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Abstract Observations by theMErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER)
spacecraft in Mercury’s magnetotail demonstrate for the first time that Na+ ions exert a dynamic influence on
Mercury’s magnetospheric system. Na+ ions are shown to contribute up to ~30% of the ion thermal pressure
required to achieve pressure balance in the premidnight plasma sheet. High concentrations of planetary ions
should lead to Na+ dominance of the plasma mass density in these regions. On orbits with northward-oriented
interplanetary magnetic field and high (i.e., >1 cm�3) Na+ concentrations, MESSENGER has often recorded
magnetic field fluctuations near the Na+ gyrofrequency associated with the Kelvin-Helmholtz (K-H) instability.
These nightside K-H vortices are characteristically different from those observed onMercury’s dayside that have a
nearly constant wave frequency of ~0.025Hz. Collectively, these observations suggest that large spatial gradients
in the hot planetary ion population at Mercury may result in a transition from a fluid description to a kinetic
description of vortex formation across the dusk terminator, providing the first set of truly multiscale observations
of the K-H instability at any of the diverse magnetospheric environments explored in the solar system.

1. Introduction

The temporal and spatial scales of charged particles in plasmas dictate their relevant physical regime and
dominant physical processes. At the kinetic scale, individual charged particles gyrate about a magnetic field
B with a characteristic time scale—given by the reciprocal of the gyrofrequency, f= B/[2π (m/q)]—and a
characteristic spatial scale—given by the gyroradius, rg = (m/q)v/B, where m/q is a particle’s mass-per-charge
ratio and v is its velocity perpendicular to B. At the fluid scale, all ions move collectively together with
temporal and spatial scales that are much greater than those of an individual particle’s gyromotion.
Mercury’s miniature magnetosphere, for which spatial scales can be comparable with a planetary ion
gyroradius [Russell et al., 1988; Glassmeier et al., 2007], presents an opportunity to study a macroscopic
system that can exhibit both kinetic and fluid behaviors. Since its orbital insertion in March 2011, the
MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) spacecraft [Solomon et al.,
2001] has been conducting regular observations of Mercury’s space environment, with magnetic field and
ion plasma measurements from the Magnetometer (MAG) [Anderson et al., 2007] and Fast Imaging Plasma
Spectrometer (FIPS) sensors [Andrews et al., 2007], respectively.

Solar wind H+ dominates the global plasma environment of Mercury [Zurbuchen et al., 2008, 2011; Raines et al.,
2011, 2013; Gershman et al., 2014]. H+ gyromotions are well contained within a sizeable fraction of Mercury’s
magnetosphere, resulting in global, fluid-like behavior such as the formation of diamagnetic depressions in
the magnetic cusp and central plasma sheet regions [Ness et al., 1974; Ogilvie et al., 1974; Winslow et al.,
2012, 2014; Korth et al., 2011, 2012, 2014]. Many large-scale structures of the magnetosphere have been
successfully reproduced by global simulations using both magnetohydrodynamic (MHD) [Kabin et al., 2008;
Benna et al., 2010] and hybrid techniques [Wang et al., 2010; Trávníček et al., 2010; Schriver et al., 2011]. Some
features, such as the preferential formation of Kelvin-Helmholtz (K-H) vortices along Mercury’s duskside
magnetopause (MP) [Boardsen et al., 2010; Sundberg et al., 2012], with a few also observed on the dawnside
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MP [Liljeblad et al., 2014] (Figure 1),
have been linked to kinetic scale
plasma physics [Nakamura et al.,
2010; Paral and Rankin, 2013]. These
large-scale (comparable to a Mercury
radius, RM, or 2440 km) K-H vortices
may be capable of transporting
substantial quantities of mass and
energy between the solar wind and
Mercury’s magnetosphere, as has
been observed at other planetary
systems [e.g., Lee et al., 1981;
Hasegawa et al., 2004; Masters et al.,
2010; Wilson et al., 2012; Delamere
et al., 2013].

Planetary ions such as Na+, with higher
m/q than H+, often have gyroradii that
are on the same scale as spatial
changes in Mercury’s magnetospheric
fields, enabling energization via
nonadiabatic motion, in particular
centrifugal acceleration [Delcourt et al.,
2003]. Low-energy (~100eV) Na+ ions

outflowing from the cusp [Raines et al., 2014] reach keV energies with trajectories that converge in the
premidnight plasma sheet [Raines et al., 2013; Gershman et al., 2014] (Figure 1). Lower-energy (~0.1–1eV) Na+

ions photoionized from Mercury’s neutral exosphere are expected to be abundant throughout Mercury’s
magnetosphere, especially on the dayside, but are not detectable by FIPS because of their low energies. These
low-energy ions will have much smaller gyroradii than the hot (keV) H+ ions in Mercury’s magnetotail.
However, some keV Na+ ions have been observed in Mercury’s equatorial dayside magnetosphere, mostly
between 03:00 and 09:00 local time (LT) (Figure 1) [Raines et al., 2013, 2014].

Numerical simulations of planetary ion trajectories [Delcourt et al., 2003; Seki et al., 2013; Delcourt, 2013] have
treated Na+ ions as independent test particles, although planetary ions have been reported in sufficient
abundance (e.g., 0.1–1 cm�3 in the premidnight plasma sheet) [Gershman et al., 2014] to contribute to bulk
plasma parameters such as thermal pressure (Σi Pi), mass density (Σi mini), and instability growth, where ni,
Pi, and mi are the number density, partial pressure, and mass of each species i in a plasma. Furthermore, it
is in regions containing keV Na+ ions that we expect kinetic scale physics to be most prominent. However,
the collective behavior (i.e., contribution to bulk plasma properties) of planetary ions at Mercury, either at
the kinetic or fluid scale, has not yet been verified with spacecraft observations.

Here we report the first direct and observable evidence for the dynamic influence of planetary ions in
Mercury’s magnetosphere. In section 2, we describe the selection and analysis techniques we applied to
the MESSENGER data set. In section 3, we demonstrate that Na+ contributes to the ion thermal pressure in
Mercury’s plasma sheet, confirming the influence of Na+ in this region. Finally, in section 4, we show a
distinctive behavior of the K-H instability at Mercury across the dusk terminator, where the observed
period of K-H waves correlates with that of the local Na+ gyroperiod. Additional discussion of the
observations is given in section 5.

2. Data Selection and Analysis

For this study we used FIPS burst-mode data collected at ~10 s intervals from energy-per-charge (E/q)
measurements between 100 eV/e and 13.3 keV/e and magnetic field vectors collected at 20 samples per
second by MAG. Data were examined from 598 orbits between April 2011 and February 2013 during
periods when MESSENGER passed through the dayside (14:00–16:00 LT) and nightside (18:00–21:00 LT)
plasma sheets on its outbound (i.e., magnetosphere to magnetosheath or MS to MSH) or inbound

Figure 1. Illustration of Mercury’s magnetosphere in the XMSM-YMSM
equatorial plane. The solar wind magnetic field (solid black lines) drapes
aroundMercury’s magnetopause (solid purple line) downstreamof a fast-mode
bow shock (dashed black line). K-H vortices have been observed nearly
exclusively on Mercury’s duskside magnetopause on both the dayside and
nightside when the IMF is strongly northward, i.e., BZ> 0. Relatively high fluxes
of keV Na+ are observed near the dawn terminator and from dusk tomidnight.
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(i.e., MSH to MS) legs, respectively. These orbits also passed through Mercury’s dusk magnetopause. Analogous
data from orbits passing through Mercury’s dawn magnetopause, also examined, were not used in this
analysis because of the absence of abundant Na+ or frequent evidence for K-H vortices [Raines et al., 2013;
Liljeblad et al., 2014]. Instead, we focus on the differences between the dayside and nightside of the dusk
terminator, where there is a strong spatial gradient in Na+ content. We make use here of the Mercury solar
magnetospheric (MSM) coordinate system, in which the origin is the locus of the internal field dipole, the
X axis is directed parallel to the Mercury-Sun line, the Z axis is directed northward along the planet’s rotation
axis, and the Y axis completes the right-handed coordinate system; i.e., the X–Y plane is offset northward from
the center of the planet by ~0.2 RM along Mercury’s spin axis [Anderson et al., 2011].

FIPS is a time-of-flightmass spectrometer capable of resolving both solar wind (e.g., H+ and He2+) and planetary
ion species (e.g., Na+-group ions, defined as m/q between 21 and 30 amu/e) [Zurbuchen et al., 2011]. The
incident directions of ions within an instantaneous field of view (FOV) of ~1.15π sr are mapped onto a
position-sensing anode with an angular resolution of ~15°, enabling analysis of the three-dimensional
distribution functions for all species. For the subsonic velocity distribution function found in Mercury’s
plasma sheet, FIPS E/q distributions can be used to infer the density and temperature of both H+- and
Na+-group ions [Gershman et al., 2014]. Estimates of the plasma bulk speeds and temperatures, but not
densities, can be recovered from supersonic flows such as the upstream solar wind or MSH flanks
[Gershman et al., 2012, 2013].

For identification of wave modes at the Na+ gyrofrequency, we require 4–5 wave periods, setting a minimum
of ~5min to the interval needed to resolve the frequency range of interest [Boardsen and Slavin, 2007].
Therefore, given the short duration of MESSENGER transits through the plasma sheet, an interval of 5min
was used for spectral analysis. To determine the mean field direction for each time-centered 5min
window, a second-order polynomial was fit to each individual magnetic field component and used to
detrend the data. A local coordinate system was used with unit axes n1, n2, and n3 defined such that n3 is
parallel to the mean field, n1 =n3× YMSO, where YMSO is the unit vector in the YMSO direction, and n2
completes the right-handed system. The measured magnetic field vector (BX, BY, and BZ) at 20 samples per
second was transformed into this coordinate system to form a time series of B1, B2, and B3. A fast Fourier
transform (FFT) of each component was computed to calculate perpendicular and parallel power spectral
density (PSD) as ½(PSD1 + PSD2) and PSD3, respectively. The polarization was also calculated from B1 and
B2. The derived spectral properties were smoothed over three adjacent frequency bins to aid in the
identification of peaks. For quantitative analysis, only a single 5min window was considered at a time, so
spectral artifacts resulting from different detrending polynomials in adjacent time windows are negligible.

3. Na+ Contribution to Bulk Plasma Properties

FIPS and MAG data measured during three transits by MESSENGER through Mercury’s premidnight plasma
sheet are shown in Figure 2. The MP crossing by the MESSENGER spacecraft from the MSH into the MS is
indicated with a vertical dashed line and is accompanied by a change in the temperature of H+ ions (first
row), increased pressures of hot (~keV) Na+-group ions (second and third rows), and diamagnetic
depressions in the magnetic field (fourth row). The calculated thermal pressures for H+- (PH+) and Na+-
group (PNa+) ions, as well as their contribution to the total tail pressure, are shown in Figure 2 (third and
fourth rows), respectively. The magnetic pressure (PB) is reduced to ~0.1 nPa because of the presence of
thermal plasma (fourth row). The pressures PB, PH+, and PNa+ are calculated at time resolutions of 0.05 s,
30 s, and 90 s, respectively. PH+ is scaled by a factor of 1.1 to account for the pressure of heavier solar wind
ion species [Gershman et al., 2014]. Total pressures are calculated from data averaged to the contribution
with the lowest time resolution. In addition to variations in the total pressure from magnetospheric
dynamics [Slavin et al., 2010a], increased Na+ pressures are correlated with decreases in the H+ pressures,
an effect that is most pronounced in Figure 2b. As the local Na+ pressure increases, the plasma sheet must
expand and rarefy to maintain pressure balance with the tail lobes. This effect is consistent with previous
surveys of Mercury’s magnetotail, where increasing average Na+ content from dawn to dusk [Raines et al.,
2013] is accompanied by decreased overall H+ pressures measured over a wider band of magnetic
latitudes [Korth et al., 2014].
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The assumption of hotMaxwell-Boltzmann-like distributions for Na+ was previously justified fromdata summed
over many MESSENGER orbits [Gershman et al., 2014] in order to accumulate a sufficient number of counts. For
events with large, continuously measured Na+ fluxes, however, such as those in Figure 2, we can examine the
three-dimensional structure at much shorter time scales. As an example, in Figure 3, E/q distributions and all-sky
maps [Gershman et al., 2014; Raines et al., 2014] of Na+ flux are shown in the instrument frame for each event.
The limited FOV of FIPS convolved with an average duskward drift of planetary ions [Gershman et al., 2014]
limits the quantitative evaluation of temperature anisotropy for Na+ in this region. However, the Na+ angular
distribution functions appear hot and relatively isotropic in the instrument frame, consistent with the longer
time accumulations and the assumptions made here to derive density and temperature. For these events,
the average Na+ density and temperature are n~1cm�3 and T~15MK, respectively.

4. Na+ Influence on the K-H Instability

If the thermal pressure of the Na+ ions is sufficient to generate diamagnetic depressions in Mercury’s plasma
sheet, then it may also influence the local plasma mass density and, consequently, the growth and evolution
of instabilities. The ion cyclotron wave mode, for instance, has been identified at Mercury for H+ [Fairfield and
Behannon, 1976; Boardsen et al., 2012]. Although the wave power of turbulence attributed to all ion scales
(e.g., kinetic, multifluid, and MHD) is maximized in Mercury’s plasma sheet [Uritsky et al., 2011; Boardsen et al.,
2012], no distinct Na+ ion cyclotron wave modes have been identified in the MESSENGER data set. Ion
cyclotron wave modes are often generated from distribution function anisotropies [Gary et al., 1993]. Their
absence is therefore consistent with the relatively isotropic Na+ ion distribution observed in this region,
although FIPS may not be able to resolve small-temperature anisotropies, e.g., T⊥/T∥< 2, where T⊥ and T∥
denote the temperature perpendicular and parallel to the magnetic field direction, respectively. In addition,
the transient nature of the observed Na+ ion fluxes (e.g., Figure 2) may also limit our ability to obtain the 4–5
wave periods necessary to identify the Na+ ion cyclotron wave mode in this region [Boardsen and Slavin, 2007].

Figure 2. (top to bottom) H+ E/q spectrogram, Na+-group E/q spectrogram, plasma thermal pressures, and total magnetic field and plasma pressures for plasma
sheet transits on (a) 1 December 2011, (b) 23 February 2012, and (c) 20 August 2012. Na+ ion fluxes are averaged over four energy steps and two time steps to
aid spectrogram visibility. The vertical error bars represent the effect of counting uncertainties on recovered plasma parameters [Gershman et al., 2013]. Enhanced
Na+ pressures coincide with decreases in the H+ thermal pressure and combine with PB to provide total tail pressures of ~1 nPa.
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Unlike a clear signature of the Na+ ion cyclotron wave mode, the K-H instability has been observed on both
the dayside and nightside of Mercury’s dusk terminator [Sundberg et al., 2012; Liljeblad et al., 2014]. The strong
spatial gradient in keV Na+ content across the terminator could result in a characteristic difference between
vortices observed on the dayside and nightside. Numerical simulations of K-H vortices [Nakamura et al., 2010]
have demonstrated that a transition from the kinetic scale to the MHD-scale K-H instability occurs when the
thermal ion gyroradius is of the same spatial scale (L) as the thickness of the MP boundary layer (BL) across
the MSH-MS interface. Kinetic scale effects do not require nonthermal velocity distribution functions.
Instead, the thermal gyroradius provides a threshold for which a sizeable fraction of an ion population
gyrates on the spatial scale of the BL.

Along the duskside MP, the convective electric field points inward toward the MP, shrinking the thermal
gyroradius (rg) of ions crossing the BL by as much as a factor of 2. If this modified gyroradius (rg′) exceeds
the initial half thickness (i.e., L/2) of the boundary, then the BL broadens to a thickness L= 2 rg′~rg. Here rg
is the ion gyroradius measured inside the MS and is a factor of ~2 larger than the “effective gyroradius” as

Figure 3. (left) All-sky map of integrated flux (in units of cm�2 s�1 sr�1) of Na+ with 15° angular binning. The Sun symbol
at the center of each projection indicates particles flowing antisunward. Additional details on the construction of sky maps
from FIPS measurement have been described by Raines et al. [2014] and Gershman et al. [2014]. (right) E/q phase-space
distribution of Na+ averaged over the FIPS FOV (~1.15π sr) for selected intervals from Figure 2, with (a), (b), and (c) corresponding
to their counterparts in Figure 2. The black dashed and dash-dotted lines show the 1-count and 2-count sensitivity limits of
FIPS for these intervals for an isotropic input distribution. The solid red line corresponds to the effective isotropic and stationary
(in the instrument frame)Maxwell-Boltzmann distribution that was derived frommoments of the accumulated E/q distributions.
The Na+ distributions are all consistent with hot (~keV) and dense (~1 cm�3) distributions.
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defined by Nakamura et al. [2010]. The fastest-growing wavelength (λKH) for the Kelvin-Helmholtz instability is
related to the boundary layer thickness by the relation λKH~2πL. For a thermal ion gyroradius much smaller
than the observed BL thickness, i.e., rg<< L, an MHD description should be appropriate and λKH>> rg.
For rg~L, in contrast, a kinetic description should be appropriate and λKH~2πrg. Because the BL quickly
(i.e., within only a few gyroperiods) grows to accommodate the gyro-orbit of the dominant ion, if we
observe rg>> L, then that ion species is likely not participating in K-H vortex formation. Similarly, for
an infinitely thin BL but with the addition of a gyroviscous term to the ion pressure tensor, Sundberg
et al. [2010] derived the dispersion relation for the K-H instability and found the wavelength of the
fastest-growing wave mode to be λKH~2πrg.

We may estimate the thermal Na+ gyroradius inside the MS with MESSENGER data, but because we are
limited to observations from only a single spacecraft, our estimation of L is subject to large uncertainties.
The most robust available measurement of K-H phenomena is the frequency (fKH) of magnetic fluctuations
as vortices convect past the spacecraft. This frequency relates to the vortex wavelength by its center-of-
mass speed (vo) as λKH~vo/fKH [Boardsen et al., 2010; Sundberg et al., 2012]. Although direct measurements
from FIPS of velocities in the BL are not available, from hydrodynamics we know that the MSH flow speed
will scale with the upstream solar wind speed and increase from the dayside to the nightside [Spreiter
et al., 1966].

For the case of equal mass densities in the MSH and MS, we expect that the vortex convection speed on the
dayside will be a small fraction (~20%) of the upstream solar wind speed. On the nightside, the MSH flow
speed will increase by as much as a factor of ~2. However, because of the contribution of Na+ in the
premidnight plasma sheet, the MS mass density will increase substantially, lowering the center-of-mass
speed. It is therefore conceivable that the K-H vortex speed is broadly similar on either side of the dusk
terminator. In addition, the thermal velocity of Na+ in the premidnight plasma sheet (vth) has been shown
to scale as ~20% of the upstream solar wind speed [Gershman et al., 2014] so that vth~vo. The expected
K-H wavelength can then be related to the Na+ gyrofrequency, fNa+, by

λKH ≈ 2πrg ¼ 2πvth
qBMP

¼ vth
fNaþ

≈
vo
fNaþ

: (1)

Therefore, the signature of gyro-orbit-size K-H vortices at Mercury should be magnetic fluctuations near the
Na+ gyrofrequency, i.e., a scaling of fKH with BMP. MHD-scale K-H fluctuations should not exhibit a similar
BMP dependence.

We must distinguish observations of K-H waves from other types of instabilities at Mercury that could
produce fluctuations near the Na+ gyrofrequency, in particular, the ion cyclotron instability. Resonant ion
cyclotron wave modes such as those previously observed at Mercury for H+ [Fairfield and Behannon, 1976;
Boardsen et al., 2012] are left-hand polarized, a natural consequence of left-handed ion gyromotion. Some
hot ion-ion beam instabilities can result in right-hand polarized fluctuations at the ion gyrofrequency but
require near super-Alfvénic differential field-aligned flow between ion species [Gary, 1991]. K-H vortices
result in velocity fluctuations, where on the duskside MP, i.e., a positive field-aligned vorticity case
[Nakamura et al., 2010], the antisunward MSH flow “rolls up” into the MS in a right-handed sense
compared with the mean flow direction. Because magnetic field lines are frozen into the vortex flow at
low latitudes, these right-handed velocity fluctuations deform the local magnetic field [Hasegawa et al.,
2004; Faganello et al., 2012]. Therefore, right-hand polarized fluctuations could be indicative of K-H vortices
but not ion cyclotron waves. In addition, we expect a BL to form near the MP during K-H events that
contain a mixture of MSH and MS plasma. These criteria will aid in the identification of K-H events in the
MESSENGER data set on both the dayside and nightside. The field-aligned flow speeds of Na+ and H+

inside the MS are small, so Doppler shifts should not substantially influence our determination of wave
period or polarization in the spacecraft frame. Furthermore, substantially Doppler-shifted ion cyclotron
waves would not exhibit wave power clustered near the Na+ gyrofrequency.

4.1. Dayside K-H Waves

K-H waves with frequencies fKH~0.025Hz are often observed on the dayside (~15:00 LT) of Mercury during
intervals of northward-oriented interplanetary magnetic field (IMF), as shown by the three examples in
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Figure 4. For each example, there is a BL marked by multiple magnetopause crossings, a mix of MS and MSH
material, and large-amplitude fluctuations in the magnetic field. In addition, the polarization of the
fluctuations is right handed inside the MS. The K-H wave period as observed in the magnetic fluctuations
is not a strong function of the magnetic field strength inside the BL, BMP, which varied between ~60 and
~120 nT for these events.

Although there can be enhanced fluxes of Na+-group ionsmeasured near Mercury’s dayside equator (Figure 4c),
they are at substantially lower energies (~100 eV) than the hot (keV) plasmas observed farther downtail
[Gershman et al., 2014]. A wave frequency of ~0.025Hz corresponds to a K-H wavelength of ~3000 km, on
the order of a Mercury radius. The thermal gyroradius of the magnetospheric H+ (T~20MK) is ~50km, which
is an order of magnitude smaller than the thickness of the observed BL, estimated to be ~500 km on the
basis of the change in spacecraft radial distance from the planet through this region. The Na+ gyroradius in
these regions for ion energies between 100 eV and 1 keV is 100–400 km, nearing the size of L. However,
because the overall keV Na+ content in this region is low, these relative scales suggest that a fluid-level
(i.e., MHD) description of K-H may be appropriate on Mercury’s dayside.

4.2. Nightside K-H Waves

K-H waves observed on the nightside (~20:00 LT) show distinct differences from their dayside counterparts,
as demonstrated by the three events in Figure 5. For each event, in addition to the northward MSH field,
mixed MS-MSH BL, and right-hand polarized fluctuations inside the MS, there are high concentrations
(>1 cm�3) of keV Na+-group ions in the plasma sheet. For the range of BMP values on the nightside, the
gyroradii of Na+ are estimated to be ~500 km, on the same order as the thicknesses of the BL. L is
estimated from the change in the YMSM coordinate across the BL. Here kinetic scale effects should become
relevant. The observed wave frequency of K-H vortices, unlike the situation on the dayside, is

Figure 4. (top to bottom) H+ E/q spectrogram, Na+-group E/q spectrogram, magnetic field vector, power spectral density (PSD), and polarization of perpendicular
fluctuations for dayside plasma sheet transits on (a) 7 November 2011, (b) 8 November 2011, and (c) 15 May 2011. Na+ ion fluxes are averaged over four energy steps
and two time steps to aid spectrogram visibility. A boundary layer with increased fluctuation power and mixed magnetosheath and magnetospheric plasma is
observed for each orbit inside the MP; BL passage is delimited by vertical dashed lines. The dominant ion here is H+; only modest amounts of keV Na+ ions are seen.
An average of BMP over a sliding window 2.5min in length is used to provide visualization of the Na+ gyrofrequency as the solid white and black lines in the PSD and
polarization panels, respectively. The peak fluctuation power in the magnetosphere does not vary with BMP and is nearly steady in frequency at ~0.025 Hz (40 s
period) for all cases.
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approximately equal to the Na+ gyrofrequency, with fKH~0.01 Hz, 0.025Hz, and 0.05 Hz for the events in
Figures 5a, 5b, and 5c, respectively. These waves can extend well into both the MSH and the high-latitude
MS [Sundberg et al., 2012].

4.3. Survey of K-H Waves at Mercury

Wehave identified 25 and 33MESSENGER orbits between April 2011 and February 2013 that contain signatures
of K-H-like waves on Mercury’s postnoon (14:00< LT< 16:00) and premidnight (18:00< LT< 21:00)
magnetopause, respectively. These orbits represent 8% and 12% of those examined with MP crossings at
these respective local times. K-H-like events were identified by large-amplitude fluctuations in the magnetic
field near the MP that exhibit periodic nonsinusoidal (e.g., “sawtooth”-like) peak shapes, a northward MSH
field (BZ> 0), and a BL of MSH-MS plasma, i.e., no distinct boundary between the two populations. Orbits
with substantial flux transfer event (FTE) activity, which can exhibit similar signatures, were excluded. In
many cases, the precise bounds of the BL, in particular on the MSH edge, were difficult to determine
because of unfavorable spacecraft orientation that prevented the bulk of the MSH flow from entering the
FIPS aperture; best estimates were made for each. The mean and standard deviation of magnetic field
magnitude inside the BL were used to provide estimates of BMP and its uncertainty, respectively. FFTs of
5min intervals of stable fluctuations near the MP were used to identify the fundamental frequency of
oscillations, as shown in Figures 6 and 7 for the events in Figures 4 and 5, respectively. The uncertainty in
the observed frequency is defined by the full width at half maximum (FWHM) of the spectral peak. Events
with long (~60 s) wave periods were particularly difficult to characterize but nonetheless exhibit the
aforementioned properties.

The time, location, range of observed frequencies, and BMP values are listed in Tables A1 and A2 in
Appendix A for the dayside and nightside events, respectively. When available, an estimate of the daily
averaged upstream solar wind speed (vsw), derived from data measured outside of Mercury’s bow shock
[Gershman et al., 2012], is also included. The angle between B and the ZMSM axis, θZ, is calculated from
5min averages of MAG data in the MSH immediately adjacent to the BL. In addition, when available, the

Figure 5. Same format as Figure 4 but for nightside plasma sheet transits on (a) 27 February 2012, (b) 21 August 2012, and (c) 16 February 2013. Here there are substantial
fluxes of Na+ ions measured in the magnetosphere. In addition, the fluctuations are in the magnetic field scale with B, matching the local Na+ gyrofrequency (fNa+). The
fluctuations inside the magnetosphere are distinctly right-hand polarized.
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densities and temperatures of H+ and Na+ in the plasma sheet were calculated for the nightside events from
5min averages in the MS region immediately adjacent to the MP. Uncertainties in plasma densities and
temperatures are based on counting statistics following Gershman et al. [2013]. Finally, the start time of the
5min interval used to determine the PSD of the magnetic field fluctuations from FFT analysis is provided.
Most intervals are confined within the BL, although some extended to the MSH or the MS, where more
stable spectral peaks were observed. Observed fluctuation frequencies on both the dayside and nightside
are not strong functions of either the upstream solar wind speed or LT, as shown in Figure 8. The dayside
events have a nearly constant average frequency f~0.025Hz under all conditions. The wave periods of
nightside events, however, are well ordered by BMP. As illustrated in Figure 8c, the observed frequency
correlates with that of the Na+ gyrofrequency, which varies from ~0.01Hz to ~0.05 Hz in this region.

5. Discussion

The high content of planetary ions in the magnetotail at Mercury is analogous to the substantial amounts of
keV O+ ions sometimes present at Earth [Lennartsson and Shelley, 1986; Kistler et al., 2006; Liao et al., 2010].
The presence of oxygen ions in Earth’s plasma sheet has been correlated with increased ionospheric

Figure 7. Same format as Figure 6 but for the nightside K-H events in Figure 5.

Figure 6. (first row) PSDs for parallel (blue) and perpendicular (black) fluctuations obtained from detrended values of B1, B2, and B3 (second to fourth rows) for 5min
intervals during the dayside K-H events in Figure 4. The red dashed line indicates the FHWM of the lowest-order spectral peak.
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outflow [Nosé et al., 2009; Winglee and Harnett 2011; Liu et al., 2013]. At Mercury, however, there is a strong
asymmetry in the Na+ content in the tail with respect to local midnight, and Na+ fluxes nearly
monotonically increase from dawn to dusk [Raines et al., 2013]. If contributing to the local plasma mass
density, Na+ may influence the global configuration of the neutral X line, as well as the onset location of
magnetotail reconnection. In a recent study of reconnection in Mercury’s magnetotail, DiBraccio et al.
[2015] found frequent formation of flux ropes having core fields that are highly skewed with respect to the
YMSM direction but with no systematic pattern indicative of a global tilt. The size of these flux ropes was
estimated to be a few H+ gyroradii, much smaller than those of Na+ ions near the duskside MP, suggesting
that whereas gyrating Na+ ions may scatter through interaction with these perturbations, it is unlikely that
they influence flux rope formation. However, DiBraccio et al.’s [2015] study focused on events measured
within only ~1 h of local midnight, where the overall variation in Na+ content is not high and the number
density of Na+ in this region is on the order of ~1%.

The contribution of Na+ ions to the plasma thermal pressure does not necessarily imply or require that these
ions followwell-defined, closed drift paths. Frommodels of Mercury’s magnetic field and estimates of particle
energies, the change in the magnetic moment associated with a transit of the cross-tail current sheet have
been calculated for both H+ and Na+ [Delcourt et al., 2003, 2007; Korth et al., 2012]. These calculations
predict chaotic scattering and meandering particle motion, i.e., Speiser-type orbits [Speiser, 1965; Büchner
and Zelenyi, 1989], throughout nearly the entire magnetotail for both species. Such motion may result in
precipitation of keV ions onto a large fraction of Mercury’s nightside surface [Seki et al., 2013]. Regardless
of the presence of true “guiding center” drift motion in the tail even for H+, ion gyration in these regions
generates an opposing field that results in substantial diamagnetic depressions in B.

In amoderate βi plasma, where βi is the ratio of ion thermal pressure tomagnetic pressure, even small (T⊥/T∥< 2)
temperature anisotropies can drive ion cyclotron wave modes [Gary et al., 1993]. From the limited Na+ velocity
distribution data alone, we cannot exclude the possibility that the observed fluctuations are the ion cyclotron
wave mode. However, high fluxes of Na+ ions have been measured in Mercury’s magnetosphere without the
presence of any fluctuations near the Na+ gyrofrequency [Raines et al., 2013, 2014; Gershman et al., 2014].
Furthermore, the observed wave right-hand polarization, preference for northward IMF conditions, proximity
to the MP, and nonsinusoidal sawtooth-like appearance of these events are highly suggestive that these
events are associated with the K-H instability at Mercury.

In principle, K-H wave growth should be possible for both northward and southward IMF. However, we find
that K-H vortex formation is much more likely under northward IMF conditions, i.e., BZ> 0, consistent with
previous studies at Mercury [Sundberg et al., 2012; Liljeblad et al., 2014]. Such an association with northward

Figure 8. Observed frequency of peak magnetic field fluctuations as a function of (a) orbit-averaged upstream solar wind speed, (b) LT, and (c) BMP for both dayside
(red) and nightside (blue) events. For Figures 8a and 8b, the lighter-colored markers correspond to individual orbits, and the vertical error bars correspond to the
FWHM of the observed spectral peak. Darker-colored markers indicate bin averages, and vertical and horizontal error bars correspond to the standard deviation
of observed frequencies in each bin and bin width, respectively. For Figure 8c, lighter-colored markers correspond to individual orbits, and vertical and horizontal
error bars correspond to the FWHM of the observed spectral peak and standard deviation of BMP in the boundary layer, respectively. The Na+ gyrofrequency is
indicated by the black dashed line. The dayside events maintain a constant magnetic fluctuation frequency of ~0.025 Hz, whereas for the nightside events the
frequency of magnetic fluctuations correlates with the Na+ gyrofrequency, which varies from ~0.01 Hz to ~0.05 Hz.
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IMF is consistent with observations of K-H waves at Earth [Hasegawa et al., 2004], although events during
southward IMF conditions have been identified [Hwang et al., 2011]. Sundberg et al. [2012] suggested that
K-H formation under southward IMF may be suppressed by the propagation of FTEs formed on the dayside
[Hwang et al., 2011] or from substantial dayside reconnection. However, purely reconnection-associated
disruption of K-H waves on the duskside of Mercury is difficult to demonstrate given the ubiquitous
presence of FTEs [Slavin et al., 2010b, 2012; Imber et al., 2014] and near lack of dependence of dayside
reconnection rate on magnetic shear angle [DiBraccio et al., 2013].

On the dayside, the absence of a strong dependence of fKH on solar wind speedmay indicate that low-energy
Na+ ions that are below the FIPS energy range contribute to the mass density. The presence of ~100 eV Na+

ions inside the BL but not in the MS proper in Figure 4c demonstrates that this population is probably present
and likely energized through interaction with the K-H vortices. The density of these planetary ions, unlike
plasma sheet H+, should not scale with the solar wind density and consequently should have the strongest
influence on vo for higher solar wind speeds that are typically associated with lower plasma density. In
addition, the dayside vortex wavelength could be a function of the upstream solar wind speed, but in the
absence of reliable measurements of L, this relationship is difficult to examine.

Despite different apparent unstable wavelengths on either side of the dusk terminator (Figure 9), dayside
K-H vortices should convect tailward and interact with those on the nightside through merging,
breaking, and secondary generation processes. Such interactions may explain why “pristine” K-H
events (e.g., Figure 4c) are confined to Mercury’s dayside and why nightside events exhibit additional
frequency structure in magnetic spectrograms (Figure 5). We cannot definitively exclude the possibility
of a different Na+ wave mode generated from propagation of dayside K-H vortices along the flank
magnetopause. Furthermore, because we are limited to observations from only a single spacecraft, the
dayside and nightside K-H vortices have never been measured simultaneously, and we thus cannot
distinguish between scenarios in which they coexist or one forms at the expense of the other.
Nevertheless, the observed MSH-MS mixing in these nightside events exhibits a scaling with BMP not
present in their dayside counterparts.

Numerical simulations predict large differences in the structure and growth of K-H vortices at the kinetic
scale between positive (dusk) and negative (dawn) field-aligned vorticity cases [Nakamura et al., 2010;
Paral and Rankin, 2013]. The simulations of Paral and Rankin [2013], for example, show a dawn-dusk
asymmetry in the formation of K-H waves in a system with Mercury-like geometry. However, they did not
include the presence of planetary ions, and their simulations have K-H wave periods of ~10 s, a factor of
~2 smaller than most of those observed in Mercury’s magnetosphere. The simulations of Nakamura et al.

Figure 9. (left to right) Illustration of K-H wave growth along Mercury’s MP boundary for increasing BMP given a constant vortex speed. Toward the tail, where
the Na+ is expected to dominate the plasma mass density, the observed frequency of K-H waves (blue spacecraft) matches that of the Na+ gyrofrequency, which
can be (a) less than, (b) equal to, or (c) greater than that observed on the dayside (red spacecraft). Near the dusk terminator, vortices formed on the dayside and
nightside should interact throughmerging, breaking, or secondary generation processes (not shown). Few comparable K-H events have been observed on Mercury’s
dawnside, a possible consequence of large gyroradius effects from keV Na+ and H+.
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[2010] showed that the gyromotion of ions on the dawnside may serve to broaden the BL, lower the K-H
growth rate, and increase the wavelength of the fastest-growing wave mode. From 06:00 to 12:00 LT, the
presence of large-gyroradii keV Na+ ions [Raines et al., 2013, 2014] may serve this purpose. The
gyromotion of keV H+ may have a similar effect along the dawn flanks. Therefore, kinetic scale effects
may influence K-H vortex formation and evolution along the dawnside MP and the dusk flank (Figure 9).
An MHD-scale description of the K-H instability may be appropriate only along the MP in the 12:00–18:00 LT
quadrant.

6. Concluding Remarks

Although contributing only modestly (~10–30%) to the total plasma thermal pressure in Mercury’s
premidnight plasma sheet, the large m/q of Na+ compared with that of H+ results in an increase in the
dominance of the local plasma mass density toward the duskside magnetotail. This transition is
accompanied by an observed fundamental shift in the behavior of the K-H instability at Mercury. In the
18:00–24:00 LT quadrant, the K-H frequency and the Na+ gyrofrequency are highly correlated. This
correlation suggests a transition from the simpler, fluid-level (i.e., MHD) K-H waves on the dayside to
kinetic scale on the nightside. Mercury’s duskside MP therefore provides a multiscale laboratory for the
study of the Kelvin-Helmholtz instability, producing vital data that contribute to our understanding of the
interaction between the solar wind and the rich and diverse set of magnetospheric environments found in
the solar system.

Appendix A: Wave Events Observed at Mercury With MESSENGER

The start time (UTC), location, local plasma properties, and magnetic field spectral properties of all identified
K-H-like wave events are included here for MESSENGER transits through the dayside and nightside
magnetopause boundary layer in Tables A1 and A2, respectively, as described in section 4. The dashes
indicate that the relevant plasma parameters were not available for that particular event.

Table A1. List of Wave Events Observed Between 14:00 and 16:00 LT

Near-MP Boundary Layer Solar Wind/MSH FFT Interval

Date Time (HH:MM) LT (h) BMP (nT) θZ (deg) vsw (km/s) Time (HH:MM) Peak (Hz)

15 May 2011 09:26–09:31 15.7 123.0 ± 13.3 12 ± 8 – 09:26 0.027 ± 0.007
10 Aug 2011 09:23–09:28 15.8 106.5 ± 19.0 9 ± 6 350 09:23 0.030 ± 0.010
16 Aug 2011 09:22–09:25 14.4 140.7 ± 11.5 16 ± 9 510 09:21 0.040 ± 0.007
7 Nov 2011 10:33–10:40 15.6 64.8 ± 11.9 13 ± 6 540 10:33 0.023 ± 0.007
8 Nov 2011 22:31–22:35 15.2 92.6 ± 7.7 7 ± 4 490 22:30 0.022 ± 0.008
11 Nov 2011 10:26–10:31 14.6 130.5 ± 18.5 23 ± 11 400 10:26 0.032 ± 0.008
1 Feb 2012 09:23–09:29 15.9 111.7 ± 12.8 15 ± 9 – 09:23 0.023 ± 0.007
2 Feb 2012 20:46–20:50 15.6 104.7 ± 11.3 9 ± 5 440 20:43 0.028 ± 0.008
4 Feb 2012 08:09–08:12 15.3 98.8 ± 8.8 6 ± 3 400 08:08 0.035 ± 0.008
5 Feb 2012 07:41–07:44 15.0 119.7 ± 17.4 11 ± 7 330 07:42 0.033 ± 0.007
28 Apr 2012 07:31–07:37 16.1 70.6 ± 9.6 8 ± 5 530 07:30 0.023 ± 0.007
29 Apr 2012 23:32–23:36 15.7 70.3 ± 8.2 11 ± 6 480 23:30 0.023 ± 0.013
30 Apr 2012 15:27–15:36 15.6 86.2 ± 15.9 16 ± 8 460 15:29 0.027 ± 0.013
26 Jul 2012 23:43–23:50 15.6 116.7 ± 12.2 26 ± 10 530 23:42 0.028 ± 0.008
28 Jul 2012 23:47–23:50 15.2 96.1 ± 7.7 8 ± 5 490 23:50 0.022 ± 0.008
29 Jul 2012 15:45–15:49 15.0 110.2 ± 15.0 16 ± 8 460 15:44 0.018 ± 0.012
29 Jul 2012 23:44–23:48 14.9 124.6 ± 14.4 20 ± 9 460 23:44 0.023 ± 0.007
31 Jul 2012 07:44–07:49 14.6 117.0 ± 15.5 24 ± 9 470 07:45 0.015 ± 0.012
1 Aug 2012 15:43–15:48 14.3 131.9 ± 12.9 30 ± 10 – 15:43 0.027 ± 0.007
1 Aug 2012 23:44–23:50 14.2 113.3 ± 20.7 25 ± 9 – 23:43 0.025 ± 0.008
20 Oct 2012 16:03–16:12 16.0 71.7 ± 14.1 23 ± 8 390 16:00 0.023 ± 0.007
21 Oct 2012 00:05–00:15 16.0 65.3 ± 10.2 15 ± 6 390 00:05 0.027 ± 0.017
22 Oct 2012 08:08–08:15 15.7 64.7 ± 13.2 6 ± 3 410 08:07 0.020 ± 0.010
24 Oct 2012 16:06–16:10 15.2 93.8 ± 7.6 11 ± 6 440 16:02 0.018 ± 0.015
27 Oct 2012 16:00–16:06 14.4 123.3 ± 19.5 41 ± 11 450 16:01 0.030 ± 0.007
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Table A2. List of Wave Events Observed Between 18:00 and 21:00 LTa

Near-MP Boundary Layer Solar Wind/MSH Plasma Sheet FFT Interval

Date
Time

(HH:MM)
LT
(h)

BMP
(nT)

θZ
(deg)

vsw
(km/s)

nH+
(cm�3)

TH+
(MK)

nNa+
(cm�3)

TNa+
(MK)

Time
(HH:MM)

Peak
(Hz)

11 Jun 2011 12:26–12:37 19.3 69.2 ± 12.9 36 ± 9 550 2.4 11.0 ± 0.1 0.4 ± 0.1 23.6 ± 2.7 12:31 0.062 ± 0.008
12 Jun 2011 00:21–00:38 19.1 48.2 ± 13.6 34 ± 12 570 6.5 12.6 ± 0.1 1.1 ± 0.1 26.2 ± 1.6 00:30 0.043 ± 0.007
4 Sep 2011 07:48–08:01 20.3 23.6 ± 6.9 59 ± 14 370 4.3 4.8 ± 0.1 1.9 ± 0.3 4.7 ± 0.4 07:52 0.013 ± 0.010
4 Sep 2011 20:15–20:25 20.2 30.2 ± 8.5 45 ± 7 370 4.2 10.4 ± 0.1 0.2 ± 0.2 17.8 ± 5.6 20:19 0.032 ± 0.008
5 Sep 2011 20:21–20:31 19.8 34.2 ± 8.5 52 ± 9 – 5.1 10.7 ± 0.1 0.7 ± 0.2 8.4 ± 1.1 20:23 0.015 ± 0.012
6 Sep 2011 08:20–08:42 19.6 68.4 ± 12.3 17 ± 10 410 2.6 7.9 ± 0.1 0.8 ± 0.1 16.5 ± 1.6 08:16 0.042 ± 0.012
30 Nov 2011 09:07–09:21 20.6 35.1 ± 9.4 33 ± 24 360 4.7 7.1 ± 0.1 1.6 ± 0.2 12.9 ± 0.8 09:12 0.040 ± 0.010
1 Dec 2011 21:09–21:23 20.0 31.9 ± 8.1 47 ± 7 350 10.9 6.0 1.5 ± 0.2 9.0 ± 0.7 21:10 0.035 ± 0.008
2 Dec 2011 21:13–21:32 19.6 41.2 ± 9.4 15 ± 7 370 8.4 5.3 2.2 ± 0.2 10.7 ± 0.6 21:24 0.043 ± 0.007
3 Dec 2011 09:11–09:24 19.4 35.4 ± 8.3 31 ± 15 380 7.5 4.5 2.6 ± 0.3 6.7 ± 0.4 09:18 0.020 ± 0.007
3 Dec 2011 21:14–21:38 19.2 53.6 ± 7.9 20 ± 8 380 6.0 5.5 ± 0.1 2.6 ± 0.2 12.9 ± 0.6 21:16 0.025 ± 0.008
6 Dec 2011 09:08–09:22 18.2 48.6 ± 12.6 19 ± 3 330 8.5 9.8 ± 0.1 1.2 ± 0.2 10.4 ± 0.9 09:22 0.023 ± 0.007
27 Feb 2012 08:35–08:45 20.1 30.1 ± 5.0 65 ± 5 400 5.0 6.0 ± 0.1 1.4 ± 0.3 6.7 ± 0.7 08:51 0.020 ± 0.007
1 Mar 2012 19:39–19:49 18.8 65.6 ± 14.0 41 ± 17 370 6.8 8.4 ± 0.1 2.1 ± 0.2 11.8 ± 0.7 19:39 0.033 ± 0.007
2 Mar 2012 07:26–07:35 18.6 39.9 ± 13.3 53 ± 25 350 14.7 7.8 4.0 ± 0.2 9.0 ± 0.4 07:30 0.028 ± 0.008
2 Mar 2012 19:19–19:29 18.5 81.2 ± 15.1 22 ± 9 350 9.7 5.3 2.7 ± 0.2 13.3 ± 0.6 19:21 0.043 ± 0.007
26 May 2012 06:31–06:40 19.7 67.5 ± 14.5 28 ± 5 450 9.8 11.1 ± 0.1 2.0 ± 0.2 17.4 ± 1.1 06:32 0.047 ± 0.007
26 May 2012 22:15–22:45 19.4 46.1 ± 10.6 26 ± 5 450 6.2 10.9 ± 0.1 3.8 ± 0.3 11.8 ± 0.6 22:19 0.020 ± 0.007
27 May 2012 14:35–14:45 19.2 76.0 ± 8.7 54 ± 10 520 – – – – 14:00 0.048 ± 0.015
21 Aug 2012 14:40–14:49 19.9 50.3 ± 7.8 41 ± 12 430 6.0 7.0 ± 0.1 1.1 ± 0.3 13.3 ± 1.5 14:46 0.033 ± 0.007
22 Aug 2012 14:40–14:51 19.4 44.7 ± 11.4 44 ± 8 410 2.0 10.4 ± 0.2 1.6 ± 0.4 7.8 ± 0.9 14:41 0.023 ± 0.007
25 Aug 2012 06:55–07:03 18.4 72.8 ± 9.6 33 ± 9 430 15.9 15.3 ± 0.1 1.2 ± 0.3 12.9 ± 1.4 06:55 0.050 ± 0.017
17 Nov 2012 22:58–23:12 19.8 39.3 ± 11.6 48 ± 14 440 4.1 16.6 ± 0.2 0.5 ± 0.2 18.7 ± 3.0 22:59 0.027 ± 0.007
18 Nov 2012 07:05–07:17 19.6 33.3 ± 9.1 99 ± 26 480 6.0 18.2 ± 0.2 0.4 ± 0.2 18.7 ± 3.2 07:14 0.030 ± 0.007
20 Nov 2012 23:10–23:18 18.5 35.5 ± 6.6 97 ± 17 360 9.1 8.7 ± 0.1 0.4 ± 0.3 8.4 ± 2.3 23:17 0.015 ± 0.008
21 Nov 2012 23:12–23:20 18.1 50.4 ± 10.9 50 ± 6 490 2.8 21.2 ± 0.3 2.7 ± 0.3 9.0 ± 0.7 23:21 0.035 ± 12.000
22 Nov 2012 7:10–7:20 17.9 56.6 ± 10.1 48 ± 9 410 9.5 11.6 ± 0.1 2.2 ± 0.6 3.8 ± 0.5 07:17 0.028 ± 0.012
11 Feb 2013 15:18–15:29 20.5 57.3 ± 5.9 82 ± 9 470 6.9 ± 0.1 15.2 ± 0.2 3.1 ± 0.3 19.6 ± 1.4 15:23 0.045 ± 0.008
14 Feb 2013 15:24–15:30 19.3 45.8 ± 9.0 65 ± 15 370 14.2 ± 0.1 8.4 ± 0.1 5.0 ± 0.6 8.7 ± 0.6 15:25 0.038 ± 0.008
14 Feb 2013 23:34–23:39 19.3 58.3 ± 15.2 45 ± 20 370 25.9 ± 0.1 15.3 ± 0.1 12.7 ± 0.5 9.7 ± 0.4 23:35 0.055 ± 0.008
16 Feb 2013 7:38–7:45 18.7 79.2 ± 11.2 38 ± 7 340 19.0 ± 0.1 10.8 ± 0.1 7.8 ± 0.5 12.1 ± 0.6 07:47 0.052 ± 0.008
16 Feb 2013 15:34–15:38 18.5 58.1 ± 18.2 29 ± 8 340 36.0 ± 0.1 9.0 3.1 ± 0.4 12.1 ± 1.0 15:37 0.045 ± 0.008
16 Feb 2013 23:35–23:43 18.4 63.8 ± 16.0 44 ± 13 340 38.1 ± 0.1 8.2 15.2 ± 0.4 13.3 ± 0.4 23:34 0.040 ± 0.007

aPlasma densities and temperatures have been included, when available, for H+- and Na+-group ions as (nH+,TH+) and (nNa+,TNa+), respectively.
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