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[1] Ultra low frequency (ULF) waves, which are assumed to be standing waves on the
field, are observed by the Mariner 10 spacecraft at Mercury. These waves are oscillating at
38% of the proton gyrofrequency. It is well known that heavy ions, such as Na", are

abundant in Mercury’s magnetosphere. Because the presence of different ion species has

an influence on plasma dispersion characteristics near the ion gyrofrequencies,
magnetospheric eigenoscillations observed at Mercury with frequency in the
gyrofrequency range require a multi-fluid treatment for the plasma. Thus ULF waves at
Mercury may have a distinct difference from typical ULF oscillations at Earth, which
are often described in terms of magnetohydrodynamics. By adopting a multi-fluid
numerical wave model, we examine how magnetic eigenoscillations occur in Mercury’s
magnetosphere. Because protons and sodium ions are the main constituents at Mercury,
we assume an electron-proton-sodium plasma in our model. Our results show:

(1) the observed ULF waves are likely compressional waves rather than standing
oscillations such as field line resonances (FLRs), (2) FLRs at Mercury are expected to
occur when the ion-ion hybrid and/or Alfvén resonance conditions are satisfied, (3) the
magnetic field of FLRs at Mercury’s magnetosphere oscillates linearly in the

east-west (azimuthal) meridian when the frequency is located between two ion
gyrofrequencies, and (4) the resonance frequency enables us to estimate the local heavy

ion concentration ratio.

Citation: Kim, E.-H., J. R. Johnson, and D.-H. Lee (2008), Resonant absorption of ULF waves at Mercury’s magnetosphere,

J. Geophys. Res., 113, A11207, doi:10.1029/2008JA013310.

1. Introduction

[2] During the first encounter with Mercury’s magneto-
sphere, Mariner 10 detected a narrow band pulsation with
frequency about 0.5 Hz in the night side magnetosphere
[Russell, 1989]. Although the signals are preferentially
polarized in the magnetic meridian rather than east-west
direction, Russell [1989] proposed that the pulsation was a
standing Alfvén wave along a background magnetic field
line (By) because the signals were primarily transverse to
B,. Using an electron density of 3 cm ™ and assuming an
electron-proton plasma with the measured field strength, he
derived an Alfvén velocity of about 1,000 km/s. With a field
line length of about 4,000 km based on a dipole model,
Russell [1989] estimated that the fundamental frequency of
a standing wave on the field line would be about 0.125 Hz.
Accordingly, the observed 0.5 Hz wave could be the fourth
harmonic of the fundamental wave. The local proton gyro-
frequency (f.y = wep/27) during the wave event observed by
Mariner 10 was 1.31 Hz, and the observed wave frequency
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was 38% of f.y. However, because these waves are well
outside the magnetohydrodynamics (MHD) frequency
range, the MHD approximation is not applicable for these
observations.

[3] It is well known that heavy ions are abundant in
Mercury’s magnetosphere. Plasma sources for Mercury’s
magnetosphere are the solar wind, supplying H" and He", as
well as sputtering from the planetary surface and subsequent
photoionization. The observed sputtered products are O, Na,
and K [Lammer and Bauer, 1997]. The contributions of
ionized K and O to the magnetospheric plasma are negligi-
ble compared with that of Na [Cheng et al., 1987]. From
analysis of the Na exosphere and Na" tracing, Ip [1986] and
Cheng et al. [1987] suggested that Na® could make up
between 10% and 50% of the magnetospheric ion plasma
composition. The abundance of He" in Mercury’s magne-
tosphere is still unknown.

[4] The heavy ions significantly modify the character-
istics of waves in the ion gyrofrequency range. Because the
observed wave frequency, 0.5 Hz, lies between the local
gyrofrequency of protons, 1.31 Hz, and sodium, 0.057 Hz, a
proper analysis of the oscillations requires a wave model
that includes multi-ions [Othmer et al., 1999; Glassmeier et
al., 2003, 2004; Klimushkin et al., 2006].

[5] When an incident compressional MHD wave prop-
agates across an Alfvén velocity gradient, it can couple with
the shear Alfvén wave at the location where the phase speed
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parallel to By is equal to the local Alfvén speed (the Alfvén
resonance), and wave energy is transferred from the com-
pressional MHD wave to a shear Alfvén wave propagating
along the magnetic field [Hasegawa et al., 1983]. At Earth’s
magnetosphere, because the magnetic field lines are
bounded by the ionospheres, shear Alfvén waves have an
eigenmode structure along magnetic field lines such that
only a discrete spectrum of frequencies are associated with a
field line, and those frequencies determine the location of
the Alfvén resonance given the frequency of a driver such as
a solar wind compressional disturbance. Assuming the
Alfvén velocity varies smoothly, the frequency of each
discrete mode varies continuously across field lines. This
discrete spectrum of waves is called a field-line resonance
(FLR) and has been recognized for decades [e.g., Tamao,
1965; Uberoi, 1972; Chen and Hasegawa, 1974; Southwood,
1974]. The question arises whether the Alfvén resonance
associated with MHD waves is applicable to FLR at
Mercury, which has a multi ion plasma. Therefore the major
issues that can be addressed by a multi-fluid approach are
(1) understanding the characteristics of FLRs with frequen-
cy the order of the gyrofrequency in multi-ion plasmas and
(2) determining the ion composition Mercury’s magneto-
sphere.

[6] At higher frequency (f ~ f11), the MHD approxima-
tions become invalid and cold plasma waves should be
described using a multi-fluid approach. In this case, the
Alfvén resonance is generalized to the perpendicular ion
cyclotron resonance (or Alfvén resonance), which is the
frequency modified Alfvén resonance [e.g., Stix, 1992]. At
the frequency modified Alfvén resonance, wave energy
transfers from the compressional wave to the shear Alfvén
wave/ion cyclotron wave analogous to the MHD case [e.g.,
Karney et al., 1979; Winglee, 1982; Kim and Lee, 2003]. The
finite f/fcy effect on ULF waves becomes important at the
magnetosheath [Belmont and Rezeau, 2001], the magneto-
pause [Rezeau et al., 1989], and laboratory plasma experi-
ments [e.g., Tsushima et al., 1982; Mitchell et al., 2001].

[7] When multiple ion species are included in the plasma,
there are two additional resonances between each pair of
gyrofrequencies, a Buchsbaum (BB) [Buchsbaum, 1960]
and an ion-ion hybrid (ITH) resonances. At the IIH reso-
nance, the absorption from the compressional wave to the
resonance occurs [e.g., Lee et al., 2008], and both resonances
provide important clues in Earth’s ULF waves [e.g., Johnson
et al., 1995; Horne and Thorne, 1997; Johnson and Cheng,
1999; Lee et al., 2008].

[8] In magnetospheric geometry, the IIH resonance also
describes coupling of compressional-like waves with a
field-aligned resonant mode. Consistent with ionospheric
boundary conditions there are eigenfunctions with discrete
eigenvalues that stand on the field lines. Additionally,
evanescent “‘stop gaps” may also confine the eigenmode
structures to only a portion of the field line. These eigenm-
odes define the location and localization of field-aligned
resonances given a driver with a particular frequency.

[0] Othmer et al. [1999] and Klimushkin et al. [2006]
derived a necessary condition for resonant mode coupling in
multi-ion plasmas, which is the same condition as the ITH
resonance. They also suggested that the crossover frequency
is the preferred frequency for the FLR at Mercury when this
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frequency is satisfied at the resonance condition. By adopting
a two-fluid wave model, Kim and Lee [2003] examined the
behavior of the Alfvén resonance when f ~ fiy and
discussed the implications for waves at Mercury in a
single-ion plasma. However, Southwood [1997] argued that
the observed waves cannot be pure standing Alfvén waves
because they have a compressional component and polari-
zation aligned in the north-radial meridian rather than east
meridian. Thus it is necessary to further investigate FLRs at
Mercury’s magnetosphere.

[to] The overall aim of this paper is to consider the
FLR phenomena for Mercury’s multi-ion plasmas including
(1) identification of the observed waves and (2) specifica-
tion of conditions for which FLR would occur at Mercury.
To achieve these goals, we adopt typical plasma parameters
at Mercury and perform a wave simulation. We examine
how FLR occurs at Mercury when the heavy ion density
ratio varies across the magnetic field, By. These results are
compared with previous observational and theoretical work
and they show that the observed waves detected by the
Mariner 10 spacecraft are likely compressional waves rather
than FLR. In addition, we introduce a method of heavy ion
density estimation using resonance frequencies. Because the
ITH resonance depends on the ratio of ion density to electron
density, it enables us to estimate the heavy ion density ratio.

[11] This paper is structured as follows: We briefly
describe wave properties in an electron-proton-sodium
plasma in section 2. The resonance conditions and other
pure ion-ion effects are also introduced. Sections 3 and 4
describe the numerical simulation model and the results
obtained from simulations such as wave spectra and time
histories of electric and magnetic fields. Time histories of
the electromagnetic wave at the resonance location provide
direct evidence of resonant absorption at the IIH resonance.
In section 5, we investigate methods to determine the ion
density ratio using the IIH and the Alfvén resonance
frequencies. The last section contains a brief discussion
and the conclusions.

2. Waves in Multi-Ion Plasmas

[12] The inclusion of minor ions changes the dispersion
of waves in the range of the ion gyrofrequencies [e.g., Smith
and Brice, 1964; Young et al., 1981; Rauch and Roux,
1982]. For 6 = 0°, the left-handed (L) polarized branch splits
into multiple propagation bands propagating between the
ion gyrofrequencies. Each branch has a resonance at the ion
gyrofrequencies and an additional cutoff between each pair
of ion gyrofrequencies (except for below the heaviest ion
gyrofrequency). Conversely, the right-hand (R) mode is
nearly unaffected by additional minor ions.

[13] For 6 = 90°, there is a splitting of the extraordinary
(X) wave branch. The existence of an additional resonance
for the X wave was noted by Buchsbaum [1960]. This X
wave resonance between the ion gyrofrequencies will be
referred to as the “Buchsbaum (BB) resonance™,
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Figure 1. The n3 dispersion relation using equation (3) in

an electron-proton-sodium plasmas for (a) w = 0.03 w.y <
Wena and (b)) wena < w = 0.2 wey < wey. Wave mode are
referred to as Class I, 11, and III following Rauch and Roux
[1982]. Here the dotted lines are the Alfvén (AR) and the
IIH resonances and the dashed line represents the crossover
(CR).

where w, is the proton gyrofrequency, 7, = N/N, is the
fractions of the ion density of the jth ion species, and N, is
the electron density. For field aligned propagation, the
location of the BB resonance corresponds to a cutoff
condition for a reflected wave packet and leads to wave
reflection and bouncing between BB resonance locations
[Rauch and Roux, 1982; Johnson et al., 1995; Horne and
Thorne, 1997; Johnson and Cheng, 1999].

[14] The other interesting ion-ion effect is the crossover
frequency (w,,), where the R and L modes cross each other
in the dispersion relation, which is given by

W = MWl + Wl (2)

For oblique propagation, the sense of polarization changes
for a wave when its frequency passes through the local
crossover frequency in a slowly varying medium. In the
ionosphere, this polarization reversal provides the mechan-
ism by which upgoing electron whistlers can become proton
whistlers [Gurnett et al., 1965].

[15] When w < wee, Wpe, Where wee and wp are the
electron gyro- and plasma frequencies, the basic description
of the plasma wave is given by the approximate cold plasma

dispersion relation
(R - nﬁ) (L - nﬁ)

, (3)
(S — nﬁ)

2 ~
n, =
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where n; and n, are refractive indices parallel and
perpendicular to By, respectively. R, L and S are the tensor
elements for two ions [Johnson et al., 1995],

L wawe (w % Wew)
R(L) = iVTﬁ Wet (Wt wep)(wF we)’ )
S o _i ‘*’glwzz (wz _wﬁb) (5)
Vi owpy (&P —of) (P —wd)

where V5 and w., are the Alfvén velocity and the cutoff
frequency for R = 0 or L = 0, respectively.

[16] This approximate dispersion relation has a resonance
when n;, — oo and two cutoffs when n;, — 0. The
resonance condition is determined from (3),

nj =S, (6)
and the cutoff conditions are
nf = R(L). (7)

The resonance in (6) is the IIH resonance, and the frequency
determined by (6) is an IIH resonance frequency (wj). In
two fluid plasmas or below the heaviest ion gyrofrequency
in multi-ion plasmas, this resonance reduces to the Alfvén
resonance (or the perpendicular ion cyclotron resonance)
[Karney et al., 1979; Stix, 1992],

kﬁ V2

TR, ®)

where w.y is the proton plasma frequency. In the MHD
approximation, equation (8) is reduced t0 wa = Ky Va.

[17] Figure 1 shows the n% dispersion relation using
equation (3) in an -electron-proton-sodium plasma for
(Figure la) w < wena and (Figure 1b) wena < w < wep.
When the wave frequency is lower than the heaviest ion
gyrofrequency, this wave mode has one resonance which
corresponds the Alfvén resonance and one cutoff in Figure
la. This wave is referred to as Class I following Rauch and
Roux [1982]. In this case where w = 0.69 wena = 0.03 wey,
regions for ny, < 0.074 or 1N, > 0.28 are wave stop gaps and
the waves cannot propagate. However, if the spatial width of
stop gaps is smaller than the incident wavelength, significant
wave energy can tunnel through this region.

[18] In Figure 1b there are two different wave modes for
wWena < w < wey. Waves referred to as Class I appear on the
H'-rich plasma side (right side in Figure 1). This mode has
a cutoff when 7y, increases. The waves that appear on the
Na-rich side of the plasma are referred to as Class III and
have the IIH resonance. In between the IIH resonance and
the Class II cutoff, there is a wave stop gap.

[19] The resonant absorption at the IIH resonance can
occur for incident waves from either the H"-rich or Na'-rich
sides. Waves launched at H'-rich plasma in Figure 1b
propagate obliquely to By, as R-X waves and encounter
the crossover region first. When w = w,, the polarization
reversal occurs and waves propagate as L-X waves. How-
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Figure 2. (a) Schematic illustration of the simulation.
The inhomogeneity and By lie in the X and Z directions,
respectively, and an impulsive input is assumed at X = 0.
(b) The proton (ny = Ny/N,) and sodium density ratio (1, =
Nnao/Ne) are shown as a function of X, and are consistent with
previous estimated sodium density ratio 0.1 to 1.0 [Ip, 1986;
Cheng et al., 1987]. The critical frequencies: cutoff (wcyy),
crossover (we;), ion-ion hybrid resonance (wj), and Alfvén
resonance (w,) frequencies for (Figure 2¢) wena < w < wey
and (Figure 2d) w < w¢na- There are three cutoffs for Class I,
II, and III, Weyry < wa, Wa < Wewam < wii and weyn > wii.
The shaded regions represent frequency stop-bands where
the wave is evanescent.

Class |

ever when k; > k|, this wave is mostly linearly polarized
for both the L-X and R-X branches. If the wavelength is
large enough so that the wave can tunnel through the stop
gaps, energy transfer to the ITH resonance occurs. Because
there is no cutoff or stop gap on the Na'-rich plasma side,
the wave launched at the left side is transferred into the ITH
resonance directly. Lee et al. [2008] calculated the mode
conversion efficiencies from the incident waves from H'-
and He'-rich plasmas to the IIH resonance for incident
waves, respectively. They showed that the absorption from
Class II to the ITH resonance variation becomes perfect if
the stop gap is sufficiently large, while the mode conversion
efficiency from the Class II is nearly zero unless the stop
gap is small.

3. Numerical Model

[20] In order to consider Mercury’s multi-ion plasmas, we
employ the numerical model which has been developed by
Kim and Lee [2003]. In cold plasmas, it solves the linear-
ized Maxwell equations, the electron momentum and con-
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tinuity equations, and Ohm’s law for a single particle of
species J:

OB
E=-—
V x ar ©)
1 OE
B = = = 10
V x /L0J+C2 o (10)
ov;
Nymj—E = Nig;(E +; < Bo), (11)
(12)

J= ZNj%Vj
7

where E, B, v, and J are the perturbed electric and magnetic
fields, velocity, and current density, respectively, and N; and
By are the background density and magnetic fields,
respectively.

[21] The following assumptions and model of Figure 2
are adopted to solve these equation numerically:

[22] 1. To see heavy ion effects easily, By and N, are
assumed to be constants and typical values for the electron
density N, = 3 em > and the background magnetic field
strength By = 86 nT [Russell, 1989] at Mercury are used.
By lies in the Z direction and the inhomogeneity is
introduced in the X direction in Figure 2a.

[23] 2. Because proton and sodium ions are the main
constituents at Mercury [Ip, 1986; Cheng et al., 1987], we
adopt an electron-proton-sodium plasma in our model. We
assume a composition variation in X. Figure 2b plots the
corresponding ion concentration profile for proton (7y) and
sodium (7y,) and the mass density (p) where the box has a
scale of Ly = 10° km in the radial direction of X. It is
assumed that 7y increases and 7y, and p decreases when X
increases. The sodium to proton density ratio (1n./7y) 1S
assumed 0.055 at X = Ly and 1.0 at X = 0, respectively,
which are consistent with previous estimated sodium to
proton density ratios (0.1 to 1.0) [Ip, 1986; Cheng et al.,
1987].

[24] 3. We limit ourselves to harmonic variations in the Y
and Z directions, and all variables are proportional to
exp(ikyY + ik,Z), where ky and k, are the given Y and Z
direction wave numbers. k, is assumed to be a wave number
fundamental oscillation on a field line length of 4,000 km
[Russell, 1989] and ky = 27/ Ay where Ay = 27R,; and R, is
the radius of Mercury.

[25] 4. The impulsive input is excited by imposing an
impulse in Eyat X = 0 during 0 < ¢ < 2 ¢4y, where .y =
27/wey, Which is similar to a compressional impulse used in
previous MHD [e.g., Lee and Lysak, 1989] and two-fluid
simulations [Kim and Lee, 2003]. The simulation is run
from =0 to ¢ = 100 ¢4, which satisfies the time limit from
the phase-mixing length which is calculated from

—1
Loy = 2W(l%> > Ax, (13)
where we 1S the resonance frequency and Ax is the
maximum grid spacing [Mann et al., 1995].
[26] 5. The boundaries become perfect reflectors after the
impulsive stimulus ends. Thus the total energy in the box
model remains constant in time, which enables us to
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Figure 3. (a—c) The wave spectra of the perturbed magnetic field. The horizontal axis is the direction of

inhomogeneity, X, and the vertical axis is a normalized frequency that ranges from 0 to 0.045 and 0.045
to 0.75. The vertical axis scale is different in the upper and bottom panels for clarity because the large
mass difference between Na" and H™ compresses the low-frequency dispersion. The diamonds mark the
point chosen for time histories. Here, By is transverse component and B, represents pure compressional
modes. (d) The calculated ITH, Alfvén continua which are clearly excited in the transverse By component,

and the crossover frequency.

examine the energy transfer among different modes without
consideration of energy loss from the system.

[27] Figures 2¢ and 2d show the critical frequencies, such
as cutoff wgy, crossover we,, ion-ion hybrid resonance wj;,
and Alfvén resonance w, frequencies for (Figure 2¢) wena <
w < wey and (Figure 2d) w < wena. Here the shaded region
represents the wave stop gaps. In this figure, w;; decreases
from 0.25 to 0.12 of w.y while w, increases from 0.025 to
0.04 of w.y as 1N, decreases from 0.5 to 0.05 of weyy. There
are three cutoffs for Class I, II, and III in Figure 2, weyyr) <
WA, WA < Wey(rny < Wi, and weyen > wii. For wena < w < wep,
Class III waves launched at X = 0 (Na'-rich plasma),
encounter the IIH resonance directly. However, Class II
waves propagate from X = Ly (H -rich plasma) pass through
cutoff, stop gap, and resonance as in Figure 2b. When w <
WeNa, the stop gaps are wider than the wave propagation
region. However, Ly is comparable to the wavelength of this
frequency range. Thus the wave energy impulse from both
X =0 and Ly can reach to w = wjy.

4. Resonant Absorption of ULF Waves

[28] In this section, we discuss the wave spectra when the
impulsive input is excited at X = 0 as shown in Figure 2.

The time histories of electromagnetic fields at the IIH and
the cavity resonance are also presented. Since we focus on the
ITH and heavy ion effects, we compare the time histories at
the IIH and cavity resonances only.

4.1. Wave Spectra of Magnetic Fields

[20] The power spectra of electric and magnetic field
components are obtained through the Fourier transform at
each grid point on X. Figure 3 shows the spectra of
magnetic field, where the amplitudes are represented by
the degree of brightness after they are logarithmically
scaled. In this figure the horizontal axis is in the X direction
and the vertical axis is a normalized frequency ranges from
0 to 0.75. It is noted that spectra is divided at w = wen, for
clarity and has finer resolution at smaller w.

[30] In Figure 3, the transverse mode (By) exhibits the
strong continuous spectrum of resonances from 0.12 to
0.25 wey between two ion gyrofrequencies. These are
impulsively excited by the broadband compressional source
at X = 0. This continuous band corresponds to the ITH
resonant condition in Figure 3d. As expected, there is no
wave power enhancement at the crossover as discussed in
section 2. The compressional components of By and B also
were seen for this band, but the power is relatively weak
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and (f) the Poynting flux S of wave at the IIH resonance
marked as diamond for w/w.y = 0.2. In Figure 4f, the dotted,
dashed, and solid lines are Sy, Sy and S, respectively.

(a—c) Time histories of electromagnetic fields

because ky > ky; k;. Thus the resonances at the ITH location
show linear polarization on the azimuthal meridian. It is
noted that this polarization characteristic is similar to MHD
standing waves.

[31] Below wena, the second continuous band is shown
which corresponds to the Alfvén resonance in Figure 3d.
Unlike ITIH resonance, it shows a mixture of compressional
and transverse components, which is similar to previous
single-ion simulation results [Kim and Lee, 2003].

[32] The compressional components By and B show that
there are compressional cavity modes in Figures 3a and 3c
having frequency of 0.15, 0.26, 0.47, and 0.49 w.y, respec-
tively. The compressional cavity modes at 0.15 and 0.26 w.y
are Class III waves in Figure 2. Waves having frequency
0.26 w.y have the same frequency as the IIH resonance at
X = 0, thus this wave can exist only near X = 0. However,
these waves encounter an evanescent region between wj; and
Weutary and the wave power decreases in X. Waves having
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frequencies of 0.47 and 0.49 w,y are Class II wave modes.
These wave modes first encounter an evanescent region, but
their wavelengths are comparable to Ly, so the wave power
can reach weyry after which it propagates. Both waves are
fundamental modes, because the cavity between weyry and
the boundary is a function of frequency.

[33] Where the compressional cavity mode and the ITH
resonance have the same frequency near X = 0 and 0.6 <
X/Ly < 1.0, it is evident that this transverse mode
becomes relatively strong because of the coupling between
the two modes. The detailed characteristics are described in
sections 4.2 and 4.3.

[34] We also examined a simulation with an impulsive
input at X = Ly (not shown in this paper). The characteristics
of spectra are almost same as Figure 3: By spectrum is
strongly enhanced at the IIH resonance while the By and B,
spectrum are dominant to cavity modes. However, the
power of the IIH resonance is much lower than Figure 3,
which is expected from analytic calculations from Lee et al.
[2008].

4.2. Wave Properties at the IIH Resonance

[35] In order to examine the coupling properties between
the compressional wave and the resonance, we select one
resonant point X/Ly= 0.32 at a certain [TH frequency w/w.y =
0.2 marked by diamond in Figure 3. Here wj; does not match
any peak frequencies of the cavity modes, which enables us
to avoid the effect of cavity modes.

[36] Figure 4 shows time histories of E and ¢B at this
resonant point which are obtained by applying the inverse
Fourier transform. E and ¢B are normalized to an arbitrary
value £, which is the maximum value of Ey. In this figure,
the Ey and By components grow in time, while the other
wave Ey By, and B; components damp. Therefore our
results show clearly that the compressional waves are mode
converted into IIH waves near the IIH region w ~ wj. It
should be noted that the resonant mode absorption charac-
teristics are similar to MHD resonant absorption.

[37] To examine wave energy flow, the Poynting flux, S,
is calculated and plotted in Figure 4f. In this figure, S is
dominant and increases in time while Sy and Sy decrease.
This is because the amplitudes of the transverse components
(Ex and By) increase in time because of mode conversion
from compressional waves carrying energy across (X and Y)
the field to IIH resonant waves carrying energy along the
field (7). Thus the IIH resonance as well as the Alfvén
resonance can be a mechanism of FLR in the multi-ion
plasmas. However, the spectral characteristics of the waves
shown in Figure 4 are opposite to the spectral feature of the
ULF waves observed at Mercury [Russell, 1989] where By
and B, are dominant and By is less dominant. This means
the observed waves are not likely FLRs.

4.3. Wave Properties at the Cavity Resonance

[38] Figure 5 shows the time histories of the cavity
modes. In contrast to the results shown in Figure 4, the
wave mode has dominant Ey, By and B, components. In this
figure, all components increase in time. Because we con-
sider a narrow band rather than a single frequency, this
growth represents wave superposition and there is no energy
transferred between different wave modes. The wave energy
flows obliquely to the By in Figure 5f and S, > S| In
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Figure 5. (a—c) Time histories of electromagnetic fields
and (f) the Poynting flux S of wave at the cavity resonance
marked as diamond for w/w,y = 0.45. In Figure 5f, the
dotted, dashed, and solid lines are Sy, Sy and S,
respectively.

contrast to Figure 4f, S, and S) both increase in time
because of wave superposition.

[39] Conversely in Figure 4, the field aligned component,
B, shows the strongest power in Figure 5e and the power of
transverse component By is comparable to By, but |By| <
|Bx|. Thus the wave likely lies at the X—Z plane, which is
similar to the wave observations at Mercury presented by
Russell [1989]. However, the observed polarization state
changed after the time period of the pulsation [Russell,
1989]. If we ignore By the power ratio |By/B,| is propor-
tional to |kz/ky|. In this case, ky > k; and By < B, The
propagation direction and the magnetic field ratio of com-
pressional waves, |By/B,|, can be changed by the plasma
conditions (e.g., Ky ~ WIVi: — k5 — k% as the density and
Alfvén velocity vary). On the other hand for the transverse
mode converted wave, at the IIH resonance, By is always
much greater than By and B, and is not very sensitive to
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|ky/kz|. Thus the observation of variable polarizations for the
observed waves could be evidence for the observed narrow
band wave to be a compressional wave mode rather than
FLR.

[40] However, the wave in Figure 5 shows a phase
difference between By and B, (and By) of about 90°, in
contrast to the observations of 180°. This phase difference
of 90° is due to the perfect boundary condition which
requires a superposition of forward and backward propagat-
ing waves. In this simulation, the boundaries are assumed to
be a perfect conductors, thus the normal component, By, and
tangential component, By and B, have phase difference of
90°. However, in 2- or 3-D inhomogeneous unbounded
plasmas, this phase difference would be modified.

5. Local Plasma Properties

[41] Because the IIH resonance is the result of ion-ion
effects, those frequencies are affected only by the relative
ion density ratio rather than the absolute number density
value. In this section, we examine methods to estimate the
heavy ion ratio using the IIH and Alfvén resonances as
FLRs at Mercury.

[42] In electron-proton-sodium plasmas, 7y, can be
derived as a function of observed wave frequency wgps
from equation (6),

AnNa - Bkﬁ =C, (14)

(15)

7'/I—I_FT]Na: 17

where

1 R 1 e
A=pre(wz Ze = ) (16)

2 2
- ng—[ My Wops — WeNa "Na

(17)

1 m 1
C=2|— " ") 18
wpe (UJZ _nga MNa w2) ( )

obs ce

From equations (14)—(18), 1y, 7na and k| can be estimated.
There are two estimation methods: (1) to use one resonant
wave assuming k| and (2) to use two different observed
resonance waves, the IIH and Alfvén resonances.

[43] The field line length L,, at the observed wave
location can be calculated from Mercury’s magnetic field
models [e.g., Massetti et al., 2007]. If only one resonant
wave is observed, by assuming kj from L, 1y and ny, can
be estimated. In this case, for a field line length of 4,000 km,
and if the FLR frequency is the same as the observed wave
frequency of w = 0.38 w.y, na Would be 0.74.

[44] As shown in Figure 3, when broadband waves are
excited, more than two resonances can occur at the same
time in the multi-ion plasmas: the ITH and Alfvén resonances.
When two resonant branches are observed, two sets of
equations are obtained from equation (14). k as well as
1y and 7y, are calculated and L, can also be estimated from
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ky. For example, assuming two observed frequencies of w =
0.38 wep (as observed ULF wave) and w = 0.038 wy in the
proton-sodium plasmas, the density ratio 1y and 7y, and k|
can be estimated as ny = 0.523, N, = 0.477 and k| =
1.994 x 10~ km™', respectively. Using ky, the field line
length also can be calculated to as Ly, = 1.576 x 10° km for
the fundamental oscillation. This estimated L, could be
compared with L, from Mercury’s magnetic model.

[45] The crossover and BB resonance also can be used to
estimate the ion density ratio from equations (1) and (2).
Othmer et al. [1999] estimated the heavy ion population at
Mercury using we. In the typical plasma parameters at
Mercury, wj; < w,, in Figure 2, thus their estimation of 7y,
is lower than ours for the same observed frequency. How-
ever, it should be noted that w,, cannot be a FLR as shown
in (6). Lee et al. [2008] also suggested that the monitoring
the local heavy ion population is possible by examining
peak frequencies of wy,, in Earth’s magnetosphere.

6. Discussion and Conclusion

[46] In spite of the fact that the waves detected by the
Mariner 10 spacecraft do not have the spectral feature of a
pure standing Alfvén wave, several authors suggested that
the observed waves are FLRs at Mercury [e.g., Russell,
1989; Othmer et al., 1999] because they appeared in a
narrow frequency band.

[47] To examine FLRs at Mercury, we performed wave
simulations in electron-proton-sodium plasmas. Our results
show that the resonances in Figures 3 and 4 have opposite
characteristics to the observed ULF waves but the compres-
sional cavity mode in Figures 3 and 5 shows similar
behavior. Thus the observed narrow band waves are not
resonant wave modes but are likely compressional waves.
Blomberg [1997] and Southwood [1997] also argued that the
observed waves cannot be pure standing Alfvén wave since
they have compressional components and polarization in the
X-Z meridian.

[48] In multi-ion plasmas, there are two resonances which
are guided along B, the Alfvén and IIH resonances. The
ITH resonance can occur at the same spatial location as the
Alfvén resonance but different frequency range: the Alfvén
resonance occurs below the heaviest ion gyrofrequency and
the ITH resonances are located between the ion gyrofre-
quencies. Our results in Figure 3 show that the wave
converted to the IIH resonance is strongly guided by the
background magnetic field. The time histories of electro-
magnetic fields in Figure 4 show that the transverse mode
(Ex and By) grows while other components damp. This
behavior is evidence for the resonant absorption from
compressional wave into the IIH resonance. Thus both of
the Alfvén and ITH resonances can be a mechanism for FLR
in Mercury’s magnetosphere.

[49] The mode converted and compressional cavity waves
have similar characteristics to the shear Alfvén (polarized in
east-west direction) and the compressional waves in the
Earth’s magnetosphere, respectively [e.g., Engebretson et
al., 1986; Takahashi and Anderson, 1992]. Takahashi and
Anderson [1992] observed that the wave frequencies of the
transverse magnetic pulsations were spatially varying while
the compressional wave frequencies were not.
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[s0] Therefore, the perturbed magnetic fields of FLRs at
Mercury are expected to vary continuously across the field
line. When FLRs have frequencies in between two ion
gyrofrequencies, they are also expected to have linear
polarization in the east-west (azimuthal or poloidal) merid-
ian and field-aligned Poynting flux, when the density
gradient in the radial direction is assumed, and to have
spatially dependent frequencies. Compressional waves also
have a similar frequency range to FLR but they are expected
to have a constant frequency in space. In contrast to FLRs,
these wave modes can have various polarization states and
the Poynting flux tends to be in the direction of the wave
vector (which can be variable).

[5s1] Othmer et al. [1999] suggested that when the reso-
nance condition, equation (6), is satisfied at the crossover
frequency, the FLR occurs in Mercury’s magnetosphere.
They assumed that the observed waves are FLRs at Mercury
and focused on the linear polarization. Because at the
crossover frequency location the group velocity of the
guided mode is directed along B, for any direction of
the wave vector [Rauch and Roux, 1982], they suggested
that the crossover frequency is preferred to be the FLR in
Mercury’s magnetosphere. At w = w,,, polarization reversal
occurs but there is no wave power enhancement in the wave
spectra of the simulation (Figure 3). Johnson and Cheng
[1999] and Kim and Lee [2005] showed that the numerical
solutions of the polarization reversal from left- (LH) to
right-handed (RH) in the magnetosphere and from RH to
LH polarization in the ionosphere, respectively. Thus the
polarization of ULF waves at Mercury can also change from
LH to RH or from RH to LH at crossover region. However,
the crossover cannot provide a mechanism for FLRs at
Mercury.

[52] Finally, we introduce methods to estimate the heavy
ion composition at Mercury’s magnetosphere. Since Alfvén
resonance and IIH resonance can occur simultaneously at
the same location when there are broadband incoming
compressional waves, it is expected that multiple resonan-
ces could be found at Mercury. If a spacecraft detects such
resonant waves, the wave frequency could be used to
estimate the local heavy ion density and elucidate the
composition of Mercury’s magnetosphere.

[s3] However, there are several limitations in our study.
First, to examine the effect of variable ion concentration, we
assumed a homogeneous magnetic field, By,. However, for
inhomogeneous By, waves launched from low B, region can
encounter the ITH resonance and the Alfvén resonance when
they propagate into the strong B, region. Thus the absorp-
tion efficiencies at the Alfvén and ITH resonances should be
different from that of homogeneous B, plasmas. It is
necessary to investigate the Alfvén and the IIH resonances
in inhomogeneous B, plasmas, such as a dipole coordinate
system.

[54] Second, a cold plasma model was adopted. Southwood
[1997] pointed out that the observed wave could be similar to
the terrestrial waves that are standing waves modified by the
presence of hot plasmas. In hot plasma, incoming compres-
sional waves can be converted into the slow ion Bernstein
wave mode near the IIH resonance [e.g., Jaeger et al.,
2003]. Although we use a cold plasma model, resonant
absorption at the IIH resonance is clearly shown in this
paper, however, hot plasma effects should be considered.
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[s5s] Third, the geometry and/or density profile assumed
was arbitrary. We neglected asymmetric effects, for
convenience, which might be important in Mercury’s mag-
netosphere [e.g., Delcourt et al., 2003]. When a non-
axisymmetric profile is assumed, it would become difficult
to define the radial and azimuthal directions [Lee et al.,
2000]. These subjects will be left as future work.

[56] In this paper, a numerical wave simulation in multi-
ion plasmas was performed to investigate the FLR at
Mercury. We found the following: (1) the observed ULF
waves are likely compressional waves rather than FLRs,
(2) FLRs at Mercury are expected to occur when the ITH
and/or Alfvén resonance conditions are satisfied, (3) the
magnetic field of FLRs at Mercury’s magnetosphere oscil-
lates linearly in the east-west (azimuthal) meridian when the
frequency is located between two ion gyrofrequencies, and
(4) the resonance frequency enables us to estimate the local
heavy ion concentration ratio.
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