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Abstract:

In this study, we have analyzed MAVEN observations of fields and plasma signatures
associated with an encounter of fully-developed Kelvin—Helmholtz (K—H) vortices at the northern
polar terminator along Mars’ induced magnetosphere boundary. The signatures of the K-H
vortices event are: (i) quasi-periodic, “bipolar-like” sawtooth magnetic field perturbations, (ii)
corresponding density decrease, (iii) tailward enhancement of plasma velocity for both protons
and heavy ions, (iv) co-existence of magnetosheath and planetary plasma in the region prior to the
sawtooth magnetic field signature (i.e. mixing region of the vortex structure), and (v) pressure
enhancement (minimum) at the edge (center) of the sawtooth magnetic field signature. Our results
strongly support the scenario for the non-linear growth of K-H instability along Mars’ induced
magnetosphere boundary, where a plasma flow difference between the magnetosheath and
induced-magnetospheric plasma is expected. Our findings are also in good agreement with 3-
dimensional local magnetohydrodynamics (MHD) simulation results. MAVEN observations of
protons with energies greater than 10 keV and results from the Walén analyses suggests the
possibility of particle energization within the mixing region of the K—H vortex structure via
magnetic reconnection, secondary instabilities or other turbulent processes. We estimate the lower
limit on the K—H instability linear growth rate to be ~5.84 x 10~ s, For these vortices, we estimate
the instantaneous atmospheric ion escape flux due to the detachment of plasma clouds during the
late non-linear stage of K—H instability to be ~5.90 x 10% particles/s. Extrapolation of loss rates

integrated across time and space will require further work.
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1. Introduction

In the absence of a global intrinsic magnetic field, Mars’ upper atmosphere and ionosphere are
constantly eroded by processes occurring through direct interaction with the solar wind. This solar
wind-planetary interaction is complicated by the presence of crustal magnetic fields, which are
scattered across the planet’s surface, with the strongest sources located in the southern hemisphere
[Acuna et al., 1999; Connerney et al., 2015]. The intensity of these southern crustal fields are
strong enough to standoff the solar wind, forming what are known as “mini-magnetospheres” [e.g.
Mitchell et al., 2001]. Understanding the dynamics of the Martian system in order to establish the
physical (and chemical) processes contributing to atmospheric loss to space is a main objective of
the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission [Jakosky et al., 2015b]. It was
believed that the dominant atmospheric loss mechanism is due to solar wind pick-up and
acceleration of planetary ions by the convection electric field resulting from the draping of the
Interplanetary Magnetic Field (IMF) as solar wind encounters a non-magnetized planet [e.g.
Barabash et al., 2007; Halekas et al., 2016], although it is thought that photochemical escape
played a more important role in the current epoch [Jakosky et al., 2018]. Kelvin-Helmholtz (K-H)
instability, which can form along the boundary between the solar wind and Martian environment,
may also contribute to this escape. However, the significance of K-H instability in the overall
plasma escape of the Martian ionosphere is rarely discussed and explored.

The K-H instability is a fundamental plasma process in many astrophysical plasma
environments. Its development and growth is known to occur along the interface of two fluids in
the presence of a velocity shear. As such, K—H instability is commonly observed along the flanks
of globally magnetized planets, such as Mercury [Boardsen et al., 2010; Sundberg et al., 2012;

Liljeblad et al., 2015; Gershman et al., 2015], Earth (see review by Masson and Nykyri, [2018]
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and references therein) and Saturn (e.g. Masters et al., [2009]; Delamere et al., [2013]). In this
region, the K—H instability is driven by a velocity flow shear between the shocked solar wind in
the magnetosheath and magnetospheric plasma. Theoretical studies of the K—H instability at Earth
using resistive magnetohydrodynamics (MHD) (e.g. Nykyri and Otto, [2001]; Ma et al., [2017]),
Hall-MHD (e.g. Nykyri and Otto, [2004]; Ma et al., [2019]), hybrid (e.g. Fujimoto and Terasawa,
[1994]; Nakamura et al., [2004]; Cowee et al., [2009]; Delamere et al., [2011]), and Particle-In-
Cell (e.g. Nakamura et al., [2017]) numerical simulations have been conducted extensively to
understand the instability criteria, development and role in transporting mass, energy and
momentum across plasma boundary layers during its non-linear stage. In an ideal, incompressible
MHD plasma, the instability criterion for K—H instability to occur is given by the relation

[Chandrasekhar, 1961]:

ny +n,

[k (v — Vz)]z > [(k- B1)2 + (k- Bz)z] (D

Hominyny
where v, n, mj and B represents the plasma flow velocity, number density, ion mass and magnetic
field, respectively; the subscript indices (1) and (2) denote the two plasma regions across the flow
shear boundary and k represents the propagation direction of the K—H waves tangential to the flow
shear plane. The analytical expression of the instability criterion shows that a minimum plasma
flow shear is required for the boundary layer to be unstable to K—H instability, while the magnetic
tension force resulting from transverse magnetic field (i.e., magnetic field along k) and/or plasma
density gradient across the shear boundary can suppress (i.e., stabilizing effect) the growth of K—
H waves. Once the instability condition is satisfied, a small perturbation can cause the boundary
to be unstable and grow as surface waves at the K—H unstable flow shear boundary in its linear
stage. These linear waves can evolve into large-scale, rolled-up K—H vortices during the non-linear

stage when the growth is no longer constant, allowing for mixing and transport of plasma across
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the boundary within the full-developed vortices via localized magnetic reconnection of the twisted
magnetic field structure [Otto and Fairfield, 2000; Nykyri and Otto, 2001, 2004; Nakamura and
Fujimoto, 2005], turbulence [Matsumoto and Hoshino, 2004], secondary instabilities [e.g.
Matsumoto and Hoshino, 2006; Faganello et al., 2008; Cowee et al., 2009; Nakamura and
Daughton, 2014], and finite gyroradius effects [Terasawa et al., 1992; Fujimoto and Terasawa,
1994] within or along the boundaries of the vortices.

Three-dimensional simulation and theoretical studies of the K-H instability (e.g., Faganello et
al., [2012]; Borgogno et al., [2015]; Ma et al., [2017]; Fadanelli et al., [2018]; Sisti et al., [2019])
have also identified another type of vortex-induced reconnection process in the mid-latitude region
along the magnetopause, especially in the case where an in—plane magnetic field component is
present. In this scenario, the “twisting” of the magnetic field lines along the in-plane direction due
to the vortex motion can facilitate the occurrence of magnetic reconnection at higher latitude along
the in—plane direction away from the equatorial plane where the K—H vortices were formed. The
complex magnetic field geometry arising from the double mid-Ilatitude reconnection could result
in the formation of magnetic flux ropes (instead of magnetic islands in the quasi-2-D picture of the
K—H instability). Such vortex-induced reconnection process no longer spatially limit the transport
of plasma across the flow shear boundaries to the low-latitude region and had been reported in
multiple observational studies (e.g., Bavassano et al., [2010]; Faganello et al., [2014]; Vernisse et
al., [2020]).

Observations of K—H vortices at Earth (e.g., Fairfield et al., [2000]; Hasegawa et al., [2004b;
2006]; Nykyri et al., [2006]; Kavosi and Raeder, [2015]; Eriksson et al., [2016]) are generally
characterized by quasi-periodic, sawtooth-like (i.e., sudden changes preceded by slow recovery)

wave fluctuations in the magnetic field measurements, and similar periodic wave patterns in all
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plasma quantities (i.e. density, temperature and velocity). All of the observed signatures were
thought to be a result of the spacecraft crossing of the sharp shear boundary at the trailing edge (or
spine) of the vortex from the mixing region at the leading edge of the vortex to the magnetosheath
[Fairfield et al., 2000, 2007; Sundberg et al., 2011]. The reader is referred to Figure 2 of Sundberg
et al., [2010] for illustration on the interpretation of the two waveforms during linear and non-
linear stages of the K-H instability. The co-existence of the cold magnetosheath and hot
magnetospheric plasma population within the mixing region of the vortex, where plasma can be
transported across the flow shear boundary, is also indicative of the formation of K—H vortices
associated with the development of non-linear K-H instability [Hasegawa et al., 2004]. The
centrifugal motion of the vortex requires the tenuous magnetospheric plasma within the mixing
region to be accelerated to speeds faster than the denser magnetosheath plasma to maintain radial
force balance [Takagi et al., 2006]. As such, the presence of low-density magnetospheric plasma
with speed faster than magnetosheath can be used as identification feature for fully-developed K—
H vortices using single-spacecraft measurements [Hasegawa et al., 2006; Kavosi and Raeder,
2015].

It is important to note that the sawtooth magnetic field signature of a fully-developed K-H
vortex structure resembles the characteristic bipolar signature associated with magnetic flux ropes,
which are helical flux tubes with strong axial core fields commonly observed in many regions of
intrinsic and induced planetary magnetospheres (e.g. magnetopause and magnetotail), and
interplanetary space (e.g. coronal mass ejections) [see review by Eastwood and Kiehas, 2015].
This could easily lead to misidentification between the two fundamentally different magnetic
structures. However, both K—H vortex and flux ropes do have significant differences and one of

them is the presence of a strong magnetic field enhancement associated with the core field along
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the axis of the flux rope, which coincides with the center or inflection point of the bipolar signature
(see Figure 2 in DiBraccio et al., [2015] for illustration). Such a signature is typically absent in a
K—H vortex since the sawtooth signature is associated with the crossing of a quasi-planar boundary
layer. Furthermore, due to the centrifugal motion within the vortex “pushing” the plasma radially
outwards, the maximum (minimum) total pressure (i.e. sum of thermal plasma pressure for each
ion species and magnetic pressure) is expected at the edge (center) of the vortex while a maximum
total pressure is typically observed at the center of the flux rope instead.

The K-H instability has also been thought to occur in the plasma environments of
unmagnetized planets such as Venus and Mars. Unlike Earth and other magnetized planets, the
Venusian and Martian ionosphere interacts directly with the solar wind due to the lack of an
intrinsic planetary magnetic field, resulting in velocity shear along the boundary separating the
magnetosheath and ionosphere where K—H instability could potentially develop. Theoretical
studies on K—H instability at VVenus [Wolff et al., 1980; Elphic and Ershkovich, 1984] concluded
that K—H instability can form along the Venusian ionopause with a short growth time of ~0.5 to a
few seconds. Numerical simulations [e.g. Thomas and Winske, 1991; Terada et al., 2002;
Amerstorfer et al., 2010; Mostl et al., 2011] also demonstrated that the K—H waves formed along
the ionopause can grow, steepened into vortices structures during the non-linear stage, and
subsequently detached from the ionosphere in the form of ionospheric “bubbles” (or plasma
clouds) due to turbulence within vortex structure. These plasma clouds are eventually convected
downtail with the solar wind, contributing to atmospheric loss. Observations of vortex structures
associated with K—H instability and detached plasma clouds were reported by Brace et al., [1982],
and subsequently Pope et al., [2009] using Pioneer Venus Orbiter measurements. More recently,

statistical analysis of ionospheric boundary waves associated with K—H instability conducted by
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Chong et al., [2018] using Venus Express observations suggest that the draping of magnetic field
lines plays an important role in the formation of K—H instability at Venus by enhancing the plasma
flow, and consequently the velocity shear, along the dawn-dusk direction.

The interaction between the solar wind and Mars’ plasma environment, on the other hand, is
unique and different than Venus due to the presence of strong Martian remnant crustal field with
the strongest intensity mainly in the southern hemisphere at ~180°E longitude [e.g. Connerney et
al., 2015]. Mars’ crustal magnetic field intensity is strong enough to create a magnetic barrier
against the solar wind, thereby creating a hybrid magnetosphere which consist of a (to first order)
miniature Earth-like dipole field in the southern hemisphere surrounded by induced and draped
field [Dubinin et al., 1994; DiBraccio et al., 2018; Xu et al., 2020]. The presence of the crustal
magnetic field further complicates the magnetic field topology (i.e., open, closed and draped field
lines) and dynamics within the Martian plasma environment [Brain et al., 2007; Lillis and Brain,
2013; Xu et al., 2017, 2018a, 2019a, 2020; Weber et al., 2020]. As such, it becomes more relevant
and important to ask the following question: where is the K-H unstable flow shear boundary at
Mars?

Penz et al., [2004] investigated the occurrence of K—H instability at Mars using an analytical
approach to solve the MHD equations in the IMF coordinate system. By calculating the instability
growth rates for different magnetosheath flow velocity and plasma density, and comparing it to
the magnetic barrier formation time, Penz et al., [2004] found that the terminator plane is
conducive for the non-linear development of K—H instability, though preferably at the equatorial
terminator flanks. They also estimated an escape rate of O* ions from the detached plasma clouds
associated with K—H instability on the order of 10?3 — 10%* s, which is comparable to other non-

thermal loss processes. Gunell et al., [2008] reported observations of oscillations in electron
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density, ion (O™ and CO_") density and ion velocity, and suggested K—H instability as likely cause
of these oscillations. More recently, Ruhunusiri et al., [2016] reported observations of partially
developed K—H vortices using magnetic field and plasma measurements collected from MAVEN.
They further suggested the possibility of these partially developed K—H vortices being fully
developed further downstream.

Despite previous attempts by earlier studies to apply our understanding of K—H instability at
Venus to the Martian plasma environment, the excitation and evolution of K—H instability at Mars,
and its contribution to the overall ionospheric escape remains largely unexplored and poorly
understood. This can be attributed to difficulties in observing fully developed vortices associated
with K-H instability and the lack of simultaneous in-situ magnetic field and plasma measurements
before MAVEN. Although it is not the first spacecraft to observe and examine K—H instability in
unmagnetized planets, the MAVEN spacecraft contains a comprehensive suite of instruments
suited to further our physical understanding of K—H instability at Mars.

In this paper, we present a case study on MAVEN’s observation of large-amplitude, quasi-
periodic sawtooth-like magnetic field oscillations, with corresponding variations of plasma density
and velocity. Analysis of the magnetic field and plasma measurements collected by MAVEN
shows that the observed quasi-periodic signatures are consistent with the observations of fully-
developed, rolled-up vortices and plasma mixing within the vortex structure associated with the
non-linear stage of K—H instability. Our analysis results further suggest the possibility of magnetic
reconnection occurring within the K—H vortices. We also present 3-D local MHD simulation
results of K—H instability using magnetosheath and induced magnetospheric magnetic field and
plasma conditions observed by MAVEN as initial conditions. We estimated the planetary heavy

ion escape flux from detached plasma clouds during the later stage of the K—H instability, and

This article is protected by copyright. All rights reserved.



compared our calculation with escape rates estimated from earlier studies of other non-thermal

loss processes and numerical simulation.

2. MAVEN Observation: 16 April 2017 Event

In this study, we use the magnetic field and plasma measurements collected by the MAVEN
spacecraft. The Magnetometer (MAG) [Connerney et al., 2015] measures the magnetic field at
sampling rates of 32 vectors/s. The SupraThermal And Thermal lon Composition (STATIC)
[McFadden et al., 2015] and the Solar Wind Electron Analyzer (SWEA) [Mitchell et al., 2016]
instrument provides the energy spectrogram, velocity distribution and moments of H* and heavy
ions (i.e. O" and O2"), and moments of electrons at time resolution of 4s and 2s, respectively. In
this study, full-resolution measurements from MAG, STATIC and SWEA are utilized to identify
the characteristic magnetic fields and plasma signatures associated with the encounter of K-H
vortices. The MAG and STATIC observations are also used together in the minimum variance and
Walen analyses, and comparison with results from 3-D MHD simulation to further enhance the
scientific returns of single-spacecraft measurements. The coordinate system used in our analyses
presented in this study is the Mars Solar Orbital (MSO) coordinate system, where Xwso axis points
sunward along the Sun — Mars line, Ymso axis points in the direction opposite to Mars’ orbital

velocity, and Zmso axis completes the right-handed coordinate system.

2.1 Magnetic Fields and Plasma Signatures of Kelvin-Helmholtz Vortices

Figure 1(a) shows the MAVEN orbit projected on the (left) equatorial (i.e. XY-) and (right)

cylindrical (i.e. Xp-) plane, where p = VY? + Z?, on 16 April 2017. The red line represents

MAVEN’s trajectory when the spacecraft observed the quasi-periodic sawtooth-like magnetic
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field oscillations associated with K—H instability. The purple and blue dashed lines represent the
location of Mars’ empirical bow shock (BS) and induced magnetospheric boundary (IMB) [Vignes
et al., 2000], respectively. In this study, the IMB (also synonymously referred to as the magnetic
pileup boundary or MPB [Crider et al., 2000; Winterhalter et al., 2004; Matsunaga et al., 2017])
is defined as the boundary that separates the magnetosheath and the inner induced magnetosphere
[Bertucci et al., 2011; Espley, 2018]. Figure 1(a) shows that MAVEN encounter the quasi-periodic
sawtooth magnetic field signatures near the polar terminator at high solar zenith angle (SZA) in
the northern hemisphere. Note that the spacecraft “skimmed” along the induced magnetosphere
boundary as it travels from the magnetosheath into the inner induced magnetosphere, thereby
allowing for the observation of the boundary surface over a wide range of SZA.

Panels (i) and (ii) of Figure 1(b) shows the energy spectrogram for ions with mass > 12 amu
(i.e. O* and O2%) and mass < 10 amu (i.e. H" and He™) measured by STATIC, respectively; Note
that O* and O.*, and H" and He" are the dominant ions in these respective mass ranges. Panel (iii)
shows the electron energy spectrogram measured by SWEA. The x, y and z-components, and
magnitude (|B|) of the magnetic field measured by MAG are shown in Panels (iv) — (vii),
respectively. The interval starts with MAVEN in the magnetosheath as shown by the weak and
highly turbulent (i.e. high level of fluctuations) |B|, lack of planetary heavy ions, and presence of
protons with broad ranges of energy between 100eV — 10keV consistent with shocked solar wind.
Between 14:35:00 UTC — 14:55:00 UTC, MAVEN encountered the induced magnetosphere
boundary as shown by the steady increase in |B|. The spacecraft subsequently entered the inner
induced magnetosphere (sometimes called the magnetic pileup region) at ~ 14:55 UT, which is
characterized by the strong |B| at ~20 nT with minimum fluctuations, and the presence of cold (i.e.

<10 eV) protons, heavy ions and electrons of planetary origins. During the traversal of the Martian
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induced magnetosphere boundary, MAVEN observed multiple quasi-periodic sawtooth-like
signatures in all components of the magnetic field. Both STATIC and SWEA also observed
corresponding variations in the fluxes and energies of protons, heavy ions and electrons
corresponding to the sawtooth magnetic field signatures.

A subset of these magnetic field and plasma observations are shown over a 20-minute interval
in Figure 2. This interval includes the period when MAVEN crossed the induced magnetosphere
boundary characterized by the (1) increase in |B| from ~5 — 15 nT, (2) decrease in high-frequency
fluctuation of |B|, (3) gradual increase in Bx due to the draping of the interplanetary magnetic field
lines, (4) increase in heavy planetary ions density from ~0.01 — 10 cm™, and (5) decrease (increase)
of electron temperature (density). Interestingly, MAVEN also observed a constant proton density
of ~0.8 cm™ across the boundary, which is not unexpected at high SZA as shown by a recent
statistical study of the proton density distribution in the Martian magnetosheath (see Figure 2 in
Wang et al., [2020]). MAVEN further observed a decrease in the tailward (i.e. negative x-direction)
H* flow velocity (blue line, Panel (f) in Figure 2) from ~ -350 — -10 km/s as the spacecraft entered
the induced magnetosphere proper; similar decreases in tailward O™ and O,* flow (blue line, Panel
(h) and (i) in Figure 2) were also observed. The observation of a strong gradient in the tailward
plasma flow velocity across the boundary between the magnetosheath and induced magnetosphere
indicates that the induced magnetosphere boundary can be unstable to K—-H instability. MAVEN
further observed quasi-periodic “sawtooth-like” oscillations in both magnetic field and plasma
measurements in addition to the overall changes associated with the crossing of the induced
magnetosphere boundary. Note that the start of each perturbations is delineated by grey dashed
lines for visual guidance. Panel (a) shows sawtooth wave pattern perturbations (at ~14:37:25,

14:40:43, 14:43:00, 14:44:19, 14:46:29, 14:48:35 and 14:51:30 UTC) in all components of the
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measured magnetic field vectors with periodicity of ~1 — 3 minutes. Each wave cycle generally
starts with a sudden anti-correlated change in the magnitude and polarity of the x- and z-component
(i.e. Bx and Bz) of the magnetic field, where the maxima of B; coincides with the minima of Bx
and vice versa. The perturbations in Bx and Bz are often accompanied by an abrupt increase in the
magnitude of the y-component of the magnetic field vector (i.e. By) of ~10 — 30 nT, followed by
a gradual return to background magnetic field values to create a series of quasi-periodic sawtooth
pattern in the magnetic field. The stark similarity between the unique sawtooth magnetic field
perturbation pattern observed by MAVEN and known magnetic field characteristics of fully-
developed K—H vortices observed at Earth [e.g. Fairfield et al., 2000] and other planets (e.g.
Mercury [Sundberg et al., 2012; Liljeblad et al., 2015]) strongly suggest that the spacecraft
encounters a wave train of K—H vortices associated with K—H instability occurring along the

observed flow shear boundary layer between the magnetosheath and induced magnetosphere.

Furthermore, the periodic perturbation patterns in Bx and Bz are consistent with expected
signatures of K—H waves observed near the polar terminator region and tailward flow gradient in
the xz-plane. Note that the magnitude of By often (but not always) exhibit the largest perturbations,
which is not uncommon due to the presence of a strong out-of-plane (i.e. y-direction) background
magnetic field and the twisting of magnetic field lines within the K—H vortices. We would like to
point out that our observation is also consistent with the development of K—H instability during its
non-linear stage for this time interval. The observation of only one outbound crossing of the
boundary layer (i.e. abrupt change in magnetic field), or the vortex spine, followed by the mixing
region of the consecutive vortex (i.e. gradual transition to background magnetic field values)
indicates the formation of a vortex structure. The reader is referred to Figure 2 in Sundberg et al.,

[2010] for illustration and further explanation of expected magnetic field signatures consistent with
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observation of a well-developed K—H vortex. The linear surface waves initiated during the initial
stage of the K—H instability lacks the sawtooth-like magnetic field signature due to an absence of
a mixing region and steepening of the wave at the leading and trailing edge of the wave,
respectively. Instead they are characterized by a series of well-defined periodic pair of inbound
and outbound crossings of the boundary layer [Sundberg et al., 2010] between the two flow
regions. Hence, the unique sawtooth magnetic field signature observed in this study supports the
idea of K—-H vortices formation along the Martian induced magnetosphere boundary during the

non-linear stage of the K—H instability.

The possible explanation of the quasi-periodic sawtooth magnetic field perturbation pattern as
fully-developed K—H vortices is further supported by similar correlated perturbations in the plasma
measurements. Panels (c) and (e) show simultaneous observations of multiple quasi-periodic
sudden decreases in heavy planetary ions (O* and O2") and electron densities, and increase in
electron temperature that coincides with the observed sawtooth magnetic field signatures, followed
by a slow return to the background values; the proton density displayed in Panel (d) shows a similar
but weaker perturbation pattern, although such variations in the proton density are not always
observed. The observed perturbations in ions and electron densities support our magnetic field
observations that MAVEN crosses the boundary separating the induced magnetosphere, which
contains higher densities of heavy ions and colder electrons, and the magnetosheath. The slow
recovery that followed suggests the presence of a transition region where plasma population from

the two regions co-exist.

The proton velocity displayed in Panel (f) shows periods of enhanced plasma flows most
notably in the tailward (or negative x-) direction, and also in the positive z-direction corresponding

to the observations of the sawtooth magnetic field perturbations. Our observation of the proton
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velocity is consistent with the expected enhanced flow directions due to vortex-induced centrifugal
motion in the upper portion of the vortex structure. Similar but smaller flow enhancements in the
x—z direction were also observed for the heavy ions as shown in Panels (h) and (i) likely due to
mass loading within the vortex structure and its surrounding. The observed positive enhancement
proton velocity in the y-direction also suggest the presence of a net duskward (i.e. positive y-
direction in the MSO coordinate system) current density in the direction normal to the flow shear
plane, possibly due to the twisting of magnetic field lines in the vortex [Masters et al., 2010;
Ruhunusiri et al., 2016]. Another characteristic observations of K-H vortices during their non-
linear phases (e.g. Hasegawa et al., [2004]; Faganello et al., [2014]; Eriksson et al., [2016]) is the
“bipolar” pattern of the plasma velocity component perpendicular to the unperturbed boundary.
The expected bipolar plasma flow pattern within a vortex structure can be observed in a steady-
state plasma configuration or a frame in which the convective electric field vanishes (i.e. the
deHoffman-Teller frame [Sonnerup et al., 1987]) and by Faraday’s law, the structure is stationary.
The determination and analysis of the deHoffman-Teller (HT) frame will be discussed further in
later sections of this paper. However, as shown in Panel (g) of Figure 2 in this section, plasma flow
reversal in the x— and z—direction (where Vy;, = Vi, — Vi) was observed in a quasi-steady-state
HT frame as the spacecraft traverses the train of K—H vortices, thereby further supporting the
scenario that MAVEN observed a train of fully-developed vortices associated with the non-linear
development of K—H instability along the induced magnetosphere boundary. Note that the bipolar
pattern of the plasma flow might not be clearly identifiable for some events in this interval possibly
due to the fact that the K—H vortices have been strongly perturbed by secondary instabilities or

magnetic reconnection.
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The presence of these “faster-than-magnetosheath” low-density plasma flows is one of the
many criteria used to identify fully rolled-up K—H vortices observed at Earth and is thought to be
caused by centrifugal effects within the vortex, where the tenuous magnetospheric plasma must
rotate faster than the denser magnetosheath plasma to maintain radial force balance [Takagi et al.,
2006]. This plasma flow signature is typically (but not always) observed in the scatterplot of the
x-component of the flow velocity (i.e. Vx) versus proton density [Hasegawa et al., 2006; Kavosi
and Raeder, 2015] and the absence of such signature had been used in the identification of
partially-developed K—H vortices at Mars [Ruhunusiri et al., 2016]. However, it should be noted
that the “faster-than-magnetosheath” signature can only be observed in cases when there is a
significant density gradient across the boundary [Takagi et al., 2006; Hasegawa et al., 2006].
Furthermore, Cowee et al., [2009; 2010] demonstrated that the high-speed, low-density flow
signature may not form in cases of uniform density across the flow shear layer. This is similar to
the case study presented here, where an overall constant proton density across the boundary was
observed as shown in Panel (d) of Figure 2. Therefore, the use of the “faster-than-magnetosheath”

identification criteria for K—H vortices is not applicable for our study.

2.2 Kelvin-Helmholtz Waves versus Magnetic Flux Ropes

We also examined each wave cycle in detail to demonstrate that observed signatures are indeed
consistent with K—H vortices instead of magnetic flux ropes. Figure 3(a) shows the close-up
interval of a wave cycle example. The schematic illustration displayed in top panel of Figure 3(a)
shows the interpretation of a K—H wave cycle delineated by two vertical dashed lines, which also
marks the center of the sawtooth magnetic field signature associated with the outbound crossing

of the boundary layer. Panels (i) — (iii) shows the magnetic field components and magnitude of the
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magnetic field, and heavy ion densities, respectively. Panel (iv) shows the thermal plasma pressure
for each ion species (i.e. H", 0%, O2"), while Panel (v) shows the total thermal pressure, magnetic
pressure and total pressure. It is evident that the “bipolar-like” sawtooth magnetic field signatures
observed at ~14:48:46 UTC and ~14:51:45 UTC displayed in Panels (i) and (ii) show neither a
clear strong enhancement in the magnetic field components (commonly associated with the core
field of the flux rope) nor maximum in magnetic field intensity that aligns with the center of the
sawtooth signature (grey dashed lines). We also performed the minimum variance analysis (MVA)
technique [Sonnerup and Schieble, 1998] on the sawtooth signature observed at 14:48:46 UTC
(red bar). The MVA hodograms displayed in Figure 3(b) shows little or no magnetic field variation
in the minimum (Bmin) and intermediate (Bint) Variance direction, which are signatures typically
representative of a boundary (or current sheet) layer crossing, instead of a flux rope’s. Not shown
here, the MVVA hodograms for the sawtooth signature at 14:51:45 UTC are also consistent with a
boundary layer crossing.

Furthermore, Panel (v) shows an increase in total pressure (red line) around ~14:49:45 UTC
just as the spacecraft went from the magnetosheath into the “induced magnetosphere-like” region
as shown by the simultaneous increase in O+ and O," densities. The observed maxima in total
pressure, which is followed by an extended time period of lower total pressure, is consistent with
signatures expected during the encounter of the leading edge of the vortex since total pressure is
expected to increase at the edge of the vortex structure due to centrifugal effect as mentioned
earlier. All of the observations and analysis results outlined in this section strongly support the
scenario where MAVEN crosses the first boundary layer at 14:48:46 UTC, followed by the

encounter of a K—H vortex before exiting the second boundary layer at 14:51:45 UTC into the
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trailing region of the vortex as illustrated in Figure 3(a), and that the observed sawtooth signatures

are unlikely to be associated with the encounter of magnetic flux ropes.

2.3 Mixing Region within Kelvin—-Helmholtz Vortices

The co-existence of magnetosheath and planetary plasma population within the vortex
structure is another characteristic feature of K—H vortices formation and the presence of this
mixing region allows for mass and energy transport across the flow shear boundary layer via
kinetic-scale processes. Figure 4(a— c) shows STATIC energy flux spectrograms of the closed-up
interval similar to Figure 2 for H*, O" and O.", respectively. Figure 4(d) shows the three
components of the magnetic field measurements for reference purposes. At the start of the interval,
the observations of protons with broad range of energies between 100 eV to 10 keV and peak
energy at ~1-2 keV and the absence of heavy ions indicates that the spacecraft is in the
magnetosheath as mentioned earlier. The STATIC instrument then observed quasi-periodic
variations in the energy flux spectrograms of all three ion species that corresponds to the magnetic
field perturbations associated with the encounter of each regions of a K—H vortex wave cycle
before entering the induced magnetosphere/ionosphere, which is characterized by the presence of
only cold planetary protons and heavy ions with energies below 10 eV.

We will use the same wave cycle shown in Figure 3 as an example to illustrate how the
variations in the energy spectrograms aligned with that in the magnetic field measurements.
MAVEN first observed the presence of mostly cold protons (i.e. energies of ~10eV) and planetary
heavy ions with energies between ~10 — 100 eV between ~14:48:46 UTC to ~14:51:45 UTC. Note
that MAVEN also observed a weak presence of 1keV protons, which suggest that the spacecraft

is likely to be located at the lower part of the vortex structure nearer to the induced magnetosphere.
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The spacecraft then crossed the boundary layer at the trailing edge of the previous vortex into the
magnetosheath at 14:48:46 UTC as shown by the simultaneous observation of (1) sawtooth
magnetic field signature, (2) “dropout” of heavy ions, and (3) presence of protons with
magnetosheath-like energies. As the spacecraft subsequently encountered the leading edge of the
next K-H vortex at ~14:49:30 UTC, MAVEN did not just observe protons with magnetosheath-
like energies, but also cold planetary protons and heavy ions. As shown in Figure 5, simultaneous
observations of cold planetary protons and heavy ions (red solid circles), and magnetosheath
protons (grey dashed circles) within the K-H vortex is also evident in the mass—energy
spectrogram averaged over the time interval when the vortex structure is observed. Protons with
energies higher than typical solar wind proton energies shown in the red boxes in Figures 4 and 5,
and are discussed in section 3.1.

We further examined the proton distribution of different regions within a K-H wave cycle to
confirm the mixing of magnetosheath and planetary plasma within the vortex structure. Figure 6
shows the energy flux — energy distributions (EFDs) and velocity distribution functions (VDFs)
for three different regions of the K—H wave cycle example mentioned above at times (a) 14:48:25
UTC (i.e. trailing edge of the previous K—H vortex before crossing of the boundary layer or spine),
(b) 14:48:25 UTC (i.e. magnetosheath region between consecutive K—H vortices), and (c) 14:50:01
UTC (i.e. the mixing region within the K—H vortex). The red dashed lines in Figure 6 shows the
EFD and VDF observed in the magnetosheath region at ~14:31:00 UTC, which serve as a reference
for typical representation of signatures observed in the magnetosheath. Figure 6(a) shows a clear
“double peak” in the EFD with maximas at ~10 eV and ~1 keV corresponding to the cold (~1-100
eV) planetary protons and hot (>100 eV) magnetosheath protons, respectively. The EFD of the

second K—H vortex at 14:50:01 UTC [Figure 6(b)] also shows similar double-peak distribution in
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the energy flux, although hotter magnetosheath (colder planetary) protons with peak energy flux
at ~3 keV (~4 eV) and a significant population of warm (~20-200 eV) protons were observed as
compared to that of the previous vortex shown in Figure 6(a). Moreover, the VDFs observed in
both K—H vortices show a two-component maxwellian distribution functions indicative of the
presence of two distinct proton population with different temperatures, thereby providing further
support for the co-existence and mixing of magnetosheath and planetary protons within the K—H
vortices suggested by earlier observations. Note that the EFD and VDF of the magnetosheath “gap”
region between the consecutive K—H vortices shown in Figure 6(b) are consistent with the typical
proton distribution in the magnetosheath (red dashed lines), despite the slight disagreement due to
the overall gradual decrease in magnetosheath proton energies as the spacecraft travels deeper into

the induced magnetosphere.

3. Simulation of Kelvin-Helmholtz Instability at Mars

We carried out a three-dimensional meso-scale MHD simulation of the K—H instability to be
compared with the MAVEN data. The full set of the normalized resistive MHD equations is solved
by a leap-frog scheme [Potter, 1973; Birn, 1980; Otto, 1990]. All physical quantities are
normalized to a typical value, that is, scale length Lo = 452 km, magnetic field Bo = 11 nT, number
density no = 5.65 cm-3, velocity vo = 100.8 km/s and time to = Lo/vo = 4.48 s. The simulation
domain is a cube with the following dimensions: |x| < Lx = 20, |y| < Ly = 30, and |z| < Lz = 40, which
are resolved by 201 grid points along each direction (i.e., uniform along the x-direction with Ax =
0.1, and non-uniform along the y- and z-directions with the highest resolution of Ay =0.15, and Az
= 0.2 in the center). The x-direction is against the magnetosheath flow direction, and the spatial

domain size in the x-direction correspond to a K—H wavelength of ~18000 km (~5 Rwm). The choice
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of the simulation box length is appropriate since the K—H wavelength was estimated, using the
average period observed by MAVEN and inferred phase velocity, to be ~6Rwm (see section 4.3 for
detailed calculations). In the simulation, the ratio between the initial shear flow half-width a and
the K-H wavelength in the x—direction is chosen such that 2zka is close to ~0.5 — 1, which
corresponds to the highest K—H growth [Miura and Pritchett, 1982]. From the simulation set-up,
the thickness of the boundary layer (i.e. mixed plasma) is ~901 km, which is a reasonable estimate
as the statistical thickness of the boundary layer at Mars ranges from ~0.05 Ry (~169 km) at the
subsolar region to ~0.2 Rm (~678 km) near the flanks [Gruesbeck et al., 2016]. The y-direction is
the normal direction of the shear flow layer, which points from the magnetosphere to the
magnetosheath. Hence, the upperhalf domain (i.e., y > 0) is referred to as the magnetosheath side,
while the bottom half domain (i.e., y < 0) is referred as the Martian induced magnetospheric side.
The z-direction is determined by the right-hand rule. A frictional boundary condition has been
applied along the z-direction to mimic the magnetic field line moving with the magnetosphere and
magnetosheath [Ma et. al., 2017]. Therefore, we can easily define a magnetospheric magnetic field
line by tracing the magnetic field line from one of the boundaries at constant z (e.g., [xy, ¥4, L,])
to the other boundary (e.g., [x4,y2, —L;]): If both y, and y, < 0, the magnetic field line is a
magnetospheric magnetic field line. To calculate the mass loss from the Martian induced
magnetosphere through the magnetic reconnection process, we integrated the density along the
magnetosphere field line and compared to the initial condition. In order to compare with the
particle loss estimated from observations and earlier studies, we converted the mass density
calculated from the simulation to the number of the particles by assuming that the ions in the

magnetosphere are all O".
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The initial state of the simulation is a one-dimensional transition layer given by the equation
F = F + §Ftanh(y), and vy = v; = By = 0, where F = [p, Vx, Bx, Bz], F = % (Fmsp + Fmsh), 0F = %2
(Fmsh - Fmsp). The subscripts “msp” and “msh” refer to the induced magnetosphere and
magnetosheath values. In this simulation, Fmsh = [0.35, -1.94, 0.23, 0.127] and Fmsp = [2.83, 1.94,
1.356, 0.84]. The thermal pressure is determined by the total pressure balance, in which the plasma
beta in the induced magnetosphere side is 0.5. To trigger the K—H instability, a small single mode

perturbation has been applied, which is given by v, =[V® xe,]f(z), where ®(x,y) =

8v, sin(k,x) cosh™? (%) f(z) = %[tanh (ZZO) — tanh (Z;O

)] vo = 0.048, ky = /Ly, D=2, 2, =
15, dz = 3. Note that this perturbation is not an exact normal mode, that is, a solution of the
linearized equations, but the spectrum of the perturbation has a dominant contribution to the
normal mode with the chosen wave number [Ma et al., 2017]. We would also like to point out that
the simulation coordinate system is different from the observational frame, and a simple Galilean
transformation (i.e., x = x’ + vt) has been applied so that the simulation frame is mostly moving
with the K—H vortex. One should also keep in mind that the initial conditions used in the simulation
represent our “best-guess estimate” of the instability onset conditions due to the lack of knowledge
of the actual initial plasma and fields observations in the magnetosheath and in the induced
magnetosphere. Interestingly, our simulation was able to reproduce many of the observational

features consistent with those observed by MAVEN as discussed in the earlier sections.

3.1 Simulation Results
Figure 7 show the time evolution of our simulated K—H instability in the xy—plane at four
simulation time steps t = 44, 64, 88 and 100, with y = 10, y = -10, and |y| < 1 corresponding to the

regions consisting of magnetosheath plasma, inner magnetospheric/planetary plasma, and mixed
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plasma, respectively. Figure 7(a) (i.e. t = 44) shows that the K—H wave is excited along the flow
shear boundary during the initial development of the K—H instability. A partially developed K-H
vortex is quickly formed at t = 64 [Figure 7(b)] as shown by the initial steepening of the shear
boundary at the trailing edge of the partial vortex. Interestingly, our simulation also indicated that
secondary instabilities were beginning to form along the edges of the vortex at t = 64, which could
possibly explain the lack of clear bipolar signatures in the velocity component perpendicular to the
unperturbed boundary. The K—H vortex is fully rolled-up by t = 88 [Figure 7(c)] during the non-
linear stage of the K—H instability, allowing for the mixing of magnetosheath and planetary plasma
in the mixing region at the leading edge of the vortex. During the later stage of the vortex evolution
at t = 100 [Figure 7(d)], these secondary instabilities distorts the structure of the vortex, and can
facilitate efficient transport of the mixed magnetosheath and planetary plasma, which are originally
confined within the vortex, across the shear boundary layer. The simulation animation is provided
in the supplementary material.

Figure 8(a) shows the time series measurements of (i) magnetic field, (ii) proton density, (iii)
proton velocity, and (iv) magnetic and total pressure measured by a virtual spacecraft from the 3-
D MHD simulation. Note that the simulation results in Figure 8(a) are displayed in the same
coordinate system as the MAVEN observations for comparison. Figure 8(b) shows an example of
a K—H vortex observed by the MAVEN spacecraft with format similar to Figure 8(a). It is evident
that the 3-D MHD simulations results agree very well with our MAVEN observations of fully
developed K—H vortices at Mars. In particular at t ~ 4 minutes, the MHD simulation results also
shows (i) sawtooth-like perturbations in all components of the measured magnetic field vectors
with anti-correlated Bz maxima and Bx minima, followed by a return to background magnetic field

values, and (ii) a decrease in proton density that coincides with the sawtooth magnetic field
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signature. Note that By (out—of—plane direction) also shows magnetic field signatures similar to
Bz, indicating a twisted magnetic field topology within the vortex structure. An expected tailward
(negative x-direction) and northward (positive z-direction) enhancement in the plasma flow is also
observed in the simulation results at the same time as the magnetic field perturbations, which is
consistent with the plasma measurements observed in our MAVEN observation results. Not
surprisingly, the total pressure enhancement observed in the simulation results, which is similar to
that observed in our MAVEN observations, strongly indicates that the simulated structure is indeed
a K—H vortex, instead of a magnetic flux rope. The excellent agreement between our observational
and simulation results, in terms of the expected magnetic field and plasma signatures of a fully-
developed vortex structure due to K—H instability at Mars, provides clear evidences that MAVEN
indeed observed a vortex structure associated with the non-linear development of K—H instability

along the Martian induced magnetospheric boundary.

3.2 3-D MHD Simulation of Plasma Transport Due to 3-D Reconnection in K-H Vortices

In three-dimension, K—H instability can also generate reconnection below and above of the
shear flow plane, which can allow for more efficient plasma transport [Ma et al., 2017]. The top
panel of Figure 9 shows the number of particles in the flux rope created by 3-D reconnection in
the vortices as a function of time determined from the simulation results presented in Section 3.1.
We calculated the gradient of the linear fit to the data points (red line), which represents particle
loss rate, to be ~9 x 102 particles/s. The bottom panel shows the magnitude of the velocity
component normal to the initial boundary as a function of time on a log-scale (blue line). We
calculated the gradient of the exponential fitting, which represents the K-H growth rate, to be

~0.0184 s. Note that the MHD description can only address particle loss through the double
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reconnection process driven by the non-linear K-H wave. The particle mixing due to finite
gyroradius requires additional test-particle or hybrid simulations [Ma et al., 2019]. Thus, the major
particle loss happens after the K—H instability reaches the non-linear stage. We would like to note
that the K—H instability growth rate and particle loss rate due to K—H instability calculated from
our simulation results are similar to the growth rate (=10 s*) and loss rate (~10% particles/s)

calculated from the earlier theoretical study by Penz et al., [2004].

4. Discussion

In this study, we presented magnetic fields and plasma signatures of fully-developed Kelvin—
Helmholtz vortices observed by MAVEN on 16" April 2017 during an encounter of Mars’ induced
magnetosphere boundary near the polar terminator in the northern hemisphere. The observations
presented above lead us to the unambiguous conclusion that MAVEN had indeed observed a wave
train of fully-developed vortices associated with the development of K—H instability in its non-
linear stage along the induced magnetosphere boundary passing over the MAVEN spacecraft.
These include (1) the quasi-periodic, sawtooth-like magnetic field perturbations, (2) corresponding
variation pattern in the proton and heavy ions plasma measurements (i.e. density and velocity),
and (3) simultaneous presence of magnetosheath protons with planetary ions in regions identified
as the mixing regions of the vortices. Furthermore, the absence of a maxima in the magnetic field
intensity and total pressure at the center of the bipolar-like sawtooth magnetic field signature, and
minimum variance analysis results strongly indicate that the observed structures are K-H waves
rather than magnetic flux ropes. These MAVEN observations were further supported through
MHD simulations of K—H instability at Mars using inputs from MAVEN measurements as initial

conditions. The model results demonstrated strong corroboration with MAVEN’s observed
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signatures of fully-developed vortices associated with the occurrence of K—H instability along

Mars’ induced magnetosphere boundary.

4.1 Magnetic Reconnection in KH-induced Vortices

At the non-linear stage of the instability, the K—H vortices can twist the magnetic field in the
flow shear plane (i.e. xz—plane in the case study presented here) and create regions of thin current
sheets with reconnecting anti-parallel field lines. Hence, the natural follow-up question to our
observations of K—H vortices at Mars would be: did MAVEN observe any signatures of magnetic
reconnection in the vortices? We would like to point out that MAVEN observed the minor presence
of protons with energies higher than the solar wind’s (i.e. E > 10 keV) highlighted by the red box
in Figure 4(a). Similar 10 keV proton population was also observed in the mass—energy
spectrogram displayed in Figure 5 and this high-energy proton signature is most notable near the
leading edge of the K—H vortex observed at ~14:50 UTC. Note that during the time interval
highlighted by the red box in Figure 4(a), STATIC observed an average count rate of ~2—4 protons
per 4s measurements. There are typically zero counts at energies greater than 10keV observed by
STATIC in the Martian magnetosheath, which indicates that these energized protons with energies
greater than 10keV observed by STATIC are physical and not a result of instrumental background.
Furthermore, MAVEN observed signatures of ion (proton and heavy ions) energy dispersion,
where the spacecraft observed faster, more energetic ions followed by the slower, less energetic
ions near the leading edge of the vortices. An example of the O" energy dispersion is shown by the
tilted red box in Figure 4(b). Both observations seems to suggest energization and acceleration of

ions mostly at the edges of the vortex. A possible acceleration mechanism is magnetic
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reconnection, which converts magnetic field energy into particle kinetic energy and accelerates
ions (and electrons) to Alfvénic speed in the outflow exhaust region.

The single-spacecraft analysis technique commonly used to test for signatures of reconnection
(or rotational discontinuity) is the Walén test, which compares plasma velocities in a quasi-
stationary frame of reference with the local Alfvén velocity using the Walén relation [Sonnerup et
al., 1995]. The relation states that in ideal MHD, the accelerated plasma flow for a rotational
discontinuity is Alfvénic in the deHoffmann—Teller (HT) frame, where the electric field ideally
“vanishes” [deHoffmann and Teller, 1957]. The reader is referred to Khrabrov and Sonnerup,
[1998] for details on the determination of the HT frame velocity. The Walén relation can be

expressed by the following equation:

(2)

where V’ is the plasma velocity in the HT frame of reference, Vur is the HT frame velocity, va is
the Alfvén velocity corrected for pressure anisotropy and a is the pressure anisotropy factor given

by the expression:

P —P

a= e 3)

If MAVEN did indeed encounter a magnetic reconnection region within the K—H vortices, it would
have observed a good (1) HT frame (i.e. strong correlation between each components of the
convective electric field Ec = —vxB and HT electric field Ent = —Vu71XB) and (2) agreement with
the Walén relation (i.e. strong correlation between each components of the plasma velocity in the
HT frame and Alfvén velocity). Ideally, the correlation coefficients should be near unity for a good
HT frame determination and a successful Walén test. The gradient of the linear regression line

fitted to the V’—va scatterplot should also be ~1 (i.e. alfvénic plasma flow) if the Walén relation is
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satisfied [Sonnerup et al., 1995]. A similar analysis method had also been used to search for
signatures of magnetic reconnection in K—H vortices by Nykyri et al., [2006] using Cluster
observations.

We computed the time-series HT frame velocity for each plasma data point over the entire 20-
minute interval shown in Figure 2 using a sliding time window of 90 seconds and performed the
Walén test for each 90-seconds-long sub-interval. The results for the HT analysis and Walén test
are displayed in Figure 10. As shown in Panels (ii — iv) of Figure 10(a), the HT frame between
14:37 UTC to 14:53 UTC is well-determined with an average correlation coefficient (R) between
convective and HT electric field (black line) of ~0.93 and mean Vut ~ [-150, 51, 76] km/s. The
highly fluctuating low correlation coefficient between the plasma velocity in the HT frame and
Alfvén velocity (red line), on the other hand, indicates that the Walén test generally did not perform
well, except for the interval centered at ~14:40 UTC corresponding to the vortex region (labelled
as Vortex 1) of the K-H wave where a peak correlation coefficient of ~0.85 was observed. The Ec
— Ent and V’ — va scatterplots for this sub-interval is shown in the top left and top right panels of
Figure 10(b), respectively. A high correlation coefficient of ~0.95 shown in the Ec— EnT scatterplot
indicates the existence of a well-determined HT frame, while the VV’ — va scatterplot also shows a
reasonably good correlation coefficient of ~0.85. Note the presence of anti-sunward (negative)
flow in the HT frame in the V’ — va scatterplot consistent with the vortex motion of the plasma
within the mixing region. Interestingly, the Walén test further shows a regression line slope of
~0.52, which is smaller than unity as predicted by the Walén relation. Our analysis suggests that
the plasma flow is sub-alfvénic in the HT frame [Qieroset et al., 2000] and similar Walén test
results are typically observed for slow-mode shocks in outflow regions of fast reconnection

[Petschek, 1964]. The simultaneous existence of a high-quality HT frame of reference and
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successful Walén analysis provides strong evidences for magnetic reconnection within the vortex
region of a K-H wave.

The bottom panels of Figure 10(b) show the HT analysis and Walén test results for a later time
interval between 14:49:31 UTC to 14:50:59 UTC (labelled as Vortex 2), where we had identified
earlier as the mixing region of the K—H wave cycle. Note that since Vortex 2 is observed later in
time, it is located further upstream than Vortex 1 as shown by MAVEN’s trajectory in Figure 1(a).
The Ec¢ — Enr scatterplot shows a lower correlation coefficient of ~0.81, which indicates a less
accurate, but still within reasonable level of confidence, determination of the HT frame. However,
a poor correlation coefficient between V’ and va, and regression slope << 1 indicates that the
Walén test had failed and the observed magnetic field and plasma signatures could not be
interpreted as the encounter of a rotational discontinuity or a slow-mode shock in the KH-induced
vortex region observed at a later time. Our analysis results then begs the question of why Vortex
1, which was observed first by MAVEN at ~14:40 UTC, shows the possibility of reconnection
occurring within the vortex structure, while Vortex 2 at ~14:50 UTC, which was observed later,
does not? One plausible explanation is the observation of time evolution of K—H vortices in the
non-linear stage of the K—H instability. The fact that VVortex 1 was observed further downstream
than Vortex 2 suggests that Vortex 1 has already begun the decaying stage of the instability via
vortex-induced reconnection, while Vortex 2 is still at its early non-linear development stage of
the K-H instability. Note that this explanation is also consistent with the magnetic field
measurements, where the sawtooth signatures commonly associated with the development of K-
H vortices is not as clear in Vortex 1 as compared to that of Vortex 2. Furthermore, recent

simulations by Nakamura et al., [2020] suggested that clear K—H signatures may be observed only
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for a short period of time as the occurrence of fast reconnection induced at different locations of
the vortex during early non-linear stage leads to the quick decay of vortex structure.

A possible source of error for our Walén analyses is the small temporal and spatial scale in
which magnetic reconnection is occurring within the K-H vortex region. Since the STATIC
instrument takes 4s to measure a full plasma distribution, any transient variations (i.e. magnetic
reconnection) that occur on time scales shorter than 4s would be “smeared out”. We would like to
further point out that although STATIC does not cover the full sky (field-of-view of the instrument
is 360 degrees x 90 degrees [McFadden et al., 2015]), detailed analysis of the STATIC’s energy-
mass-direction data (not shown here) indicates that STATIC captured the majority of the
distribution functions during the time interval shown in Figure 4. In addition, the Walén analysis
presented in this study only considered protons and not the heavy ions, which may aggravate the
impact of inaccurate va on the correlation coefficient and regression slope. Further study is
required to investigate the effects of heavy ions on the Walén analysis results. We would also like
to point out an alternate explanation for the poor Walén relation at the flow shear plane due to the
possibility of three-dimensional reconnection occurring within the K—H vortices as shown in the
3-D simulations presented in Section 3. Nonetheless, the overall conclusion that magnetic
reconnection occurred during at least some of the observed vortices remains robust given the

Walén test for VVortex 1.

4.3 Kelvin-Helmholtz Instability Growth Rate

In the previous section, we have presented unambiguous observations of K—H instability
induced vortices formed along the KH-unstable induced magnetosphere boundary, which

naturally motivates us to estimate the growth rate of K—H instability for this case event. Earlier
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theoretical [Penz et al., 2004] and observational [Ruhunusiri et al., 2016] studies incorporated
viscous and finite larmor radius effects in their calculations of the linear growth rate of K-H
instability. Following the methodology outlined in Wolff et al., [1980], we examine the condition
in which the effects of viscous and finite Larmor radius (FLR) are important by considering the
dimensionless gyroviscosity Reynolds number Reg given by the equation:

UL UL
Re; = —= (4)

Vv 1
Lo ZRI

where U is the typical velocity of the system, L is the characteristic K-H wavelength, and v is the
effective gyroviscosity coefficient. FLR effects are negligible when Reg is >> 1 and gyroviscous
effects cannot be ignored when Rey is close to unity [Wolff et al., 1980]. We first estimated the
Larmor radius R, and proton gyrofrequency Q to be ~110 km and 1 s, using B ~10 nT and v.
~110 km/s, respectively. We also calculated the characteristic K-H wavelength L to be ~2.1 x 10*
km (or ~6 Rwm), assuming that the K—H waves are instantaneously travelling at the mean HT
velocity of ~175 km/s with an average time period of ~2 minutes. We then calculated the
gyroviscosity Reynolds number using equation (4) to be ~10°. Since the gyroviscosity Reynolds
number is much larger than 1, we argue that the FLR effects are negligible and can be ignored in
our calculations of the growth rate. Since the gyro-radius of planetary O* and O," at ~50 eV (~408
km and ~577 km, respectively) << characteristic length L, FLR effects by the heavy ions can also
be ignored. Note that the effects of FLR can be significant in the case of a velocity shear layer with
finite thickness. The larger the ratio between the ion gyroradius and the half-width of the velocity
shear layer, the larger the effects of FLR [Nakamura et al., 2010; Henri et al., 2013].

The linear growth rate for K—H instability in the collisionless MHD plasma regime is then

given by the equation [Chandrasekhar, 1961]:
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y2 = P2 (v, — )P -

R \2 TRy
~ (p1+ p2)? [(k-By)* + (k-By)*] (5)

to(p1 + p2)

where p is the effective mass density including proton and heavy ions, B is the magnetic field, v is
the plasma flow velocity and k is the wave propagation vector with magnitude inversely
proportional to the K-H wavelength (i.e. k = 2n/A ~3 x 10* km™). Similar to Equation (1), the
subscript indices (1) and (2) represents parameters corresponding to the magnetosheath and the
induced magnetosphere. To simplify the calculations, we assumed the wave propagation vector
(or k-vector) to be in the x-direction (i.e. k = k X). Using the plasma density measured by the
STATIC instrument shown in Figure 2, we first calculated the effective mean mass density
(including H*, O" and O2") in the magnetosheath p1 and induced magnetosphere p, to be ~5.6m,
and 480m, kgem3, respectively, where my is the mass of a proton. We then determined the mean
magnetic field in the magnetosheath (B1) and induced magnetosphere (B2) to be ~5 nT and ~15
nT, by averaging over 3-minute intervals between 14:30 — 14:33 UTC and 14:56 — 14:59 UTC,
respectively. Using equation (4) and a flow shear difference (i.e. vi — v2) of ~250 km/s, we
estimated the linear growth rate to be ~5.84 x 103 52,

Our over-simplified, back-of-the-envelope calculation of the linear growth rate for K-H
instability at Mars is approximately half of the growth rate (y ~102s) estimated by Penz et al.,
[2004] for medium solar wind speed (~400 km/s) near the polar terminator and the growth rate
calculated from our 3-D MHD simulation results presented in this study (y ~0.0184 s™). This
discrepancy may be attributed to the assumption that the K—-H wave propagates only in the x-
direction. Simulations and observations [e.g. Nykyri et al., 2006; Adamson et al., 2016] of K-H
vortices at Earth had shown that the k-vector for the K—-H waves can have an out-of-plane
component to maximize the onset and growth rate of the instability. Furthermore, it is inaccurate

to calculate the growth of K—H waves or vortices based on satellite measurements collected during
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the non-linear stage of the instability while using the equation from linear theory. Since the effect
of the instability is to reduce the amount of free energy (velocity shear in this case), calculating
the growth rate using measurements at non-linear stage would underestimate it. In reality, single
spacecraft measurements are insufficient to resolve the complex structure of the magnetosheath —
induced magnetosphere boundary layer. We would also like to emphasize the limitation of using
equation (5) as an approximation for the K—H stability criterion and growth rate which lacks the
relevant effect of finite width of the flow shear layer. The equations used for the calculations of
the growth rate in this study assumed a sharp boundary across which a plasma flow shear exist,
which limits its usefulness when applied to a more realistic structure of the boundary layer. Earlier
theoretical studies (e.g. Ong et al., [1972]; Walker et al., [1981]; Miura et al., 1982]) on the effects
of finite shear boundary layer also indicates a dependency of the growth rate on the half-width of
the velocity shear layer. However, since there is no explicit solution to growth rate problem with
finite boundary layer width for magnetized plasma, it is out of the scope of this study to further
investigate the effect of finite width of the flow shear layer on our estimated growth rate and will
be left for future investigation. Therefore, based on the above reasons, we emphasized that our
estimated growth rate should only be considered as an approximation, and not be taken as the
absolute value. Future theoretical or numerical studies should be carried to further investigate the
dependence of the growth rate of K—H instability at Mars on different initial magnetic field and
plasma conditions across the magnetosheath — induced magnetosphere boundary layer of finite

thickness.

4.3 O*/O," Escape Rates Associated with Kelvin—Helmholtz Instability
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One of the main consequences of magnetic reconnection occurring in K—H vortices is the
formation of detached plasma clouds in Mars [Penz et al., 2004] and Venus [e.g. Brace et al.,
1982; Pope et al., 2008], which result in the loss of heavy ions from the Martian ionosphere. Brace
et al., [1982] estimated the escape rate of O* associated with the detachment of plasma clouds at
Venus to be on the order of ~107 ions/s while subsequent theoretical study conducted by Penz et
al., [2004] estimated the loss of O from K—H instability induced plasma clouds at Mars to be on
the order of 10?3 particles/s for K-H waves occurring near the polar terminator at high altitude
(~800 km) under medium-speed solar wind condition (vsw ~400 km/s). The natural follow-up
question will be: what is the instantaneous escape flux of ionospheric heavy ions due to the
detachment of plasma clouds results from the K—H vortices observed in the case study presented
here? Following the methodology outlined in Brace et al., [1982], we first estimated the volume
of a quasi-cylindrical plasma cloud to be ~1.18 x 10! m?, assuming the K—H instability induced
plasma cloud with width of ~1 Rw is travelling tailward at a mean HT speed of ~175 km/s and that
it takes ~2 minutes for the vortex to pass the spacecraft. To calculate the total instantaneous escape
flux, we first estimate a total of six vortices forming along the surface of the induced
magnetosphere boundary at any given time. Note that this is a conservative estimation, as
compared to that estimated by Brace et al., [1982], and would serve as a lower limit for the range
of possible number of K—H vortices forming along the boundary at any point in time. By further
assuming a uniform mean ion density of ~10 particles/cm? (Panel (c) of Figure 2) throughout the
cylindrical vortex structure, we then estimate the instantaneous escape flux for each heavy ion
species to be ~5.90 x 10° particles/s based on our observations. Note that O* and O2" have similar
escape rate in our calculations since the STATIC instrument observed equal plasma density as

shown in Panel (c) of Figure 2.
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Our over-simplified estimation of the heavy ion instantaneous escape rate is consistent with
that calculated by Brace et al., [1982] for the Venusian plasma clouds, but at least two orders of
magnitude larger than the escape rate calculated by Penz et al., [2004] and the loss rate calculated
from our 3-D MHD simulation results in this study (~9 x 10 particles/s) for mass loss associated
with K-H instability at Mars. We will like to point out that the slight order-of-magnitude
discrepancy in the instantaneous loss rates could be attributed to our over-estimation of the plasma
cloud volume since the mechanisms responsible for ion loss within the K—H vortices (i.e. magnetic
reconnection and particle mixing) occur near the flow shear boundary. Hence, the assumption of
the entire vortex region as the detached plasma cloud in our calculations could lead to over-
estimation of the volume and that our calculation represents an upper limit to the range of possible
instantaneous escape rates. Our estimated instantaneous escape rate of O*/O,* associated with K—
H instability is also approximately two to three orders of magnitude larger than the estimated total
average escape rate ranging from ~10% s — 10% s [e.g. Dubinin et al., 2011; Brain et al., 2015],
which strongly indicate the potentially significant contribution of the K—H instability induced
plasma cloud to the ionospheric mass loss at Mars. However, we have to emphasize that mass loss
associated the K—H instability is only relevant when conditions are favorable to the non-linear
growth of the K—H instability. As such, it is not a continuous loss process and, depending on the
frequency of favorable growth conditions, it is likely to be a minor contributor to the overall
ionospheric escape problem at Mars when integrated over the time evolution of the Martian
atmosphere.

Our calculation of the instantaneous escape rate associated with K—H instability at Mars further
lead us to the question of the solar wind and IMF conditions that favors the onset and non-linear

development of K—H instability along the Martian induced magnetosphere boundary. Statistical

This article is protected by copyright. All rights reserved.



surveys at Earth demonstrated that the occurrence of K-H instability is influenced by the IMF
orientation. Studies have revealed that K—H vortices are predominantly observed during northward
IMF condition [e.g., Hasegawa et al., 2006; Taylor et al., 2012; Lin et al., 2014], although they
can also be observed during southward IMF direction [Hwang et al., 2011; Yan et al., 2014].
Furthermore, the sense of the dawn-dusk asymmetric growth of K—H instability is also dependent
on the horizontal component of the IMF, such that a Parker Spiral (Ortho-Parker Spiral) orientation
favors K—H instability growth on the dawn (dusk) flank of the terrestrial magnetopause [Nykyri,
2013; Henry et al., 2017].

The problem on the dependency of the non-linear growth of K—H instability on solar wind and
IMF conditions, on the other hand, remains largely unexplored and is complicated due to the
absence (presence) of a global (crustal) magnetic field. Unfortunately, the trajectory of the
MAVEN spacecraft for the orbit studied here remains mostly near or within the induced magnetic
field draped around the planet and hence did not observe the solar wind outside of the bow shock.
However, our observation of K—H vortices along the polar terminator in the northern hemisphere
and the lack of clear observations of K—H vortices in prior or subsequent encounter of the induced
magnetosphere boundary in the southern hemisphere seems to suggest that the presence of the
crustal magnetic field might inhibit the growth of K-H instability. It is plausible the complex
interaction between the interplanetary magnetic field lines and the crustal magnetic field line might
stabilize the boundary surface to K—H instability. Further investigation on the topology of the
magnetic field lines, similar to recent K—H studies at Earth (e.g., Sisti et al., [2019]), should also
be conducted to provide better constraint on the detached plasma cloud volume, and hence plasma
loss rates. With the limitations of single-spacecraft measurements, any further discussions on the

relationship between K—H instability growth, and solar wind condition and interaction with the
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crustal magnetic field is out of the scope of this study and as such remains an unanswered question.
Therefore, future theoretical and statistical studies must be carried out in conjunction with global
simulation studies to investigate the effects of solar wind conditions and presence of crustal
magnetic field on the growth of K—H instability along the flow shear boundary. As discussed
above, answering these questions will lead to an understanding of the relevancy of the relatively
large instantaneous loss rates due to individual periods of K—H instability vs. the loss rates

integrated over longer time periods.

5. Conclusions and Future Work

The results presented here can be summarized to the following important observations:

(1) MAVEN observed fields and plasma signatures, primarily the (i) the quasi-periodic, sawtooth-
like magnetic field perturbations, and (ii) corresponding density decrease and (iii) tailward
enhancement of plasma velocity for both protons and heavy ions, associated with the encounter
of a wave train of fully-developed vortices during the development of K—H instability in its
non-linear stage along the Martian induced magnetosphere boundary.

(2) The co-existence of magnetosheath and planetary plasma in the region prior to the sawtooth
magnetic field signature supports the observation of a mixing region in the K—H vortex, which
strongly suggest the transport of mass across the flow shear boundary.

(3) Pressure enhancement (minimum) at the edge (center) of the “bipolar-like” sawtooth magnetic
field signature and MV A results are consistent with the scenario of K—H vortices formation.

(4) The close agreement between the 3-D MHD simulation results, and MAVEN’s fields and
particles measurements also supports the scenario for the occurrence of K—H instability along

the Martian induced magnetosphere boundary.
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(5) The observation of protons with energies greater than 10 keV and our Walén analyses provides
evidence for the possibility of particle energization within the mixing region via either
magnetic reconnection, secondary instabilities or other turbulent processes.

(6) From the observations, we estimated the lower limit on the instantaneous linear K—H instability
growth rate to be ~5.84 x 10 s*. We also calculated a growth rate of 0.0184 s based on 3-D
MHD simulation results.

(7) We also estimated the lower limit of instantaneous atmospheric ion escape flux due to
detachment of plasma clouds during the late non-linear development of K—H instability to be
~5.90 x 10% particles/s.

(8) The 3-D MHD simulations of the event studied here demonstrates that 3-D reconnection in the

vortices results in mass loss with rate of 9 x 10 particles/s.

To the best of our knowledge, the case study of MAVEN magnetic fields and plasma observations
presented here provides the first evidence for the occurrence of fully developed vortices associated
with the Kelvin—Helmholtz instability near the northern polar terminator region of the Martian
induced magnetosphere boundary. Although the K—H instability at Mars is phenomenologically
similar to that at Earth, our analyses clearly demonstrated that there are many aspects of the
instability, such as onset or stability criteria, occurrence and evolution, that is fundamentally
different at Mars due to the difference in magnetic field geometry and plasma environment (e.g.
strong presence of planetary heavy ions) surrounding and within the Martian induced
magnetosphere. As such, many questions regarding the nature of K—H instability at Mars (or other
un-magnetized planetary bodies) remain unanswered, which includes, but not limited to, the

following:
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(@) Are K-H vortices a common phenomenon at Mars? If so, where is the KH-unstable
boundary at Mars? What IMF and solar wind conditions are most conducive for the onset
and growth of K-H instability?

(b) What are the particle energization processes (i.e. magnetic reconnection, secondary
instabilities or other turbulent processes) occurring within or along the boundaries of the
K—H vortices that allows for the loss of planetary plasma across the unstable boundary at
Mars?

(c) What is the global-integrated mass loss rate from the detached plasma clouds during the
non-linear stage of K-H instability? How does this loss rate compared to other
atmospheric loss sources?

(d) What has been the role of K—H on atmospheric loss at Mars throughout the history of the
solar system?

With MAVEN’s continuous and simultaneous in-situ fields and particle measurements combined
with state-of-the-art numerical modelling, we can now answer some of the science questions to
further our physical understanding of K—H instability and its roles or contributions to the global

atmospheric loss at Mars, and possibly other un-magnetized planetary bodies.

This article is protected by copyright. All rights reserved.



Acknowledgement

Data sets analyzed in this study are publicly available and archived with the NASA Planetary Data
System (PDS) (https://pds-ppi.igpp.ucla.edu/mission/MAVEN). The authors would like to
acknowledge Dr. James P. McFadden for his contribution to this study in providing the STATIC
data. G. Poh is supported through a cooperative agreement with Center for Research and
Exploration in Space Sciences and Technology Il (CRESSTII) between NASA Goddard Space
Flight Center and Catholic University of America under award number 80GSFC21M0002. Work
by K. Nykyri and X. Ma is supported by NASA grants NNX17AI50G and 8ONSSC8K1381. X.
Ma is also supported by NASA grant 8ONSSC18K1108. S. Xu is supported by the NASA grant
NNH10CC04C to the University of Colorado and by subcontract to Space Sciences Laboratory,
University of California, Berkeley. The MAVEN project is supported by NASA through the Mars

Exploration Program.

This article is protected by copyright. All rights reserved.



Figures:

( ) 3_Illlllllllll*l\lIIIIIIIIIIIIIII_ 6_lllIIIIIIIIIIIIIIIIIIIIITIIlI_

a n 4 . » .

. " .

2F = Sk =

1E = " e

—~ —~ \\ 1

= - . = ® N =

x C ] < F S =

o OF - o 3 ¥ —

7)) - -1 5B o S -

= F . = N .

> E ] % B o u

gl = - 2 TR * F

=3 —4 = = ‘N b -4

S \

F . . ' a

k.. i o i k.,

-~ — : \\ \ -4

5 . » - m

— f’ - - \ 1 —
lllllllllllI4IIIlIlllllIIIIII |

2. =l 0 1 2

)

O

N
STATIC

(M>12)

Energy [ev] Energy [ev]

STATIC
(M<10)

[ev/(ev cm® s =r)]

SWEA
Energy [eV]

B, [nT]

B, [nT]

=

c
5
r

arb
hhmm
2017 Apr 16

Figure 1: (a) MAVEN orbit (grey dashed lines) on 16 April 2017 in the equatorial xy—plane (left)
and cylindrical plane (right). Purple and blue dashed lines show the typical location for the bow
shock and induced magnetosphere boundary [Vignes et al., 2002], respectively. The MAVEN
spacecraft trajectory is shown by the red line. (b) Magnetic field and plasma measurements

observed by MAVEN on 16 April 2017. Panels (i) and (ii): Energy spectrograms observed by
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STATIC for heavy (i.e. atomic mass > 12) and lighter (i.e. atomic mass < 10) ions, respectively.
Panel (iii): Electron energy spectrograms observed by SWEA. Panels (iv) — (vii): x, y, and z—
components, and magnitude of the magnetic field measurements. This figure shows that MAVEN
observed these quasi-periodic sawtooth-like magnetic field oscillations with corresponding
perturbation patterns in the plasma measurements at the northern polar terminator along the

induced magnetospheric boundary.
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Figure 2: The closed-up 20-minute interval of magnetic field, and electrons and ions (H*, O* and
0O2") measurements (i.e. density, temperature and velocity) observed by MAVEN on 16 April
2017. Panels (a) and (b): x, y, and z—components and magnitude of the magnetic field vectors.
Panels (c) — (e): Plasma density of heavy ions and H*, and the electron density and temperature
computed from STATIC and SWEA measurements, respectively. Panels (f), (h), (i): H*, O" and
O2" plasma velocity. Panel (g): H* plasma velocity in the HT frame. Vertical grey dashed lines
mark the start of the magnetic field and plasma perturbations associated with each K-H wave
cycle. This figure shows that the quasi-periodic sawtooth-like magnetic field oscillations and
corresponding plasma velocity perturbations of H*, O™ and O2" are associated with the encounter

of fully developed K—H vortices formed during the non-linear stage of the K—H instability.
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Figure 3: (a) Top: Schematic illustration of a K—H wave cycle example between 14:49:30 to

14:54:00 UTC, interpreted based on the magnetic field and plasma measurements. Orange arrow

shows MAVEN’s possible trajectory through the wave cycle. Panels (i — ii): Components and

magnitude of the magnetic field measurements observed by MAG. Panel (iii): Plasma density of

heavy ions (O™ and O2") measured by the STATIC instrument. Panels (iv — v): Plasma pressures

for each ion species and total pressure (i.e. sum of the magnetic pressures and total plasma pressure

for all ion species). (b) MVA hodogram of the boundary crossing marked by the red bar in Panel

(i) of Figure 3(a). Analysis of individual saw-tooth-like magnetic field signature indicates that

these signatures are consistent with the observations of K—H vortices, instead of flux ropes.
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corresponding to the encounter of the leading edge of a K—H vortex. Panel (d): x, y, and z—
components of the magnetic field measurements; the components are plotted in similar format as
Panel (a) of Figure 2 with the vertical dashed lines denoting the magnetic field sawtooth signatures

associated with the K—H vortices.
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This article is protected by copyright. All rights reserved.



107 g 10"
(a) E 14:4825UTC ] _} 1
"E o | 5§ 10°| =
2 OF E Tt .
§ [ i %
= i ] _(_g_‘ 103 - —
ool i S L _
E ] 10 L -
é r ] “é 10
8 L N 3 l
o 10" E E 2 el -
S E ] b 10
C ] fa} | |
10° Lesd ool vl vod 1o qo bl il 4
10° 10 102 10° 10° 10° 10 100 1000 10000
Energy [eV] Velocity [kms™]
107 SRRLLL BaLLL e L R R 10"
(b) F o 14:48:57 UTC i _ - 1
'E A | 5§ 10°F n
£ & ] °
o r ] % 10~8 — -
T 10k . 2 L §
3 F E 2
£ ] 3 -10 | =i
é B B 8 g 10
B, 5 I i
5 10° E a
& E E £ 107 .
[ ] [a) | |
10° Lvod ol vl ool viu qo Ll vl
10° 100 1072 10° 10° 10° 10 100 1000 10000
Energy [eV] Velocity [kms]
10" T 10™ T,
(c) E14:50:01 UTC _ ]
TN r 5 QE .l
"u')\ 105 = = (?O
e - E E 1
€ - ] n
3] F B K23 _
2 L ]
s .l 1 s _
= E E 3 .
é r & c
Bl ] £ 1
g 10°F E 2
& F 3 k7 N
E 5 a | |
10° Lt vod vl ol 4o g Lol vl
10° 10' 102 10° 10° 10° 10 100 1000 10000
Energy [eV] Velocity [kms™]

Figure 6: The proton energy flux — energy (left column) and velocity (right column) distribution
functions for (a) 14:48:25 UTC, (b) 14:48:57 UTC, and (c) 14:50:01 UTC. The dashed red line
represents the typical energy flux — energy and velocity distribution functions observed in the

magnetosheath region at 14:31:00 UTC.
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Figure 7: 3-D time-dependent simulation of the plasma density (p) in the x-y plane (z = 0). Black
arrows represents the plasma flow vectors. The y > 0 domain is referred to as the magnetosheath
side, while the y < 0 domain is referred as the martian induced magnetospheric side. Red star
represents the virtual spacecraft in the simulation. The virtual spacecraft is traveling at a speed of

v = [1.9445, -0.04] vo km/s in the vortex-moving frame (or simulation frame).
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Figure 8: (a) Time series (i) magnetic field in X, y, and z-components, (ii) proton density, (iii)
plasma flow velocity, and (iv) magnetic and total pressure measurements observed by the virtual
spacecraft in the 3-D MHD simulation. (b) Time series of MAVEN observation of a K—H vortex
example with format similar to Figure 8(a). Both simulation and observation results are display in
similar coordinate system for comparison. The close agreement between the magnetic field and

plasma measurements predicted by the 3-D MHD simulation, and MAVEN’s observation supports
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the scenario for the occurrence of K—H instability along the Martian induced magnetosphere

boundary.
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particle loss rate. (Bottom) Magnitude of velocity component normal to the initial boundary as a
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function of time on a log-scale. The gradient of the exponential fitting represents the K—H growth

rate vy.

~
Q
~—

1.0 g E
§% osfF 3
© O F 3
o 00F =
£ R :
88 05 E; 3

q0E E

—_

0.5

0.

Walen test
gradient

bl

o
LLLLI LLEFS LALLM

osE (iii)
10 R Sl TR VN AU T SR S T R (R S SR S T S
20— 7 T T T—T— 1 T T T T | T T T T ]
— 100 £ 7 Vinx
2 o e e el - o e
E 100 | N
=, -200 B iz B |~ ¢
£ -300 -
> 400 F 3
sﬂ?-l f oA omo@ U o o o5 & T ¢ ow g g s g g g
‘MM 14:40 14:45 14:50 14:55
Start Time: 2017-04-16/14:39:15 End Time: 2017-04-16/14:40:43
(b) 3 s L L L 400 T T T
2 R=095 . | B=08s P
T 200 |- Slope = 0.52 .
S 1E ':' £ E o ° oo .- T
: ,.’ Al 2
™ : ] : = L T .
x ° e e o ]
> ¢,‘ | L ] 4
-1 E o~ E ) L Jere 2° i
o -200 = -
2F E r o 1
P ] 1 ] | i B3 o g o o e o g b g e ]
3-3 2 A 0 1 2 3 409400 -200 0 200 400
Eir= Vir X B' [mV/m] v, [kmys]
Start Time: 2017-04-16/14:49:31 End Time: 2017-04-16/14:50:59
Ty 400 T
»E R=o081 P r A=051 i
S 200 |- Slope =0.09 -
S 1k O ]
E . _é : b "’ % :
E; P = et
@ oo - A £ Ofe ....,-:}?r??'.' -
> o | L . .
[ = o < L - J
> .
w .,:' o -200 i -
e .
2F 7 . E r ¥ 1
_» Bl I 1 1 1 ; [ s s laavel oas ) g
3-3 2 -1 0 1 2 3 40'5)400 -200 0 200 400
E;;;= Vyyy X B' [mV/m] V,' [km/s]

This article is protected by copyright. All rights reserved.



Figure 10: (a) Panel (i): x, y, and z—components of the magnetic field measurements. The
components are plotted in similar format as Panel (iv) of Figure 4. Panels (ii) — (iii): Time-series
correlation coefficients of the Ec — Ent (black) and V'’ — va (red) scatterplots, and gradient of the
regression line fitted to the V’ — va scatterplot, respectively, using a sliding time window of 90s.
Panel (iv): Time-series HT velocity computed from the deHoffman-Teller analysis technique. (b)
(top row panels): Ec — Ent and V’ — va scatterplots for time interval 14:39:15 — 14:40:43 UTC
(red bar) corresponding to MAVEN observation of Vortex 1. Each data point plotted represents
the x (blue), y (green), and z (red) — components of each vector parameter plotted in the scatterplot.
(bottom row panels): Ec — Ext and V'’ — va scatterplots for time interval 14:49:31 — 14:50:59 UTC
(red bar) corresponding to MAVEN observation of Vortex 2 in similar format as the top panels.
The Walén analyses provides evidence for the possibility of magnetic reconnection occurring

within the mixing region.
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