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[1] The field line resonance at Mercury is expected to occur
when the ion-ion hybrid (IIH) and/or Alfvén resonance
conditions are satisfied. However, the relative efficiency of
wave energy absorption at these resonances has not been
studied in the context of Mercury’s magnetosphere. To
understand the efficiency of wave absorption, we evaluate
absorption coefficients at the IIH and Alfvén resonances for
variable concentrations of sodium and azimuthal and field-
aligned wave numbers in 1D multi-ion plasmas. The results
show that wave absorption is much more efficient at the
ITH resonance than at the Alfvén resonance at Mercury. Our
results suggest that the mode conversion efficiency is sensi-
tive to the azimuthal and field aligned wave numbers as well
as heavy ion concentration ratio. Therefore, the radial profile
of field-line resonances at Mercury can exhibit complex,
discontinuous structure. Citation: Kim, E.-H., J. R. Johnson,
and K.-D. Lee (2011), ULF wave absorption at Mercury, Geophys.
Res. Lett., 38, L16111, doi:10.1029/2011GL048621.

1. Introduction

[2] Ultra-low frequency (ULF) waves in the ion gyrofre-
quency (w.;) range have been detected inside Mercury’s
magnetosphere during the 1st Mariner 10 flyby [Russell,
1989] and for both the 1st and 2nd MESSENGER flybys
[Boardsen et al., 2009a, 2009b]. The observed wave fre-
quencies are comparable to w,; for both events from Mariner
10 and MESSENGER. Because observations showed that
the region around Mercury is filled with heavy ions, such as
Na“, 0", K" and He" [e.g., Zurbuchen et al., 2008], waves at
Mercury require a treatment that includes multiple ions with
gyrofrequency effects [Othmer et al., 1999; Glassmeier et al.,
2003; Klimushkin et al., 2006; Kim et al., 2008a].

[3] There have been several efforts to identify the observed
ULF waves at Mercury. The first observed ULF waves at
Mercury were believed to be a field-line resonance (FLR)
standing mode along the magnetic field line [Russell, 1989]
based on a single fluid plasma description. Later, Othmer
et al. [1999] and Klimushkin et al. [2006] suggested that
these waves were FLRs in multi-ion plasma and that the
crossover frequency (w,,) is the preferred frequency for the
FLR at Mercury.

[4] However, there also have been other interpretations.
Unlike FLR at Earth, the signals from Mariner 10 were
preferentially polarized in the magnetic meridian rather than
the east-west direction and the observed waves also have
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strong field-aligned fluctuations. For these reasons Blomberg
[1997] and Southwood [1997] argued that the observed waves
could not be pure standing Alfvén waves. Waves detected
by MESSENGER also have strong field-aligned magnetic
components; therefore, Boardsen et al. [2009a] also suggested
these waves are not standing modes.

[5] In multi-ion plasmas, wave absorption occurs at the
Alfvén (w < wc) and/or ion-ion hybrid (IIH) resonances
(We1 <w <wgy) [e.g., Stix, 1992; Klimushkin et al., 2006; Kim
etal.,2008a]. Kim et al. [2008a] performed wave simulations
in electron-proton-sodium plasmas and demonstrated that
FLRs at Mercury should occur when the ion-ion hybrid (ITH)
and/or Alfvén resonance conditions are satisfied. The simu-
lation results also showed the magnetic field of FLRs at
Mercury’s magnetosphere oscillates linearly in the east-west
meridian, which is similar to FLR at Earth.

[6] However, the detailed characteristics of FLR at
Mercury have not been thoroughly investigated. In particular,
the relative efficiency of wave energy absorption at the
resonances has not been studied in the context of Mercury’s
magnetosphere.

[7] The aim of this letter is to determine the energy
absorption at the ITH and/or Alfvén resonances and to predict
how FLRs appear in Mercury’s magnetosphere. To achieve
these goals, we evaluate reflection, transmission and absorp-
tion coefficients for variable concentrations of sodium and
azimuthal and field-aligned wave numbers.

2. Ion-Ion Hybrid and Alfvén Resonances

[8] When w < Wee, Wpe, Where we and wy, are the electron
gyro- and plasma frequencies, the basic description of the
plasma wave is given by the approximate cold plasma dis-

persion relation
<r - nﬁ) (l - nﬁ)
n —<S - nﬁ) : (1)

1%

where n) and n, are refractive indices parallel and perpen-
dicular to the ambient magnetic field (By), respectively. For
a two ion plasmas, the Stix function, r, [ and s are [Johnson
etal., 1995]

(r) o~ i% WelWe2 (UJ + wCUl) : (2)
/ V2 wet (wEwe)(wEwe)

5o i “ngwgz (WZ — w%b) (3)
Vi Wi (Wz - ‘*’21) (wz - W%z) /

where V5 and wg, are the Alfvén velocity and the cutoff
frequency for » = 0 or / = 0, respectively. This approximate
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Figure 1. (a) The ambient magnetic field (By) in x. Here,
the dashed line is the resonance location at L = 1.5. R and
T are reflection and transmission coefficients, respectively.
(b) The normalized Alfvén (war) and ion-ion hybrid reso-
nance (wj;, solid) and crossover frequencies (w,,, dashed line)
to weat L=1.5form,=1, 2, and 3.

dispersion relation has a resonance for perpendicular propa-
gation n;, — oo at

nﬁ =y, 4)

and the cutoff conditions of n, — 0 at nﬁ =r(J). In two fluid
plasmas or below the heaviest ion gyrofrequency in multi-ion
plasmas, this resonance is reduced to the Alfvén resonance
(or the perpendicular ion cyclotron resonance) (s — ¢*/V3)
[Karney et al., 1979; Stix, 1992]. The resonance can also
be satisfied at higher frequency (wj;) between a pair of ion
gyrofrequencies where s(wjj) = nﬁ(wii) and is known as the
ion-ion hybrid (ITH) resonance. The ITH resonance is believed
to have an important role for electromagnetic ion cyclotron
wave generation near the equatorial region [Lee ef al., 2008]
and energy transfer at the magnetopause (J. R. Johnson
and E.-H. Kim, The effects of heavy ions on magnetopause
mode conversion process, submitted to Journal of Geophys-
ical Research, 2011).

3. Model Description

[9] In this study, we will examine how efficiently com-
pressions are absorbed at the resonances as they propagate
into the inner magnetosphere of Mercury. To address this
problem, we consider a simplified 1D model that captures the
essential features of the IIH and Alfvén resonances. Assum-
ing radial propagation across field lines, we seek to under-
stand how wave absorption depends on sodium concentration
ratio, azimuthal and field-aligned wavenumber of the IIH
wave mode. To isolate these effects we will consider wave
absorption to occur at a particular field line which allows us
to keep field gradients fixed.

[10] As an approximation to radial wave propagation
across magnetic flux surfaces, we consider a cold plasma slab
model. The slab model is a local approximation where x, y,
and z correspond to radial, azimuthal, and field-aligned
coordinates. Wave propagation in the cold, fluid model can
be described by Maxwell’s equations combined with fluid
equations for ions and electrons. A simple set of linearized
wave equations can be obtained by ignoring electron iner-
tial effects and background gradients related to diamagnetic
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drift and density compressions (Johnson and Kim, submitted
manuscript, 2011),

c oY
——=MY 5
w Ox ’ (%)
where
E,
Y = OE, ; (6)
( £ inyEx>
w Ox
and
2
nyd n,
= 1
n—s + n—s
M = ; (7)
(nz — r) (ng - l) _ n,d
n?—s n?—s

where n, is the refractive index in y and d = (r — )/2.
Equations (5)—(7) have been solved with a finite difference
approach with nonuniform mesh [Johnson, 1992; Johnson
et al., 1995; Johnson and Kim, submitted manuscript, 2011].

[11] We adopt following assumptions to solve the wave
equations at Mercury:

[12] 1. We model the region between L = 1 and 2 as shown
in Figure 1a. Incoming waves are assumed to propagate from
the lower magnetic field region (outer magnetosphere) and
have a resonance at L = 1.5 as shown in Figure la. The
wave solution is decomposed into WKB solutions at the
boundaries to determine reflection, transmission, and absorp-
tion coefficients. For simplicity we assume L, = 2R, L, =
27 x 1.5Ry;, and L, is the dipole field line length at L = 1.5
(L, = 0.93R;,), where R), is Mercury’s radius. In order to
calculate the resonant wave frequencies and wave solutions,
azimuthal (k,) and field-aligned (k;) wavenumbers are assumed
to be k, = myk,o, k. = m k.o, where ko = 27/L,, k.o = 7/L,
(assuming the fundamental wavelength is 2L.), and m, and
m,, are azimuthal and field-aligned wave harmonic numbers,
respectively.

[13] 2. The ambient magnetic field strength is By = B,/
L(x)*, where B;=3.1 x 1077 T is the magnetic field strength at
Mercury’s surface [Anderson et al., 2008]. Figure 1a shows
the adopted magnetic field model and calculation boundaries.

[14] 3. The electron density (V) is assumed to be a constant
and has a typical value of N, = 3 cm > [Russell, 1989].
Because sodium ions are one of the main constituents at
Mercury [e.g., Ip, 1986; Cheng et al., 1987; Zurbuchen et al.,
2008], we adopt an electron-proton-sodium plasma in our
model. The sodium ion density ratio 7y, = Nxa/Nion, Where
Njon 1s the ion number density, is assumed to be a constant
in x.

[15] To examine how the resonance condition depends on
TNa and m.,, we compute the Alfvén (war) and ion-ion hybrid
(wy)) frequencies that satisfy the resonance condition (s = nﬁ)
at L = 1.5. Figure 1b shows war and wj; as a function of ny,
form,=1,2, and 3. Figure 1b clearly shows that w;; increases
and war decreases as 1y, increases. Because war harmonics
are smaller than the heaviest ion gyrofrequency, war < Wena =
0.045w,;, higher harmonics of wpgr are close to the fun-
damental. In contrast to war, wj; exhibits distinct harmonic
structure.
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Figure 2. The refractive index n, of incoming compressional waves for (a—i) w=war and (j—1) w=wj; at L =
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m,, and m.. Here horizontal and vertical axes are L and 7x,. Black solid and dashed lines are cutoff conditions for n, = 0 (nf =
r (1)) and red circles in Figures 2j and 2m are 7y, where n, =0 at L = 1.

[16] In between two ion gyrofrequencies, there is a special
frequency where r=Il=s and d = 0, called the crossover
frequency, wcr 771%2 + 772%1 In Figure 1b, we plot w,, as a
dashed line. Here we define 7., where w = w,,, and 1., = 0.3,
0.12 and 0.27 for m, =1, 2, and 3, respectively.

[17] After we calculate the wave frequency satisfying the
resonance condition at L = 1.5 for a given 7y, and m_, the
refractive index and wave solutions in x are derived for dif-
ferent azimuthal mode number m,,.

4. Dispersion Relation

[18] The refractive index n, = ck,/w of incoming com-
pressional waves along x are calculated as a function of m,
and ny, form,= 1,2, and 3. Figure 2 shows n, for w=w,g and
w = wj;. In Figure 2, blank areas represent wave stop gaps. The

boundaries of the wave stop gaps show a resonance at L =
1.5 or cutoffs with n2 = (r — n2) (I — n2)/(s — n?) — n)z, =0
[19] For w= wapr in Figures 2a—2i, waves can only propa-
gate in a narrow region near L = 1.5 except (m,, m.) = (1,1)
in Figure 2a. When m, and/or m. increase, both cutoffs
move to the outer magnetosphere (lower magnetic field
region) and wave propagation regions become narrower in
x. In Figure 2a, for > 0.58 incoming waves are partially
reflected at the outer cutoff near n2> = r and encounter the
resonance at L = 1.5. However, in Figures 2b—2f, n,% <0 at
L =2 and no wave can propagate toward the resonance.
[20] In contrast to the Alfvén resonance case, for w = w;; in
Figures 2j-2r, n2 > 0 at L = 2 and all incoming waves prop-
agate in the inhomogeneous plasma region. For the case of
small m, shown in Figures 2j, 2m, and 2p, there is a particular
1 = ne Where the resonance and two cutoffs almost match
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(b) Absorption

Figure 3. (a) Reflection (R) and (b) absorption (.A) coefficients at the ITH resonance as a function of 7,, m,, and m.. The

min

white and yellow dashed lines in (a) are ny,, where A has the maximum value, and 7N, , where n, = 0, respectively. The white
dashed lines in Figure 3b show the location with no absorption from equation (8). Here 6 = tan ' (ky/k).

each other. This is the crossover location where w = w,. It
is noted that for n = 7., and m, = 0, equation (7) reduces to
() E",+ (nﬁ —5) E,,= 0 and the waves are decoupled [e.g.,
Klimushkin et al., 2006]. For m,, # 0, wave coupling between
incoming compressional wave and IIH resonance can occur.
Outer cutoffs in the lower magnetic field region occur near
nﬁ = [ for nna < e and nﬁ =7 for Nna > Ner-

[21] For 7N > 7er, there is a minimum sodium concentra-
tion, 7a" at L = 1, where the wave cannot propagate (12 = 0)
indicated with red circles in Figures 2j and 2m. For rn, < 77N
waves reflect prior to reaching the inner boundary at L = 1 and
there is a cutoff-resonance-cutoff triplet. In this case
absorption at the ITH resonance can occur both as the wave
leaks through the resonance as well as when the wave reflects
off the inner cutoff and propagates back into the resonance
where the largest absorption can occur. Superposition of the
incoming and reflected wave near the resonance can lead to
larger absorption than the 25% Budden limit of the cutoft-
resonance pair [Lee et al., 2008]. Thus the wave absorption
can be as large as 100%. For my, > 7\ » the waves propagate
out of the inner boundary of the domain and there is
transmission.

5. Wave Absorption at the Ion-Ion Hybrid
Resonance

[22] We calculate wave absorption (.A4), reflection (R), and
transmission (7") coefficients for Mercury’s magnetosphere.
For w = war in Figure 2, most waves cannot propagate into
the resonance and there is little absorption (the maximum of
A at the Alfvén resonance is 6% for (m,, m.) = (1, 1)) and
there is very little structure in the coefficients. Therefore, we
focus primarily on the coefficients for the case where w = wj;.

Because 7 is small, we only show A and R in Figure 3. The
results are summarized below.

[23] The maximum values of A (Ap.) are up to 100%
for all m. cases. In Figure 3a, we have shown 7\ as
yellow dashed lines, and most wave absorption occurs in
relatively low sodium density (1n, <7Na’). As we described in
Section 4, in this region of 7y, waves encounter a cutoff-
resonance-cutoff triplet and there is no transmission.

[24] The values of 7., where A = A, increase as m,
increases. For instance, A, occurs at 7y, = 0.12, 0.25, and
0.45 for m, = 1, 2, and 3, respectively, as marked as white
dashed lines in Figure 3a. Because wj increases as 7na
increases, 1)y, for each m. can be converted to the incoming
wave frequencies (See Figure 1b). Wave frequencies where
A= Apax at (na, m2) = (0.12, 1), (0.25, 2), and (0.45, 3) are
0.2, 0.4, and 0.6 w, respectively. Thus wave frequencies
with higher field-aligned harmonic numbers have strong
absorption when the plasma contains a higher concentration
of heavy ions.

[25] The value of m, where A = A, is almost the same for
different m. values, but the width of the m, absorption win-
dow (Am,) becomes wider as m. increases. For instance,
at g (A = Amax), Amy, ~ 10, 14, and 17, for m, = 1, 2,
and 3, respectively. However, Apn.x occurs at m, = 2-3 for
all m, cases.

[26] The absorption oscillates in 7y,. The first minimum
can be analytically examined. Stix [1992] estimated that the
energy absorption coefficient A at the Alfvén or ITH reso-
nance is proportional to

Ai(0)o + Ai'(0) (1 + 01, (8)

where o=a+ /%, a=(d* - n,d') (1Y %3, 3= —n, Ty v=

n, (T Y and T=s—n>— nﬁ From equation (8), we derive ng
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Figure 4. (a—c) Three harmonics of wj; for different 1y, profile in radial direction. Different color represents the absorption at

each wave frequency in 7.

where A = 0 and plot as a white, dashed line in Figure 3b.
Here both analytic and numerical results show A — 0 when
ng — 0 at ya = Ner- For ny, # 0, the analytical approximations
also show good agreement with our numerical results. This
comparison is reasonable as large as the cutoff-resonance-
cutoff triplet are close together (much less than a wavelength).
For larger m,, however, it is expected that the analytic
approximation is not as accurate. However, in this case the
absorption vanishes independent of 7y, at large m,. There-
fore, there is no meaning to compare the numerical and
analytical results. But for small § =tan "' (ky/k.) < 10°, the two
solutions match well each other (Johnson and Kim, submitted
manuscript, 2011). Oscillation in the large 7y, region can be
explained as the result of interference between incoming and
reflected waves near the resonance. A similar interference
effect between incoming and reflected Langmiur waves
leading to oscillations in mode conversion efficiency was
also found at higher frequency (near the electron plasma
frequency) [Kim et al., 2008b].

6. Discussion and Conclusion

[27] In this letter, resonant wave absorption at the ITH
resonance is computed to investigate the FLR at Mercury.
First, we found that the absorption at the Alfvén resonance
can only occur for a limited range of parameters (m,, m. and
7INa) @S shown in Figure 2 and is not particularly efficient at
Mercury. In contrast, absorption at the ITH resonance occurs
for a much broader range of parameters and is much more
efficient. Second, the absorption at the IIH resonance is very
sensitive to wave number and the ion concentration ratio.
Details of the absorption at ITH resonance are: (1) The max-
imum values of absorption can be as large as 100%; (2) The
values of 7y, where A4 has a maximum, increases as m.
increases; (3) The value of m,, where .4 has a maximum is
almost the same for different m. values, but the m, width of
the absorption window becomes wider as m, increases; and
(4) When m, increases, A oscillates as a function of 7.

[28] At Earth’s magnetosphere, when heavy ions are
included, FLR radial structure can be smooth [Fraser et al.,
2005]. Our results suggest that the radial structure of FLRs

at Mercury is more sensitive to wave harmonic numbers and
the heavy ion density ratio profile than at Earth. Figure 4
shows an example of three different profiles of sodium con-
centration. In each case, the resonant harmonic frequencies
are shown as dotted lines in Figure 4. Ignoring the depen-
dence on the magnetic field gradient and magnetic field line
length, we show the expected absorption level at each radial
position as a function of 7y,. When ny, decreases in L in
Figure 4a, the maximum absorption frequency also decreases.
Because higher harmonic waves have stronger absorption,
the observed FLR profile in L is expected to have sharper
structure than the normal wj; profile. However, in Figure 4b
for L < 1.5, w;; shows a distinct structure, and the maximum
absorption frequency increases in L. It also shows a discon-
tinuous structure in L. For the last case in Figure 4c, the
observed FLR frequency could be independent of L and in
the range of w=2-2.5 Hz.

[20] In this study, we examined the absorption at a single
field line. Because each field line has different length, the
wave number also changes in L. In addition, our results
show that the absorption is sensitive to field-aligned wave
number. Therefore in order to discuss the FLR radial pro-
file more completely, it would be necessary to also investi-
gate the absorption for different L shell (e.g., magnetic field
gradients).

[30] In conclusion, we examined how efficiently wave
absorption at ITH and Alfvén resonances operates in Mer-
cury’s magnetosphere. The results show that wave absorption
is much more efficient at the ITH resonance than at the Alfvén
resonance. Absorption coefficients are sensitive to the azi-
muthal and field aligned wave numbers as well as heavy ion
concentration ratio. Our results suggest that the field-line
resonances can have complex radial structure depending on
heavy ion density and azimuthal wave numbers at Mercury.
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