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Abstract18

When the velocity shear between the two plasmas separated by Earth’s magnetopause19

is locally super-Alfvénic, the Kelvin-Helmholtz (KH) instability can develop. A crucial20

role is played by the interplanetary magnetic field (IMF) orientation, which can stabi-21

lize the velocity shear. Although, in a linear regime, the instability threshold is equally22

satisfied during both northward and southward IMF orientations, in-situ measurements23

show that KH instability is preferentially excited during the northward IMF orientation.24

We investigate this different behavior by means of a mixing parameter which we apply25

to two KH events to identify both boundaries and the center of waves/vortices. During26

the northward orientation, the waves/vortex boundaries have stronger electrons than ions27

mixing, while the opposite is observed at their center. During the southward orientation,28

instead, particle mixing is observed predominantly at the boundaries. In addition, stronger29

local ion and electron non-thermal features are observed during the northward than the30

southward IMF orientation. Specifically, ion distribution functions are more distorted,31

due to field-aligned beams, and electrons have a larger temperature anisotropy during32

the northward than the southward IMF orientation. The observed kinetic features pro-33

vide an insight into both local and remote processes that affect the evolution of KH struc-34

tures.35

Plain Language Summary36

Due to the velocity shear layer generated by the solar wind flowing past the Earth’s37

magnetosphere, large surface Kelvin-Helmholtz (KH) waves and vortices can be formed38

at the magnetopause. These waves and vortices play a crucial role in transporting the39

solar wind particles through the magnetopause into the magnetosphere, where the par-40

ticles form a so-called low-latitude boundary layer (LLBL). The particle transport oc-41

curs due to stretching and twisting of the magnetic field lines by the KH waves/vortices,42

which result in plasma mixing and diffusion through the magnetopause. It appears that43

spacecraft observe the KH waves/vortices more often during northward orientations of44

the interplanetary magnetic field (IMF). During northward IMF, the induced high-latitudes45

reconnection thicken the preexisting LLBL and lower the density gradient at the mag-46

netopause, this favoring KH instability. Conversely, higher density jump and dayside re-47

connection, during southward IMF, can suppress the instability development and dis-48

rupt the KH vortices. To clarify these differences in the KH wave/vortex appearance un-49

der different IMF directions, we compare the wave/vortex and particle properties dur-50

ing both IMF orientations. We employ a mixing parameter, which helps identify specific51

regions of KH waves/vortices and investigate their kinetic signatures, thus providing an52

insight into KH evolution.53

1 Introduction54

The Kelvin-Helmholtz (KH) instability is a physical phenomenon which can de-55

velop in both fluids and plasmas when a velocity shear between two different interact-56

ing flows or within the same flow exists (Chandrasekhar, 1961; Miura, 1982). Its evo-57

lution typically results in the development of vortices that can eventually roll-up and merge.58

While fluids are KH-unstable for any amplitude of the jump velocity, in plasmas the mag-59

netic field has a stabilizing effect. In particular, in the near-Earth environment, both nu-60

merical simulations and in-situ observations have shown that the instability is strongly61

affected by the velocity jump and the orientation of the solar wind magnetic field, re-62

sulting in a seasonal and diurnal variability of the KH growth rate (W. Y. Li et al., 2012;63

Nykyri, 2013; Kavosi et al., 2023). Moreover, in-situ measurements show that the KH64

instability at the low latitude magnetopause is most frequently observed during periods65

of northward IMF, when magnetic reconnection at the subsolar magnetopause tends to66

be suppressed (Kivelson & Chen, 1995; Fairfield et al., 2000; Nykyri & Otto, 2001; Nykyri67
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et al., 2006; Hasegawa et al., 2004, 2006; Foullon et al., 2008; Kavosi & Raeder, 2015).68

In this case, the KH instability is believed to be mainly responsible for the efficient plasma69

transport and momentum transfer across the magnetopause boundary and for the for-70

mation of the low latitude boundary layer (LLBL), which is observed to be thickened71

on the magnetosphere side under northward IMF configurations (Fairfield et al., 2000;72

Otto & Fairfield, 2000; Nykyri & Dimmock, 2016; Henry et al., 2017; Nakamura, 2021).73

Indeed, during their non-linear evolution, KH vortices can highly twist and compress the74

magnetic field lines, thus generating thin current sheets which can eventually reconnect75

and contribute to locally generate a turbulent environment (Eriksson et al., 2016; W. Li76

et al., 2016; Stawarz et al., 2016; Sorriso-Valvo et al., 2019). This mechanism of vortex77

induced reconnection (VIR) can enhance particle mixing and favor the plasma entry across78

the magnetopause boundary (Daughton et al., 2014; Nakamura et al., 2017).79

On the other hand, the KH instability is less likely to be observed during periods80

of southward IMF (Kavosi & Raeder, 2015). The first observation was reported by Hwang81

et al. (2012) that showed more fragmented and intermittent structures, contrary to the82

periodic signatures observed during northward IMF conditions. Such differences have83

been investigated in numerical simulations, showing the generation of competing mech-84

anisms that stabilize the velocity shear and inhibit the growth of KH waves. For exam-85

ple, fully kinetic simulations showed that the development of the Rayleigh-Taylor insta-86

bility can stretch KH vortices and prevent their rolling, thus destroying the periodicity87

and making their detection more difficult (Matsumoto & Hoshino, 2004; Faganello et al.,88

2008; Nakamura et al., 2022). Moreover, 3D fully kinetic simulations showed that VIR89

in multiple sites of the vortices can lead to a faster vortex decay (Nakamura et al., 2020).90

Furthermore, in configurations where the magnetic field changes its sign across the shear91

layer, magnetic reconnection, which is the primary process, can disrupt the KH struc-92

ture (Faganello & Califano, 2017; Ma et al., 2014a, 2014b). The unprecedented high-resolution93

measurements provided by NASA’s Magnetospheric Multiscale (MMS; Burch et al., 2016)94

mission, have enabled a more detailed study of the KH instability and its interplay with95

small-scale processes, like magnetic reconnection, thus allowing a better understanding96

of the different occurrence rates of the instability under southward and northward IMF.97

The first MMS observation of southward KH instability showed the presence of lower hy-98

brid drift (LHD) waves at the trailing edges of the vortices, where the magnetic field lines99

are more compressed (Blasl et al., 2022). This process contributes to further mixing the100

plasma and can trigger magnetic reconnection at the electron scale (Nakamura et al., 2022;101

Blasl et al., 2023).102

In this work, we compare two KH observations during northward and southward103

IMF orientations, respectively, on September 8, 2015 and September 23, 2017 (Eriksson104

et al., 2016; Blasl et al., 2022). Specifically, we focus on the kinetic features that char-105

acterize the KH structures at their boundaries and at their center. Previous studies have106

shown higher distortion of the ion velocity distribution functions (VDFs) at the center107

and stronger magnetic gradients at the boundaries both in in-situ observations and ki-108

netic hybrid simulations (Settino et al., 2020, 2021). To identify such regions, in our anal-109

ysis, we exploit the mixing parameter, a single-spacecraft quantity introduced in a pre-110

vious paper by Settino et al. (2022). The mixing parameter takes into account the dis-111

tinct particle energies in the magnetosphere (MSP) and magnetosheath (MSH), thus dis-112

tinguishing where the particles are coming from. The outline of the paper is the follow-113

ing: in Section 2, we show an example vortex crossing for both the northward and south-114

ward IMF configurations; in Section 3, we analyze the properties at the boundaries and115

inside the crossings, pointing out the non-thermal features that arise; then, to give a bet-116

ter insight into such characteristics, in Section 4, we further analyze them in a minimum117

variance frame; finally, in Section 5, we discuss our results and state the conclusions.118
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2 Case study: KH events under northward and southward IMF119

In this section, we compare two KH events observed by MMS during northward120

(NKH) and southward (SKH) IMF conditions at the Earth’s magnetopause respectively121

on September 8, 2015 and on September 23, 2017 (see Eriksson et al., 2016; Blasl et al.,122

2022, for a detailed analysis of each event). During both KH events, MMS was located123

on the dusk side magnetopause but at different distances from the nose of the Earth’s124

magnetopause. During the NKH event, the spacecraft observed KH fluctuations at about125

[5, 7, 0] RE , before the terminator; while during the SKH event, they were observed far-126

ther in the flank, beyond the terminator at about [–10, 21, 6] RE . We analyze data from127

MMS1 spacecraft. We use particle data from the Fast Plasma Investigation (FPI Pol-128

lock et al., 2016) with a cadence of 4.5 s in fast mode for both ions and electrons, mag-129

netic field data from the FluxGate Magnetometer (FGM; Russell et al., 2016) with a res-130

olution of 16 Hz in survey mode and spacecraft potential from the electric field double131

probe (EDP; Ergun et al., 2016; Lindqvist et al., 2016) with a resolution of 32 Hz in fast132

mode.133

2.1 Overview of KH waves/vortices observation134

We show an overview of the NKH event in panels (a)-(f) of Figure 1. During this135

event, MMS crossed the magnetopause boundary starting from the magnetospheric side,136

between 09:00 - 09:21 UTC, and exiting into the pure magnetosheath after 11:27 UTC.137

During its crossing, the spacecraft observed more than 1 hour of periodic or quasi-periodic138

fluctuations identified as surface waves or vortices excited by the KH instability (see Eriks-139

son et al., 2016; W. Li et al., 2016, for further details). The encounters of the unperturbed140

magnetosphere (MSP) and magnetosheath (MSH) are also highlighted by the red and141

blue shades in Figure 1. Between these two regions, the spacecraft observed a long in-142

terval of quasi-periodic fluctuations (yellow shade) where the cold dense MSH plasma143

coexists with the hot tenuous magnetospheric one. These perturbations are clearly ob-144

served in several quantities, like, both the ions and electrons energy spectrograms, Ei,145

Ee (panels a and b), the ion density, N (panel c) and the ion and electron temperatures,146

Ti and Te (panel d). In addition, MMS observed a preexisting boundary layer as indi-147

cated by the electron energy spectrogram in panel (b). Indeed, besides the high energy148

electron population of magnetospheric origin and the low energy MSH electrons, the space-149

craft observed a third populations with energies in the range [200 1000] eV, intermedi-150

ate between the MSP and MSH. This intermediate electron population has been asso-151

ciated to magnetic reconnection at mid-latitude, that would connect the MSH and MSP152

sides, thus allowing the heated MSH electrons from mid-latitude to reach the MMS lo-153

cation at lower latitudes (Vernisse et al., 2016; Eriksson et al., 2021). As a consequence154

of this pre-existing boundary layer, the density jump at the magnetopause is lowered,155

thus favoring the development of KH instability (Nakamura et al., 2017).156

In panels (e) and (f) both the magnetic field and ion bulk velocity are shown in a157

local boundary coordinate system (lmn) as defined by Settino et al. (2022): The m-vector158

is along the wave vector of the KH perturbations, which is close to the bulk flow direc-159

tion, the n-vector is chosen perpendicular to and directed outward in respect with the160

magnetopause boundary, and finally the l-vector completes the orthogonal system and161

is directed close to the north-south direction in the Geocentric Solar Ecliptic system (GSE).162

We highlight that to make the notation consistent with the SKH event and avoid any163

confusion, we have reversed the m-component along the anti-flow direction and consis-164

tently reevaluated the l direction. Therefore, the orthonormal versors written in the GSE165

system are: l = [0.17, 0.11, 0.98], m = [0.76, −0.64, −0.06], n = [0.62, 0.76, −0.19].166

Panel 1e shows an almost constant Bl-component (blue line) with values close to the to-167

tal magnetic field magnitude (black line), thus indicating a strongly northward IMF con-168

figuration. The other components, Bn and Bm, are close to zero but, during the KH in-169

terval, they display bipolar changes, corresponding to boundaries and narrow current sheets.170
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Finally, in panel (f), a clear shear flow is observed along the m-direction with a jump171

of about 400 km s−1 while period fluctuations around zero can be observed in the other172

two components, Vn, Vl.173

Figure 1. Overview plots of two Kelvin-Helmholtz event observed by MMS1 during Septem-

ber 8, 2015 under Northward IMF orientation (top) and during September 23, 2017 under South-

ward IMF conditions (bottom). We show: (a), (g) ion energy spectrograms; (b), (h) electron

energy spectrograms; (c), (i) particle density; (d), (j) ion and electron kinetic temperatures; (e),

(k) three components of the magnetic field in a local boundary normal coordinate system LMN

(see manuscript for a more detailed explanation) together with its magnitude; (f),(l) three com-

ponents of the ion bulk velocity in a global coordinate system LMN. The magnetosperic and

magnetosheath crossings are also highlighted by the red and blue shades, respectively.

The SKH event is very different from the NKH. The overview plot in panels (g)-174

(n) of Figure 1 shows that the spacecraft observed the boundary layer during the whole175

interval. Nonetheless, due to the outward motion of the magnetopause, it is possible to176

identify intervals with typical properties of the MSH and MSP regions. In particular,177

the ion and electron energy spectrograms (panels 1g and 1h) show the presence of low178

energy plasma between 15:56:20 - 15:58:00 UTC (blue shade) and high energy particles179

between 16:55:00 - 16:57:20 UTC (red shade). In correspondence of the blue shade, the180

density (panel 1i) is quite high (about 13 cm−3); conversely, both ions and electrons tem-181

peratures (panel 1j) are very low (Ti = 150 eV and Te = 30 eV). In addition, a high182

speed ion bulk flow (magnitude of about 300 km s−1) is observed in panel 1l. All together183

these features are consistent with the crossing of a MSH-like plasma. On the other hand,184

in the red shade, an opposite behavior is observed, with respect to the blue one, for the185

density and temperatures. Indeed, a plasma characterized by a lower density (less than186

∼ 1 cm−3) and higher ion and electron temperatures is observed. Moreover, the ion bulk187

velocity is close to zero, which is consistent with the crossing of a MSP-like plasma.188

During this boundary layer crossing, MMS observed 1-hour fluctuations (yellow shade)189

consistent with KH waves/vortices (see Blasl et al., 2022, for further details). Contrary190

to the NKH fluctuations with a clear periodicity, the SKH event is characterized by more191

fragmented and less periodical structures. These feature seems to be typical for KH in-192

stability under southward IMF orientation (Hwang et al., 2012). 2D and 3D PIC sim-193

ulations performed with a similar setup as the SKH event, have investigated this aspect194

of KH instability, suggesting that secondary instabilities like RT and LHD instabilities,195

can deform the KH waves/vortices and affect their periodicity (Nakamura, 2021). More-196

over, for this event, signatures of such secondary instabilities were also observed by MMS197

(Blasl et al., 2022). We highlight that the vectors are displayed in a local boundary sys-198

tem defined as in Blasl et al. (2022) and consistent with the one discussed for the NKH199

event. Indeed, the m-vector is along the plasma anti-flow direction, n is perpendicular200

to the magnetopause boundary and directed outward and finally, l, which is close to the201

south-north direction, completes the orthonormal system. Therefore, in the SKH event,202

the new vectors written in GSE coordinates are: l = [0.00, −0.29, 0.96], m = [0.96, −203

0.28, 0.09], n = [0.29, 0.91, 0.28]. During the KH interval, between 15:30 - 16:30 UTC,204

the energy spectrograms show the co-existence of MSH-like and MSP-like particles and205

fluctuations in several plasma moments, namely density, ion and electron temperatures206

and ion bulk velocity, as well as in the magnetic fields. Specifically, sharp boundaries can207

be identified in the Bl-component (panel 1k) which is negative in the MSH-like inter-208

vals and positive in the MSP-like intervals, thus highlighting that the IMF is oriented209

southward.210
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2.2 Single vortex crossing211

To statistically investigate the characteristics of KH waves/vortices and point out212

their differences and similarities under different IMF orientations, we use a mixing pa-213

rameter, µ, introduced by Settino et al. (2022). This quantity is defined independently214

for ions (µi) and electrons (µe), based on their energies in the MSH-like and MSP-like215

regions. Since these two regions have distinct energies at the Earth magnetopause, µ al-216

lows us to identify where the particles are coming from. Hereafter, we briefly show the217

definition and main properties of such quantity and refer to Settino et al. (2022) for a218

more detailed discussion. The mixing parameter is a normalized quantity which ranges219

between [−1, 1] and is defined as follows:220

µα =
σ̄α,a − σ̄α,b

σ̄α,a + σ̄α,b
, (1)221

σα,a(b) =

∫
Eα,a(b)

fα(E, t) dE, (2)222

where σα,a(b) is the omni-directional particle distribution function, α = i, e is the in-223

dex running on the particle species, a is the energy range corresponding to a MSH-like224

(low energy) particles, b is the energy range corresponding to MSP-like (high energy) par-225

ticles, and finally the overline ( ...) indicates that the quantity has been normalized to226

its maximum value. Because of this definition, the extreme values, −1 and 1, correspond227

to the non-mixed plasma of the pure MSP and MSH, respectively, while 0 corresponds228

to the highest degree of mixing. Moreover, the intervals [-1,0) and (0,1] correspond, re-229

spectively, to a plasma dominated by particles of magnetospheric or magnetosheath ori-230

gin. In addition, as already shown in Settino et al. (2022), the range −0.5 and 0.5 iden-231

tify the region with higher mixing.232

The mixing parameter has already been applied to the NKH event to identify the233

spacecraft trajectory across the KH structures and their evolutionary stage (Settino et234

al., 2022). In this case each KH wave/vortex has been analyzed into the mixing-parameter235

space generated by both µi and µe. Based on the trajectory of the particles in this space,236

three different types of crossings were identified: i) waves (straight line trajectory), ii)237

steepened waves (simple loop trajectory) and iii) rolled-up vortices (complex loop tra-238

jectory with multiple twists). Such a classification showed the second type of crossings239

(i.e. steepened waves) to be the predominant one. Conversely, in the present study, we240

focus on two specific regions of the KH waves/vortices, namely boundaries and center,241

and investigate their main properties. In the following, we show that the electron mix-242

ing parameter, µe, is a good candidate to identify the center and the boundaries of KH243

waves/vortices. For this purpose, in Figure 2, we only show a single vortex crossing for244

the NKH (left) and SKH (right) event. The wave/vortex region is highlighted by the ver-245

tical red solid lines, while the two boundaries (B) and the center (C) are divided by the246

vertical red dashed lines.247

At first, we focus on the NKH event. In Figure 1a-e, we choose one of the steep-248

ened wave crossings which are more representative of this event. Panel 1a shows an al-249

most constant Bl-component (blue line) with values close to the total magnetic field mag-250

nitude (black line), thus indicating a strongly northward IMF configuration. Between251

10:26:27.97 UT and 10:26:32.00 UT, the spacecraft observe a smooth transition in both252

the magnetic field (panel a) and ion bulk velocity (panel b) components; thus suggest-253

ing that MMS is crossing a smooth boundary of the KH structure. Such boundary can254

be clearly observed in the electron energy spectrogram (panel 1c). Indeed, close to the255

first vertical red dashed line, we observe a transition from a plasma dominated by low256

energy electrons to a plasma where the intermediate electron energy population starts257

to dominate. On the other hand, the ion energy spectrogram (panel 1d) doesn’t change.258

This region is consistent with the crossing of the first KH wave/vortex boundary.259
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Figure 2. Plot of a single KH crossing during the September 8, 2015 event under a Northward

IMF (left) and during the September 23, 2017 event under a Southward IMF (right). From top

to bottom we show: (a), (e) three components of the magnetic field in a global coordinate system

LMN (see text for a more detailed explanation) together with its magnitude; (b), (f) electron en-

ergy spectrogram; (c), (g) ion energy spectrogram; (d), (h) ion (black) and electron (red) mixing

parameters. The energy ranges used to evaluate the mixing parameters are shown on top of the

energy spectrograms. Boundary regions (B) are identified by the interval between the red vertical

solid and dashed lines, while the center (C) is highlighted by two red vertical dashed lines. The

black horizontal solid line indicate the threshold value of the electron mixing that distinguishes

between boundaries and center. Finally, the yellow shade in panel (e), indicate the time of the 3D

ion velocity distribution function displayed in Figure 7.

After this boundary, the spacecraft enter a region characterized by a change in the260

sign of Bm and Bn and a consistent decrease in the shear velocity (Vm) which assumes261

values intermediate with respect to the MSP (almost quiet plasma) and the MSH (∼ 300 km262

s−1). Such features are consistent with the KH dynamics during which, due to the ve-263

locity shear, a centrifugal force develops and produces a twist of the magnetic field lines.264

To balance such a force, a pressure gradient is generated that tends to confine the low265

density MSP plasma at the center. In addition, both the ion and electron energy spec-266

trograms show the co-existence of high and low energy particles, with the former being267

increasingly dominant. Therefore, this region is consistent with the crossing of the in-268

ner part of KH wave/vortex (i.e. center). Finally, in correspondence of the second ver-269

tical dashed line, the low energy MSH plasma becomes again the dominant one and clear270

boundaries are observed in both the electron and ion energy spectrograms. Moreover,271

the shear velocity magnitude, |Vm| start to increase again and similar properties as in272

the first boundary region are observed for both plasma quantities and fields. The space-273

craft is then crossing the second KH wave/vortex boundary.274

It is worth pointing out that the boundaries observed in the plasma and fields quan-275

tities are also well identified by the electron mixing parameter. In panel 1e we show the276

ion (black curve) and electron (red curve) mixing parameters, which have been defined277

by using the energy ranges shown in Figure 1c, 1d. Specifically, µi, is defined by using278

the low energy range Ei,L = [20, 3000] eV and the high energy range Ei,H = [3, 20] keV.279

On the other hand, for the electron mixing, µe, we use the intermediate energy range280

Ee,M = [200, 700] eV and the low energy range Ee,L = [20, 60] eV. It is immediately281

evident that the crossing from the KH boundary to the center and vice-versa, correspond-282

ing to the inner boundaries (red vertical dashed lines at t
(1)
in , t

(2)
in ), is well identified by283

the threshold µe = 0.5. The outer boundaries (red vertical solid lines at t
(1)
out, t

(2)
out), in-284

stead, are identified by using both the electron mixing parameter, plasma quantities and285

magnetic field. Specifically, we consider regions where µe ≥ 0.5 and magnetic field, ion286

bulk velocity, density and temperature have quite constant values but lower than the ones287

observed in the unperturbed MSH. This would also correspond to exclude values of µe288

which are close to 1, as by definition they indicate the crossing of unperturbed MSH plasma289

that the spacecraft can observe between two consecutive KH structures. It is worth men-290

tioning that µi and µe, in general, can have a different behavior as clearly shown in panel291

1e where the electron mixing is consistently lower than the ion mixing at the beginning292

of the interval, while has a similar profile close to the second boundary region. However,293

for the structures that we are considering (KH waves/vortices have dimensions of sev-294

eral ion inertial lengths) the electrons are magnetized and therefore respond faster to changes295

in the magnetic field topology; thus µe represents a better candidate than ions for the296

identification of the boundaries and center of the KH structures.297
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Here, we consider the SKH event. The southward IMF orientation is clearly iden-298

tified by the negative Bl component (panel 1f) in the MSH, outside the two boundary299

regions (red vertical lines). The first boundary region is encountered between 15:40:31.22 UT300

and 15:40:54.94 UT. In this interval the magnetic field magnitude (black curve in panel301

1f) locally increases, the Bl-component has a quite sharp transition from negative to pos-302

itive values and the Bn and Bm components have different signs. The same features are303

also observed in the second boundary region between 15:42:32.00 UT and 15:43:01.25 UT,304

thus highlighting that the boundaries are quite symmetric. Such symmetry in the bound-305

aries can be observed also in other quantities like the electron (panel 1h) and ion (panel306

1i) energy spectrograms and both ion and electron mixing parameter (panel 1l). The cen-307

ter of the crossing shows a positive and quite steady Bl-component (panel 1f), a decreas-308

ing shear velocity Vm (panel 1g) and a high energy particle population of MSP origin309

in both spectrograms (panels 1h, 1i). We also point out that the ion energy spectrogram310

shows, in the center but very close to the inner boundaries, a more MSH-like plasma due311

to the excitation of lower hybrid drift (LHD) waves that contribute to plasma diffusion312

at the boundaries and generate an extra mixing inside the structures (Blasl et al., 2022).313

Such feature can be also recognized in the ion mixing parameter, especially close to the314

first boundary region where µi remains lower than µe suggesting that it enters more smoothly315

the high energy region. The mixing parameters also highlight some other interesting dif-316

ferences between these two crossings. For instance, during the NKH event, µe is lower317

than µi not only at the boundaries but also during the first part of the crossing, while,318

during the SKH event, the two mixing parameters follow each other quite well except319

for some discrepancies at the boundaries where conversely µi is lower than µe. We an-320

ticipate that such a feature is not limited to these two crossings but is typical for all the321

structures observed during these events as observed in the statistics discussed in the next322

Section.323

3 Kinetic properties of KH crossings324

In this section, we statistically study the properties at the boundaries and center325

of all the KH crossings for both events and point out differences and similarities between326

the NKH and SKH observations. The boundaries and center of each crossing have been327

identified by using the electron mixing parameter as discussed in the previous Section328

and shown in Figure 1 for two specific crossings. Therefore, we have identified the in-329

ner boundaries as the time at which µe = 0.5 and fixed the two outer boundaries start-330

ing from these times. Each crossing of the NKH or SKH event have in general different331

duration of the boundary regions, as can be easily observed in Figure 2. To take into ac-332

count this and make a one-to-one comparison among all the KH crossings of the same333

event, we have normalized each crossing to the duration of the inner boundaries cross-334

ing, i.e. t̂ = (t−t
(1)
in )/(t

(2)
in −t

(1)
in ). Therefore, t̂ = 0 corresponds to the first inner bound-335

ary (t
(1)
in in Figure 2), while t̂ = 1 corresponds to the second inner boundary (t

(2)
in in Fig-336

ure 2). Thus, the center of the KH waves/vortices is identified by the time interval 0 <337

t̂ < 1, while the two boundary regions are t̂ ≤ 0 and t̂ ≥ 1.338

We point out that, contrary to the center of the KH waves/vortices, KH bound-339

aries have a shorter extension which could be not well resolved by using fast measure-340

ments. Therefore, we have evaluated the average duration of the boundary region and341

found that it is ∼ 18.5 s for the SKH event and about 8.6 s for the NKH event. While342

the boundary region is well resolved for the SKH event and only 8.3% of the boundaries343

have a resolution lower than MMS, the conditions worsen a bit for the NKH event. In-344

deed, in this case the extension of the boundaries is closer to the MMS resolution and345

more boundaries, about 37.3%, are not well resolved by the spacecraft. However, dur-346

ing the NKH event much more KH crossings (about 69) are observed, thus consistently347

increasing the statistics for the boundaries. Considering the high number of KH cross-348

ings for the NKH event and the long extension of the boundaries for the SKH and since349
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we are interested in the general properties of the boundaries which are well above the350

ion scale, fast mode data can provide a good statistic.351

Figure 3. Histograms of the ion and electron mixing for the whole KH vortex crossings during

the Northward (left columns) and Southward (right column) IMF. The time interval of each vor-

tex crossing has been normalized as described in the text, i.e. (t − t
(1)
in )/(t

(2)
in − t

(1)
in ), so that for

each crossing 0 and 1 correspond to the times of the two inner boundary crossings. The vertical

red dashed lines separate the boundary regions from the center according to the mixing param-

eters values. From top to bottom the panels show: (a), (d) the ion mixing; (b), (e) the electron

mixing; (c), (f) the difference between ion and electron mixing.

In Figure 3, we show the mixing degree of electrons and ions for all the structures352

during NKH and SKH events. Keeping in mind that the mixed region corresponds to353

the range µe ∈ [−0.5, 0.5] (blue shade), in panel (a) we observe that ions are predom-354

inantly mixed at the center of the structures. A different behavior is observed instead355

for µe that is mixed close to the boundaries (see panel 2b). Moreover, while µi displays356

an asymmetric shape with a smoother transition close to the first boundary and a sharper357

one close to the second boundary crossing, a symmetric profile is observed for the elec-358

tron mixing as also highlighted by panel (e) in Figure 1. On the contrary during the SKH359

event, we clearly observe an ion population of MSP origin (µi ≃ −1) at the center and360

a quite symmetric shape with sharp transition at both boundaries. In this case, mixed361

particles are well confined in the regions close to the boundaries. The same shape is ob-362

served for the electron mixing parameter in panel 2e, thus suggesting a similar ion and363

electron dynamics.364

The different characteristics of the KH structures during each event can be attributed365

to two factors: i) the development of more rolled-up vortices during the NKH event; ii)366

the location of the spacecraft relative to the magnetopause boundary. Indeed, the high367

mixing observed at the center of the structures would suggest that KH vortices are more368

rolled-up during the NKH than SKH event. As a further confirmation, we have also checked369

the behavior of the ion and electron mixing parameters (not shown) during the last part370

of the NKH interval, when an increasing number of rolled-up vortices is observed (Settino371

et al., 2022). We found that the counts tend to be confined inside or close to the blue372

shade, thus suggesting that rolled-up structures are mainly responsible for the plasma373

mixing enhancement. In addition, the crossing of pure MSP particles inside the SKH cross-374

ings is not only connected to the early stage of the KH structures but it is also conse-375

quence of the fact that the magnetopause boundary is moving outward, thus MMS en-376

counters more and more magnetospheric particles. Indeed, Blasl et al. (2022) highlighted377

that short interval of almost pure MSH plasma are observed only at the very beginning378

of the SKH event, while at later times, MSH-like encounters show low density values com-379

patibles with a more boundary layer plasma.380

In order to better quantify such differences between the ion and electron mixing381

parameters, in panels 2c and 2f we show the quantity: ∆µ = |µi| − |µe|. This defini-382

tion takes into account the fact that the highest degree of mixing is associated to the val-383

ues closest to zero, so when |µi| > |µe| it means that electrons are more mixed than384

ions and vice-versa when |µi| < |µe|. It is worth noticing that the largest (or lowest)385

is this difference, the more the two mixing parameters follow a different behavior. Con-386

versely, when |µi| − |µe| = 0 the two mixing parameters perfectly follow each others.387

Then, by using ∆µ, we can easily observe that during the NKH event, electrons expe-388

rience higher mixed close to the boundaries, while ions are more mixed at the center of389

the KH waves/vortices. A very different behavior is observed during the SKH event for390

µi and µe. Indeed, ion and electron mixing parameters follow each other very well at the391
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center of the KH structures, while more mixed ions are observed at the boundaries. It392

is worth pointing out that a higher electron than ion mixing is also observed inside the393

vortices close to the inner boundaries, specifically [0, 0.2] and [0.85, 1]. The development394

of LHD waves at the boundaries of KH waves/vortices, due to strong magnetic field com-395

pression, could account for the diffusion of electrons and the enhanced mixing highlighted396

by ∆µ.397

Figure 4. Histograms of the ion (a), (c) and electron (b), (d) temperature anisotropy for the

Northward (left columns) and Southward (right columns) IMF. The horizontal black dot-dashed

lines indicate the isotropic temperature.

To further characterize the properties of KH waves/vortices, in Figure 4, we also398

investigate ions and electrons temperature anisotropies. As the KH instability leads to399

the mixing of MSH and MSP plasma, also ions and electrons temperatures are expected400

to assume values intermediate in respect with the two sides of the shear layer. It is im-401

mediately evident that the strongest anisotropy is observed in the NKH event, during402

which the ion temperature anisotropy reaches a value of ∼ 3 at the boundaries. At the403

center, although Ti,⊥/Ti,|| is statistically close to isotropic, we observe both parallel and404

perpendicular temperature anisotropies. It is worth pointing out that the ion anisotropy405

displays the same asymmetry as the ion mixing due to the presence of a few counts with406

higher perpendicular temperature either close to the leading edge and at the center con-407

nected to rolled-up vortices. This is in agreement with recent studies that observed an408

enhancement of rolled-up vortices due to changes in the conditions at the bow-shock to-409

wards the end of the KH interval (Settino et al., 2022). Conversely, electrons are close410

to isotropic at the boundaries, while at the center a strictly parallel anisotropy is observed.411

This is not surprising as electrons quickly respond to changes in the magnetic field topol-412

ogy.413

Interestingly enough, during the SKH event, both ions and electrons are isotropic414

at the boundaries while at the center they have a different behavior. Ions have a higher415

perpendicular temperature anisotropy, while electrons are very close to isotropic but with416

either small parallel and perpendicular temperature anisotropies. Such observations are417

in agreement with both simulations and in situ observations showing the presence of a418

change in the ion temperature anisotropy direction in correspondence of the KH bound-419

aries (Settino et al., 2020, 2021). It is worth pointing out that, while isotropic ion tem-420

perature at the boundaries seems to be a common feature to all KH vortices, at the cen-421

ter, instead, the ion temperature anisotropy doesn’t have a unique trend. Both upstream422

solar wind conditions and development of secondary instabilities could affect its behav-423

ior, as well as the evolutionary stage of the KH structure itself.424

3.1 Statistical analysis over the whole KH interval425

The analysis shown in the previous sections, based on the identification of the in-426

ner and outer boundaries, is rather difficult due to the fact that each KH crossing has427

to be carefully checked by eye to properly identify the outer boundaries. Therefore, such428

approach is less suitable for a statistical study which would include many KH observa-429

tions under different solar wind conditions and a train of crossings for each event. In this430

section, we show that the electron mixing parameter can enable a more straightforward431

analysis of the kinetic properties at the boundaries and center of the structures provid-432

ing the same results as the identification of the single crossings.433

In panels 5a and 5b, we show again the ion, Ti,⊥/Ti,||, and electron, Te,⊥/Te,||, tem-434

perature anisotropies. Contrary to Figure 4, here we plot the whole KH interval in func-435
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tion of the electron mixing parameter. As widely discussed, values of µe ≥ 0.5 (yellow436

shade in Figure 5) corresponds to the boundary regions of the KH waves/vortices, while437

µe < 0.5 (blue shade) corresponds to the inner region of the KH structures. We point438

out that in this case we exclude not only the values close to 1 but also to -1 to take into439

account both the pure MSH and MSP regions that the spacecraft could observe between440

one crossing and the other, without affecting the outcome of the analysis. By using this441

approach, the first and second boundary of the KH structures can’t be separated but are442

both included in the boundary region. We clearly observe that the same statistical prop-443

erties are recovered at the boundaries and center of the KH waves/vortices when com-444

paring Figure 4 with panels 5a and 5d. For example, if we focus on the NKH event, the445

same strong perpendicular ion temperature anisotropy is recovered at the boundaries,446

while at the center the ions are close to isotropic with a predominance of perpendicu-447

lar anisotropy. Furthermore, isotropic electrons at the boundaries and strictly parallel448

at the center are also recovered.449

Figure 5. Scatter plot of non-thermal features of KH vortices as a function of the electron

mixing parameter. In the panels we show: (a) ion temperature anisotropy; (b) ion agyrotropy;

(c) ion non-Maxwellianity; (d) electron anisotropy; (e) electron agyrotropy; (f) electron non-

Maxwellianity for the northward (green bullets) and southward (red bullets) IMF orientation.

The blue and yellow shades in each panel indicate the two different regions identified by the elec-

tron mixing parameter (i.e. center and boundaries, respectively).

Since the electrons move faster along the magnetic field lines and quickly respond450

to changes in the magnetic field, µe represents a good candidate for the identification451

of the boundaries of KH structures as discussed already in Section 2. This is particu-452

larly evident in panels (d) and (j) of Figure 2, where µe follows very well the bipolar changes453

in the magnetic field as well as the reversal in the SKH event at the boundaries, and the454

decrease of the ion bulk velocity at the center. Moreover, as it takes into account the par-455

ticles origin, µe automatically separates the different plasma populations based on where456

they are coming from. Thus, as a next step, we consider the whole KH interval for both457

events, which correspond to the time interval [10:09:00, 11:30:00] UT for the NKH ob-458

servation and [15:30:00, 16:30:00] UT for the SKH event (yellow shades in Figure 1). As459

the electron mixing parameter well reproduces the results obtained from the single cross-460

ings analysis, we take advantage of this quantity to investigate in more details some ki-461

netic features associated with KH structures, with a particular focus on agyrotropy and462

local non-thermal features quantified via the non-Maxwellianity measure. The ion, Qi463

and electron, Qe, agyrotropy are evaluated by using the components of the pressure ten-464

sor, Pi(e), rotated in the reference frame in which one of the axes is along the local mag-465

netic field and the two perpendicular pressures are equal (Swisdak, 2016):466

Pi(e) =

 P|| Pxy Pxz

Pxy P⊥ Pyz

Pxz Pyz P⊥

 (3)

Qi(e) =
P 2
xy + P 2

xz + P 2
yz

P 2
⊥ + 2P⊥P∥

; (4)

where Pi(e) is by property symmetric, and the subscripts, indicating the particle species,467

have been dropped in the components of the pressure tensor for an easier reading. Qi(e)468

ranges from 0 (fully gyrotropic configuration) to 1 (maximum agyrotropy, where all non-469

diagonal elements of the pressure tensor contribute to the agyrotropy). We observe a sim-470

ilar behavior for Qi and Qe in panels 5b, 5e. During both the NKH and SKH events the471

agyrotropy parameters reach higher values at the center and close to the boundaries of472

the KH waves/vortices. However, Qi(e) are very small in all cases (∼ 0.2% for electrons473
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Table 1. NKH event. Maximum values of non-local thermal features of KH structures

Region ϵi ϵe Ti,⊥/Ti,|| Te,⊥/Te,|| Qi × 10−2 Qe × 10−3

MSP 0.41 0.09 3.03 1.06 0.20 0.1
MSH 0.38 0.11 1.60 0.83 0.75 0.2
Center 0.67 0.13 3.15 0.99 1.19 1.6
Boundaries 0.50 0.13 3.08 1.01 1.39 0.9

Table 2. SKH event. Maximum values of non-local thermal features of KH structures

Region ϵi ϵe Ti,⊥/Ti,|| Te,⊥/Te,|| Qi × 10−2 Qe × 10−3

MSP 4.47 1.12 1.25 1.06 2.57 0.3
MSH 3.81 0.35 1.68 1.25 0.43 0.4
Center 2.95 0.71 1.72 1.05 1.95 1.4
Boundaries 3.78 0.41 1.43 1.08 0.74 0.5

and about 10 times more for ions), thus suggesting that the particle VDFs remain close474

to gyrotropic. The maximum values reached by the ion and electron agyrotropies in each475

region (i.e. boundaries, center, MSP and MSH) is clearly shown in Table 1 for the NKH476

event and 2 for the SKH event.477

As KH vortices evolve, an energy cascade towards small scales is generated due to
the nonlinear coupling of the modes. This mechanism can lead to complicated non-Maxwellian
deformations. Deviations from the Maxwellian shape have been quantified via the non-
Maxwellianity measure, defined for both ions and electrons and for a fixed time as in Greco
et al. (2012)

ϵi,(e) =
1

ni,(e)

√∫
v,θ,ϕ

[
fi,(e)(v, θ, ϕ)− gi,(e)(v, θ, ϕ)

]2
v2 sin θ dvdθdϕ (5)

where, ni,(e) is the particle density, fi,(e) is the observed distribution function and gi,(e)478

is the associated Maxwellian built with the moments of fi,(e). In order to have a dimen-479

sionless quantity, we also multiplied by v
3/2
A (vA being the Alfvén speed in the magne-480

tosheath). Consequently, ϵi,(e) = 0 corresponds to a Maxwellian distribution. Both ion481

and electron non-Maxwellianity can be artificially increased by the noise associated to482

low counts statistics (Graham et al., 2021). Moreover, the electron non-Maxwellianity483

can be affected by photoelectrons, which can contaminate the low energy channels. Dur-484

ing both the NKH and SKH event, the Active Spacecraft Potential Control (ASPOC;485

Torkar et al., 2016) was active, indeed the spacecraft potential was less or very close to486

+4V (its maximum value is 3.6 V for NKH and 4.7 V for SKH event), thus not affect-487

ing MMS measurements. However, photoelectrons generated inside the detector as well488

as ion plumes emitted from the spacecraft when ASPOC is active can still affect the elec-489

tron VDFs at low energies (Gershman et al., 2017; Barrie et al., 2019). Therefore, to re-490

duce these artificial and instrumental noises, we have integrated ϵe in the energy range491

[20 eV, 21 keV] for the NKH event and [15 eV, 21 keV] for the SKH event.492

The effect of low count statistics would be stronger at the center of the KH waves/vortices,
where the low density plasma tends to be confined due to the vortical motion. Thus, we
have estimated both ϵi and ϵe by averaging the VDFs on different times and verified that
the results do not significantly change. For completeness, we also checked local non-thermal
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features by using another recently defined non-Maxwellianity measure (Graham et al.,
2021):

ϵ̃i,(e) =
1

2ni,(e)

∫
v,θ,ϕ

∣∣fi,(e)(v, θ, ϕ)− gi,(e)(v, θ, ϕ)
∣∣ v2 sin θ dvdθdϕ (6)

We observe that there is a good correlation between the two methods when electrons are493

considered, but not for ions (see Figure S1 in supplementary material). Indeed, the lat-494

ter suggests that ϵ̃i reaches its highest value in the MSH, while both center and bound-495

aries have non-Maxwellianity values ranging between the ones in the MSP and MSH side.496

However, the ion VDFs are clearly distorted and show field-aligned beams both at the497

center and at the boundaries (Eriksson et al., 2021). Therefore, in panels 5e and 5f we498

decided to show only ϵi,e that we find more representative in this case. The largest non-499

thermal features are observed during the NKH event. Indeed, in the vortex region, both500

ions and electrons non-Maxwellianities reach higher values in the vortex region (center501

or boundary) than in the MSP or MSH (see also Table 1); thus suggesting that processes502

other than particle diffusion are triggered. On the other hand, during the SKH event,503

both ion and electron VDFs are less distorted and show values intermediate to the MSH504

and MSP (see Table 2). Such strong distortions during the NKH event are analyzed in505

more details in the next section.506

4 Kinetic features in a Minimum Variance Frame507

We observed that, for the NKH event, non-local thermal features are higher at the508

center or boundary regions than in the unperturbed MSP and MSH sides (Figure 5 and509

Table 1). On the contrary, during the SKH event, these same quantities reach interme-510

diate values with respect to the MSH and MSP sides. Therefore, to get an insight into511

such enhancement, we focus now on the NKH observations and study in more details the512

ion and electron VDFs in a minimum variance frame (MVF) defined by the tempera-513

ture tensor (Servidio et al., 2012)514

Ti(e) =
mi(e)

ni(e)

∫
v,θ,ϕ

(v −Vi(e))(v −Vi(e))fi(e)(v, θ, ϕ)v
2 sin θ dvdθdϕ , (7)

where,mi(e) is the particle mass, ni(e) is the particle density, Vi(e) is the particle bulk515

velocity and fi(e)(v, θ, ϕ) is the distribution function observed by MMS. At each time we516

evaluate the eigenvalues, {λ1, λ2, λ3} (that we ordered according to the convention as:517

λ1 > λ2 > λ3) and the associated normalized eigenvectors, {ê1, ê2, ê3}, for both species.518

We note that λj (with j = 1, 2, 3) are proportional to the temperature, while êj are the519

anisotropy directions of the VDFs. We point out that a Maxwellian distribution func-520

tion does not have any preferential direction, indeed the tensor has a diagonal form and521

is degenerate (λj = 1). Conversely to the non-Maxwellianity parameter, ϵi,(e), that pro-522

vides a more qualitative indication about the distortions in the particles VDFs, the anal-523

ysis of the eigenvalues provides a more quantitative insight into the properties of sym-524

metry of the distribution functions. In analogy to the approach used by Valentini et al.525

(2016), we compute the probability density function (PDF) conditioned to the values of526

the ion and electron non-Maxwellianity.527

Figure 6. ion (top) and electron (bottom) PDFs conditioned to the values of the non-

Maxwellianity parameters.

In Figure 6 we show the PDF of the ratios λ1/λ2, λ1/λ3, λ2/λ3 for two different528

ranges of values of the non-Maxwellianity: 0 ≤ ϵi(e) < σi(e) (black curve) and ϵi(e) ≥529

σi(e) (red curve), where σi(e) is the standard deviation of ϵi(e). In Panel 6(a), the ion PDF530

peaks at λ1/λ2 = 1 when small values of ϵi are considered, while for larger values of531
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ϵi, the peak start to move to the right, the ion PDF becomes wider and higher tails start532

to appear. This suggests that the ion VDFs are more and more distorted, in agreement533

with kinetic hybrid simulation of turbulence (Valentini et al., 2016). On the other hand,534

in panels 6(b) and (c), the ion PDF peaks, resspectively, at λ1/λ3 = 1 and λ2/λ3 =535

1 for both ranges of the ion non-Maxwellianity. Nonetheless, for ϵi > σi, the ion PDF536

is wider. We point out that the local peak in the tail of the ion PDF at λ1/λ3 ∼ 3 in537

panel 6b and at λ2/λ3 ∼ 2.6 in panel 6c, corresponds to the MSH ions which have a538

strong perpendicular temperature anisotropy. Interestingly, panels 6(d) and (e) show a539

larger anisotropy when ϵe < σe, whereas isotropic electrons are observed for the high540

range of electron non-Maxwellianity. Finally, we notice the Maxwellian behavior of elec-541

trons in panel 6(f) where a strong and collimated peak at λ2/λ3 = 1 is observed for any542

value of ϵe.543

An enhancement in the non-Maxwellianity is typically connected to strong defor-544

mations of the particle VDFs whose main axis can consistently depart from the local mag-545

netic field direction due to nonlinear effects (Servidio et al., 2012; Perrone et al., 2013;546

Settino et al., 2020). As KH instability is a multiscale phenomenon, it is of particular547

interest to investigate the alignment of the magnetic field with the principal axis of the548

VDF. Thus, we statistically analyzed the angle, θ, between the local magnetic field di-549

rection, B, and the principal eigenvector, ê1, for both ions and electrons. The PDFs of550

these quantities are showed in Figure 7. Electrons display two peaks in correspondence551

of cos θ = −1 and cos θ = 1 (black curve), thus suggesting that the preferential direc-552

tion for the electron VDFs is well aligned with the local magnetic field. The observation553

of two peaks in the parallel and anti-parallel directions could be associated to the dou-554

ble mid-latitude reconnection suggested for this event by both simulations and obser-555

vations (Ma et al., 2021; Vernisse et al., 2016; Eriksson et al., 2021).556

Figure 7. Left: PDF of the cosine angle between the local magnetic field direction and ê1 for

electrons (black), ions (red), ion core (green) and ion tail (blue). The horizontal dashed line at

0.5 corresponds to the uncorrelated vectors. Right: 3D ion VDF in the MVF generated by the

eigenvectors associated to the ion temperature tensor Ti,tail(ê1,tail, ê2,tail, ê3,tail). 2D cuts in the

planes generated by (ê1,tail, ê3,tail) and (ê2,tail, ê3,tail) are also showed. Moreover, the other two

preferential directions ê1,tot and ê1,core as well as the local magnetic field direction B have been

indicated.

An opposite behavior is observed for ions, whose PDF (green curve) peaks at cos θ =557

0, suggesting that the main deformation of the ion VDFs are perpendicular to the lo-558

cal magnetic field direction. However, such behavior is in contrast with the field-aligned559

beam or double beams observed at the leading edges of several KH vortices (see Eriks-560

son et al., 2021, for a detailed analysis of the ion VDFs). We note that the core of all561

the ion VDFs is strongly anisotropic with an elongation in the perpendicular direction562

to the local magnetic field. Since this is the main part of the distribution and has a higher563

weight than the tails, it tends to cover the effects of the beams. Thus, we separate the564

ion temperature tensor into the core, Ti,core, and the tail part, Ti,tail, and evaluate the565

associated eigenvectors êj,core and êj,tail. In order to identify the core distribution, we566

consider the omnidirectional ion VDFs and evaluate the Maxwellian distribution that567

better fits the core of all the measured ion VDFs (see Figure S2 in supplementary ma-568

terial). We point out that this is a rather qualitative method but is sufficient for the pur-569

pose of this analysis. Once we determine temperature associated to the fitting Maxwellian570

distribution (Ti,core), we evaluate the tail temperature tensor as Ti,tail = Ti,tot−Ti,core.571

Figure 7 clearly shows that when we remove the effect of the core, two peaks arise572

in correspondence of the parallel or anti-parallel directions to the local magnetic field573
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(blue curve). Finally, we show an example of an ion VDF (right panel in Figure 7) in574

the MVF generated by the tail part of the stress tensor êi,tail. The local magnetic field575

direction as well as the main eigenvector associated to the core and the full tensor are576

also displayed. The perpendicular anisotropy of the core is immediately evident and so577

is the field-aligned beam which accounts for the strong deviation from local thermody-578

namic equilibrium as shown by ϵi inside the KH structures.579

5 Discussion and Conclusion580

We present the application of a new quantitative measure, the plasma mixing pa-581

rameter introduced in Settino et al. (2022) for electrons and ions, and demonstrate how582

it can help characterize and classify, in conjunction with non-thermal equilibrium con-583

siderations, the small-scale properties of KH waves/vortices and their evolution in the584

vicinity of the Earth’s magnetopause. We investigated and compared two cases of KH585

structures generated under two different solar wind conditions at the magnetopause by586

using MMS in-situ measurements. In particular, we used as benchmarks the event of Septem-587

ber 8, 2015 under northward IMF conditions and the event of September 23, 2017 un-588

der southward IMF orientation. Numerical simulations and spacecraft observations have589

highlighted typical signatures of magnetic reconnection at remote sites (mid- or high-590

latitudes) for the northward case (Vernisse et al., 2016; Ma et al., 2021; Eriksson et al.,591

2021). Such process of double mid-latitude reconnection is responsible for the electron592

population with intermediate energy and density between the magnetosphere and mag-593

netosheath as discussed in Section 2. On the other hand, kinetic simulation performed594

under the same conditions as the southward KH event, showed the development of sec-595

ondary instabilities, namely RT instability, that tends to elongate the vortices thus pre-596

venting their rolling and lower hybrid activity that tends to diffuse electrons close to the597

boundaries (Nakamura et al., 2022; Blasl et al., 2022).598

To better characterize the mixing properties of the structures and the differences599

between the two KH events, we defined and used the ion and electron mixing parame-600

ters, a single-spacecraft quantity which take into account where the particles are com-601

ing from based on their energies (Settino et al., 2022). Since electrons quickly respond602

to the magnetic field changes, the electron mixing parameter can also very well distin-603

guish the boundaries and center of KH structures. Both numerical simulations and in-604

situ measurements have highlighted that the KH instability development and evolution605

is affected by both remote and large-scale properties, like IMF configuration, as well as606

local mechanisms that are triggered by or competing with KH evolution (see for exam-607

ple Faganello & Califano, 2017, and references therein). Therefore, we suggest that the608

mixing parameters together with kinetic properties of the KH structures, like temper-609

ature anisotropies and non-Maxwellianity, can be connected and provide an insight into610

both local and remote processes affecting the instability.611

In our analysis we observed that, during the northward event, electrons are more612

mixed at the boundaries, while ions are more mixed at the center. Interestingly, the south-613

ward KH event, instead, is characterized by low ion and electron mixing inside the struc-614

tures. Indeed, mixed plasma is observed predominantly close to the boundaries, while615

at the center particles of magnetospheric origin dominate. Such behavior suggests that616

the northward event is characterized by more evolved KH vortices than the southward617

event, although, in the former, MMS was located close to the nose, and during the lat-618

ter, in the flank magnetopause where more rolled-up vortices are expected (Lin et al.,619

2014). The symmetric shape observed for both ion and electron mixing may suggest the620

crossing of surface waves. However, the extended ion and electron mixing close to inner621

and outer boundaries suggest instead that KH vortices are in a more advanced phase.622

Numerical simulations performed under conditions similar to those of the southward event623

showed the development of the RT instability triggered by the strong density jump at624

the boundary (Nakamura et al., 2022). Such instability tends to elongate the KH vor-625
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tices, thus preventing their rolling. Therefore, the mixing parameter not only provides626

information about the evolution of the KHI but can also catch the local plasma dynam-627

ics suggesting the presence of secondary mechanisms that affect the development of the628

KH structures.629

Furthermore, we statistically investigated such connection between KH properties630

and local and remote processes with a particular focus on kinetic-scale features like tem-631

perature anisotropies and non-local thermal features quantified via the non-Maxwellianity632

parameter. In agreement with previous observations in the boundary layers, we found633

that, in the MSH region, ions have a larger temperature anisotropy in the direction per-634

pendicular to the local magnetic field direction (particularly strong during the NKH event),635

whereas electrons have relatively more isotropic distributions than ions (Hasegawa et al.,636

2003; Nishino et al., 2007). On the other hand, at the boundary and ceters of KH waves/vortices,637

electrons have a predominantly (SKH event) or strictly (NKH event) parallel temper-638

ature anisotropy. During the SKH event, kinetic quantities at boundaries and center of639

the KH waves/vortices reach values intermediate between the one in the MSH and MSP640

sides. Such features suggest that the distortions in the VDFs are likely produced by the641

mixing and diffusion of two different plasmas. On the contrary, during the NKH event,642

ion VDFs are highly distorted due to field-aligned beams. The ion non-Maxwellianity643

also captures these features, since it reaches, at the center of the KH structures, values644

higher than those at the MSH and MSP sides, thus suggesting the presence of processes645

different from particle mixing that are accelerating ions.646

As a result, thanks to the electron mixing parameter, information about the dif-647

ferent properties at the boundaries and center of KH waves/vortices can be recovered648

and consequently connected to the IMF orientations and other local processes compet-649

ing with or triggered by the KH instability. The analysis framework we have established650

in this study can be applied to statistical databases containing events with KH insta-651

bility at the magnetopause and we envision that similar features can be observed for KH652

events developing under analogous conditions. However, further analysis are necessary653

to have a better insight into such interconnection, where numerical kinetic simulations654

can provide a valid support. Finally, we suggest that the mixing parameter can be used655

also to investigate other planetary magnetospheres, such as Mercury’s magnetopause,656

for which BepiColombo (Benkhoff et al., 2021) mission can provide both ion and elec-657

tron VDFs with a resolution close to the typical ion inertial lengths. This would allow658

to investigate the KH instability in a weak magnetic field environment with an unprece-659

dented resolution.660
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