sudden,
sharp transitions colocate with the changes in the magnetic field
marked by the vertical dashed lines. To facilitate discussion, we
define the magnetic rotations (1) - (7) as “wave edges” that mark
sudden changes in both magnetic and velocity fields. Table []
notes times of these wave edges and time differences between
these edges. These time differences correspond to the period of
the waves. The average time difference between wave edges is
7 minutes 17 seconds (s) and the standard deviation is 55 s. We
analyze the wave edges in detail in Section [3.3]

Fig.[Ad shows Alfvén speed and Alfvén velocity components
(Va = B/ +fuon;m,, where n; is the ion number density and m,,
is the proton mass). The average Alfvén speed in this interval is
26 km s~!. Fig. 4 shows the ion number density (1;,,,). Despite
some fluctuations, n;,, gradually changes from 30 cm™! at Side
1 to 22 cm™! at Side 2. Fig {4f shows the magnetic (P,,), ther-
mal (P,), and total pressure (P;,; = P,, + Pp,). The total pressure
is approximately constant, indicating approximate pressure bal-
ance across the shear layer. Fig. g shows the ion beta (). The
B is changing from 8 ~ 2 at Side 1 to 8 =~ 1 at Side 2. A strong
peak in 8 of about 8 ~ 7 is observed adjacent to wave edge (3).
At wave edge (3), there is an ion jet in Vyy (blue in Fig. @) with
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Fig. 4. Solar Orbiter observations on 23 July 2020 between 20:10 UT and 21:50 UT. (a) Magnetic field in the RTN coordinates. (b) Ion bulk
velocity Vg component. (c) Ion bulk velocity V7 and Vy components. (d) Alfvén speed |V,4| and Alfvén velocity components (Vag, Var, Van).
(e) Ion number density. (f) Plasma pressure P,, magnetic pressure P, and total pressure Py,. (g) Plasma beta 5. The KH waves can be noticed
between 20:45 and 21:30 UT. The vertical grey dashed lines (1) - (7) mark the boundary layer crossings corresponding to KH trailing edges. The
magenta dashed-dotted lines mark times when the plasma parameters reach asymptotic values on Side 1 (20:38 UT) and Side 2 (21:29 UT) of the

shear layer.

Table 1. Timing of the KH wave edges marked in Fig. E and time dif-
ference between them.

Numbers Times (UT) Time difference (mm:ss)

(1) 20:45:59 -

2) 20:53:43 07:44
3) 21:02:11 08:28
“) 21:09:56 07:45
o) 21:17:32 07:36
©6) 21:23:39 06:07
@) 21:29:38 05:59

AVy ~ 11 km s~! that colocates with the magnetic rotation ob-
served in By (blue in Fig. fp). We explain that this ion jet may
be produced by magnetic reconnection, in Section [2.4]

Table[2]summarizes the values of V, B and n;,, at Sides 1 and
2. Considering the velocity change across the shear layer, we de-
fine AV = V,—-V/, where the subscripts 1 and 2 label Sides 1 and
2, respectively. The velocity change is AV = (AVg, AVy,AVy) =
(20,30, -11) km s~!, with |AV] = 38 km s~!. The ratio of the ve-
locity change across the shear layer to the average Alfvén speed
is therefore AV/V, = 1.5. The observed shear velocity exceeds
the local Alfvén speed but does not satisfy the KH instability cri-
terion (AV > 2V,) for the parallel configuration. Note that this
condition is obtained in a simplistic configuration of an infinitely
thin shear layer embedded in the uniform density and magnetic

Table 2. Parameter values on Side 1 and Side 2 of the shear layer
marked in Fig. [

Parameters Side1 Side2  Units
Vr 285 305 kmsT
Vi -20 10 kms!
Vi -5 -16 kms™!
Br 4 4 nT
BT 2 -2 nT
By 0 3 nT
Nion 30 22 cm>’

field and with the magnetic field being exactly along the velocity
shear. We further examine the stability of this shear layer using
the linear theory in Section[3.1]and using an MHD simulation in
Section

2.4. Magnetic reconnection

Fig. 5] shows a zoom-in at wave edge (3) in Fig. ] that contains
an ion jet colocated with the change in magnetic field seen in
the N component (blue). The current sheet interval at the wave
edge is delineated by orange dashed lines between 21:02:00 and
21:02:40 UT. The magnetic field magnitude in Fig. [5h drops
at the centre of the current sheet to a local minimum of about
2.5 nT. To clearly see the ion jet, we transform the magnetic
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Fig. 5. Magnetic reconnection signatures at wave edge (3) in Fig. {4} (a)
Magnetic field strength. (b) Magnetic field reconnecting /-component.
(c) Magnetic field 7z,  components. (d) Ion bulk velocity V; component
with the predicted velocity jet (V4,; cyan). (e) Ion number density. (f)
Ion temperature. Dashed orange lines mark the extent of the ion jet. A
dashed grey line marks the maximum ion velocity during the jet.

field into local current sheet “Imn” coordinates using the hybrid
Maximum Variance Analysis (MVA) technique (Gosling & Phan
2013). In this coordinate system, [ points in the magnetic shear
direction (i.e., the reconnecting component), 7 points in the di-
rection normal to the shear plane, and /& = 7 x [ points in the out-
of-plane direction (i.e., the guide-field direction). We transform
the magnetic field from the RT N coordinates to Imn coordinates
as follows. First, the current sheet normal 7 is obtained from the
cross-product of the asymptotic 10-s averaged magnetic fields
just outside the current sheet interval. Second, the 71 component
is obtained from 71 X il, where il is the maximum variance di-
rection obtained from the MVA technique (Sonnerup & Cahill
1967) applied in the current sheet interval. Finally, [ = 71 x 71
completes the right-handed orthonormal system. We obtain [
= [-0.285,0.245,-0.924], n = [0.882,0.44,-0.156], and 7 =
[0.37,-0.863,-0.343].

The magnetic field rotation is clearly seen in the B; compo-
nent in Fig. [5p. B; rotates from positive to negative during the
current sheet interval in colocation with the ion jet seen in the
V; component in Fig. [Sg. Note that the velocity data have lower
cadence (4 s) than the magnetic field data (1 s), thus the velocity
is sampled only at a few points in the vicinity of the current sheet
interval. The velocity peak is marked by a grey dashed line. This
ion jet has a magnitude of AV = 13 km s~! at 21:02:24 UT. Al-
though there is only one velocity measurement associated with
the peak inside the jet, one should note that the operation cy-
cle of the PAS instrument is such that each sample is made over
only 1 s every 4 s. The measurement is thus made over a limited
time exactly in the center of the current sheet, rather than over
4 s which would have led to significant time aliasing across the
current sheet.
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The change in B; correlates with the change in V; negatively
on the inbound side (21:02:00 to 21:02:24 UT) and positively on
the outbound side (21:02:24 to 21:02:40 UT). This sequence of
correlations is consistent with a jet that is produced by magnetic
reconnection. Although we acknowledge that there is only one
velocity measurement in the jet, there are additional signatures
that are consistent with the interpretation of magnetic reconnec-
tion, such as the enhanced ion number density shown in Fig. Ek:,
consistent with mixing of ions from either side of the current
sheet in the reconnection exhaust (Gosling et al.|2005) and the
enhanced ion temperature consistent with plasma heating within
the reconnection exhaust (Phan et al.[2014) in Fig. E]f

To more quantitatively assess whether this jet is consis-
tent with reconnection, we consider the Walén relation: AV, ~
+AB/(1ompn;on)'?, where + or — is applied for a positive or neg-
ative correlation between B and V, respectively, (Hudson|[1970;
Paschmann et al.[1986]) within the exhaust as bounded by dashed
orange lines in Fig.[5] The predicted jet velocity is shown as cyan
in Fig. 5. The predicted velocity produces a trend that resem-
bles the observed jet. However, the predicted velocity jet from
the Walén relation is estimated to be AV, = 33 km s~!. Thus,
the observed jet has a velocity that is 40% of the predicted jet
velocity. A sub-Alfvénic reconnection jet is not unusual in obser-
vations. In the literature, sub-Alfvénic jet speeds are found when
the spacecraft crosses the reconnection exhaust near the X-line.
The development of secondary instabilities due to high plasma-
B was also found to lower the reconnection jet speed (Haggerty
et al.|2018)). The presence of reconnection within KH waves may
imply that it is produced as a consequence of vortex-induced-
reconnection (e.g., [Nykyri & Otto|2001; [Nakamura et al.[|2006;
Karimabadi et al.[2013} [Eriksson et al.[2016), which can be trig-
gered when KH vortices develop and create thin current sheets
between them. We further discuss this possibility in the discus-
sion section.

3. Results
3.1. Linear theory analysis

To test whether the observed local conditions in Table [2] satisfy
the KH instability onset criterion, we consider the stability of
a shear layer derived using the linear theory of |Chandrasekhar
(1961). The KH instability onset criterion derived for an in-
finitely thin boundary layer in an incompressible plasma can be
written (Hasegawa|1975)) as

ny +np

Honipngny

k- (Vi = Vo)l > (k- B)” + (k- B, ()
where k is the wave vector, V is the velocity field, B is the mag-
netic field, and » is the ion number density, with the subscripts
1, 2 representing either side of the shear layer. The phase velocity
of the KH mode, associated with the real part of the KH disper-
sion relation V,;, = w/k, where w is the wave frequency and k is
the wave number, is given as

mk-V,+nk-V,
k(ny + ny)

Von = @)

The growth rate of the KH instability, associated with the imag-
inary part of the dispersion relation, can be written as

y = leeal(Vi = Vo) - kP — a1 (Vag - k)’ —aa(Vaz - KT (3)

where a; = I’l]/(nl + 1ny) and ap = I’lz/(nl + 1), and VA,I’VA,Z
label the Alfvén speeds on either side of the boundary.
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Fig. 6. Magnetic and velocity fields in the local shear frame obtained
from the application of the MVA to the ion bulk velocity. (a) Magnetic
field in the maximum (X), intermediate (Y), and minimum (Z) variance
directions and its magnitude. (b, c, d) Velocity field in the X, Y, and Z
directions, respectively. (e) Simplified shear boundary layer configura-
tion obtained from the transformation to the maximum shear frame.

To simplify the configuration of the observed shear layer,
we transform the velocity field using the application of the
MVA technique to the ion bulk velocity from 20:14 to 21:50
UT. The maximum, intermediate, and minimum variance di-
rections are found to be [0.53,0.79,-0.32],[0.84, -0.53,0.07],
and [0.12,0.31,0.95], respectively. The ratios of the maximum
to the intermediate eigenvalues (4;/4,) and the intermediate to
the minimum eigenvalues (43/1,) are 7.7 and 2.0, respectively,
indicating reliable estimations (Siscoe & Suey||1972). The max-
imum variance direction is the direction of the velocity shear
direction; it is assigned as X. The intermediate variance direc-
tion is the inhomogeneous direction; it is assigned as Y. Finally,
the minimum variance direction is the invariant direction; it is
assigned as Z. The transformed B and V are shown in Figs. [6h -
[d. In Fig. [6h, the magnetic flux along the inhomogeneous direc-
tion (By) is not zero on the two sides taken as boundary condi-
tions. Therefore, this velocity shear layer does not have a simple
configuration consistent with a TD when one uses Sides 1 and
2 asymptotic values as the boundary conditions of the KH in-
stability (which in reality occurs earlier and closer to the Sun);
we further discuss this configuration next. The velocity jump is
clearly seen in Fig. @) with AV ~ 40 km s~!. Fig. Iﬂe shows a
simplified configuration of this shear layer in the X — Y plane.

Note that the Vy and V; are nearly constant and thus not shown
in this figure.

Fig.[6] shows B and V in the frame where the velocity shear
AV is projected into one direction (X). By the definition of a TD
(e.g. Burlagal[1969; [Hudson|[1970; [Lepping & Behannon|[1986;
[Neugebauer et al.[1984; [Knetter et al.[2004), there should be no,
or at least minimal, magnetic field along the TD normal direc-
tion, which is the Y direction (the inhomogeneous direction). In
Fig.[6p, Byy = 2 nT and By, = 4 nT, thus there is a non-zero
magnetic flux through the Y direction; therefore, this configura-
tion does not fit the TD description. In fact, for KH waves at a
TD, we expect a certain level of quasi-periodic By fluctuations.
This stems from the development of KH vortices that stretch the
magnetic field in 3-D leading to associated fluctuations in the
By and By components (here Z is the invariant direction) with
(By) = 0. This type of configuration is typically found for KH

development at the Earth’s magnetopause (e.g.
[2004}; [Foullon et al.|[2008; [Eriksson et al|2016). The lack of

a frame, where the asymptotic magnetic field (taken at meso-
scales on each side of the observed waves) along the normal di-
rection is zero, may be due to the complex 3-D configuration
rather than a simple 1-D or 2-D as generally assumed for sim-
plicity.

The origin of the lack of such a frame is likely also due to the
fact that the KH waves have already evolved and impacted the lo-
cal and meso-scale geometry so that the properties of the asymp-
totic magnetic field and flow at the time of observation is not
anymore representative of the original current sheet (TD) config-
uration. In other words, we cannot expect the current asymptotic
conditions (Sides 1 and 2) to be strictly relevant for linear theory
analysis of the KH instability or for setting up the simulations be-
cause the KH instability developed in reality both significantly
earlier and closer to the Sun.

Despite the lack of a perfect TD frame, we may test the sta-
bility of the shear layer with certain assumptions for the initial
configuration. At the initial shear layer, we assume a velocity
jump with AV = V, — V| % (40,0, 0) km s~! similar to Fig. Ele
Importantly, we ignore the By component for the initial shear
layer, with the assumption that the original shear layer was a
TD and this By component was later introduced by the KH dy-
namics. A KH growth rate from this simplified configuration
in Fig. [6¢ with By; = By, = 0 can be calculated as follows.
Assuming that the wave vector k makes an angle ¢ from the
plane containing the shear flow towards the Z-direction such that
k = (kcos ¢, 0, ksin ¢), Eq. |3|can be written as

Gl

P1P2

(o1 +p2)?
1

~ wo(pr +p2)

[AV, cos ¢ + AV. sin ¢]*
[Bixcos¢ + By sin ¢]2

[Bs.x cos ¢ + By sin ]’ )

Ho(p1 + p2)
where p; = myn;, i = 1,2. We find positive growth rates for an
arbitrary angle ¢ with a maximum growth rate (y/k) of 16 km
s~!. This means that the observed conditions with simplified as-
sumptions at the initial shear layer of this event are unstable to
the KH instability. In brief, the linear theory analysis may sup-
port the KH instability interpretation.

Assuming that the wave vector Kk is in the same direction as
the flow, we obtain the KH phase velocity from Eq. (2) to be
Vi = 152 km s™!. Since the average wave period from Table
is found to be 437 £ 55 s (7.3 = 0.9 minutes), the KH wavelength
is estimated to be Agy = 66,400 + 8, 400 km or 0.10 +0.01 solar
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radii. The linear theory analysis of a finite-thickness shear layer
by Miura & Pritchett| (1982a) predicts that the fastest growing
mode occurs for kL ~ 0.5 — 1.0, where L is the initial shear layer
thickness. Using k = 27/ A, the fastest growing mode should have
the wavelength of 2L — 4nL. Using our estimated Aggy, we es-
timate the initial shear layer thickness to be L ~ 5,300 - 10, 500
km. Note that this estimate ignores any vortex merging or poten-
tial influence of pre-existing turbulence that could influence the
size of the vortices that are observed.

3.2. KH simulation

To further test whether the observed conditions would support
the KH instability, we performed a numerical simulation us-
ing SolO observations for Side 1 and Side 2 as boundary con-
ditions. We exploit a numerical simulation that solves com-
pressible MHD equations via a hybrid compact-weighted es-
sentially non-oscillatory (WENO) scheme (Yang et al.[2016b).
This hybrid scheme couples a sixth-order compact finite differ-
ence scheme for smooth regions and a fifth-order WENO scheme
in shock regions, suitable for capturing strong discontinuities in
MHD systems. The time stepping is performed by the third-order
Runge-Kutta scheme. This code has been used to study com-
pressible MHD turbulence (Yang et al.[2016a, 2017) and shear-
driven turbulence by the KH instability near the Sun (Ruffolo
et al.[2020).

To simulate our event, we consider the initial shear layer
in Fig. [6g with the simplified configuration, considered in Sec-
tion [3.1] Moreover, we consider the local KH instability frame
that travels with the KH phase speed at V,;, ~ 150 km s™!. In this
frame, the speeds on Sides 1 and 2 are Ux,; = —15 km s~! and
Uy, = 25 km s7!, respectively. Since the magnetic field perpen-
dicular to the shear flow does not impact the KH growth (Chan-
drasekhar|1961), we only include magnetic field in the shear flow
direction (By). The ion number density values on Sides 1 and 2
are n; = 30 cm™ and n, = 22 cm™3, respectively. The ion tem-
perature values on Sides 1 and 2 are set to 7} = 1.32 eV and
T, = 3.63 eV, respectively. The ion 8 is set to 1. The magne-
tosonic Mach number across the shear layer is AU/c,; = 2.75,
where AU = 40 km s~! and ¢s1 1s the sound speed on Side 1.
The Alfvén Mach number is AU/V, | = 2.52, where Vy | is the
Alfvén speed on Side 1.

The numerical simulation is performed using a L, X L, =
8n X 4w domain with n, X n, = 1024 x 512 resolution with
periodic boundary conditions in the X-direction. For simplicity,
equal viscosity and resistivity u = 7 are used, i.e., the magnetic
Prandtl number is set to unity. We solve the dimensionless form
of the MHD equations by introducing several reference scales.
The normalizations are Uy = 100 kms™!, ny = 30 cm™3, By = 25
nT, and Ty = 66 eV. The simulation is 2-D as we ignore the in-
variant direction and only impose the magnetic field in the direc-
tion of the shear flow.

We set up double shear layers in the simulation domain sim-
ilar to those of |Ruffolo et al.| (2020). The velocity and magnetic
profiles are only set in the X-direction and both are colocated.
The velocity profile is given by

L4 ~3L,/4
e = U, [1 - tanh(yT‘/) + tanh(%)} YU, ()

where U, = (Y5%), Up = (Y5%), Uy = 015U, U, =

0.25Uy, and d = 0.003L, is the half thickness of the shear layer.
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The magnetic profile is given in a similar way as
-L,/4 -3L,/4
B, =B, [l — tanh (}%) + tanh()%)] + Bg, (6)

where B, = (£52), By = (232), B, = 0.16B, and B, = 0.0.
The density is set with p; = pg and p, = 0.73py in normal-
ized units. The initial temperature profile is set such that the to-
tal (magnetic plus thermal) pressure is balanced across the shear
layer, where T = 0.02T, and T, = 0.0557). Finally, the back-
ground shear is initially perturbed by adding a small compressive
velocity field in the Y-direction in the form

duy = Sug [e()zM )2 - e_<)3“?/4)2} ran(x)

where dug = 0.008(U,—U,) (i.e., less than 10% of the shear flow
magnitude) and ran(x) represents a random number generator in
the range [-0.5, 0.5] at each grid value.

Fig. [7] shows a snapshot of the simulation at ~ 13 large-
eddy turnover time for one of the shear layers (the two shear
layer develop similar KH instability structures). The color rep-
resents the flow vorticity (w) in the out-of-plane direction. The
KH waves are seen to develop in the simulation. They quickly
reach the non-linear stage where rolled-up KH vortices clearly
form (from ~ 6 large-eddy turnover times onwards) with visible
vortex merging. This confirms that the solar wind observations
by SolO are consistent with the KH instability growth. In the
lower part of the simulation (Side 1), there are features seen as
stripes in vorticity. These features are shocks that are produced
by the supersonic flow on Side 1 (Mach number ~ 3) as the
speed difference between the recirculating vortex and the nearby
passing flow exceeds the sound speed (e.g., [Landau & Lifshitz
1987). Shocks created by vortices have been observed in an ex-
perimental study of hydrodynamics shear in supersonic regimes
(Papamoschou & Roshko|1988) and in MHD simulations of KH
instability in super-magnetosonic regimes (Miura1990; [Palermo
et al.|2011bja; Henri et al.[2012). This vortex-induced shock for-
mation is found when the flow surrounding vortices is faster
than the vortex speed, characterized by the convective Mach or
the vortex Mach number > 1 (Palermo et al./[2011bla). Future
work ought to determine whether such features are sometimes
observed in spacecraft data. For the present work, the key point
merely remains that the KH instability does develop for the mod-
eled conditions.

3.3. Boundary layer analysis

To understand local configurations of the KH waves, we charac-
terize orientations of the observed wave edges in the RTN co-
ordinates. In Fig. ] the magnetic rotations are clearly defined
for wave edges (2), (3), and (4). Fig. B] shows B and V and their
fluctuations from the average values between 20:35 and 21:20
UT with time progressing from right to left. Here, Side 1 (20:38
UT) is to the right and the Side 2 (21:29 UT) is to the left. This
reversed time-domain plot is roughly equivalent to a translation
in the spatial domain where the waves propagate from left to
right relative to SolO, which is relatively static compared to the
wave motion. Wave edges (2), (3), and (4) defined by clear ro-
tations of B in Fig. [8p and V in Figs. Bd and [8g, are marked
by cyan vertical dashed lines. We define these sharp discontinu-
ities as the “outbound crossings” from a slow to a faster speed
stream. Smaller magnetic field rotations are also visible between
these outbound crossings. We mark these smaller rotations as
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Fig. 7. A snapshot of the numerical simulation of the KH instability using empirical values of the SolO event from Side 1 and Side 2 with the initial
TD assumption. The color-scale represents values of the out-of-plane flow vorticity (w). The KH instability quickly reaches the non-linear stage
where rolled-up KH vortices form and coalesce. The stripes in vorticity in the lower part of the simulation are shocks (known as vortex-induced
shocks) produced by the supersonic flow as the Mach number on this side is ~ 3 (see text).

(2°), (3’), and (4’) with magenta vertical dashed lines in Fig. El
These edges show reverse transitions compared to the outbound
crossings in By (red) and By (blue) components. We define these
smaller transitions as “inbound crossings”. At one of the wave-
forms, between (2) and (3), the velocity component Vf in Fig. BH
shows a turning of the flow direction as circled in blue. This flow
deflection pattern corresponds to a vortex-like structure, i.e., a
high vorticity region, that is consistent with a perturbation by a
rolled-up KH vortex (e.g., [Hasegawa et al.|2004; [Fairfield et al.|
[2007; [Kieokaew|2019). This indicates that these KH waves may

be in a nonlinear stage of development.

To better see the KH wave - like variations in B and V, we
define their fluctuation vectors from the averages (6B and dV)
between 20:35 and 21:20 UT. Figs. [Bp and [B¢ show 6B in the
R —T and R — N planes, respectively. The magnetic perturbation
vectors turn nearly 1807 across the outbound crossings (2) and
(3), while the rotation is less clear across the inbound crossings.
Figs.[8f and [8g show 6V in the R — T and R — N planes, respec-
tively. The velocity perturbation vectors show similar patterns
of directional change at the outbound crossings. In particular,
the velocity perturbation vectors in Fig. [8f clearly show the ve-
locity shear outside the wave interval (2°) - (4). Both 6B and 6V
show interchanging directions within the wave interval inside the
shear flow. These patterns are consistent with the perturbation of
the shear layer by wave-like modulation as caused by KH waves.
The velocity perturbation in Fig. [8f as circled in blue shows a ro-
tation pattern that is likely consistent with a rolled-up KH vortex
as seen in Fig. [Bd.

To analyze the orientations of the wave edges, we calculate
the boundary normals of the inbound and outbound pairs marked
in Fig. @ The normal of a discontinuity (i.e., current sheet) can
be obtained from the cross-product of magnetic fields on either
side of the discontinuity, i.e., n = £((B;) X (B2))/I(B1) X (By)|,
where (B;) and (B,) are time averages of asymptotic magnetic
fields before and after the current sheet interval, respectively.
The obtained normal direction has a sign ambiguity (+); we
assign a direction outward from the Sun to be positive. The
time-averaged (B;), where i = 1,2, are defined as 10-s aver-
ages of the magnetic fields. We obtain the normal orientations
(n = [ng, ny, ny]) of the marked inbound and outbound crossings
in Fig. [B]as shown in Table[3] From Table[3] the average inbound
normal direction is [0.68, —0.63, —0.21]gry and the average out-
bound normal direction is [—0.75,0.53,0.01]z7n. These direc-
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Fig. 8. Magnetic and velocity fields with their perturbations from the
average shown with time progresses from right to left. Inbound and out-
bound crossings are marked with purple and cyan vertical dashed lines,
respectively. (a) Magnetic fields. (b, c) Magnetic field fluctuations from
the averages in the R—T and R— N planes, respectively. (d) Ion bulk ve-
locity Vg component. (e) Ion bulk velocity Vy and Vy components. (f, g)
Velocity field perturbations in the R — 7" and R — N planes, respectively.

tions are almost perpendicular to the maximum variance flow di-
rection, i.e., the shear flow direction (see Section [3.I)), which is
at [0.53,-0.79, —0.32]gry. Fig. [ shows a sketch of the average
wave edge normal directions of the inbound and outbound cross-
ings together with the shear flow direction. The wavy structures
(grey lines) approximately correspond to the quasi-periodicity
and the 6B and ¢V patterns in Fig. |8 These signatures are con-
sistent with a KH wave interpretation.
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[0.53, 0.79, -0.32]
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Outbound normal direction

Fig. 9. Schematic sketch of the KH waves based on the average normal
directions of the inbound and outbound crossings and the shear flow
direction (maximum variance direction of V) in the R — T plane. The
flow directions on Side 1 and Side 2 correspond to the velocity pertur-
bation vectors outside the wave-like interval in Fig. [Bf. The shear flow
direction is nearly perpendicular to the wave edge normals, which can
be interpreted as wavy structures developed within the velocity shear
layer consistent with KH waves.

KH wavés

Table 3. Normal directions and orientations of the inbound and out-
bound crossings with their normal directions (n).

Wave edges Times (UT)  Normal direction
Inbound (2’) 20:49:20 [0.64, -0.57, -0.51]
Outbound (2) 20:53:43 [-0.78, 0.56, 0.28]
Inbound (3’) 20:58:08 [0.71, -0.63, -0.31]
Outbound (3) 21:02:11 [-0.91, 0.36, 0.21]
Inbound (4”) 21:06:50 [0.70, -0.68, 0.2]

Outbound (4) 21:09:56 [-0.58, 0.67, -0.45]

3.4. Magnetic spectra

We now examine turbulence properties of the KH event. Fig.[I0]
shows the KH interval with KH sub-regions V1 to V6 high-
lighted with colors (middle) together with time periods before
and after the KH interval (see top). Fig. [ICh shows a spectro-
gram of magnetic spectrum. The magnetic spectrum shows en-
hancement within the KH region compared to before or after the
interval. The enhancement is visually strongest in V2 compared
with other vortices. This V2 is the same interval as between (2)
and (3) in Fig. |§| where we see a clear vortex-like rotation in the
magnetic field and velocity field perturbations consistent with a
rolled-up KH vortex. Thus, the strong enhancement in magnetic
wave power provides evidence of enhanced activity in this vor-
tex as plausibly facilitated by the development of a nonlinear KH
vortex. The enhancement of the magnetic spectrum in V4 is also
strong but less than for V2.

To quantitatively assess the magnetic field fluctuations in the
full KH region and in each of the six sub-regions V1-V6 marked
in Fig.[T0] we computed magnetic field spectra for each interval,
which are shown in Fig.[TT] Additionally, the asymptotic regions
immediately before and after the KH event are shown for refer-
ence. The vortex size is marked by an arrow (top left). The spec-
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Fig. 10. Overview of the intervals for magnetic spectrum analysis. The
KH region is marked in the middle (see top) together with the intervals
before (top left) and after (top right). The KH vortices V1 to V6, marked
between the compressed current sheets, are shaded in colors. (a) Total
magnetic field. (b) Magnetic field in the RTN system. (c, d, e) Velocity
field Vg, Vr, and Vy components, respectively. (f) lon number density.
(g) Ion temperature. (h) Magnetic spectrum.
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Fig. 11. Magnetic spectra of all regions marked in Fig. The Kol-
mogorov power law k=3 and the dissipation range scalings k2% are
plotted for reference as black dashed straight lines. The vortex size is
noted by an arrow (top left). The ion gyroradius scale (p,) and the ion
inertial length (d,) are marked by vertical black solid and dashed lines,
respectively.
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trum for the full KH region is shown in black while the spectra
of the intervals before and after are shown in grey. As references,
power law scalings of k=>/3 (Kolmogorov|[1941) at MHD scales
and k=28 at ion scales (e.g.,|Alexandrova et al.|[2009) are plotted
as black dashed lines. The scale of a thermal ion gyroradius (o)
and an ion inertial length (d,,) based on the average properties in
the KH region are marked with vertical solid and dashed black
lines, respectively. The spectrum of the entire KH interval has
more power than the intervals before and after, which both have
similar low-intensity spectra. This suggests that the KH waves
are exciting additional fluctuations. The magnetic spectrum of
the KH region approximately follows both power laws with a
spectral breakpoint at f ~ 0.2 Hz. The spectrum essentially fol-
lows the power law k23 for scales smaller than the ion gyrora-
dius. This indicates that the magnetic spectrum of the KH wave
interval is consistent with a classic turbulence cascade down to
the kinetic scales (e.g., Bruno et al.[2014}2017)). This result pro-
vides evidence of shear-driven turbulence as driven by the local
KH waves.

Fig. [T1] also shows magnetic spectra for individual vortices
V1 - V6. Note that the compressed current sheets are excluded
for the analyses of these vortices (this is why the coloured re-
gions are not exactly contiguous on Fig. [I0). The powers of the
magnetic spectra of all vortices are weaker than that of the en-
tire KH region, indicating that the current sheets are key regions
for enhancing the power spectrum. V2 (blue) and V4 (green)
appear to have higher powers compared to other vortices and
almost reach the power of the entire KH region (black). The en-
hanced power in these vortices may be related to the excitation
of turbulent fluctuations through secondary instabilities and the
nonlinear evolution of the KH instability. The difference in the
power spectrum between the different vortices may indicate that
SolO was crossing different parts of KH vortices while crossing
through the shear layer from Side 1 to Side 2. It is likely that
SolO was passing through the centre of a rolled-up vortex in V2,
for reasons noted earlier. The lower powers of V1, V5, and V6
may indicate that SolO was skimming through the trough or crest
parts of KH vortices.

4. Discussion

We have reported observations of quasi-periodic magnetic field
variations consistent with KH waves within a shear layer embed-
ded in the slow solar wind close to an HCS using Solar Orbiter
observations. The event is observed in the inner heliosphere at a
distance of ~ 0.69 AU. Our analysis of the observed conditions
just outside the quasi-periodic interval reveals that the observed
shear layer is not strictly consistent with an equilibrium tangen-
tial discontinuity (TD). The lack of equilibrium is likely due to
the fact that the KH instability was generated at an upstream
location before propagating to the observed location. Also, the
development of the KH waves may have impacted the local equi-
librium whose asymptotic conditions are not expected to strictly
correspond to the initial TD conditions. Additionally, we note
that nonlinear KH waves as observed in nature do not need to
start with an equilibrium and infinitesimal perturbations as con-
sidered in linear theory. The observed shear layer has a complex
3-D configuration that may not easily be reduced to a 1-D or 2-D
problem although this is often done in literature (i.e., for KH ob-
servations at the magnetopause). Whether the KH instability can
develop in such complex configuration should be investigated in
future work.

Despite the lack of a proper frame that would provide pa-
rameters all consistent with classic 2D configurations, we have

tested the stability of the shear layer with the linear theory us-
ing the assumption of an initial TD configuration at equilibrium
and with boundary conditions similar to the observed asymptotic
values. The linear theory analysis yields a positive growth rate,
consistent with the KH instability development. We have also set
up an MHD simulation with similar conditions and found that
KH waves develop. We note that further investigations should
be conducted to understand KH development in such complex
magnetic and plasma configurations. Also, whether the KH dy-
namics may destroy a possibly pre-existing TD equilibrium af-
ter the KH instability reaches the nonlinear stage should also
be investigated. Nevertheless, apart from the non-zero normal
magnetic field component in asymptotic parameters, there are
all evidences that support the interpretation in terms of KH wave
development, namely,

— the significant velocity shear across the unstable surface with
associated velocity perturbations,

— the quasi-periodic magnetic field fluctuations consistent with
KH waves,

— the local conditions (albeit approximative) that are consistent
with linear theory for the development of the KH instability

— the inbound/outbound boundary layer normal directions con-
sistent with surface waves,

— the simulation that shows the development of the KH for
boundary conditions similar to that observed (albeit with an
approximate initial condition as discussed above), and

— the B and V perturbation patterns from the average showing
interchanging directions within the wave interval as well as
the vortex-like perturbation at one of the intervals consistent
with a rolled-up KH vortex.

To summarise, we believe that this event is consistent with
the observation of KH waves. Several limitations should be fur-
ther investigated as discussed above.

Despite several theoretical postulations (e.g., [Parker| 1963
Sturrock & Hartle|1966; Miura & Pritchett|1982a; | Korzhov et al.
1984; Neugebauer et al.||1986; Hollweg||1987) and spacecraft
missions in the inner heliosphere, direct evidences for the KH
waves were not reported in past in-situ observations of the solar
wind. We now focus on discussion on why this event may be fa-
vorable for a KH wave detection as well as implications of the
KH dynamics in the solar wind as follows.

4.1. KH instability criterion in the solar wind

First, we consider solar wind conditions that are favorable for
the KH instability. Based on the KH instability onset condition
(Eq.[I), the shear layer can more easily become unstable to the
instability when B is low and # is high because it requires a ve-
locity jump across the shear layer greater than the local Alfvén
speed (AV > 2V,). Near the Sun, B and V, are typically large.
This inhibitory effect on the KH instability criterion should be
stronger near the Sun. Nevertheless, there may be several sit-
uations where the local conditions allow the KH instability. For
example, remote sensing by DeForest et al.| (2018)) show a partic-
ularly strong shear values of a AV ~ 200 km s~! across streamer
structures in the young solar wind. Ruffolo et al.| (2020) also
propose the KH instability development near the Alfvén critical
zone, at R < 0.17 AU. The event we analyze here was observed
near the HCS with many coherent structures and shears at 0.69
AU. Besides, this event is found in the slow wind, which is gen-
erally dense, making the conditions to meet the KH instability
criterion easier.
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Second, we consider the magnetic and velocity field config-
urations across shear layers. The KH instability is suppressed
when B is strong in the direction of AV due to the stabilization
by magnetic tension in the direction of the shear flow. In this in-
terplanetary medium, we typically expect a shear interface along
the Parker spiral direction, so B may usually be aligned with
AV. However, near the Sun, there may be velocity shear due to
the solar-wind corotation with the Sun (e.g., [Pinto et al.[2021).
Several studies have shown that the KH instability may occur in
various situations, e.g., at the edge of a CME (e.g.,|Foullon et al.
2013 Mostl et al.[2013)) and at the interfaces between CME and
sheath and between sheath and solar wind (e.g.,[Paez et al.[2017).

Third, Eq. [T] is derived by assuming an ideal MHD
plasma with an infinitely thin shear layer. In reality, non-
ideal MHD effects such as the compressibility can stabilize
the KH instability (e.g., [Sen||1964); for example, the KH in-
stability only grows for a limited range of the velocity jump
across a shear flow for a 1-D TD in homogeneous plas-
mas and magnetic fields (e.g., [Talwar] [1964; [Pu & Kivelson
1983). The out-of-plane magnetic field component, i.e., B,
also plays an important role in the compressible regime, es-
pecially for the supersonic/super-magnetosonic environments
(Miural|1990; [Palermo et al.[2011b; Henri et al.[2012). The solar
wind is indeed compressible and thus we expect some stabilizing
effects. In addition, shear layers have finite thicknesses. A finite
thickness of the shear layer can also stabilize the KH mode for
small wavelength perturbations (i.e., for large wave number k).
A combination of the compressibility and the finite thickness can
stabilize the KH instability such that only certain modes of kAL,
where AL is the shear layer thickness, are KH-unstable (Miura
& Pritchett |[1982b). Although these two factors can impact the
shear-layer stability, we do not expect their effects to be large,
nor to be specifically dependent on distance from the Sun.

To summarize, there are factors that can impact the KH in-
stability development in the solar wind. The magnitude of B and
V4 depend on distance from the Sun. As V4 is higher closer to
the Sun, the KH instability criterion should be more difficult to
satisfy, except where the shear AV is particularly strong. Often
B may be parallel to the velocity shear, tending to inhibit the
KH instability, except in some circumstances, e.g., when there
is a CME that changes the local conditions. Compressibility of
the solar wind and a finite thickness of the shear region can help
stabilize the KH instability.

Since the observed conditions during our event are not par-
ticularly unusual for dense solar wind near the HCS, KH wave
development should not be rare. We now consider arguments re-
lated to KH timescale as follows.

4.2. KH timescale

A first fact to consider now is that when the KH instability devel-
ops at a shear layer, it quickly reaches the nonlinear stage (i.e.,
the rolled-up stage). The periodic features and vortical structures
then get rapidly destroyed as the plasmas from either side of the
shear layer mix and vortices coalesce. At such late stage, they
would be indistinguishable from other solar wind types, albeit
likely associated with higher levels of fluctuations as we have
actually found in Section [3.4] for this event. The timescale for
the decay of a KH vortex is on the order of one (y~!) or a few
folding times, e.g., 3y~'. From the linear theory, we found that
the maximum growth rate (y/k) is about 16 km s~! for the fastest
growing mode (i.e., Walker|1981; Miura & Pritchett|1982a). Us-
ing 4 ~ Agy, we obtain this timescale to be around 10 minutes.
Since the conditions of our event are not unusual for dense so-
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lar wind near the HCS, this short timescale (i.e., on the order of
minutes) for the vortex decay may contribute to the rarity of KH
wave detection.

It is also possible that KH waves were detected by past mis-
sions but their signatures were not resolved. Several periodic os-
cillations in magnetic field strength were observed by [Burlaga
(1968) using the Pioneer-6 spacecraft, launched in 1965, at ~ 0.8
AU. One of the cases considered was found to have sinusoidal |B|
oscillations with a period of ~ 5 minutes, embedded in a veloc-
ity shear layer. Although no other fluctuations were seen in the
data, it was suggested that the empirical conditions taken as the
boundary values marginally satisfy the KH instability criterion.

4.3. Implications of the KH waves in the solar wind

The KH waves are expected to play important roles, such as al-
lowing for plasma mixing, generating turbulence, or producing
Alfvénic fluctuations in the solar wind as mediated by KH vor-
tex dynamics. During the present event, SolO observed an ion jet
consistent with magnetic reconnection (see Section [2.4). An in-
teresting question is whether this reconnection is produced due
to dynamics of a KH vortex. For vortex-induced reconnection
(VIR), we expect reconnection to be produced at a thin current
sheet in between two vortices. At the Earth’s magnetopause, VIR
jets were found to orient themselves along KH trailing edges
(e.g., Eriksson et al.[2016) as the vortex evolves and further en-
hances the magnetic shear. In our case, we found that the jet is
in the out-of-ecliptic direction while the KH wave edges (see Ta-
ble. E]) and the shear layer are in the R, T directions. Thus, it is
unclear whether the observed jet is a VIR. We think that the N—
directed jet is rather a consequence of the inclination of the local
current sheet. Nevertheless, the KH vortex may further increase
the magnetic shear at the KH edge and make the current sheet
thin enough to trigger magnetic reconnection.

We now discuss the magnetic and velocity field fluctuations.
We found that the KH wave interval has enhanced fluctuations
compared to outside the interval and the magnetic spectrum of
the KH region approximately follows the power law scalings of
k3’3 and k=2# at inertial and kinetic scales, respectively (Sec-
tion [3.4). These enhanced fluctuations are consistent with tur-
bulence generation by the KH waves at the magnetopause (e.g.,
Stawarz et al.[2016; |Nakamura et al.[2017). Therefore, the mag-
netic spectrum is consistent with a classical turbulence cascade
down to the kinetic scales. These observations are consistent
with an enhancement of turbulence in the solar wind as driven
by the local KH waves (e.g.,/Goldstein et al.|1989). We also note
that current sheets are key structures that contribute to the power
spectrum, as power spectra of only vortex regions are lower than
the overall spectrum. In addition, several of the vortices have
enhanced power within them, which may be due to secondary
instabilities, perhaps supporting the idea that the KH waves help
to drive some fraction of the turbulent fluctuations in the solar
wind.

One important implication of KH waves in the solar wind is
that it can contribute to the evolution of the magnetic and veloc-
ity fluctuations. Near the Sun, the KH waves are believed to be
a mechanism that leads to shear-driven turbulence at the Alfvén
critical zone where V = V, and in the vicinity of the § = 1
surface (DeForest et al.[[2016} |Chhiber et al.|[2018)), leading to
more isotropic solar-wind streams. Furthermore, the dynamical
evolution invoked by shear-driven instabilities such as the KH
waves is found to be able to account for features observed by
PSP including magnetic “switchbacks™ near perihelia (Ruffolo
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et al.|2020). This topic needs to be investigated further but it is
beyond the scope of the present study.

5. Conclusions

We report observations of the KH waves with SolO on July 23,
2020 at 0.69 AU, during the cruise phase. The KH waves are ob-
served within the velocity shear layer with periodic fluctuations
in several parameters in the slow solar wind near an HCS. Sev-
eral KH waveforms are observed with a period of ~ 7 minutes
but only a few vortices are clearly noticed. We test the observed
conditions on either side of the shear layer with linear theory us-
ing the TD and initial equilibrium assumptions. Note that these
assumptions are made based on the consideration that (1) the KH
waves were likely generated at an upstream location and (2) the
KH wave development can alter the boundary conditions from
the initial equilibrium, which may explain the observed non-zero
magnetic field along the inhomogeneous direction of the shear
layer observed at SolO. With these assumptions, we find that the
shear layer is indeed unstable to the KH instability. Using lin-
ear theory, the wave phase speed is estimated to be 152 km s~!.
The KH wavelength is approximately 66,400 km or 0.1 solar
radii. We also confirm the local KH instability development by
exploiting a 2-D MHD simulation with the empirical values and
the initial TD assumption.

Additionally, we report the observation of an ion jet con-
sistent with magnetic reconnection at one of the wave edges,
likely as a result of current sheet compression in between two
KH vortices. The ion jet has AV = 11 km s~! along the mag-
netic shear direction, consistent with magnetic reconnection but
with a sub-Alfvénic jet. Nevertheless, we found other signa-
tures consistent with magnetic reconnection, namely a drop in
magnetic field strength, an ion number density enhancement
(Gosling et al.||2005)), and plasma heating (Phan et al.|[2014)). It
is unclear whether this jet is produced due to KH vortex-induced
reconnection (e.g.,Nakamura et al.[20006) or the local inclination
of the magnetic field, as the jet direction does not correspond to
the KH wave edge direction (Eriksson et al.|[2016).

We also report the enhancement of the magnetic and velocity
field fluctuations within the KH activity interval compared to in-
tervals outside. The power of the magnetic spectrum of the entire
KH wave interval approximately follows the power law scalings
of k33 and k=28 in the inertial and kinetic ranges, respectively,
consistent with the turbulent cascade in the solar wind. This pro-
vides evidence for the local enhancement of turbulence as driven
by the KH activity. Moreover, we find that current sheets within
the KH wave interval are key structures that enhance the power,
as the magnetic spectra of individual KH vortices (excluding
compressed current sheet intervals) generally have less power.

As our reported event here is an unambiguous in-situ obser-
vation of the KH waves in the solar wind, we discuss possible
reasons why the KH waves were not reported in past in-situ ob-
servations. First, the KH instability onset criterion requires a ve-
locity jump across the shear layer that is larger than twice the
local Alfvén speed (AV > 2V,) and weak magnetic field in the
direction of the shear flow (i.e., low B - AV). Second, the KH in-
stability is estimated to quickly reach the nonlinear stage where
KH vortices roll up and merge. This timescale should be on the
order of a vortex decay time. The observed conditions are typi-
cal in the solar wind, and we estimate the timescale of the linear
KH waves to be on the order of minutes. In other words, when
KH instability develops in the solar wind, it evolves rapidly and
is thus rather ephemeral.

This event provides evidence for the existence of the KH
waves in the solar wind. It sheds new light on solar wind shear
processes in the interplanetary medium with direct applications
to shear-driven turbulence mediated by the KH waves, likely
contributing to the solar wind fluctuations observed at 1 AU (e.g.
Ruffolo et al.[2020). As the Alfvén speed decreases away from
the Sun, the KH growth rate becomes higher (e.g. Neugebauer
et al.[[1986) and thus the KH waves may be more common. Due
to the short timescale of the linear KH waves, there may be more
chances to detect nonlinear KH structures or their remnants. Re-
cently, techniques for detecting kinetic features of the KH waves
during the nonlinear and turbulent stage of the KH instability
were proposed (Settino et al.|[2021). Further studies would be
needed to study secondary processes induced by the KH insta-
bility in the solar wind such as vortex-induced reconnection and
other kinetic mechanisms, as the KH structures are rich with
magnetic and plasma structures as are well known for the case
of the magnetopause.
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