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Abstract We show that ~1Hz magnetic compressional waves observed in Mercury’s inner magnetosphere
could be interpreted as ion-Bernstein waves in amoderate proton beta ~0.1 plasma. An observation of a proton
distribution with a large planetary loss cone is presented, and we show that this type of distribution is highly
unstable to the generation of ion-Bernstein waves with lowmagnetic compression. Ray tracing shows that as
these waves propagate back and forth about the magnetic equator; they cycle between a state of low and high
magnetic compression. The group velocity decreases during the high-compression state leading to a pileup of
compressional wave energy, which could explain the observed dominance of the highly compressional waves.
This bimodal nature is due to the complexity of the index of refraction surface in a warm plasma whose upper
branch has high growth rate with low compression, and its lower branch has low growth/damping rate with
strong compression. Two different cycles are found: one where the compression maximum occurs at the
magnetic equator and one where the compression maximum straddles the magnetic equator. The later cycle
could explain observations where the maximum in compression straddles the equator. Ray tracing shows that
thismode is confinedwithin±12°magnetic latitudewhich canaccount for thebulkof theobservations.Weshow
that the Doppler shift can account for the difference between the observed andmodel wave frequency, if the
wave vector direction is in opposition to the plasma flow direction. We note that the Wentzel-Kramers-Brillouin
approximation breaks down during the pileup of compressional energy and that a study involving full wave
solutions is required.

1. Introduction

Narrowband harmonic waves, whose fundamental is near the proton cyclotron frequency (fcp) at the

magnetic equator, are frequently observed in Mercury’s inner (<2 Mercury radii (RM), 1 RM~2440km)
magnetosphere [Russel, 1989; Boardsen et al., 2009a, 2009b, 2012]. The statistics of these waves are summarized
in Figures 7, 8, and 9 of Boardsen et al. [2012]. These waves are observed between radial distances of
1.1 to 1.8 RM, with their occurrence maximizing around 1.4 RM, and are clustered around the magnetic
equator. They occur primarily on the nightside, peaking around 21h magnetic local time (MLT). There is also
a secondary peak in the postmidnight sector. These waves are observed primarily between magnetic
latitudes of ±40°. The wave power is observed to maximize around the magnetic equator.

Of the wave events near the magnetic equator, 75% of the events are compressionally dominant, with
magnetic compressibility (δb||/δb)

2> 0.5, while the other 25% are transverse dominant [Boardsen et al.,
2012]. The latter are believed to be either ion cyclotron waves and/or field-line resonances [Russell, 1989;
Othmer et al., 1999; Kim and Lee, 2003; Klimushkin et al., 2006; Kim et al., 2008, 2011, 2013, 2015]. The
transition from compressional to transverse dominance occurs roughly at magnetic latitudes of ±20°
[Boardsen et al., 2012]. The goal of this paper is to explore a possible explanation for the strongly
compressional wave events in terms of a local plasma instability.
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Large planetary ion loss cone distributions believed to be present in Mercury’s inner magnetosphere can be
highly unstable to the generation of plasma waves. These distributions are believed to be present because
Mercury’s internal magnetic field is weak relative to Earth’s field, and therefore, warm plasma sheet plasma
can penetrate deep into Mercury’s inner magnetosphere. The planetary loss cone varies from ~20° to ~67°
as the radial position varies from 2.0 to 1.1 RM, so as the plasma sheet ions move deeper into the inner
magnetosphere, the ion distribution functions develop large loss cones.

If Mercury had a cold plasma population, then the strong magnetic compressibility could be explained
in terms of the extraordinary mode from cold plasma theory excited by the ion-Bernstein instability
[e.g., Perraut et al., 1982; Boardsen et al., 1992; Gary et al., 2011] and the waves at Mercury would be
similar to the strong compressional waves observed in the Earth’s inner equatorial magnetosphere
[e.g., Perraut et al., 1982]. But Mercury is believed to have no cold plasma component, due to the
lack of an ionosphere as a cold plasma source, and because the corotational electric field, if it exists,
which is necessary for confinement, is very weak due to the low planetary rotation period of
59 days. So the cold plasma extraordinary mode cannot be used to explain the compressional waves
at Mercury.

Based on instability studies by Denton et al. [2010] and Gary et al. [2010] using warm plasma with no cold
component in the Earth’s plasma sheet boundary layer, Boardsen et al. [2012] proposed that these
compressional waves at Mercury could be mainly composed of short wavelength ~100km “electromagnetic”
ion-Bernstein mode waves in a high beta proton plasma. The electromagnetic ion-Bernstein mode has been
definitively identified in plasma sheet boundary layer at Earth [Engebretson et al., 2010; Denton et al., 2010;
Gary et al., 2010] and tentatively identified in the solar wind [Joyce et al., 2012].

The term electromagnetic is used loosely, since the longitudinal (along k||) electric field component of the
wave dominates its transverse component [e.g., Denton et al., 2010], suggesting “electrostatic,” but the
magnetic perturbations associated with this mode become readily detectable when proton beta becomes
large enough, with E/Bc< 1. The perpendicular component of the wave vector (k⊥) of the ion-Bernstein
mode is much greater than the parallel component (k||) with wave normal angles near 90°. The peak
growth occurs at frequencies just below but very close to the proton cyclotron frequency and its
harmonics [Denton et al., 2010; Gary et al., 2010].

As proton beta (βP) increases, the ion-Bernstein wave transition from the electrostatic ion-Bernstein mode
for βP~5 × 10�4 to a magnetic transverse dominant electromagnetic mode for βP~0.4 (observed in the
Earth’s plasma sheet boundary layer) and to a magnetic compressional dominant electromagnetic
mode for βP~2 [Denton et al., 2010]. Except in magnetic cavities (plasma sheet proper) at Mercury
[Korth et al., 2011; Korth et al., 2014; Gershman et al., 2014, 2015], such high beta are not observed.
In this paper we use warm plasma ray tracing and show that in a smaller beta plasma of ~0.1, waves
that are initially transverse dominant can become compressionally dominant in a cyclic manner as they
propagate in a trapped magnetic (dipole) geometry.

In this preliminary study, wemodel the growth and propagation of this mode in a dipole field with a constant
plasma density and proton loss cone source throughout the ray tracing volume. We launch waves at peak
growth rates at the fundamental at 1.35 RM, varying the initial equatorial proton beta in the range of 0.05
to 0.54 for the different traces. This paper is organized as follows. In the observation section we present an
example of a compressional dominant wave event and corresponding proton moments (Figure 1) and
show a highly time averaged proton loss cone distribution (Figure 2) for the event shown in Figure 1. In
the instability and ray tracing analysis section, using parameters based on the observations, we show that
the proton loss cone distribution (Figure 3a) is highly unstable to the generation of low compressional
waves (Figure 3b) and that as the waves propagate, they become highly compressional (Figures 4–7) in a
cyclic manner. We show that the compressional wave energy piles up due to a decrease in group velocity
around peak compression (Figure 9). In the discussion section we attempt to reconcile the location of the
observed frequency peaks with that predicted by linear theory using the Doppler shift between the
spacecraft and the bulk plasma flow frame of reference (Figure 10). We suggest that the observations of
the compression peaking just off the magnetic equator (Figure 11) as opposed to right at the equator are
consistent with the findings of our ray tracing.

Journal of Geophysical Research: Space Physics 10.1002/2014JA020910

BOARDSEN ET AL. RAYTRACING ION BERNSTEIN MODE AT MERCURY 4214



2. Observations

An example wave event is shown in Figure 1. The top two panels are frequency-time spectrograms of the
magnetometer data, which are sampled at 20 s�1 [Anderson et al., 2007]. The first panel shows the power
spectral density of the compressional magnetic component, while the second panel is of the power
spectral density of the transverse magnetic components. Around 04:12 UT a strong enhancement in wave
power is observed, which occurs chiefly in the compressional component, just below the proton cyclotron
frequency (~0.8 fcp). Note a weaker enhancement in the compressibility in the southern hemisphere
around 04:14 UT. The solid vertical black bar indicates the model magnetic equator crossing, which is
offset by +0.19 RM along the planet’s spin axis from the planetary equator [Anderson et al., 2008, 2010,
2011]. The magnetic latitude and magnetic L shell is computed relative to this offset. The waves are
observed between magnetic latitudes of approximately �12° to 14°.

The proton measurements associated with these waves are shown in the third to the fifth panels. These
measurements are derived from analysis of the Fast Imaging Plasma Spectrometer (FIPS) proton scan data.
FIPS measures protons and heavier ions in the 50 to 13,000 eV/q range over a 1.40π sr field of view of
which 1.15π sr are not obscured by the spacecraft body itself or its appendages [Raines et al., 2011]. Due to
telemetry constraints, the scan data consists of the proton counts, which are averaged on board over the
entire field of view per energy channel, the angular information is lost. The averaged counts per energy
channel have been converted to differential flux from which moments (black line) and Maxwellian fits
(red line) have been made [Raines et al., 2011, 2013]. Estimates of the proton density, temperature, and

Figure 1. Dynamic spectra of the magnetic (first panel) compressional and (second panel) transverse components for
frequency values between 0.04 and 10Hz, along with the (third panel) proton density, (fourth panel) proton temperature,
and (fifth panel) proton beta are plotted. The compressional (transverse) component is power spectral density along
(perpendicular) to the backgroundmagnetic field. On the spectrograms the white lines are at the proton cyclotron frequency,
the He++ cyclotron frequency, and the He+ cyclotron frequency. The model magnetic equator is given by the black vertical
line. R* is the distance from the offset planetary dipole. In the fourth to fifth panels the red line is a Maxwellian fit and the
black line is a moment of the FIPS proton data. The peak wave power seen in the compressional component occurs just
below the proton cyclotron frequency and is associated with a proton beta in the 0.1 to 0.2 range.
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beta (βP) are plotted in the third, fourth, and fifth panels, respectively. The fluctuations in the moments are
mainly due to low counting statistics. Proton beta in the range of 0.1 to 0.2 is observed for this event
around maximum wave power.

Can we see large loss cones in the proton distribution function? Besides proton scan data, which retain no
angular information, data consisting of individual proton counts with both energy and angular information
are available, from which pitch angle distributions can be computed [e.g., Gershman et al., 2014]. Due to
telemetry constraints, the individual proton counts are heavily decimated on board the spacecraft before
being telemetered; therefore, to get reasonable statistics, the entire 10min time interval had to be used in
computing the average proton pitch angle distribution. The average proton energy versus pitch angle
distribution for the entire time interval of Figure 1 is plotted in Figure 2a; note that for this interval, FIPS
had pitch angle measurements ranging from 0 to 120°; the pitch angle bin size is 15°. The integral of the
proton differential flux over the energy range of 0.5 to 13 keV versus pitch angle is shown in Figure 2b.
The solid line in Figure 2b is the integral of the model phase space density used for run 5 in Table 1
converted to proton differential flux and then integrated over the energy range of 0.5 to 13 keV. The loss
cone is clearly present. We point out that the estimated planetary loss cone varies from 63° at the start of
this interval down to 32° at the end of this interval. The average loss cone weighted by moment-derived
density (shown in Figure 1) is 40°. The field line-traced equatorial loss cone at the peak of the
compressional wave emissions at 04:12 UT is ~45°. Figures 2a and 2b show that there are particles within
the minimum planetary loss cone at pitch angles less than 32°; the likely scattering mechanism is through
interaction with these waves.

Knowledge of the electron temperature is also needed for the instability and ray tracing analysis. MESSENGER
has no instrument that measures electrons in the critical energy range of 0 to 2 keV. The Mariner-10
measurements of the mean electron energy in the central plasma sheet is 1 keV, which decreases to 100 to
200 eV at the edges of the plasma sheet, with typical electron densities in the 0.1 to 1 cm�3 range [Ogilvie
et al., 1977]. The ion instrument had failed by the time of the Mariner-10 Mercury flybys, so the ratio of the
electron to ion temperature was not determined. For the MESSENGER mission, the proton temperature
and density in Mercury’s plasma sheet tail are observed in the range from 0.4 to 2.6 keV and from 1 to
10 cm�3, respectively [Gershman et al., 2014], density values greater than those of the Mariner-10 flybys.
Ogilvie et al. [1977] noted that the properties of the electrons in Mercury’s plasma sheet were similar to
that of the Earth’s plasma sheet. In the Earth’s plasma sheet, the observed ratio of the proton to electron
temperature is in the range of 0.1 to 0.25 [Baumjohann et al., 1989; Wang et al., 2012]. For this study we
use electron to proton temperature ratio of 0.125 for the majority of the runs.

The effects of heavy ions are not included in this preliminary study. Here we note typical values for the
heavy ions. Gershman et al. [2014] found that the energy of the planetary ions is ~1.5 times the proton
energy in the plasma sheet and that near the dusk side magnetopause, the Na+ density is about 0.1 times
the proton density [Gershman et al., 2014]. We note that the average Na+ density in the 18:00–24:00 MLT
sector below an attitude of 2000 km, where the wave events peak, is between 0.03 and 0.001 cm�3

Figure 2. (a) FIPS proton pitch angle distribution for pitch angles between 0 and 90°; note that the pitch angles up to 120°
were measured. The distribution was computed by averaging over the entire time interval shown in Figure 1. (b) Integral of
differential flux versus pitch angle for proton energies>500 eV. The solid curve is the integral of differential flux versus the
pitch angle for proton energies >500 eV from the model proton distribution for run 5 in Table 1 of this study.

Journal of Geophysical Research: Space Physics 10.1002/2014JA020910

BOARDSEN ET AL. RAYTRACING ION BERNSTEIN MODE AT MERCURY 4216



(Figure 3b of Raines et al. [2013]). The ratio of He++ to H+ in the plasma sheet is observed to be 2.5%
[Gershman et al., 2014]. Having characterized the waves and their plasma environment, we focus on
instability analysis and warm plasma ray tracing.

3. Instability Analysis

We use Waves in Homogeneous Anisotropic Magnetized Plasma (WHAMP) [Rönnmark, 1982, 1983a] to solve
the dispersion relation. WHAMP has been used in many peer-reviewed studies [e.g., Rönnmark, 1983b; André,
1985; André, 1986; André et al., 1986; Boardsen et al., 1992; Menietti et al., 2002; Janhunen et al., 2003; Denton
et al., 2010; Wu et al., 2013]. WHAMP is a nonrelativistic dispersion relation solver where the plasma
distribution functions are specified by the sums and differences of bi-Maxwellian distribution functions for
each plasma species (both ions and electrons). The formula for the distribution function used by WHAMP
is shown below for species j, where in this study j is either protons or electrons.

f j V⊥; V jj
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where V⊥, V|| are the perpendicular and parallel components of the particle velocity, and nj is the density of
species j. To maintain quasineutrality, the electron (ne) and proton (np) densities are equal. Vj≡ (2 Tj/mj)

1/2

is the parallel thermal speed of species j, Tj is the parallel temperature, and mj is the mass. A (B) is the
perpendicular to parallel temperature ratio of the added (subtracted) components, and D is the depth of
the loss cone; for D= 0, the loss cone is deep, while for D= 1, there is no loss cone. For this preliminary
study the same values for the A, B, and D parameters are used for both protons and electrons.

Input parameters used in WHAMP are given in columns 4 to 9 in Table 1, which are the electron density (ne);
the parallel proton (Tp) and electron (Te) temperature; and the parameters A, B, and D. Columns 2 and 3 give
the proton (βP) and electron (βe) betas used for each ray tracing run. Looking at Figure 1, the fitted densities
around peak compression is ~2 cm�3, and the fitted proton temperatures is ~2 keV. For ray tracing, we use
densities in the range of 0.5 to 2 cm�3 and a proton temperature of 1 keV (lower than that of the event of
Figure 1 but a typical value when looking at a number of events).

As noted that the planetary loss cones vary from 63° at the start of this interval down to 32°, we adjusted the
parameters A, B, and D such that the slope of the iso-phase space density contour that intersects the origin is

Figure 3. (a) The proton velocity phase space distribution function used in the instability and warm plasma ray tracing
code, formed by a difference of two bi-Maxwellians to approximate a loss cone distribution, using parameters for run 3
in Table 1. The region where the protons strongly interact with the waves at peak wave growth is indicated by the dot.
(b) The imaginary part of the dispersion surface computed using the distribution of Figure 3a is shown in normalized
coordinates; VP is the proton thermal speed, and ΩP is the angular proton cyclotron frequency. The red color is the strong
growth, the dark blue color is the strong damping. The index of refraction surface (black curve) that contains maximum
growth rate, whose frequency is 0.96 fcp, at point A is laid on top. The surface is characterized by an upper branch (A-B) and
a lower branch (B-D). Strong wave growth andmild compression are associated with the upper branch, while weak growth/
damping and strong compression are associated with the lower branch. The index of refraction curves for frequency
values of 0.84, 0.924, and 1 (upper curve) fcp are also plotted. The white curves are boundaries where the product of VG||
k|| change signs.
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about 30° at low velocities, the low
end of the range of planetary loss
cone angles over the time interval of
Figure 1. For a comparison of the
model with the observed phase space
density distribution, the integral of
themodel differential flux is compared
with the observed integral of the
differential flux for a model density of
2 cm�3 in Figure 2b. The comparison
is reasonable. An example of the pro-
ton plasma distribution function used
in our analysis is shown in Figure 3a,
computed using parameters from run
3 of Table 1.

We compute the dispersion surface
for the fundamental using the para-
meters from run 3 in Table 1.

The growth/damping rate is plotted in
Figure 3b as a function of k|| and k⊥, nor-
malized by the thermal proton gyrora-
dius ρP=VP/ΩP. The index of refraction
(IOR) surface (black curve) containing
maximum growth rate is shown on
top of the growth/damping rate of the
dispersion surface. The IOR surface has
an upper branch (A-B), which is a region
of strong growth rate with moderate to
minimum compression.

We note that around peak growth
rate, our solutions are similar to
those found by Denton et al. [2010]
and Gary et al. [2010] in the Earth’s

plasma sheet boundary layer. Denton et al. [2010] and Gary et al. [2010] use a proton shell distribution as
the source of the instability. The peak growth rate (Figure 3b) occurs at k⊥VP/ΩP~5, so the wavelength of
the fundamental at peak growth rate is near the thermal proton gyroradius consistent with the findings of
Denton et al. [2010] and Gary et al. [2010].

IOR curves are shown for different values of f/fcp to give the reader a feeling for how this surface changes as
the wave propagates. The white curves on the plot are boundaries indicating where the parallel component
of the group velocity changes sign, which is critical in understanding how the wave propagates as
explained later.

At large normalized wave number of ~30, the IOR upper branch (A-B) connects to the lower branch (B-D). The
lower branch (B-D) is a region of weak growth or damping that becomes strongly compressional as |k|||
approaches 0. It is the strong compressional nature of this lower branch that makes this wave mode a good
candidate for explaining the compressibility of the observed waves, not the upper branch as originally
proposed in Boardsen et al. [2012]. As mentioned, a proton beta of ~2 would be required for the upper
branch to be compressional [Denton et al., 2010], such that beta is only observed in the plasma sheet tail at
Mercury [Korth et al., 2014; Gershman et al., 2015], where these waves are not observed.

The region where maximum energy exchange between the waves and the protons is located on the proton
distribution function is important because there are limitations as to how well a loss cone can be
approximated by the difference of two bi-Maxwellians. For example, at V|| = 0, the distribution function

Figure 4. Ray tracing of the fundamental of the ion-Bernstein mode for a
plasma with a proton beta of 0.542 at the launch point is shown, using
parameters from run 6 in Table 1, for an initial azimuth angle of 45°. Panels
represent the following: (a) the magnetic latitude, (b) the radial position,
(c) the magnetic compressibility, (d) the frequency normalized by fcp, (e) the
growth/damping rate, (f ) the absolute value of the wave normal angle,
and (g) the index of refraction. As the wave propagates, it toggles between
the upper and lower branches of the index of refraction surface. The lower
branchgiveshighcompression,while theupperbranchgiveshighgrowth rate.
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looks more like a ring distribution
than a loss cone distribution, so we
want to verify that maximum
energy exchange is occurring near
the edge of the loss cone. The
protons strongly interact with these
waves through the ion cyclotron
resonance condition ω� k||v|| = nΩP,
where ω is the angular wave
frequency, ΩP is the angular proton
cyclotron frequency, v|| is the
parallel particle velocity, and n is the
harmonic number. While electrons,
because k⊥ ≫ k||, interact with these
waves through Landau damping,
ω= k||v||. For the protons, the region
in the distribution function that
contributes to the bulk of the growth
is given by the resonance condition
plus the maximum of Jn(k⊥v⊥/ΩP)

2

[Schmidt, 1979, p. 264] where Jn is the
Bessel function of the first kind and
v⊥ is the perpendicular proton speed.
For the fundamental (n=1), this
maximum occurs at k⊥v⊥/ΩP=1.85.
The region of maximum interaction
for the wave solution at maximum
growth rate is indicated by the bar
with a dot centered on it in
Figure 3a, which lies near the loss
cone edge. The size of the bar

indicates the full width at half maximum of Jn
2. This point lies near the edge of a loss cone, albeit at a

pitch angle of 20° instead of 30°.

Using the values given in Table 1, we have computed similar index of refraction curves at the start of each run. We
find that the shape of the index of refraction surface using different electron temperatures ranging from 0.001 TP
to 1 TP is qualitatively similar to that shown in Figure 3b. However, we find that the electron temperature
influences the peak growth rate through Landau damping. Runs 2–4 of Table 1 show that the peak growth
rate decreases as the electron temperature increases: for a 1 eV electron temperature, the normalized peak
growth rate is 0.190, while for a 1 keV electron temperature, the normalized peak growth rate drops to 0.112.
We note that Gary et al. [2010] found a similar dependence of the growth rate as the electron temperature is
varied. The electron temperature also influences the value of the normalized frequency at peak wave growth,
the normalized frequency at peak growth decreases as the electron temperature increases.

The group velocity (VG) also decreases as beta increases. Table 1 gives the angle of the group velocity with
respect to the background field (ψG), and it ranges in value from 0.01° to 1° at the launch point of each
run. Note that the x and y axes of Figure 3b are not plotted at the same scale, if plotted on the same linear
scale, the index of refraction surface would appear as a horizontal line and the group velocity is normal to
this surface (i.e., field-aligned). Having discussed the index of refraction surface containing peak growth
rate, next we discuss the ray tracing of this mode.

4. Ray Tracing Analysis

Because the dispersion relation cannot be approximated by a cold plasma disperation relation, we need to
perform warm plasma ray tracing; we use the code RATRACE [Rönnmark and André, 1991]. The code

Figure 5. Ray tracing of the fundamental of the electromagnetic ion-Bernstein
mode for a plasma with a proton beta of 0.135 at the launch point is shown,
using parameters from run 3 in Table 1, for an initial azimuth angle of 90°
(azimuthal direction). Note that the peak in magnetic compression straddles
the magnetic equator.
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RATRACE solves a system of nonlinear
equations (equation (1) in Rönnmark
and André [1991]), which includes weak
dissipation [Suchy, 1981; Rönnmark,
1984], to trace a ray in space given by
an initial wave vector at an initial
position. The wave propagation is
determined by the following system
of first order differential equations.

ṙ ¼ ℜ � ∂D
∂k

=
∂D
∂ω

� �
(2)

k̇ ¼ ℜ
∂D
∂r

=
∂D
∂ω

� �
(3)

where the dispersion relationD(r,ω, k)
= 0 along all points of the ray trace,
where r is the position vector, k is the
wave vector, andω is the angular wave
frequency. The dispersion relationship
is solved using WHAMP at each point
on the raypath. In the limit of no
dissipation, equation (2) reduces to
the group velocity in a nondissipative
medium, and equation (3) reduces to
a differential form of Snell’s law.

RATRACE requires that the para-
meters given in columns 4 to 9 of
Table 1 plus the vector background
magnetic field be specified through-
out the ray tracing volume along with

their spatial derivatives. For this preliminary study the parameters in columns 4 to 9 of Table 1 are fixed
throughout the ray tracing volume and a magnetic field model represented by a magnetic dipole field with
a moment of 190 nT/RM

3 is used. For each run we launch rays at their optimal growth rate and wave normal
angle (given in columns 10–12 in Table 1), starting at the magnetic equator at a radial distance of 1.35 RM
from the dipole center, where the occurrence of these waves is observed to peak. At the start of each run,
the azimuthal angle of the wave vector must also be given to fully specify the wave vector direction; it can
range from 0° to 360°: for azimuthal angles of 0°, 90°, and 180°, the wave vector is directed radially outward,
in the azimuthal direction, and radially inward, respectively. Before discussing the wave propagation in a qua-
litative manner, it is simpler to show the quantitative ray tracing solutions first, computed using RATRACE.

Time series plots of the ray tracing solution are given in Figures 4–7 for different initial equatorial βP and
azimuthal angles. The raypaths shown in Figure 4 are launched for an initial βP of 0.542 with azimuthal
angles of 45°. While those in Figures 5 and 6 are, both launched in the azimuthal direction with an initial
βP of 0.135 or 0.051, respectively, and Figure 7 is launched at the third harmonic with an initial βP of 0.051.
Looking at Figures 4–7, one can see that the rays propagate in a cyclic manner between the hemispheres.
Each cycle is composed of (1) segments with high growth rate (Figures 4e, 5e, 6e, and 7e) and
low/moderate compression (Figures 4c, 5c, 6c, and 7c) that propagate from one hemisphere to the other
and (2) segments of low growth/damping rate and high compression that propagate from one
hemisphere to the other or (3) segments with low growth/damping rate and high compression that refract
away from the equator in the middle of the segment.

Each time the ray refracts back toward the magnetic equator, the ray switches from a segment with high
growth rate and low/moderate compression to a segment with low growth/damping rate and high
compression. The segments combine to form two types of propagation cycles as indicated in Figure 4,
labeled Type A and Type B. When the initial βP is lowered to values of 0.271 to 0.051 as shown in

Figure 6. Ray tracing of the fundamental of the electromagnetic ion-Bernstein
mode for a plasma with a proton beta of 0.051 at the launch point is shown,
using parameters from run 1 in Table 1, for an initial azimuth angle of 90°.
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Figures 5–7, only one cyclic solution
(Type A) has been observed where
the highly compressional solution does
not cross the magnetic equator. We
have not found Type B for this range
of βP. We now give a qualitative expla-
nation for the cyclic propagation.

Figure 8 shows segments of the IOR
surface at different magnetic lati-
tudes along the raypath (given in
Figure 5) that contains the raypath
solution (black dot in each panel) at
that location. The perpendicular and
parallel components of the IOR sur-
face are plotted as k⊥VP/ΩP0 and
k||VP/ΩP0, where ΩP0 is the angular
cyclotron frequency at the equatorial
launch point. The segments are
colored black if the group velocity is
away (k||VG||> 0) from the magnetic
equator, red if the group velocity is
toward (k||VG||< 0) the magnetic
equator. In Figure 5 the ray is
launched in the azimuthal direction
at peak growth rate and it will travel
away from the equator nearly along
the magnetic field line (Figure 8a).
As the ray travels up the field line,
f/fcp decreases because B increases
(Figure 8b). Because the gradient
of the medium at the launch point

is in radial direction, the component perpendicular to the gradient will be approximately conserved from
Snell’s law (strictly conserved if the medium is planar stratified; e.g., Figure 4.42 of Gurnett and Bhattacharjee
[2005]), indicated by the vertical line in Figure 8. A point is reached (Figure 8c) where the ray solution hits
the edge of the IOR surface (in the approximately conserved direction); at this point, the ray will move onto
the part of the IOR surface (red segment) where k||VG||< 0 and the ray will start to propagate back toward
the equator. As the ray continues to propagate back toward the equator, f/fcp increases (Figure 8d). When
the ray hits the edge of the IOR surface at k|| = 0 (Figure 8e), VG|| changes sign as k|| changes sign and the ray
starts to propagate away from the equator, and you have cycle Type A. If the ray reaches the equator before
reaching k|| = 0, f/fcp starts to increase upon crossing the equator, and you have cycle Type B.

5. Pileup of Compressional Energy

It is not clear from Figures 4 to 7 why the wave observations should be compressionally dominant, because as
the waves propagate, they cycle between being compressional and transverse dominant. However, as the
waves propagate through maximum compression, there is a strong decrease in group velocity, and if we
assume that the Poynting flux is conserved, there will be a sharp ramp up in the wave amplitude while
going through this minimum in group velocity. Figure 9 shows the first 0.6 s of the trace from run 3 in
Table 1; one can see a sharp spike in the wave electric (Figure 9c) and magnetic (Figure 9b) fields as the
wave propagates through this group velocity minimum at peak compression. This pileup suggests why
compressional dominance is observed. However, the strong ramp up in wave amplitudes occurs in less
than 1 wavelength implying that the Wentzel-Kramers-Brillouin (WKB) approximation is probably violated
around that point.

Figure 7. Ray tracing of the third harmonic of the electromagnetic ion-
Bernstein mode is shown for a plasma with a proton beta of 0.051 at the
launch point, using parameters from run 7 in Table 1, for an initial azimuth
angle of 90°.
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6. Violation of the WKB Approximation Around Peak Compression

Geometrical ray tracing requires that the Wentzel-Kramers-Brillouin (WKB) approximation holds for all points
along the raypath [Whitman, 1999; Gurnett and Bhattacharjee, 2005]; this is satisfied if the wavelength is
much shorter than the spatial-scale lengths in the media. We estimate the spatial-scale length L at the
equator as r/3 (the dipole field strength divided by its gradient), where the radial distance r=1.35 RM and
the maximum wavelength λ estimated from the minimum of the IOR (bottom graph of Figures 4–7) of 2000
at a frequency of 1.2Hz, so one gets L=1100 km and λ=120km. Therefore, in terms of the wavelength
being smaller than the spatial scales, we feel reasonably confident that the primary criteria for the WKB
approximation hold. However, as noted, around k|| = 0, there is a sharp increase in wave amplitude occurring
over a distance much shorter than the wavelength; therefore, one can interpret this as a violation of the
WBK approximation. Additional studies, beyond the scope of this preliminary study, are needed to explore
the wave propagation through k|| = 0, and possible mode conversion, and the effects of cutoffs and
resonances introduced by including heavy ions. In the next section we compare the results of our
preliminary ray tracingwith observations and discuss limitations of our study and possible future investigations.

7. Discussion

We focus on several topics that influence the interpretation that these waves are composed of chiefly the ion-
Bernsteinmode: (1) Canwe explain the difference between the observed wave frequencies and the frequencies
at peak wave growth from linear theory using the Doppler shift? (2) How well does this mode explain the
compression? (3) The comparison of magnetic latitude extent between observations and the ray tracing.

1. One major difficulty in reconciling these waves with an ion-Bernstein mode is the difference in frequency
between that of the observed waves and the frequency at maximum compression predicted from ray
tracing. For example, in Table 2, the observed f/fcp of the fundamental is in the range of 0.63 to 0.76, while
for the ray tracing example, in run 3, f/fcp at maximum compression is 0.92. From the values in Table 2, the
required shift to resolve the difference between observation and ray tracing in units fcp is in the range of
0.16 to 0.29. Can we explain the difference by the Doppler shift between waves generated in the plasma
flow frame and observed in the spacecraft frame of reference? The Doppler shift between the plasma flow
frame and the spacecraft frame is given by

ωsc ¼ ωþ k
⇀ � V→F (4)

where VF is the flow velocity. Since ω/k= VP, where VP is the phase velocity, equation (4) can be rewritten as

ωsc ¼ ω 1þ k̂ �V̂ F

� � VF

VP

� 	
(5)

Table 1. Plasma Parameters at the Launch Point Used in the Ray Tracinga,b

Run βP βe ne Tp Te A B D XR XI ψ VG ψG G

1 0.051 0.006 0.19 1 0.125 1 0.9 0.2 0.964 0.179 89.72 0.030 0.17 2.2
2 0.135 0.000 0.50 1 0.001 1 0.9 0.2 0.974 0.190 89.54 0.020 0.41 4.9
3 0.135 0.017 0.50 1 0.125 1 0.9 0.2 0.962 0.171 89.60 0.021 0.35 4.8
4 0.135 0.135 0.50 1 1.000 1 0.9 0.2 0.938 0.112 89.49 0.013 0.48 3.1
5 0.271 0.034 1.00 1 0.125 1 0.9 0.2 0.959 0.164 89.40 0.014 0.61 4.6
6 0.542 0.068 2.00 1 0.125 1 0.9 0.2 0.953 0.154 89.07 0.009 1.01 3.9
7 0.051 0.006 0.19 1 0.125 1 0.9 0.2 2.968 0.300 89.77 0.044 0.01 2.0

aParameters: ne is the electron number density in cm�3; βp and βe are the proton and electron betas, respectively; Tp
and Te are the parallel proton and electron temperatures in keV, respectively; A, B, and D are the input parameters for
WHAMP that specify the shape of the velocity space distribution function; XR and XI are the frequency and themaximum
growth rate normalized by the proton cyclotron frequency; ψ is the wave normal angle in degrees; VG is the group
velocity normalized by the speed of light; and ψG is the angle in degrees of the group velocity with respect to the back-
ground field direction.

bThe path integrated e-folding for a launch azimuthal angle of 90° integrated over 10 s is given in the last column G.
The launch point in each ray tracing run is in the magnetic equatorial plane, at 1.35 RM from the dipole center where the
dipole model background field is 78 nT. Run 7 was for the third harmonic, the rest are for the fundamental. Ray tracing
results for runs 6, 3, 1, and 7 are given in Figures 4–7, respectively.
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For the first and third harmonics of
runs 1 and 7, the phase velocity is
about 91 km/s. Approximating ω as
nΩP, equation (5) gives the following
for the normalized Doppler shift:

Δf=f cp ¼ n k·VF= kVFð ÞVF=VP (6)

Since the VP is approximately
constant for the lower harmonics,
the Doppler shift should be roughly
proportional to harmonic number.
Figure 10 shows an example where
this holds for the first three
harmonics. To shift the model
frequency down to the observed
values, k · VF must be less than zero.
For k · VF/(kVF)) =�1, using a phase
speed of 91 km/s, the flow velocity
must be in the 14 to 26 km/s range
for observed shifts of 0.16 to 0.29.

The flow speed has been estimated
from statistical studies of the
estimated cross-tail potential of
Mercury’s magnetosphere [Slavin
et al., 2009; Dibraccio et al., 2013].
From Figure 12 of Dibraccio et al.
[2013], the cross-tail potential is
estimated to be 29± 28 kV. This
potential is based on measurements
of the magnetic field normal to the
magnetopause surface and assumes
that the magnetosheath flow speed
is 200 km/s. For a tail width of 3 RM
the cross-tail potential gives a cross-

tail electric field of 4.0 ± 3.8mV/M. Using a background field strength of 88 nT (Figure 1) with the cross-tail
electric field estimates, the E × B drift velocity is estimated to be in the range of 45 ± 43 km/s.
Superimposed upon this drift, 1 keV protons would have a gradient-curvature drift of ~5 km/s. We
therefore conclude that plasma flow speed can produce the required Doppler shifts.

Because the plasma is flowing, there is a question of whether the waves can grow to sufficient amplitude as
they are carried along by the plasma. In the 10 s used in our ray tracing examples, a plasma drifting at 45 km/s
will travel 0.18 RM in the sunward direction. If the perpendicular component of the group velocity at
maximum growth rate is 38 km/s and the average flow speed 45 km/s, then if the wave vector is
antiparallel to the flow speed at maximum growth, the wave packet position will be roughly quasi-
stationary in the x-y plane. During the compressional phase of the wave propagation, the perpendicular
component of the group velocity drops to ~0 km/s and the wave packet is carried with the flow. So as the
wave cycles back and forth between its high growth rate phase and its high compressional phase, it will
cycle between being nearly quasi-stationary and being carried by the flow.

This hypothesis, that the wave vector is antiparallel to the flow direction, suggests that the optimal location
for growth would be in the dawn and dusk sectors when the sunward flow is tangent to a surface of constant
L shell; at this location the waves will remain in resonance for a longer period as they are swept downstream.
Waves generated at midnight will be swept across L shell and therefore not stay in resonance for a long time.
This is somewhat consistent with the observed peak in wave events at 21 h MLT with a secondary peak at 3 h
MLT in Figure 7g of Boardsen et al. [2012]. However, for this interpretation to hold, one must come up with a

Figure 8. Segments of the index of refraction curves are plotted at various
points for the ray trace solution shown in Figure 5a, in units of ΩP0/VP,
where ΩP0 is the angular cyclotron frequency at the launch point. The black
dots are the ray tracing solutions: (a) at the start, (b) between the start and
first reflection, (c) at the point where the ray is reflected back toward the
equator, (d) between the first two reflections, and (e) at the point where the
ray is reflected away from the equator. The index of refraction surface is black
where the group velocity is directed away from the equator, and red where
the group velocity is directed toward the equator. The perpendicular com-
ponent of the wave vector at the launch point, indicated by the black vertical
line, is approximately conserved as the ray propagates.
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mechanism that would at least par-
tially deflect the sunward flow around
Mercury. The current ray tracing mod-
els are not set up to handle flow
perpendicular to the magnetic field
in a 3-D geometry. Such models are
needed to correctly compute the path
integrated gain.

This hypothesis predicts a preferred
orientation of the perpendicular com-
ponent of the wave vector that would
result in the discussed Doppler shift.
This preferred orientation would also
explain why a Doppler splitting is not
observed. If the wave vectors are uni-
formly distributed in azimuth, one
predicts a Doppler splitting [Boardsen
et al., 1990]. We have found only a
handful of spectrograms for which
the frequency structure might be
attributed to a Doppler splitting; in
general, there is little evidence of a
Doppler splitting in our spectrograms.
Our hypothesis is that nature picks out
the solution with maximum wave
gain, the solution where the sum of
the group and flow velocities is mini-
mized in Mercury’s frame of reference.

How well does this mode explain the
compression? For the Type B cycle
the compression maximizes at the
equator, while for the Type A cycle

the compression maximizes off the equator in of range of �4 to �7° and 4 to 7° magnetic latitude, based
on the ray tracing examples in Figures 4–7. As noted, we found the Type B cycle only for the highest equator-
ial proton beta 0.542 ray traced, the lower equatorial beta ray tracings only showed the Type A cycle. Such off
equatorial enhancements have been observed in the data, for example, in Figure 11 (taken from Figure 11 of
Boardsen et al. [2012]), where enhancements in the compressional components are observed to straddle the
magnetic equator. Boardsen et al. [2012] suggested that off equatorial plasma sheet boundary layer crossings
are the cause of the enhancements, but they also noted that the plasma sheet boundary layer crossings are
not apparent in the data, so the Type A (i.e., Figure 5) cycle might be a better explanation.

Figure 9. The first 0.6 s from run 3 in Table 1 and Figure 5 is shown. Panels
represent the following: (a) the magnetic compressibility, (b) the magnetic
wave amplitude, (c) the electric field wave amplitude, (d) the ratio of the
electric field along k to the total electric field, and (e) the electric to magnetic
wavefield ratios. The spike in amplitude is due to theminimum in group velocity
as k|| goes through zero, allowing a pileup of compressional wave energy.

Table 2. Third Column: Frequency (f ) at Peak Compression, Fourth Column: Frequency Normalized by fcp, Fifth to
Seventh Columns: Location, and Eighth Column: Harmonic Numbera

No. YYYY DDD (dd/mm) hh:mm:ss.sss f (Hz) f/fcp R* MLAT MLT H

1 2011 088 (29/3) 02:36:38.302 0.88 0.63 1.33 �1.12 1.82 1
2 2011 105 (15/4) 17:10:02.167 0.84 0.66 1.34 1.66 21.3 1
3 2011 105 (15/4) 17:10:02.167 1.75 1.37 1.34 1.66 21.3 2
4 2011 105 (15/4) 17:11:13.292 0.76 0.64 1.39 �1.82 21.3 1
5 2011 105 (15/4) 17:11:13.292 1.53 1.30 1.39 �1.82 21.3 2
6 2011 099 (9/4) 04:12:39.956 0.99 0.76 1.31 3.00 22.7 1
7 2011 099 (9/4) 04:13:50.789 0.77 0.74 1.36 �0.60 22.8 1

aItem 1 is from Figures 2 and 3 of Boardsen et al. [2012], items 2–5 are from Figure 9, and items 6 and 7 are from
Figure 1.
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For the Type A or B cycle the group velo-
city on the upper branch tends to be
higher than that of the lower branch, so
from conservation of Poynting flux, the
overall wave amplitude of the ray will be
smaller at the equator, which could
explain the drop in total power spectral
density (see Figure 9b) that is observed
between the compressional enhance-
ments of Figure 11. We have frequently
observed these off equatorial enhance-
ments, similar to that of Figure 11, but
have not quantified their occurrence.
More qualitative analysis is required in
future studies. In statistical studies, we
suspect that the deviation of the true
magnetic equator in latitude from the
averagemagnetic equator (using the scal-
ing of ~8 between Mercury’s and Earth’s
magnetosphere [Slavin et al., 2008], 1.35

RM is equivalent to 11 Earth radii at Earth) which is used in Figure 9 of Boardsen et al. [2012] smears out
the scatter so a decrease in compression if present at the equator is not observed in the statistics.

The last topic we address is the latitudinal extent of the ray tracing compared to that of the observations. The
latitudinal extent of the ray tracing is about ±12° magnetic latitude (MLAT) (Figures 4–7), compared to that of
Figure 7h of Boardsen et al. [2012], where the bulk of the compressional observations are within ±20°, with a
transverse dominant tail that extends to 60° magnetic latitude. In this preliminary study we only launched
rays at maximum growth rate at the equator; launching rays at maximum growth rate off the equator should
broaden the latitudinal range of the rays. Also, the latitudinal extent of wave propagation at different radial
equatorial launch points was not explored. The deviation of the true magnetic equator from the model equa-
tor as the solar wind and IMF driving conditions change will also broaden the wave observations in magnetic
latitude compared to that of the model. We suspect that the ion-Bernstein mode can explain the latitudinal
extent for the bulk of the compressional observations.

Due to the strong linearity of these waves, one cannot accurately estimate the azimuthal direction of the
waves using only magnetic field data; electric field data are needed. Unfortunately, MESSENGER does not
have an electric field instrument. Figure 9d gives the ratio of the electric field along the wave vector
divided by the electric field magnitude. One can see that this component dominates, so analysis of the
electric fields associated with waves can be used to determine if a preference in the azimuthal direction
exists. Figure 9e gives the E/B ratio; MESSENGER has observed compressional waves with peak to peak
amplitude up to ~10 nT (Figure 3 of Boardsen et al. [2012]), which from the E/B ratio curve, one would
predict a peak to peak wave electric field on the order 300mV/M from linear theory.

Ray tracing cannot predict the nonlinear evolution and saturation of these waves. Therefore, nonlinear
modeling of the growth and saturation of these waves is needed. The wave electric field is largely along
the wave vector; therefore, the displacement current is not critical and hybrid simulation could be used to
study these waves. Hybrid simulation [Winske and Omidi, 1993; Hu and Denton, 2009; Hu et al., 2010] has
been performed for ion cyclotron waves (ICW) in a 2-D dipole geometry [Omidi et al., 2011, 2013];
presumably, a similar analysis could be performed replacing the anisotropic proton distribution in the ICW
simulation with a loss cone distribution in order to simulate the ion-Bernstein mode.

8. Conclusion

We show that magnetic compressional waves, with (δb||/δb)
2> 0.5, at frequency value of ~1Hz observed

within Mercury’s inner magnetosphere could be interpreted as ion-Bernstein waves in a moderate proton
beta ~0.1 plasma. An observation of a highly compressional wave event was presented along with plasma

Figure 10. Spectrum from the event shown in Figure 1. The red curve is
the compressional component, while the blue curve is the transverse
component. The solid vertical lines are at the proton cyclotron fre-
quency and its harmonics. The dashed vertical lines are at harmonics of
the spectral peak of the fundamental.
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moments of the protons, whose proton beta is in the range of 0.1 to 0.2 around peak wave amplitude. The
waves exhibit a harmonic frequency structure whose fundamental is close to 0.8 fcp, near the magnetic
equator. The waves were observed between �12° and 14° magnetic latitude. An observation of a highly
time averaged proton distribution with a large planetary loss cone is presented for this event, and we
show that this type of distribution is highly unstable to the generation of ion-Bernstein waves with low
magnetic compression.

We studied the propagation of this unstable mode with warm plasma ray tracing. In this preliminary study the
ion plasma is described by proton loss cone distribution approximated by the difference of two bi-
Maxwellians, which was used as both the wave source and its carrier. No other ion species were included.
The plasma density and the parameters specifying the shape of the proton loss cone were constant
throughout the ray tracing volume. The magnetic field was approximated by a dipole. The only model
parameter that we varied between runs was the plasma density, which we changed to vary the proton
beta in the range of 0.05 to 0.54 at the ray tracing launch point.

We launched rays at peak growth at the equator at 1.35 RM. We found that as these waves propagate back
and forth about the magnetic equator they cycle between a state of low and high magnetic compression.
The group velocity decreases during the high compression state leading to a pileup of compressional
wave energy, which could explain the observed dominance of the highly compressional waves around the
magnetic equator.

This bimodal nature is due to the complexity of the index of refraction surface in a warm plasma whose upper
branch has high growth rate with low compression, and its lower branch has low growth/damping rate with
strong compression. Two different cycles are found: one where the compression maximum occurs at the
magnetic equator (found only for beta of 0.54) and one where the compression maximum straddles
the magnetic equator (found for all beta explored). The later cycle could explain observations where the
maximum in compression straddles the equator, peaking off the equator. Ray tracing shows that this
mode is confined within ±12° magnetic latitude, which can account for the bulk of the observations.

We show that the Doppler shift can account for the difference between the observed and modeled wave
frequency, if the wave vector direction is in opposition to the plasma flow direction. We note that the WKB

Figure 11. Taken from Figure 11 of Boardsen et al. [2012]. The peak emissions are observed to straddle the magnetic field.
The top plot shows the compressional component, the middle plot shows the transverse component, and the bottom plot
shows the degree of polarization. Ray tracing predicts (see Figure 5) a maximum in the compression that straddles the
equator.
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approximation breaks down during the pileup of compressional energy and that a study involving full wave
solutions is required.
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