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X-2 JAMES ET AL.: HERMEAN ULF WAVES

Abstract.  We present a statistical survey of ultra low frequency wave activ-
ity within the Hermean magnetosphere using the entire MESSENGER magne-
tometer dataset. This study is focussed upon wave activity with frequencies <
0.5 Hz, typically below local ion gyrofrequencies, in order to determine if field
line reso*iﬁlsimilar to those observed in the terrestrial magnetosphere may

be presentctivity is mapped to the magnetic equatorial plane of the mag-

netosphe‘re@o magnetic latitude and local times on Mercury using the KT14
magnetic (tfjnodel. Wave power mapped to the planetary surface indicates
the average,lggation of the polar cap boundary. Compressional wave power is
dominant throughout most of the magnetosphere, while azimuthal wave power
close to thj;ide magnetopause provides evidence that interactions between
the magne@th and the magnetopause such as the Kelvin-Helmholtz insta-
bility may@iving wave activity. Further evidence of this is found in the av-
erage w ization: left-handed polarized waves dominate the dawn-side
magnet hile right-handed polarized waves dominate the dusk-side. A
possible figld line resonance event is also presented, where a time-of-flight cal-

culation is to provide an estimated local plasma mass density of ~240 amu

Q

cm 3.
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JAMES ET AL.: HERMEAN ULF WAVES X-3

1. Introduction

1.1. ULF wave modes at Mercury

One of the first observations of ULF wave activity in the Hermean magnetosphere was found
using mag-meter data obtained by Mariner 10 [Russell, 1989] during its first flyby of Mer-
cury in 19 this event, wave activity with right-handed (RH) circular polarization and
a periodgofmakand 3s was observed near the dawn-side magnetopause and, as the spacecraft
traversed o&&into the magnetosphere, the wave transformed into a narrowband, linearly po-
larized wa h a period of 2s. The transition to a linearly polarized wave suggested that
this may h“Deen a resonance - Russell [1989] suggested that this wave could have been a
4th harmonicjthe fundamental field line resonance (FLR) frequency, frpg, based on some
assumptio@eld line length and Alfvén velocity, v4. Later it was argued by Southwood
[1997] thamave could not have been a pure FLR like those observed in the terrestrial mag-
netosph re was a significant compressional component to the wave, whereas terrestrial
FLRs are Alfvén waves which oscillate predominantly azimuthally. Instead Southwood
[1997] suggested that these may be similar to standing waves at Earth modified by the presence
of hot plashg. Southwood, 1976].

In the teQal magnetosphere, ultra low frequency (ULF) waves are standing waves with
frequenc@h lower than the local ion gyrofrequencies present in the magnetosphere
(~mHz),Mo‘re they can be successfully described using the MHD (magnetohydrodynamic)
treatment aes used by Dungey [1963], and understood in terms of field line resonance as

describe@e. In the Hermean magnetosphere, observed wave frequencies are typically of

the same order as local ion gyrofrequencies (~Hz) [e.g. Russell, 1989]. The consequence of
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X-4 JAMES ET AL.: HERMEAN ULF WAVES

this is that the wave modes that can exist in such an environment cannot be described using
the MHD treatment of waves and are likely to be related to the local gyroscopic motion of the
plasma particles. This is because the time-scales involved in Hermean ULF waves are so similar
to those of the motion of individual plasma particles.

More Mbservations at Mercury have demonstrated that it is indeed common to find
wave activ&frequencies close to, but not exactly equal to the proton gyrofrequency, f.g.
[e.g. BoEr@t al., 2009a, b; Echer, 2010; Anderson et al., 2011b; Boardsen et al., 2012],
where the |gcalyproton gyrofrequency is typically in the range of 1 < f.y < 2Hz. Boardsen
et al. [2012 nd that these waves were often accompanied by harmonics, and that the most
common peaks in wave power occurred in three places: a dominant peak just below f.g.,
a second ;lose to 2f.y+ and just below f.y.r.. Waves often exhibited a mixture of
transverse Empressional wave power, where transverse wave power was typically dominant
at high lati@nd compressional wave power peaked near the equator, though approximately

a quartEents studied by Boardsen et al. [2012] were transverse at all latitudes. The total

wave p had a maximum near the equator, suggesting that there may be an equatorial
source for@ waves. Most of the waves observed by Boardsen et al. [2012] had a near-
linear polag#mgon, where the handedness was most often RH (right-handed), as previously
observed b rdsen et al. [2009a, b]. Kim and Lee [2003] predicted that a RH polarized
compresgode would undergo a mode conversion where local gyroresonance is met, such
that the e would be transferred to a LH (left-handed) polarized mode such as an ion-
cyclotron wave ICW). If the fluctuations studied by Boardsen et al. [2009a, b, 2012] were

ICWs, the should exhibit LH circular polarization and they should be guided along the

background field, though what is actually observed is a bias towards RH polarization - even in
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JAMES ET AL.: HERMEAN ULF WAVES X-5

those events which are predominantly transverse and field-guided. One possible explanation
Boardsen et al. [2012] had for this was that they had observed field-aligned resonances which
are standing waves formed by ICWs, where the observed wave was actually a combination of
two oppositely directed ICWs.

Furtheﬁ'ﬁﬂblis of the ~1 Hz waves undertaken by Boardsen et al. [2015] showed that the
compressies observed by Boardsen et al. [2012] could be interpreted as ion-Bernstein
waves. I?m@stein waves with a small compressional component excited by a local instability
propagates@een the hemispheres around the magnetic equator, cycling between a highly
compressiopalgstate at the equator and low compression at higher latitudes. The significant
dominance in compressional waves in observations could be explained by the group velocity
reducing n;e equator, causing a pileup of compressional wave activity.

When C(Ering the likely frequencies and origins of wave activity at Mercury, an impor-
tant additi@ctor to consider is that the plasma is actually a multi-component plasma, which
introduEesonance conditions. The Hermean plasma consists of H and He ions sourced
from th ind, alongside various species of pick-up ions (O, K, Na) produced by sputter-
ing from the planetary surface [Lammer and Bauer, 1997]. The oxygen and potassium contri-
bution to t sma is insignificant compared to that of the sodium pick-up ions [Cheng et al.,
1987]. Ong resonance that would be present in this plasma is the sodium ion cyclotron
frequency, J.na., though Boardsen and Slavin [2007] had found no evidence for sodium ICWs
using Mari data. The other new resonances that exist in such a multi-component plasma

in-betwee

are ion-ion hybgd (IIH) resonances and Buchsbaum resonances [Buchsbaum, 1960] which lie
4[)&1‘ of ion gyrofrequencies. The IIH resonance occurs at the crossover fre-

quency, for [Othmer et al., 1999; Glassmeier et al., 2004], where the frequency depends upon
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X-6 JAMES ET AL.: HERMEAN ULF WAVES

the relative ion concentration ratio and is likely to lie between ~6mHz and 7Hz in the Hermean

magnetosphere, where magnetic field strength, |B|, varies between ~10 and 400 nT. At fcg,
where the RH, LH and X (“extraordinary”) modes intersect, the plasma supports linearly polar-
ized modes, one of which is strictly guided and analogous to the shear Alfvén mode of MHD
[Othmeriﬁh-l999]. The crossover frequency is likely to be a preferred frequency for field
line reson location of such a resonance depends on where f-g coincides with the “crit-
ical couﬁliﬁesonant mode) frequency. This is analogous to the resonant mode coupling in
MHD, Wh&@ast magnetosonic wave couples with the toroidal, shear Alfvén mode in Earth’s
magnetosphere| Tamao, 1965; Southwood, 1974; Chen and Hasegawa, 1974].

Wave mcmlg by Kim et al. [2008, 2013, 2015] showed that the fast compressional mode is
efficiently Qed to the IIH resonance. The mode conversion generates strongly field-guided
waves neatEwgnetic equator, which then propagate towards higher latitudes. IIH waves are
partially r@d at the Buschbaum resonance, but can tunnel through the stop gap allowing

the wav on a global scale, potentially providing the linearly polarized transverse waves

observe sl |atitudes by Boardsen et al. [2012].

1.2. ULFW sources at Mercury

At Earth@ waves are driven by sources of energy both internal and external to the magne-
tosphereﬂ toroidal FLRs are frequently driven by Kelvin-Helmholtz (K-H) waves form-
ing on thedeaagdetopause which are transmitted into the magnetosphere as FMS (fast magne-
tosonic) waves. ¥ hese FMS waves are partially reflected at a turning point in the magnetosphere,
leaving ey; ent waves to traverse deeper into the magnetosphere and couple with the Alfvén
mode [Tamao, 1965; Southwood, 1974; Chen and Hasegawa, 1974]. Kelvin-Helmholtz surface

waves with periods ranging from 10 to 70s have been observed at the magnetopause at Mer-
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cury [e.g. Boardsen et al., 2010; Sundberg et al., 2010, 2012a] using MESSENGER (MErcury
Surface, Space ENvironment, GEochemistry, and Ranging) magnetometer data, though with a
distinct preference for K-H vortices forming on the dusk-side magnetosphere. The dawn-dusk
asymmetry was also present in global kinetic hybrid simulations [Paral and Rankin, 2013],
where tth growth on the dawn-side magnetosphere is likely due to the large magne-
tosheath i@adii thickening the velocity shear layer, thus weakening the instability. As
discussed @ the MHD treatment of ULF waves at Mercury is not necessarily appropriate as
many Wavtﬁerved are close to local ion gyrofrequencies, but K-H waves may still provide a
significant y source for FLRs at frequencies fryr below the lowest ion gyrofrequency, or
in the form suggested by Othmer et al. [1999] where coupling occurs instead at the crossover
frequency,j

Other p@l sources of energy for ULF wave activity in the Hermean magnetosphere
through th @ action with the solar wind and the IMF include solar wind buffeting [Baumjo-
hann et ] and flux transfer events (FTEs) [e.g. Slavin et al., 2012; Imber et al., 2014].
Mercu tosphere is relatively incompressible compared to other magnetospheres, such

as the Eartg’s or Jupiter’s [Glassmeier et al., 2004]. The “stiffness” of the Hermean magneto-

sphere me t buffeting by the solar wind will induce oscillations, causing the entire magne-
tosphere Ntﬁ FTEs have been shown to provide at least 30% of the flux transport required
c

to drive rcurx’s rapid substorm cycle [Imber et al., 2014] and can occur quasi-periodically in

large numtj “FTE Showers” with periodicities of 8-10 s [Slavin et al., 2012]. Both these

sources could pgovide opportunities for wave coupling at the frequencies frpr and fog.
An ad@tomplicaﬁon when considering the possibility of resonant wave generation at

Mercury is the boundary condition at the footprints of the field lines. In the terrestrial magne-
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X-8 JAMES ET AL.: HERMEAN ULF WAVES

tosphere, the boundary conditions for the waves are provided by the highly conducting iono-
sphere; the ends of the field lines are anchored to the ionosphere in both hemispheres, each
providing a reflection point for the standing waves. The boundary conditions for ULF waves
are unclear at Mercury as there is no significantly conductive ionosphere to provide the reflec-
tion pOiM the field line. It has been suggested that the metallic core of Mercury may
provide a oundary condition to the ionosphere at Earth due to its high conductivity
[Russell,- I@Ihmer et al., 1999], though it could be the case that the regolith on Mercury is
too resistivctjnchor the field line, but instead provides an open-ended (anti-node) boundary
for wave reflegtion [Blomberg, 1997; Glassmeier et al., 2004; Blomberg et al., 2007].

In the terrestrial magnetosphere, wave-particle interactions such as drift resonance and drift-
bounce resQe [Southwood et al., 1969] with gradient-curvature drifting clouds of energetic
particles aEn responsible for the occurrence of small-scale, localized poloidal MHD waves
[e.g. Yeom@:l., 2008, 2010]. This instability is unlikely to develop at Mercury, as the mag-
netosph e too small to trap the energetic particles which would provide the instability
[Blomb 2007]. However, another instability is likely to be present at Mercury due to
it’s small sﬁe;l)ss—cones at Mercury are typically quite large, causing large holes in the veloc-
ity space dj tion to form [Schriver et al., 2011]. Holes in the velocity space distribution
provide an j ility capable of supplying energy for wave-particle interactions; an instability
which reduces in size with L-shell [Blomberg et al., 2007; Boardsen et al., 2012, 2015]. Lo-

-t

calized insﬁies such as this, or the temperature anisotropies suggested by [Anderson et al.,

e production of many of the waves previously observed at Mercury.

2011b], can gegerate ICWs and ion Bernstein waves (typically ~Hz at Mercury), and may be
responsi@
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As discussed above, wave activity, such as ICW, ion Bernstein waves and IIH waves, with
frequencies ~1 Hz appear in a number of case studies and have been studied extensively by,
for example, Boardsen et al. [2012, 2015]. The K-H instability, FTE showers and solar wind
buffeting could provide energy for much lower frequency waves in the tens to hundreds of mHz
range, bM lowest cyclotron frequencies present at Mercury. Such wave sources could
then lead tnt wave coupling at the frequencies [z and fcog.

ULF v‘vaEave been related to various properties of the terrestrial magnetic environment
and may bge usgful in providing similar information about Mercury. Takahashi et al. [2014]
used field linggresonance observations by Geotail to determine plasma mass densities in the
outer magnetosphere using a time-of-flight approximation integral which relates the plasma
mass densjhe period of a standing Alfvén wave. This relationship between plasma mass
density an(ﬁe period could be used at Mercury to provide mass density estimates if Alfvén
waves are t in the Hermean magnetosphere. Monochromatic Pc5-6 pulsations have been

shown tEj closed field lines, equatorward of the terrestrial polar cap boundary [Ables

etal,1 erotti et al., 1999; Mathie et al., 1999; Scoffield et al., 2007; Pilipenko et al.,
2015] and iimilar standing wave activity could be useful in identifying the location of a polar
cap bound Mercury. The damping of terrestrial ULF waves is largely due to ionospheric

Joule dissiﬁ, the rate of which is determined by the conductivity at the footprints of the

wave Newion et al. [1978], so it may also be possible to use wave activity at Mercury to provide

an estimatﬁnductivity.

Here we presz:t the first major statistical survey of wave activity in the range f < 0.5 Hz, to

investigate ssible wave modes and sources below the cyclotron frequency. We employ the

entire collection of MESSENGER (MErcury Surface, Space ENvironment, GEochemistry, and
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X-10 JAMES ET AL.: HERMEAN ULF WAVES

Ranging) magnetometer (MAG, [Anderson et al., 2007]) data from 23"¢ March 2011 to 30"
April 2015, in order to quantify the observed wave activity, and to evaluate the importance of

various proposed wave modes and wave source mechanisms.

2. Data

2.1. Magmr Data
Due to GER’s highly elliptical orbit, only around one fifth to one third of the orbit

is within tLinﬂgnetosphere [Anderson et al., 2007]. As this study is focused on magneto-
spheric W@ny data relating to the solar wind or magnetosheath was separated from the
magnetosWata and discarded. In order to determine whether the data was collected from
within the @etosphere, we used the list of magnetopause crossings provided by Winslow
et al. [ZOltich extends from 23 March 2011 to 19 December 2011, for the first 9 months
of magneto data. The remaining magnetopause crossings were determined using the same
method asmsed by Winslow et al. [2013], where magnetopause boundary crossings were
typicallyEerized by a sudden rotation in the measured field or a change in the character
of the fluctuations in the field.

The rem& magnetospheric data is rotated into a coordinate system based upon the local
ambient n‘@c field, where one component lies parallel to the direction of the magnetic
field, B),, §n azimuthal component, By, positive eastward and the poloidal component which
complete!'tht—handed set, Bp, 1s in the direction of the local radius of curvature of the

field line. In orger to perform this rotation, we use the KT14 magnetic field model for Mercury

[Korth e{ol 5] which is discussed in more detail in Section 2.3.

2.2. Wave Detection
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In order to study wave activity, Fourier analysis was performed on each component of the
magnetic field data from each pass of MESSENGER through Mercury’s magnetosphere using
a sliding window of length 120s. Typically, the MAG data is sampled at 20Hz which allows the
detection of wave frequencies up to 10Hz. Boardsen et al. [2012] used a 20s window to study
~1Hz waﬂﬁ;ﬂ‘ use of a 120s window allows us to study waves with much lower frequencies.
For the pu this study, we are focusing on the lower frequency waves (f < 0.5 Hz). This
frequenc-y Tgeexcludes proton cyclotron waves from our study, leaving wave activity which
may be relggedwp heavy ion instabilities [Glassmeier, 1997; Ip, 1987], Kelvin-Helmholtz waves
[Boardsen ftjj, 2010; Sundberg et al., 2010, 2012b] and fundamental eigenmodes [Russell,
1989].

Figure IQK’S an example of ULF wave activity detected by MAG shortly after MESSEN-
GER enter, dayside magnetosphere between 10:27 and 10:36 UT on 27 May 2014. The
data in thi@ga are presented in the coordinate system described above and depicted by Fig-

ure 1f, E poloidal, azimuthal and parallel components of the magnetic field are red,

green a espectively. The frequency of this wave is indicated in Figure 1b in orange
(~25 mHzﬂis lower than that of the local ion gyrofrequencies of H™, He™, He®*" and Na™
represente reen, blue, cyan and red dashed lines respectively.

In order ect the wave activity, we evaluated the peaks and troughs within each power
spectrumﬂpectral peaks were compared to their neighboring troughs, where they were
kept if the'jk power was at least 1.4 times the power of both troughs. The value of 1.4
was determined, by visually comparing a range of different multipliers, where lower values

were able ect smaller peaks in wave power, and larger values only detected the largest,

most significant peaks in the power spectra. Figure 2 shows the corresponding Fourier power
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X-12 JAMES ET AL.: HERMEAN ULF WAVES

spectra for each component of the example wave presented in Figure 1a, where the top panel
shows the poloidal (P) wave power, the middle panel shows the azimuthal (¢) wave power
and the bottom panel shows the parallel (||) wave power shortly after MESSENGER enters the
magnetosphere through the magnetopause (shown as pink vertical lines). High wave powers
appear yMange in these spectrograms, and the waves detected are identified by green
traces. It iom both the magnetometer traces and the spectrograms that this wave exhibits
a signiﬁc‘a@nuthal component (green), particularly from 10:30 to 10:34 UT, where the other
componentghage much lower wave powers.

The complegoutput of the Fast Fourier Transform (FFT) is used to derive various wave char-
acteristics,c;@as the Fourier phase. Using the method described by Born and Wolf [1980],
the wave aQJdes and Fourier phases for the two transverse magnetic field components (P
and ¢) canEed to determine the eccentricity, e, of the transverse polarization ellipse at any
given freq% For purely circularly polarized waves, e = 0, and for linearly polarized waves,
e = 1. ¢ shows the polarization ellipses calculated for several time windows as the
wave de m panel a is detected by MESSENGER. The vertical axis represents the wave
amplitude Eth_eazimuthal direction, while the horizontal axis represents the poloidal amplitude
over each tj indow. The color of each ellipse represents the handedness of polarization; red
correspond ight-handed (RH) polarization and green is left-handed (LH). The handedness
is deﬁneﬂgthe dot product of the wave vector, k, with the ambient magnetic field vector,

e —
B, where lﬁ 0 for a right-hand polarized wave and k- B < 0 for a left-hand polarized wave
[Means, 1972] _g'he polarization is closest to circular near the the magnetopause, and becomes
linear at a 10:30 during a flip in handedness from LH to RH. After this flip in handedness,

the wave briefly becomes more elliptical, until shortly after 10:32, where the wave becomes al-
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most completely linear in polarization. At this time, the polarization handedness reverses again
back to LH polarization.

Figure 1d shows the L-shell and magnetic local time (MLT) of MESSENGER’s magnetic
equatorial footprint in orange and blue, respectively. It can be deduced from this figure that the
wave is ('M in the late-morning sector around 10:30 MLT, where the magnetic equatorial
footprint @ENGER traverses planetward. This Figure and its remaining panel, e, shall

be discugseia N Turther detail in Section 4.

2.3. MaggeticField Model and Mapping

A numbwnodels of Mercury’s magnetosphere have been created using various methods
including tD)diﬁcation of Earth-like models to fit the Hermean magnetosphere [Luhmann
et al., 1998 ntos et al., 2001; Korth et al., 2004] or based on a simplistic magnetopause
shape [Grosser et al., 2004]. More recently, another model was created by Alexeev et al.
[2008, 201%] Wit incorporated a paraboloid-shaped magnetopause, which had previously been
successfully loped for the magnetospheres of Earth, Jupiter and Saturn. Unfortunately, the
paraboloid shape of the magnetopause does not agree with the observed magnetopause shape
[Winslow MZOI?)]. Also, the paraboloid model contains unrealistic magnetic islands (see
Korth et a]) which makes tracing field lines into certain parts of the magnetotail impos-
sible. The nost recent magnetic field model is the KT14 [Korth et al., 2015] model, which is
the modelsaddn this study. The KT14 model was built using the same modular approach to
models made fdf Earth (see Tsyganenko [2013]), where each module contains a magnetic field

source (qrrent system or the intrinsic field of the planet) which is contained within the

magnetopause boundary using a derived magnetopause shielding field. The individual modules
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X-14 JAMES ET AL.: HERMEAN ULF WAVES

and their associated magnetopause fields are then summed together to create the total model
field.

For each spectrum found using the technique described above, we used the KT14 field model
to map the field lines at MESSENGER’s position to a location in the magnetic equatorial plane
and to a ﬁiﬂd on the surface of Mercury. Figure 3 shows some example field line traces per-
formed usi&nagneﬁc field model, where black and orange lines are the traces for the open
(conned‘e@e IMF) and closed (both ends connected to Mercury) field lines respectively.
The red docj)w the locations of the field line footprints on Mercury’s surface and the pink
dots are th%rints on the magnetic equatorial plane. Due to the offset of Mercury’s dipole by
~0.196 R, into the northern hemisphere [Anderson et al., 2011a, 2012; Johnson et al., 2012],
we also trage field lines to a virtual surface, the same size as Mercury, centered upon the
planetary CE— similar to the method used by Korth et al. [2014], where each footprint has an
invariant 1@ and local time. This surface is depicted in Figure 3 by a gray circle centered
upon thEic dipole, the field line footprints on this surface are marked by blue dots. The

use of i - atitude allows us to directly compare wave activity traced to both the northern

and southeﬁ hemispheres.

3. Resulto

The dists'bution of detected wave power is presented in Figure 4, where the left panels (a, c
and e) shﬂ*'fﬁ%'mean wave power traced to the magnetic equatorial plane, and the right panels
(b, d and Ev the mean wave power traced to invariant latitude—local time coordinates on
the Virt@e shown in Figure 3. In the panels representing the invariant latitude surface,
concentric dotted circles represent every 10 degrees of invariant latitude, where the outermost

circle is the equator, and the center of the Figure is the pole. The pink oval present in the in-
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variant latitude plots represents the boundary between open and closed field lines as determined
using the KT14 magnetic field model. All six panels are oriented such that noon is at the top and
dawn is to the right. The top pair of panels (a and b) show the mean wave power for the sum of
the poloidal, azimuthal and parallel components, panels ¢ and d show the mean azimuthal wave
power, aﬂpﬁ‘ls e and f show the mean parallel wave power. Higher wave powers appear as
yellow an while lower wave powers appear as purple and black.

The to-p @s, a and b, of Figure 4 show that significant wave power maps to all locations
within ~5 [g, «f Mercury in the magnetic equatorial plane, and to all magnetic latitudes above
~20°. Therg jg.a large concentration of wave power along the dayside magnetopause, which
maps to locations between ~40 and 70° magnetic latitude on the dayside surface. Another large
concentratg wave power exists in the night-side of the magnetosphere, slightly dawnward

of midnigGs night-side peak in wave power maps to a relatively narrow band of latitudes

between ~§5 35°. It can be seen in Figure 4b that the majority of the wave power maps to
the surf: m an oval, the center of which exhibits a lack of wave power and is displaced
towards smiat-side of Mercury.

Azimuthally oscillating waves could represent standing Alfvén waves similar to the toroidal
waves obs at Earth. Figure 4c and d show that the majority of the azimuthal wave power
is found cl the dayside magnetopause, forming part of the dayside peak in total wave
power scen 1n panels a and b. This region of enhanced azimuthal wave power maps down to
magnetic rﬁitudes on the surface of Mercury, but is much less powerful than the dayside
peak in wave pgwer shown in panel b. This suggests that much of the azimuthal wave activity

is accomp y a significant compressional (parallel) component.
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The compressional (parallel) component shown in Figure 4e and f makes up the largest con-
tribution to the total wave power in panels a and b. The night-side peak in particular is pre-
dominantly compressional, though a small peak in compressional power is present along the
inside of the magnetopause. Figure 4f shows that this component of the wave power is enough
to reveal&ﬁ-hiltion of the polar cap boundary discussed above.

While l(@at the average wave powers for each component is useful, it does not provide
a full piEuE what types of waves may exist in a given location. The waves present near
the daysideanetopause which have a large azimuthal component to their wave power may
not be purely.gr even predominantly azimuthal, they may be dominated by a more significant
compressional component. In order to compare the three components with each other, three

ratios have;deﬁned for each spectral peak detected. These three ratios are defined by,

C

Ro_ Azimuthal

e = P P+P _ Non-Azimuthal’

Parallel

Ry, = : E: 1

I+ Transverse’ 1
R B ~ Azimuthal

or ~ Poloidal ’

where P and P are the poloidal, azimuthal and parallel wave powers.

The mean of the logarithm of each of these three ratios is presented in Figure 5, where the
left pane'&nd e) show the data traced to the magnetic equatorial plane and the right panels

(b, d and the data mapped to invariant latitude and local time in the same format as in

yellow o

Figure 4. Panelg a and b show the spatial distribution of [0g;o 4., where values above zero in
ipresent areas where most waves are dominated by their azimuthal component,

and negative values in blue are where the non-azimuthal components dominate. Waves with

a predominantly azimuthal polarization are most common on the dayside of the planet, partic-
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ularly in the late-morning sector, while the rest of the magnetosphere seems to be dominated
by the other two components. Figure 5a shows that the small azimuthally dominant areas exist
very close to the planet, even though the azimuthal wave power is most abundant near the mag-
netopause at similar local times in Figures 4 ¢ and d. This may indicate that waves with mixed
polarizatiﬁ'i—blt with a significant azimuthal component, near to the magnetopause could be
driving mmuthally oscillating wave activity closer to the planet, mapping to latitudes
slightly Eq gatorward of the polar cap boundary.

Panels c of Figure 5 show the average of log;o |, which compares the parallel com-
pressional goger (> 0, red and yellow) to the transverse wave power (< 0, blue and cyan).
Transverse wave power is the combination of the poloidal and azimuthal components of wave
power, an minant near to the magnetopause, particularly on the dayside of the magne-
tosphere. Eressional waves are most common in the nightside inner-magnetosphere and
throughou@agnetotail. It is likely that the transverse dominance near the magnetopause
is relate -H interaction with the magnetosheath or another anti-sunward propagating
mechani

In the ﬁwo panels (e and f) of Figure 5, the average of logioRyp ratio is presented for
the transveOominated population of waves (log10f2j. < 0, no compressionally dominant
waves). Thig s a direct comparison between the two transverse components, where positive
values irgd yellow represent areas of azimuthally dominant wave activity, and negative
values in lﬁmd cyan represent areas of poloidal wave dominance. Of the transverse wave
population, pregominantly azimuthal oscillations are most common throughout the entire day-
side magn ere and much of the dusk flank, where poloidal waves are most common else-

where, particularly close to the nightside of Mercury. The dawn-dusk asymmetry present in
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these Figures could be related to the dawn-dusk asymmetry in the K-H magnetopause waves
observed by MESSENGER [Sundberg et al., 2012b].

The transverse population of waves can be studied further in terms of their eccentricity and
polarization handedness. Most of the waves detected in this study exhibited near-linear polar-
ization, th*ghl small percentage had eccentricities of e < 0.5. The handedness of the wave
polarizatio@ulated from the dot product of the wave propagation vector with the ambient
magnetis I-eEector, k - B, as discussed in Section 2.2. Figure 6 shows the average values
of k - B inghemgquatorial plane (a) and invariant latitude — local time (b) for all eccentricities,
while panel nd d show the same thing for waves with e < (.5, the most circularly polarized
waves. It is clear from all four panels that there is a flip in the average wave handedness near to
noon, rega of how linear the polarization. Generally right-handed (RH) polarized waves,
in red andEw k - B > 0, occur on the dusk-side of the magnetosphere, and left-handed
(LH) W&W@lue and yellow k - B < 0, are observed on the dawn-side. This switch in
polariza ost notable with the most circularly polarized events, which have the clearest
polariza mmmatures. It is interesting to note that the most circular waves occur almost exclu-
sively alongth_emagnetopause, and that the direction in which they are polarized is suggestive

that the ma@sheath flow past the magnetopause has imparted this polarization upon them.

4. Discuss'on

The dwon of wave power throughout the magnetosphere, as presented by Figure 4,
shows thatg of the power is concentrated in two regions: the first just within the dayside
magnet@nd the second in the near magnetotail, ever so slightly skewed toward dawn.
The concentration of wave power, particularly azimuthal wave power, close to the dayside mag-

netopause indicates that solar wind interaction with the magnetopause could be a major source
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of ULF wave activity at Mercury. Compressional wave activity, while common throughout the
entire magnetosphere, is mostly responsible for the region of high wave power in the magneto-
tail.

When traced to invariant latitude, the compressional wave activity appears to be concentrated
to a ringﬁ'-higl wave power, forming an oval around lower average wave powers. This oval
is most cl@he total power, where there is a significant lack of wave power present within
the oval."The oundary between high and low wave power is almost identical in location to the
polar cap ltﬁary predicted by the KT14 model. This suggests that the wave power outlines
the average, pglar cap location such that equatorward of the boundary, standing waves exist
on closed field lines, bouncing between hemispheres; and poleward of the boundary, standing
waves canpwm as they are on open field lines.

Figures 5 5f show that, when the compressional waves are excluded, the entire dayside
magnetos@nd flanks are dominated by azimuthally oscillating ULF waves. The level of
this do f azimuthally oscillating wave activity is at its highest very close to the planet,
and pro idence to suggest that the interaction with the solar wind could be capable of
driving tor&i(iﬁeld line resonances similar to those observed in the terrestrial system.

The pola@on of these transverse waves, shown in Figure 6, exhibits a clear reversal around

the noon-mjdnicht meridian. The handedness of the waves on each side of the magnetosphere

suggests that tney inherited their polarization state from anti-sunward propagating features of

the solar v uch as K-H magnetopause waves. The wave activity that this interaction is
expected to indyge is well known in the case of the Earth’s magnetosphere, where resonant, anti-

sunward t ing toroidal mode waves are induced by the presence of magnetopause surface

waves on the flanks of the magnetosphere. In Mercury’s multi-component plasma environment,
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it may still be possible for resonant mode coupling to occur in this way with the shear Alfvén
mode as long as the frequency is significantly lower than that of the lowest ion gyrofrequency,
otherwise localized coupling may be present at the crossover frequency.

The frequency of a shear Alfvén mode resonance depends on the length of the field line, L,
and the Addusadpeed, v 4, where

B
prm— 5 2
Q. == @)

|
B is the mgggnetic field strength and p is the plasma mass density. The wave period can then be

expressed @T\C—Of—ﬂight calculation,
!
w T=2 / —dl 3)
0 va

where d/ i:nﬁnitesimal element of the total field line length, L [Denton and Gallagher,

F)

2000; Chi &d Russell, 2005; Takahashi et al., 2014]. This can be approximated by a summation

over a ﬁnil{(@ber of steps along the field line,

T=2% VE/;’OP. 4)

M

The crossover frequency, fcg, is dependant upon the local magnetic field strength, |B|, and
the relative concCentrations of the constituent ion species. For a three component plasma, where

the frequlear below the electron gyrofrequency, the crossover frequency can be expressed

by’ s
j 72 72\ ? ¢[B]
2
2 1 €
fer = <p1 + P2 ) ; (@)
M2 Mgl 2mu
whereﬁld my; are the relative concentration fraction, charge state and the atomic mass

of the ion species 17, e is the elementary charge, u is the unified atomic mass unit. The con-

centration fraction of a given ion species, p;, is calculated using p; = =+, where n; and n, are
e
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the number densities of species ¢ and electrons, respectively, and p; + po = 1. The crossover
frequency must always be present somewhere between the gyrofrequencies of ion species 1 and
2, and exists closest to the species with the smallest p value.

Using equations 4 and 5 alongside the KT 14 magnetic field model to provide the field strength
at at anyg'ﬁﬁ-l’)cation within the magnetosphere, and to estimate field line lengths, it is pos-
sible to t@! e frequencies/wave periods expected to be present at Mercury. Figure 7 shows
the resoﬂa@uencies expected for shear Alfvén waves in the left panels assuming a uniform
plasma depgitywof 1, 10 and 100 amu cm™3 (top to bottom) in the X-Y MSM plane, and the
Crossover f%ncies for 25, 50 and 75% (top to bottom) sodium concentrations in the X-Z
MSM plane on the right. For all modelled plasma mass densities, the FLR eigenfrequency
is highest Q shortest field lines, closest to Mercury and lowest on the longest field lines
stretching Eto the magnetotail. The FLR eigenfrequency is highest for lower plasma mass
densities, %lg ~1 Hz close to the surface of Mercury in the lowest modelled density of 1

amu cmEnay also be as low as ~1 mHz for much higher modelled densities, on longer

field lin predicted crossover frequencies are generally higher than the FLR eigenfre-
quencies throughout the magnetosphere. The highest crossover frequencies would be expected
closest to ry, where field strength is the strongest, and lowest in regions of low field
strength.l)ﬂing on relative sodium concentration, crossover frequencies close to the planet
would be"expected to reach > 1 Hz, which is similar to the local FLR eigenfrequency for very
H

low plasmﬁ densities.

It is possiblehat the solar wind related wave activity evident in Figures 4 and 6 could cou-

ple with to FLRs or the local crossover frequency. Figure 7 provides an idea of how the

frequencies of both types of resonance may vary depending on the location within the magne-
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tosphere. In the case where toroidal FLRs were common, azimuthally oscillating ULF waves
should be excited at higher frequencies on shorter field lines, which map to lower L-shells.
We may also expect that, while the wave power reduces with distance from the magnetopause,
there may be a peak in average wave power at a location deeper in the magnetosphere where
resonanoe-'iq-le common. For Earth-like FLRs we would expect to observe a flip in polariza-
tion hande smaller radii in Figure 6, around the location of the resonant field line. The
lack of e?zi@ of such a reversal could be explained by either a very variable resonance loca-
tion, or relt'vj poorly-formed resonances where the polarization reversals are not completely
obvious. Sychgresonances have been modelled at Earth for some combinations of wave scale
length, damping and Alfvén speed gradients [e.g. Hughes and Southwood, 1976]. Alternatively,
if the wavﬁity is coupling with the local crossover frequency, we could expect a peak in
transverse Epower that is ordered with the local ambient magnetic field magnitude and that
lies betwe@hydrogen and sodium gyrofrequencies.

The IEOf Figure 8 shows the modal azimuthally-dominant wave frequency as a func-

tion of ken from all magnetic local times. For comparison, the expected eigenfrequen-
cies for defies of 100 - 500 amu cm ™~ at 06:00 or 18:00 MLT are displayed as dashed lines.
The red do nt in the Figure will be discussed later. The step-like nature of modal frequen-
cies represe by the solid line in this Figure is likely to be an artefact created by the finite
size of tgency bins in the output of the FFT. While the modal frequency does not follow

-

a single densidgine, it does increase at lower L-shells as would be expected if these waves were

FLRs. The dashed curves also suggest that there may be an increase in plasma density closer to

Mercury’s e.
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Because the crossover frequency increases with magnetic field strength, if it were to exist
within the frequency range of this study, it would occur at relatively low |B|. The right panel of
Figure 8 shows the modal frequency (black line with black dots) against magnetic field strength,
with the number of spectral peaks at each frequency and magnetic field strength bin in color in
the backgﬂiiﬁd‘ The pink and green lines represent the sodium and proton gyrofrequencies,
respectivel&modal frequency does not appear to change with magnetic field strength,
and typiEaEs far below the lowest ion gyrofrequency. There is some evidence that, at low
magnetic ftlijrengths (< 50 nT), there is some ordering with |B|. This could be evidence of
ion cyclotrq ves at the local sodium gyrofrequency, and a small number of ITH resonances at
the crossover frequency, between the two gyrofrequencies. It appears that this isn’t the preferred
form of regce at low frequencies, and close to the planet, where the waves selected for
analysis heﬁe frequencies far below that of the local sodium gyrofrequency.

Figure 9% how the average wave power varies with distance from the magnetopause near
dusk (a), most of the dayside (b) and near dawn (c). The average power for the poloidal,
azimuth arallel components and the sum of all three components are presented in red,
green, blutan_dblack, respectively. The power is plotted against normalized radius, which is
the radial dg e of the equatorial footprint of the wave, divided by the radial distance of the
magnetopay that local time, so R, = 1.0 represents the magnetopause and R,,,,, = 0 is
the centrgplanet. If a resonance condition was a common occurrence in a given region, it
might be e}ﬁd that a peak in wave power should appear in that location. The azimuthal wave
power doesn’t gppear to show any significant peaks in any of the panels of Figure 9, possibly
suggesting oroidal field line resonances may be relatively uncommon. Unlike the power

profiles for the azimuthal and poloidal wave power, the compressional wave power has several
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peaks deep into the magnetosphere where 0.5 < R,,,, < 0.6, both near dawn and dusk. This
suggests that a highly compressional resonance may be present at Mercury, possibly driven by
activity on the flanks of the magnetosphere.

A uniform magnetospheric plasma density is obviously very unlikely, but the three mass
densitiesﬂﬁdi*d above, in Figure 7, could be fairly representative of various different regions
of the maere. During Mariner 10’s first and third flybys of Mercury, it measured the
density of The cool plasma sheet to be 3 - 7 protons cm ™ [Ogilvie et al., 1977]. Raines et al.
[2011] estigmated proton densities in the magnetotail using Fast Imaging Plasma Spectrometer
(FIPS, [Zur, en et al., 1998; Andrews et al., 2007]) of 1 — 20 cm~3 during MESSENGER’s

) |

MI1 and M f I)ys, where sodium ion densities were calculated to be approximately 1 cm™ in

order to m for missing magnetic pressure. Heavy ions observed using FIPS had very low

average dems of 3.9x1072 cm™® for He?*", 3.4x107* cm~3 for He™, 8.0x10~* cm™® for
Ot and 5.6@3 cm 3 for Na™ [Raines et al., 2013], though sodium densities were found to
be higl;Eusps (up to 2 cm™3, [Raines et al., 2014]) and the pre-midnight sector.

Plas ensities in Mercury’s magnetosphere have also been modelled in a number of
simulationﬂma et al. [2010] used a multi-fluid model to study the Hermean magnetosphere
during the @ESSENGER flyby. This model predicted the existence of a drift belt at < 1.6
Ry from th tre of Mercury with proton densities of 8 - 10 cm™2. In the morning sectors,
proton densitics reached > 10 cm—3, while the cusps hosted proton densities from 10 - 100

e —
cm™3. Sinﬁ)ns have also predicted the density of sodium ions within the magnetosphere

[Leblanc et al.: :003; Delcourt et al., 2003; Yagi et al., 2010], where densities typically peak in

the daysi etosphere at 10 - 100 sodium ions cm~3, but are much lower in the nightside.

This number of sodium ions would provide the majority of the mass density on the dayside of
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the magnetosphere. Overall modelled plasma densities are expected to be in the range of ~200
— 2000 amu cm~? in the dayside magnetosphere, and less than 200 amu cm™? in the nightside
magnetosphere.

In the case where the frequency of the wave is known, it is possible to work backwards to es-
timate thﬁ}hda density given an assumption of how the plasma mass density varies along the
field line. @_16 shows the calculation in equation 4 reversed in order to estimate the plasma
density. 13(@ calculation, field line length and field strength were obtained using the KT14
model ﬁelvs from MESSENGER’s position to the surface of Mercury, and plasma mass
density wag, agsumed to be constant along the field line. The calculation has been performed
for all times during the event regardless of whether there was resonance at the time. At the
approximage of resonance (~10:32:17 UT), the calculation yields a plasma mass density
of ~240 arG*S, which is consistent with the models mentioned above. This event is also
representew]e left panel of Figure 8 by a red dot, and appears to be very characteristic of

the othe ally oscillating waves at a similar L-shell.

5. Conclusions

In this s&ﬂf ULF wave activity, power, polarization and frequency have been characterized
ona globa@ in the Hermean magnetosphere. Observations show that wave power is com-
mon throu&out the magnetosphere, and that compressional waves provide more of this wave
power th?d'fﬁ?'azimuthal or poloidal waves. Azimuthal wave power is most common within
the daysidanetopause, providing evidence that interactions with the solar wind such as
the Kelv{nholtz instability may be driving ULF wave activity within the magnetosphere,
possibly through field line resonance. Compressional wave power was present everywhere, but

peaked near midnight, close to the planetary surface. The wave power also traced out the likely
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location of a polar cap boundary in agreement with the KT 14 magnetic field model, where very
little wave activity occurs on the open field lines poleward of the boundary, and large amounts
of wave activity are present on the closed field lines equatorward of this boundary.

Further evidence that solar wind interactions could be driving wave activity is found when
studying*-pdarization direction of transverse ULF waves. The average polarization direc-
tion is left on the dawn side and right-handed on the dusk side of the magnetosphere,
as if thelr @zation is inherited from the anti-sunward flow of features within the magne-
tosheath. ’J@ most distinct with the more circular wave population, which exists closest to
the magnetgpgalse.

While there is little evidence to suggest that this interaction with the solar wind is driving wave
activity at ;)ssover frequency, there is some evidence that there may be coupling with field
line resonaEThe azimuthally dominant wave activity tends to decrease in frequency on field
lines with % L-shells - where the field line length would be longer. The lack of evidence
for reso t the crossover frequency is because the crossover frequency would only be
visible 1 uency band studied here at large distances from Mercury, where field strength
is lower. Wnces at the crossover frequency may be more common at higher frequencies,
closerto t et, which could be the subject of future research.

One exa ULF wave observed within the dayside magnetopause exhibits polarization
changes Somewnhat consistent with field line resonance theory at Earth. Using the simple as-
sumption ﬁonstant plasma density, a time-of-flight calculation is reversed to estimate a
plasma mass dgpsity of ~240 amu cm™2. This density is far higher than the average densities
measure FIPS [Raines et al., 2011, 2013, 2014], but is very consistent with modelled

sodium ion densities [Leblanc et al., 2003; Delcourt et al., 2003; Yagi et al., 2010]. More events
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similar to the example event presented here may represent FLR activity, and could be a useful

tool to provide further density estimates within the Hermean magnetosphere.
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figureg/ eExample.pdf
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or Manu

Figure E example ULF wave detected using the MESSENGER MAG Data. Panel a shows
the magn-eqo_me!er data after rotation into the coordinate system described in Section 2.1 and depicted
in f, wher: poloidal (P), azimuthal (¢) and parallel (||) components are in red, green and blue
respecti@nk vertical lines show the approximate range of time when MESSENGER transited
through the magnetopause. Panel b shows the detected frequency (in orange) on a logarithmic scale
compared to the local ion cyclotron frequencies (red, blue, cyan and green dashed lines). Panel c shows
the transverse polarization ellipses varying with time, where the vertical axis represents the azimuthal
DRAFT September 10, 2016, 3:56am DRAFT

component and the horizontal axis represents both time and the poloidal component. The color of the

ellipses represents their handedness, where green is left-handed and red is right-handed. Panel d shows

the L-shell anﬁm&agﬁqg}éI@ﬁ}&@@t@}ﬁlﬁy)WEMﬁﬁ@;%e%@ép{;@a_footprint as it moves through
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anuscrip

figures/SpecExample.pdf

M

Figu e spectrogram of the example waves in Figure 1, showing wave power for frequencies be-
low 0.2 Hz as a function of time for the poloidal, P, component (panel a), the azimuthal, ¢, component
(panel b! ang the parallel, ||, component (panel ¢). Yellow signifies higher wave power, green lines show

where t ve activity was detected by our routine. The two vertical pink lines show approximately

when&&NGER traversed through the magnetopause, into the magnetosphere.

Aut
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crip

figures/Footprints.pdf

S

r Manu

Figure 3. @mple magnetic field traces in the X-Z MSM plane, where orange lines are “closed”
field linf connect to both hemispheres of the planet and black lines are “open”, with only one
planetary_io_otgint, the other being connected to the solar wind. Pink dots represent the magnetic
equatorial Toolgrints of the closed field lines, red dots are the footprints on the surface of Mercury

and bluea{\fyootprints on the Mercury-sized virtual sphere (gray line) centered upon the magnetic
ME

dipole. GER’s orbital path for its original 12 hour orbit and eventual 8 hour orbit are shown

in green and cyan respectively.
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scrip

figu /JeanPower.pdf

or Manu

Figuﬁﬂean ULF wave power traced to the magnetic equatorial plane in panels a, ¢ and e and
traced t0 invariant latitude — local time coordinates in panels b, d, and f. Panels a and b show the mean
total poge sum of the azimuthal, parallel and poloidal powers. Panels c and d show the mean wave

powe he azimuthal component, while panels e and f show the mean wave power for the parallel

A

component. Each panel is oriented such that noon is at the top and dawn is to the right. The concentric
dotted circles present in panels b, d and f represent lines of latitude, each separated by 10°, where 90°
is at the center of the axes. The pink oval represents the polar cap boundary as determined using the

DRAFT. September 10, 2016, 3:56am DRAFT
KT14 magnetic field model.
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Figure SE panels (a, c and e) show magnetic equatorial footprints and right panels (b, d and f)
show inva*ant latitude footprints, as in Figure 4. Here each spatial bin is the log, of the mean of a ratio,
where pan;md b show the ratio of azimuthal (yellow-red) to non-azimuthal wave power (blue) and

panels @how the ratio of parallel (yellow-red) and transverse (blue) wave power. Panels e and f
show the ratio of the azimuthal (yellow-red) and poloidal (blue) components of the wave power for just

the transverse-dominant waves, the parallel dominant waves were discarded for this comparison.
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This article is protected by copyright. All rights reserved.



JAMES ET AL.: HERMEAN ULF WAVES X -43

{

scrip

figur olarization.pdf

hor Manu

Figure E Pinels a and b show the mean k - B for all of the transverse waves mapped to the magnetic
equatorgne and invariant latitude respectively. Panels ¢ and d show the same as panels a and b,
except that galy the most circular waves with eccentricities in the range 0 > e > 0.5 were used. Positive
k- B(y{red) represents right-handed wave polarization and negative k - B (blue) represents left-

handed polarization.
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Figure Eetospheric maps of modelled toroidal eigenfrequencies, frg, in the X-Y MSM plane
(left panm'd crossover frequencies in the X-Z MSM plane (right panels). From top to bottom,
the left paghow the eigenfrequencies mapped to the equatorial plane assuming uniform plasma
densitie@) and 100 amu cm 3. The top, middle and bottom panels on the right show the crossover
frequency, fcgr, based on uniform Nat to H™ concentration ratios of 25, 50 and 75% respectively.
Eigenfrequencies (eigenperiods) range from 1mHz to 1Hz (1 to 1000s) and crossover frequencies range
from 50mHz to 2Hz (0.5 - 20s) , where lowest wave frequencies are expressed in black and purple, and

DRAFT September 10, 2016, 3:56am DRAFT
higher frequencies are represented by yellow and red.
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Figuﬁﬁ panel shows modal observed frequency for 20 L-shell bins between L-shells of 1.0 and
2.0 R),. Dashed lines represent the frequency profiles, fr g, of resonant field lines that have equatorial
footprirg&OO or 18:00 MLT for five densities from 100 to 500 amu cm 3. The red dot represents

wher ave presented in Figure 1 exists. The right panel shows the modal observed frequency for

A

20 magnetic field magnitude bins between 0 and 100 nT. The number of spectra present in each bin
is presented in color. The pink and green lines represent the gyrofrequencies of sodium and hydrogen

ions, respectively.
DRAFT September 10, 2016, 3:56am DRAFT
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Figure 9."'13&& (black), poloidal (red), azimuthal (green) and parallel (blue) wave power against nor-
malized ramor dusk (a), dayside (b) and dawn(c). Normalized radius is defined by L/R,;p, where
Lis the@of MESSENGER’s equatorial footprint and Rj/p 1s the radius of the magnetopause at

a given local time.
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