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Abstract.

We present applications of the full-wave solver, Petra-M code for Earth magnetospheric plasma wave physics by leveraging the cur-
rent effort of the radio frequency wave project. Because the Petra-M code uses the modular finite element method (MFEM) library,
the boundary shapes, plasma density profiles, and realistic planetary magnetic fields can be easily adapted. In order to incorporate
realistic Earth’s magnetic field into the Petra-M, we utilize the self-consistent magnetospheric flux models for compressed and
stretched magnetic fields and realistic magnetospheric magnetic field geometries extracted from global MHD simulations. Using
Petra-M code, we then examine ultra-low frequency (ULF) wave propagations in various magnetic field shapes. For example, left-
handed polarized electromagnetic ion cyclotron waves in Earth’s dipole and compressed magnetic field are examined to consider
waves in the inner and dayside outer magnetospheres, respectively. Mode-converted Alfvén wave propagation is also demonstrated
in the compressed (dayside), stretched(nightside), and realistically stretched magnetic field (magnetotail). Therefore, the Petra-M
code successfully demonstrates magnetospheric plasma wave propagation despite the spatial scale differences between the fusion
devices (~ m) and Earth’s magnetosphere (103 — 10*km).

INTRODUCTION

The solar wind’s interaction with the Earth’s magnetic field causes many intriguing phenomena. Due to the action of
the solar wind, Earth’s magnetic field is compressed on the dayside and stretched on the night side, respectively, and
dawn-dusk asymmetry can also appear. In addition to the solar wind activities, the tilted Earth’s magnetic field also
can affect magnetospheric configurations.

Ultra-low frequency (ULF) waves (< 5 Hz, lower than the proton ion cyclotron frequency) are a prominent feature
of the Earth’s magnetosphere and ionosphere. Since ULF waves, including Alfvén and electromagnetic ion cyclotron
(EMIC) waves, interact with magnetospheric electrons and ions [1, 2, 3], understanding the plasma wave spatial
distribution under various plasma conditions is essential for magnetospheric physics.

Many theoretical efforts have examined ULF waves using simulation tools, such as ray tracing codes [4], MHD
wave codes in orthogonal [5] and non-orthogonal dipole coordinates [6], hybrid wave codes [7], gyrofluid-kinetic
electron model [8], time-dependent multi-fluid wave code in a slab coordinate [9], 1D [10] and 2D [11] full-wave
codes in multi-fluid plasma. These simulation codes successfully demonstrate ULF waves in Earth’s magnetosphere,
such as field line resonance [5] and ion-ion hybrid resonance [9] and generation and propagation of left-handed
polarized (LHP) EMIC waves [7, 11]; however, realistic magnetospheric configurations cannot be easily adopted into
most existing codes, except ray tracing code and full-wave code using the finite element (FEM) methods. Although
the ray tracing method is one of the first steps in examining the wave properties, it cannot describe the detailed wave
properties of cutoff, mode conversion, or polarization reversal. Full-wave simulations can overcome the weakness of
the ray tracing method and fully describe wave phenomena. One of the advantages of the simulation code using FEM
is that the boundary shapes, plasma density profiles, and magnetic field configurations are readily adapted; therefore, a
2D full-wave code (FW2D) using the FEM method has been developed at the PPPL and is applied to various magnetic
field configurations, such as Mercury and Earth’s magnetospheres and NSTX [12, 13, 14].

In this paper, we adopt an advanced full-wave solver based on FEM, Petra-M, rather than the previous FW2D code
for applications to space plasmas in complex geometries. To verify the Petra-M code in magnetospheric physics,
we first adopt the dipole magnetic field, which is primarily valid for the inner magnetosphere. Due to solar wind
compression, Earth’s magnetic field lines are compressed on the dayside and stretched on the night side. Such shapes
are described in an Euler potential magnetic field model [15] and a self-consistent magnetospheric flux model [16].
We utilize these models in the Petra-M and also use realistic magnetospheric magnetic field configurations extracted
from a global MHD simulation [17] into the Petra-M code.
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We then examine the left-handed polarized (LHP) EMIC wave propagation in dipole and compressed magnetic
fields. Wave simulations of MHD waves are also performed in compressed and stretched magnetic fields and realistic
magnetic fields extracted from the global MHD simulation.

PETRA-M CODE FOR THE MAGNETOSPHERIC WAVES

We adopt a state-of-the-art full-wave simulation tool, Petra-M, to model plasma wave propagation in cold plasma [18,
19]. The newer advanced Petra-M code can provide more accurate solutions and better user interfaces than the FW2D
[11]. The Petra-M code uses the modular finite element method (MFEM) library developed at Lawrence Livermore
National Laboratory for finite element discretization. The Petra-M code has been used to successfully model plasma
waves in various tokamak machines using 2D/3D simulations [20, 21, 22]. A graphical user interface is prepared
in wScope, where users can set domain and boundary conditions. Therefore, for 2D simulations, we can generate
triangular meshes given a specified boundary and a target density function. Then, we define the dielectric tensor using
the given plasma density and magnetic field topology and add it to the code. The code computes the electric field
when these wave modes are launched from a wave source and can be used to examine the resulting distribution of
wave characteristics, such as polarization, the direction of Poynting flux, and wave absorption at relevant, resonant
surfaces.

Similar to other wave models in the magnetosphere [5, 11], we assume a quasi-stationary state of multi-ion space
plasma in which background plasma flow speed can be ignored relative to the fluctuation speed. Space plasma does not
have physical outer metal boundaries and no antenna-generating waves except in artificial experiments. Therefore,
we limited the simulation domain near the target location and added intense collisions near the outer boundary to
express outgoing waves at the boundary. We assumed waves were generated at the source location with specific wave
frequency and polarization status according to generation theories.

Because the spatial scales of planetary magnetospheres (10° — 10* km) are extremely large compared to the scales
of the laboratory plasmas (~ m) that Petra-M currently considers, the spatial differences in the Petra-M model were
re-scaled to an Earth’s radii (Rg), which is similar to the FW2D code. We then adopt a dipole geometry, compressed
magnetic field in the dayside magnetosphere, and stretched magnetic field in the nightside magnetosphere. We also
adopt a plasma configuration extracted from a global MHD simulation.

The dipole magnetic field in cylindrical coordinates (7, z, ¢) can be derived as,

_ Bs . s o~ oo (—3sinAycosAy 1—3sin® Ay
Bo—ﬁ\/l+3sm A, (b,,bz,bq,)—( st Ay 15 s o 0], e))

where By, 5,, 51 and 13¢ are magnetic field strength, magnetic field unit vector in r, z, and ¢ direction, and R, By and Ay
are a geocentric radial distance, background magnetic field strength at the surface, and magnetic latitude, respectively.
Magnetic latitude in each grid point can be calculated A = tan~! (z/r); thus, 13,, ISZ, B(p and By are easily calculated in
the Petra-M module as shown in Figure 1(a).

For the compressed and stretched magnetic field topologies, we first adopt an Euler potential magnetic field model
[15] (hereafter Stern’s model). Magnetic fields can be represented by the cross-product of the gradients of two scalars
(o and B), such as Euler potentials,

Bo=VaxVB. 2)

Using equations (43) and (44) in Stern [15], Va and VJ3 can be calculated, and we developed a module calculating
by, lsz, 13(1,, and By, in the Petra-M code. Figure 1(b) presents the calculated compressed magnetic field flux tube and
the magnetic field strength.

We also adopted a self-consistent magnetospheric equilibrium code, the MAG2D code, which has been previously
developed at PPPL [16]. We calculate each magnetic field Bp(a, ) in the magnetic flux coordinate by adopting
the detected disturbance storm time index, solar wind pressure, and interplanetary magnetic field strength. The
spatial position (x, z) of each magnetic flux coordinate is calculated: thus, MAG2D generates (B, lAar, IQZ, 134,) at
(x(at,B),z(cx,B)), as shown in Figure 1(c—d). We interpolated the magnetic field computed in MAG2D at each node
of the Petra-M generated mesh. For dipole, Stern, and MAG2D models, we adopt an empirical electron density model

23,
3 4.83 L 0.8
N, — 1390 (L> (R/RE) , 3)
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FIGURE 1: Various magnetic field configurations we adopted in the Petra-M; (a) Dipole model from equation (1),
(b) Stern model [15], (c-d) MAG2D model [16], and (e-f) global MHD simulations [17]. Here, black lines and white
arrows represent the flux line and magnetic field direction, respectively.

where L is L-shell number which can be defined L = R/Rg cos® Ay, in dipolar magnetic field line.

Finally, we adopt realistic magnetic field geometries from a global MHD simulation [17] into the Petra-M code.
For 2D simulations, we consider a meridional slice of the magnetosphere in 3D MHD simulations, as shown in Figure
1(e), and extract a spatial time snapshot of magnetic field topologies and density profiles from the time-dependent
global MHD simulations.

ULF WAVE SIMULATIONS

Electromagnetic ion cyclotron (EMIC) wave propagation

The EMIC waves in the Pc 1-2 frequency range (0.1-5Hz) are often detected from the Earth’s magnetosphere-
ionosphere. The EMIC waves are known to be excited as LHP waves near the magnetic equator by anisotropic
protons, and ground-based magnetometers often detect these waves [24]. One of the critical scientific questions of
EMIC wave propagation is how the waves can reach the ground.

Extending the previous full-wave simulations [11], we examine the LHP EMIC wave propagation in dipole mag-
netic fields and perform a numerical survey, as shown in Figure 2(a-f). Here, we consider the effect of heavy ion
density and a wave normal angle (WNA), the angle between the wavevector (k) and By, at the source. The LHP
EMIC waves with wave frequency (f = 0.45Hz) between the local Ht and He™ gyrofrequencies are launched at the
magnetic equator at 6.6 Rg. Figure 2 plots the simulated ellipticity for (a-c) WNA=30° and He™ = 0, 1, and 5%
plasmas and (d-f) He™ = 5% plasmas and WNA = 0°, 45°, and 60°.

When He™ ion density increases in Figure 2(a-c), the cutoff condition for the field-aligned waves shifts toward
the outer magnetosphere and lower magnetic latitude, and the wave stopgap between cutoff and resonance locations
becomes wider. As a result, waves can reach the ground for 0% He™, while significant energy of waves reflected near
the He™ gyrofrequency for 1% He™. For 5% He™ in Figure 12(c), no wave can reach the ground.

Wave solutions in Figure 2(c-f) show a dependence of WNA on EMIC wave propagation. As the WNA increases,
waves are dramatically changed. For WNA = 0° and 30° in Figure 2(c-d), no waves can tunnel through the wave
stopgap between the LHP wave cutoff and heavier ion cyclotron frequency. For WNA = 45°, when the LHP waves
obliquely incident a region where wave frequency matches the crossover frequency, mode conversion and polarization
reversal from LHP to right-handed polarized (RHP) waves occur; thus, these RHP EMIC waves can propagate to the
inner magnetosphere, as shown in Figure 2(e). Mode coupling between RHP and shear Alfvén waves also occurs near
Earth, and these linearly polarized waves can finally reach the ground. For the large WNA case in Figure 2(f), most
RHP waves propagate toward the magnetic equator, and wave power reaching the ionospheric altitude is negligible.
Therefore, the results suggested that LHP EMIC waves generated near the magnetic equator with limited WNA can
only reach the ground.

The EMIC waves are often generated in the outer magnetosphere at the Shabansky orbits [25] around local minima
in [Bo| [26]. Vines et al. [27] recently showed that when the MMS satellite passed through an off-equator EMIC
wave source region associated with the local |By|, the Poynting vector direction systematically changed from parallel
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FIGURE 2: EMIC wave simulations in (a-f) dipole and (g-h) compressional magnetic fields. (a-c) WNA = 30° and
He' =0, 1, and 5 %. For 30° WNA, EMIC waves cannot propagate in >1% He™. Here, red lines indicate the He™
cyclotron frequency. The color bars show the ellipticity of EMIC wave launched as LH polarized waves at the
equator, and Red (+) and blue (-) colors are right- and left-handed polarization; (d-f) 5% He™t plasma for WNA = 0,
45, and 60°, respectively. While EMIC waves with 0° and 30° WNA are reflected at the LHP cutoff location, RHP
EMIC waves with 45° and 60° WNA can reach the ground or the magnetic equator at lower L-shells; (g-h) LHP
electric field and field-aligned Poynting flux. Wave amplitude and Poynting flux are normalized to the maximum
values, respectively. Waves launched near (x,z) = (7,7)Rg at L = 10, and the yellow dashed line in Figure 2(g)
represent magnetic field line at L = 10.

to the magnetic field (toward the equator), to bidirectional, to anti-parallel (away from the equator). These changes
coincided with the source location shift in the southern hemisphere from poleward to equator-ward of MMS.

We adopt the compressed magnetic field configuration using the Stern model, as shown in Figure 1(b), to consider
the wave propagation from the Shabansky orbit. In this case, we launch LHP EMIC waves between the local H™ and
He™ gyrofrequencies at the |By| minimum near (x,z) = (7,7)RE in the northern hemisphere. Figure 2(g) shows the
LHP component of the perturbed electric field. The launched waves in the northern hemisphere can be strongly guided
by Bg and reach the southern hemisphere. Thus, the Poynting flux can be parallel, bi-directional, or anti-parallel to
the background magnetic field depending on the location, as shown in Figure 2(h), and this shows good agreement

with the recent wave observation [27].

Alfvén wave propagation

This section examines the Alfvén wave propagation in the various magnetic field shapes. By adopting the MAG2D
magnetic field model, as shown in Figure 1(c-d) and the plasma density model described in Section 2, we launch a
compressional wave in Ey in the Pc 5 frequency range (~ mHz) at the magnetic equator at L = 10.

Figure 3(a-b) presents the electric field perpendicular to the local magnetic field line (£;) representing the shear
Alfvén waves. In these cases, since the waves have long wavelengths, the shear Alfvén waves globally oscillate,
which is the characteristic of the field line resonance. These figures show that the field line resonance can occur in a
compressed or stretched magnetic field configuration. Therefore, it is confirmed that the incorporation of the Petra-M
and MAG2D is succeeded.

We also adopt realistic magnetospheric magnetic field geometries derived from global MHD simulations, as shown
in Figure 1(e-f). We selected the night side of the magnetosphere, where the magnetic field is stretched to the magne-
totail. Then, we also launched the compressional waves in Ey at the magnetotail by assuming a substorm. Figure 3(c)
shows that Ey presents field-aligned propagating waves, which are shear Alfvén waves. These waves are generated
via mode conversion from the compressional Alfvén waves at the Alfvén resonance.

130001-4
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FIGURE 3: Mode-converted shear Alfvén waves appear in a transverse electric field component (Ey) in the
compressional, stretched, and magnetic field in the magnetotail, as shown in Figure 1(c-f). Here, wave amplitudes
are normalized to their maximum value.

CONCLUSION

This paper adopts the state-of-art Petra-M code into the Earth’s magnetospheric environment. Despite the spatial
scale differences between the fusion devices and Earth’s magnetosphere, the Petra-M code successfully demonstrates
plasma wave propagation. Due to the advantage of the FEM method, we can particularly adopt various magnetospheric
equilibrium models, such as the Stern model or the MAG2D, and more realistic magnetic configurations from the
global MHD model.

As examples, we demonstrate EMIC and Alfvén waves in the magnetosphere. The simulations show that the LHP
EMIC waves can propagate from the source region (i.e., magnetic equator) to the ionospheric altitudes in the limited
WNA when heavier ion density is less than 1%. However, since this study only demonstrates a single wave frequency,
examining waves with various frequencies is necessary.

We also found that the polarization reversal at the crossover is critical for LHP wave propagation from the magnetic
equator to the ground. Kim and Johnson [28] recently also showed that mode conversion and polarization are critical
to externally driven RHP wave (from solar wind) propagation to the inner magnetosphere. Therefore, crossover
frequency makes wave propagation from the outer magnetosphere into the inner magnetosphere independent of wave
polarization at the source location.

The simulated Alfvén waves demonstrated the mode-conversion at the Alfvén resonance clearly. However, Al-
though we successfully demonstrated the ULF wave propagation in this paper, this work adopts a simplified density
model focused on the outer magnetosphere. Therefore, further study using a more realistic electron density profile,
such as the global core plasma model (GCPM) [29], should be followed.
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