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ABSTRACT

A numerical study is carried out for the generation of lower hybrid, whistler, and compressional Alfvén (magnetosonic) waves by satellites
crossing magnetic field aligned irregularities or striations. Satellites and space debris propagating at an altitude of about 300 km with a
velocity of 7.7 km/s perpendicular to the magnetic field generate a wake of lower hybrid waves with a wavelength of ~ 1 m and frequencies
near the lower hybrid frequency ~7.87 kHz. In the presence of small-scale striations having widths below 0.5 m, the satellite-generated lower
hybrid waves efficiently mode convert to whistler waves with frequencies slightly above the lower hybrid frequency, which propagate within a
cone ~19.5° to the background magnetic field. For larger striations having widths of 1 m and above, the interaction with satellites leads to
modulated pulses of whistler waves as well as to magnetosonic waves propagating at large angles to the magnetic field, with frequencies below
the lower hybrid frequency. The results are consistent with recent observations during conjunctures between satellites, where the observed
frequencies ranged from the ion cyclotron frequency to the lower hybrid frequency [Bernhardt et al., Phys. Plasmas 30, 092106 (2023)].

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0225399
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I. INTRODUCTION

Recent observations have shown wave activity during conjunc-
tion between satellites, with frequencies ranging from the ion cyclotron
frequency to the lower hybrid (LH) frequency (Bernhardt ef al., 2023).
A possible mechanism is that the satellites become electrically charged
and interact with the plasma to generate the observed waves. Objects
in space become electrically charged by collecting electrons from the
surrounding plasma or by photoemission of electrons due to UV radi-
ation from the sun (Garrett, 1981; Whipple, 1981; and Anderson,
2012). The charging of an object in plasma depends on the balance
between electron and ion currents reaching the object, such as for
Langmuir probes (Langmuir and Mott-Smith, 1926; Chen, 1965;
Hutchinson, 2002; and Merlino, 2007), dusty (or complex) plasma
(Rao et al., 1990; Shukla and Eliasson, 2009; Bernhardt et al., 1995a;
and Beckers ef al., 2023), and man-made spacecraft and space debris
(Anderson, 2012; Bernhardt ef al., 2023). At the floating potential rela-
tive to the surrounding plasma, the electron and ion currents cancel
each other, I; + I, = 0. The charged objects may work as a current
source for Cherenkov radiation of low frequency (LF) plasma waves

with a possibility of using the waves for detecting and diagnosing the
objects. Many previous theoretical works have suggested that hypersonic
space objects can launch ion acoustic solitons [e.g,, Truitt and Hartzell
(2020a); (2020b)] but Bernhardt ef al. (2023) points out that these ion
acoustic waves have never been observed. In addition, these waves are
highly attenuated by ion Landau damping as discussed in Appendix A
of this paper. This work focusses on lower hybrid, magnetosonic (MS),
and whistler waves that have been detected with in situ electric field
measurements and are unaffected by ion Landau damping.

Magnetic field aligned striations are almost always formed during
ionospheric heating experiments [e.g., Kelley er al. (1995); Bernhardt
et al. (1995b); and Najmi et al. (2014), (2015)]. Due to the different
electron mobility perpendicular and parallel to the magnetic field, the
striations can have transverse length scales of a few meters or less,
while the parallel length scale is tens of kilometers. The striations work
as scattering centers to mode convert lower hybrid waves to whistler
waves (Eliasson and Papadopoulos, 2008; Camporeale ef al., 2012) and
vice versa (Bell and Ngo, 1990; Rosenberg and Gekelman, 1998; and
Shao et al., 2012).
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The aim of the present paper is to numerically and theoretically
investigate the interaction between satellites propagating perpendicular
to the magnetic field and interacting with magnetic field aligned irreg-
ularities to generate lower hybrid, whistler, and magnetosonic waves
and how these can be observed and analyzed by other spacecraft, to
determine the distance and direction to the satellite. Since magnetic
field aligned striations, of natural origin or generated during iono-
spheric heating experiments, extend tens of km above the heated
region, they may constitute a means of detecting and diagnosing satel-
lites propagating through bunches of striations and emitting very low
frequency (VLF) waves.

The paper is organized in the following fashion. Section II discusses
the cold fluid plasma model for the VLF waves with frequencies higher
than the ion cyclotron frequency and derives a wave equation suitable
for numerical simulations. The wave dispersion properties of the model
are discussed in Sec. III, where it is shown that the model supports,
lower hybrid, magnetosonic waves, and whistler waves up to the electron
cyclotron frequency. Wave generation and mode conversion of lower
hybrid waves on striations are discussed. A simple satellite charging
model based on spherical symmetry is derived in Sec. I'V, which is used
in the numerical simulations. Section V describes the 2D simulation
model and presents simulation results for different sizes of satellites and
striations to identify the efficiency of the different generation mecha-
nisms of lower hybrid, whistler, and magnetosonic waves. Frequency
spectra of simulated waves are compared to recent spacecraft observa-
tions. A method to detect and locate space debris via dispersion proper-
ties of waves and Poynting flux is proposed. Finally, Sec. VI contains a
summary of the results and discusses future works to equip spacecraft
with instruments to enable detection and localization of space debris.

1. IONOSPHERIC PLASMA MODEL

The linearized cold plasma fluid model supports VLF waves with
frequencies higher than the ion cyclotron frequency but lower than the
light mode and Langmuir oscillations. The momentum equations for
the jon and electron fluid velocities v; and v, read

mi%: eE, (1)
mea—: = —e(E+ve x By), 2)
|
9j
_ )22 e
(1-4v) ot m, n(r.)/n m;

Whistler
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where By is the background magnetic field, e is the unit charge, By is
the background magnetic field, and m; and m. are the ion and elec-
tron mass, respectively. The v; x By term has been neglected in Eq.
(1) due to the assumption that the typical wave frequency o is
much larger than the ion cyclotron frequency w. = eBy/m;. The
wave electric and magnetic fields E and B are governed by Faraday’s
and Ampere’s laws,

0B
5 —V x E, (3)
V X B = ppeft(r) (Vi — Ve) + UoVeat Psar (), (4)

where the plasma density including magnetic field aligned striations is
fi(r.) =no + ng(ry) with ny being the background density and
Ny (r1) = —ng qeexp(—r2 /D2.)  representing a magnetic field
aligned density reduction (striation) and r, is the space coordinate
perpendicular to By, and where 7y g, is the magnitude of the striation
density and Dy, is the striation width. The magnetic field aligned stria-
tions are formed and evolve very slowly in time on the order of sec-
onds or more [e.g, Grach et al (2016)] and are, therefore, here
regarded as stationary. Furthermore, 14, = 1/€oc? is the vacuum mag-
netic permeability, € is the vacuum electric permittivity, and c is the
speed of light. The satellite constitutes a local current density pulse that
creates time-dependent magnetic and electric fields which can interact
with the plasma particles to generate waves. For computational effi-
ciency, the charge distribution of the satellite is represented as a
Gaussian density pulse of the form p, (&) = poexp(—E*/D2,) using
the shifted space variable & = r — vyt with vy being the satellite
velocity; hence, the current density of the satellite enters as Ve pg (€)
in Eq. (4). The displacement current has been neglected in Eq. (4) by
assuming wave speeds much smaller than the speed of light and by
assuming quasi-neutrality »n; = n,, which is justified for wf)e > o,
where wp,. and @, are the electron plasma and cyclotron frequencies
(cf. Table I). As shown in Sec. I1I below, the model (1)-(4) supports
lower hybrid waves, whistler waves, and compressional Alfvén/magne-
tosonic waves with frequencies much higher than the ion cyclotron
frequency.

By defining the electron number current density (Eliasson and
Papadopoulos, 2008), ai(r_)v, = j, is a single wave equation suitable
for numerical simulation is derived (see Appendix B)

0 lia

j. x B 1
+ 202V % (V x (”4")) —ZZIV(V - (j % Bo)) + -, x By — (vm— + /lﬁV—)psat(E_,) —0, (5

ot ot?

Satellite

Lower hybrid-+~magnetosonic

where the terms associated with different wave modes are indicated, as
well as the Satellite terms which work as sources.

Tonospheric parameters used in the simulations are consistent
with High-frequency Active Auroral Research Program (HAARP)
conditions near 300 km altitude and are listed in Table I, including the
magnetic field strength By = 4.8 x 107> T (at HAARP, By is directed

downwards 14° to the vertical), and the background plasma number
density 1y = 5.0 x 10" m~3. The ions are oxygen O with a mass
m; = 26.57 x 107¥ kg. This gives a number of derived plasma
parameters listed in Table I. The approximate expression for the lower
hybrid frequency win = /@0 is valid for high electron density
and low magnetic field such that a);e > w?, so that quasineutrality
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TABLE 1. Parameters used in the ionospheric plasma model.

Parameter Symbol/formula and value

np=5x10"m3
By=48x107°T
m; = 26.57 x 10%" kg

Plasma number density
Geomagnetic field
Ion mass, oxygen O

2
M0 399 x 1005

Electron plasma frequency ~ ®pe =
€oMle

(fre = 6.36 MHz)

2

npe 3 1
Ton plasma frequency Wpi = =234 x10"s
€My
(fyi = 37.2kHz)

Electron cyclotron
frequency

Wee = €By/m, = 8.44 x 10°s71
(fee = 1.34 MHz)
¢ = eBy/m; = 289s7!
(fa = 46.1 Hz)
O = /Oee®g = 49.4 x 10°s7!
(fLH =7.87 kHZ)
Je = ¢/Wpe = 7.52m
/11 = C/(,Upi = 1.28km
VA = ¢ 2% = di = wrpde = 372km/s

Wpi

Ion cyclotron frequency

Lower hybrid frequency
(for wge > oZ,)
Electron inertial length
Ton inertial length

Alfvén speed

Vet = 7.7km/s
Mo.sw = 0.05 19 = 0.25 x 10" m~3

Satellite speed
Striation depth

Electron temperature, T. = 1500 K
satellite charging model
Debye length, k
T,
satellite charging model ADe = € BZ £ =0.0038 m
npe

n; = 1, holds by electrons performing polarization drift perpendicular
to the magnetic field to neutralize the ions in the lower hybrid wave.
For larger magnetic field or lower density such that w2, is comparable
to ?,, the electrons cannot drift to neutralize the ion fluctuations
completely, and deviation from quasineutrality needs to be taken into
account via Gauss’ law V - E = e(n; — n,) /¢, for the electric field and
the ion and electron continuity equations dn;./ 9t + nyV - vi, = 0,
leading to [e.g., Swanson (2003)] Wiy = wewei/(1+ wﬁe/w;e); how-
ever, for the parameters in Table I, one has wfe / cuze =004 < 1
which justifies the approximation. The depth of the striations is taken
to be np ¢ = 0.05my = 0.25 x 10" m—>, which is consistent with
observations (Kelley ef al., 1995), while the sizes of the striations and
the satellite Dy, and Dg, will be given a range of different values in the
numerical simulations below. The satellite speed vy = 7.7km/s is
typical for an orbit altitude of about 300 km. For the charging model
in Sec. IV, we will use the electron temperature T, = 1500 K, giving
the electron Debye length Ap. = 0.0038 m.

1ll. WAVE DISPERSION AND WAVE GENERATION
BY SATELLITES

We here discuss the wave dispersion properties of the model
equation (5) supporting lower hybrid, whistler and magnetosonic
waves, and different wave generation mechanisms by a target satellite

ARTICLE
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orbiting at a specified angle with the magnetic field lines and interact-
ing with magnetic field aligned striations.

By assuming plane waves with j,(r,t) = j,,exp(ik - r — iot) in
Eq. (5) for homogeneous plasma [71(r L) = ny] and without the satel-
lite source terms, one obtains the dispersion relation

Ocedokt + (1 + 2K
(14 2k2)°

)~2 2 ceWci A ce
%M 1+ 22 —l—w—/lﬁkﬁ 7 (6)
(14 22k2?) Dci

where k; and k|| are the perpendicular and parallel (to the magnetic
field) wave vector components, and k = (k3 + kﬁ)l/ ? is the total mag-
nitude of the wave vector. The dispersion relation (6) is plotted in
Fig. 1, where different wave modes are indicated. The dispersion rela-
tions for whistler, lower hybrid, and magnetosonic waves are obtained
as limiting cases of Eq. (6). At oblique angles to the magnetic field
kj = k., one has the dispersion relation for whistler waves,

w* = (coce/lﬁk2 + (ud)

2 541212
. 2, Ak kH

In the limit of large wave vectors /lgkz > 1, the whistler wave reaches
the electron cyclotron resonance »* = wékﬁ /K. For whistlers gener-
ated by a localized source, the group velocity restricts the whistler wave
to propagate within a cone of angle arctan(1/+/8) = arcsin(1/3)
~ 19.5° to the magnetic field (Stix, 1992; Swanson, 2003). On the
other hand, for perpendicular propagation to the magnetic field,
kj = 0 and k = k_, one has the dispersion relation for the perpendic-

ular lower hybrid and magnetosonic waves,

Electron F
cyclotron [ 100

10°
10

~

————————

Lower
hybrid

e
3
‘______.._o_~

0.01

=)
&
=)
%
=)
=)
>
CA
2 3
R T

FIG. 1. Dispersion plot (logarithmic scales) showing the wave frequency w as a
function of the wave vector (k ., k). Different regions of whistler, lower hybrid, and
magnetosonic waves are indicated, as well as the electron cyclotron resonance. A
satellite with velocity vs;t = 7.7 km/s can excite lower hybrid waves obeying the
resonance condition (10), giving the resonant wave vectors indicated by the dashed
red line for perpendicular propagation 6sst = 7/2 and the dashed-dotted purple
line for oblique propagation with 655t = /4. A lower hybrid wave (black circle) hav-
ing the wavelength 1 m may be mode converted to a whistler wave having the
same frequency and wavelength 625m (red circle) on a magnetic field aligned
striation.
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12 2
o = wciwce/LekzL _ wiH)”ekzi (8)
12 2 :
L+ 0K 1+ 4k

In the limit of large wave vectors A2k} >> 1 one has the lower hybrid
resonance @* = w}y, while in the limit of small wave vectors
J2K2 < 1, the dispersion relation supports fast magnetosonic waves
0* = 0}y 2k =12k% propagating with the Alfvén speed v,. For
short wavelengths such that 22k* > 1, the dispersion relation (6) for
obliquely propagating waves simplifies to

kz
ce k!
encompassing both the lower hybrid and electron cyclotron resonan-
ces. Thus, the model supports the whistler, lower hybrid, and magneto-
sonic wave modes residing on the same dispersion surface, as shown
in Fig. 1.

Next, a resonance condition for wave excitation by a satellite is
derived. In the frame of a satellite propagating in the y—z plane with
constant speed v at an angle Oy to the magnetic field, in homoge-
neous plasma, the Doppler shifted frequency is @' = @ — vg -k
=w— (vsat‘, Lhy vy kz) with v = vasin(0u) and v
= V5at€08(0gz ). In the frame of the satellite, the Doppler shifted fre-
quency of satellite generated waves is zero, ' = 0, so that the satellite
resonantly excites waves via Cherenkov radiation obeying the reso-
nance condition (with k, = k, and k, = k),

k
0F = WeeWei + 02, — = wa + wﬁek—!, 9)

@ = Va1 ki + Ve K = Vear (kisin(Osar) + kysin(Osar) ). (10)

By inserting the expression for w in Eq. (10) into Eq. (6), a resonance
condition connecting k; and kj is obtained. In Fig. 1, the red dashed
line indicates the resonance condition for perpendicular propagation
Ost = m/2, and the purple dashed-dotted line for oblique propagation
with Og = 7/4. As seen in Fig. 1, the satellite-generated waves in
homogeneous plasma are predicted to be only electrostatic lower
hybrid waves having wave vectors obeying k% 12 > 1 and k2 > k2
For oblique satellite propagation to the magnetic ﬁeld the perpendlcu—
lar velocity Ve | = Veusin(Os) is lower, leading to larger resonant
lower hybrid wave vector k| and correspondingly shorter wavelength.

For finite k)|, the group velocity of the satellite-generated lower
hybrid waves rapidly rises in the direction perpendicular to k and
almost parallel to By. In the frame of the satellite, the group velocity of
the lower hybrid waves (having o’ = 0) will form a two-dimensional
wedge in the y—z plane behind the satellite with parallel velocities in
the range (cf. Appendix C),

|V||| < VsatLH - = Vaat, L
Cl

giving maximum parallel velocity of vj = +465km/s along the mag-
netic field lines of the generated lower hybrid waves for
Ver,L = 7.7km/s, consistent with the simulation result in Fig. 4
below.

For finite k| lower hybrid waves, as shown in Fig. 2, the frequency
rises rapidly from the lower hybrid frequency f = (f.fs)"/* and tran-
sitions to the electron cyclotron resonance f = f..cos0, where cos 0
= kz‘ /k? describes the angle of the wave vector to the magnetic field
[cf. Eq. (9)]. In the limit of small wavenumbers, the lower hybrid wave
becomes electromagnetic and connects to the fast magnetosonic wave

i ~604vsau, (11)
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FIG. 2. Dispersion curves for frequency f = w/2n vs wavenumber k for quasi-
perpendicular magnetosonic and lower hybrid waves for different angles 0 of the
wave vector to the magnetic field. The blue ring indicates the typical wavenumber
and frequency of satellite-generated lower hybrid waves. The dispersion curves
were obtained from the cold plasma dispersion relation (6) for k < 8 m~" and from
the electrostatic dispersion relation (D7) in Appendix D for k > 8m~" including
thermal effects. The red dashed line indicates the ion sound speed Cs = 1.5km/s.

with frequency f = vak/2n. Typical lower hybrid waves generated by
a satellite, indicated by a blue ring in Fig. 2, are electrostatic with a
wavelength of about 1 m and a frequency close to the lower hybrid fre-
quency. The high-k limit of validity of the present cold plasma model
is reached when the frequency of the ion sound speed C; ~ 1.5 km/s
becomes comparable to or exceeds the phase speed w/k of the cold
plasma wave (cf. Appendix D).

In the presence of small-scale magnetic field aligned striations, a
lower hybrid wave having its wave vector nearly perpendicular to the
striation (black circle in Fig. 1) may be mode converted to a whistler
wave propagating almost parallel to the striation (red circle), with the
whistler wave having the same frequency as the lower hybrid wave.

It was empirically found by Eliasson and Papadopoulos (2008)
that optimal mode conversion efficiency between lower hybrid and
whistler waves propagating parallel to the magnetic field occurs when
the lower hybrid wavenumber k;y and striation width Dy, are related
through (see Fig. 3)

kiynDsir =~ 1.5. (12)

A satellite with velocity v, propagating perpendicularly to the mag-
netic field will generate a wake of lower hybrid waves having the wave-
length Ay & ve 1 /fin and wave vector kyy ~ 271/ Ay, which from
Eq. (12) gives the optimal striation width

Vsat,L
fLH

for mode conversion of satellite-generated lower hybrid waves to whis-
tler waves; hence, the optimal striation width will be Dy op; = 0.25m
for a satellite having velocity Vg, | = 7.7 km/s perpendicular to the
magnetic field.

Dgtr, opt ~ 0.25

13)
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FIG. 3. Efficiency of whistler wave generation (fraction of whistler energy W to total
wave energy W) as a function (a) of k for Dsy = 1m and (b) of Dy for
kit =1.5m~". Reproduced with permission from B. Eliasson and K.
Papadopoulos, J. Geophys. Res. 113, A09315 (2008). Copyright 2008 by the
American Geophysical Union.

The condition (12) agrees well with that of Camporeale ef al.
(2012) who theoretically derived a maximum mode conversion effi-
ciency for kjyDsy = V2 ~ 1.4 for the general case of oblique whistler
propagation. A similar condition was derived by Bell and Ngo (1990)
for the mode conversion process of electromagnetic whistlers to lower
hybrid waves. Laboratory experiments of the interaction of whistler
and lower hybrid waves with striations have been carried out at the
UCLA Large Plasma Device (Bamber ef al. 1994; 1995; Rosenberg and
Gekelman 1998; 2000; 2001).

The satellite may also directly generate pulses of whistler and
magnetosonic waves while traversing and interacting with the striation.
This mechanism will generate a modulated wave pulse with broad fre-
quency spectrum and does not rely on the intermediate generation of
lower hybrid waves by the satellite. When the satellite traverses the stri-
ation, the interaction time increases with the width of the striation and
the size of the satellite but decreases for higher satellite velocities trans-
verse to the striation. Therefore, the frequency spectrum of the gener-
ated waves can be expected to have a peak amplitude at a frequency
Jpeak proportional to the transverse satellite velocity but inversely pro-
portional to the sum of widths of the satellite and striation. The empir-
ical formula

0.4 Vsat, |

k=T (14)
fpe Dyt + Dy

is consistent with the spectral peaks obtained numerically in Sec. V D.

The generation of shear Alfvén waves is not considered in the
present model due to their low frequency (v < w,;) and long wave-
length (1s > 27mA; ~ 8 km) compared to typical object sizes. However,
by including the Lorenz force of the magnetic field on the ions in Eq.
(1), there could be possibility of a satellite to generate shear Alfvén
waves propagating parallel to the magnetic field lines (Bernhardt ef al.,
2023) with dispersion relation »? = vf\klz.

Also, because the ionosphere is a how temperature plasma, the
electron and ion thermal pressures have been neglected in the present
cold plasma wave model. This excludes for example the ion-acoustic
wave which has a wave speed of about 1.5km/s and could form a
Mach cone behind the satellite. However, because of almost equal elec-
tron and ion temperatures, T, ~ T;, the ion-acoustic wave are heavily
Landau damped [see, e.g., Chen (1984), Figs. 7-31], preventing it from
propagating far away from the satellite or space debris that generated
it. Ion-acoustic solitons (Tran, 1979) were observed in the laboratory

ARTICLE pubs.aip.org/aip/pop

(Tkezi et al., 1970 Saitou and Nakamura, 2005), when it became possi-
ble to produce plasma with hot electrons and cold ions (T, = 107T;) to
reduce the effects of ion Landau damping and reflection of low-energy
ions by the solitary wave. The ion-acoustic solitons are characterized
by a localized density hump with a positive potential, have velocities
slightly above the linear ion-acoustic speed, and have typical widths of
a few Debye lengths, i.e., a few centimeter for ionospheric conditions.
The dispersion effect enabling the solitons comes the deviation from
exact charge neutrality at Debye length scale, which balances the nonli-
nearities of the system. Early theoretical models of ion and electron
Landau damping of nonlinear ion-acoustic were developed by Taniuti
(1972), VanDam and Taniuti (1973), and Ott and Sudan (1969).
Because of strong ion Landau damping at ionospheric conditions with
T, ~ Tj, Debye length-sized ion-acoustic solitons will not propagate
far from the space debris at low earth orbit (LEO) and may be hard to
detect in situ or with radars (Bernhardt ef al,, 2023). It should be noted
that simplified formulas of ion Landau damping are commonly
derived under the condition that T, > T; [e.g, McKinstrie et al.
(1999)] and may strongly under-estimate the damping rate and, there-
fore, over-estimate the longevity of ion acoustic solitons launched by
hypersonic space objects [e.g., Truitt and Hartzell (2020b)] when the
electron and ion temperatures are comparable (cf. Appendix A). Ion
phase-space holes have been observed in space near the bow shock
(Wang et al., 2020) and in the laboratory (Pécseli ef al, 1981; 1984),
when T, = 3T;, consistent with the theoretically predicted condition
T, > 3.5T; for the existence of solitary ion holes (Schamel and
Bujarbarua, 1980; Bujarbarua and Schamel, 1981). The ion holes are
characterized by a localized density reduction with a negative potential
that traps a portion of ions, a bipolar electric field, and have speeds
near or below the ion thermal speed. Even though ion holes could pos-
sibly be formed by space debris when T, = 3T}, they are not supported
in the present cold fluid model.

IV. SATELLITE CHARGING ESTIMATE

A simplified model based on spherical symmetry is used to esti-
mate the charges attached to satellites of different sizes. The ion ther-
mal speed is of the order 1km/s which is much lower than the
satellite/space debris speed 7.7 km/s, and the ions will impact the satel-
lite with straight ballistic orbits at the ram side, while there may be a
wake of lower plasma density on the opposite side. This leads to the
ion current [e.g,, Anderson (2012)]

I; = enytR*vey. (15)

On the other hand, the typical thermal speed of the electrons in the
ionosphere is 150 km/s, which is much higher than the satellite/space
debris speed. Therefore, the electrons may be assumed to be at thermal
equilibrium around the satellite, and the current due to the fast elec-
trons hitting the satellite from all sides is

SkB Te 6¢0

16
ame ¥ (kB T.)’ (16)
where the effect of the electron repulsion by the negative potential is
considered in the exponential factor for the Boltzmann distributed
electron density. Setting I; + I. = 0 leads to a typical negative floating

potential of less than a Volt. However, satellites in polar orbits can
acquire a few orders of magnitude higher voltages during intense

I, = —enynR?
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electron precipitation events (Anderson, 2012), leading to a significant
increase in the electron current to the satellite compared to Eq. (16)
due to the bombardment of the satellite by accelerated electrons having
energies exceeding the negative potential barrier. At high altitudes and
low plasma density, the satellite may become positively charged by
emitting photoelectrons due to UV irradiation and when sunlit
(Whipple, 1981).

For a given satellite potential ¢, relative to the surrounding
plasma, the charge state depends on the satellite size and how the
plasma forms a sheath around the satellite. In vacuum, a negatively
charged sphere of radius R and surface potential ¢, has charges resid-
ing on the surface, with the total charge

Q= Q= Cd’o; (17)

with capacitance C = 4megR. In stationary plasma, a cloud of opposite
charges surrounds the sphere, leading to Debye shielding and rapid
decrease in the potential. For a small sphere, R < Ap. where Ap. is the
electron Debye length (cf. Table I), the Debye-Hiickel potential (for
r > R)is

R
¢ =poe (18)

and which is valid for small potentials, |e¢p| < kgT,. The electric field
is

1 1
— — —(r=R)/Ape %
E=-V¢= qi)OR(r2 + fiDe)e [70e 3 (19)

where f is the unit vector pointing radially outwards. Gauss’ law on
integral form gives the charge Q enclosed within a sphere with radius
r > Ras an integral over the sphere’s surface S,

1 1 —(r—R) /i,
Q= eoﬁSE -dS = €yyR (ﬁ + MDe)e (r=R)/ip. ﬁsds
—

=4nr?

) e—("—R)/iDc7 (20)

,

= dmeypoR( 1+ —

ADe

where it was used that the differential surface element points radially

outwards, dS =tdS and that the surface area of the sphere is
S = 47nr?. The charge contained inside the sphere, as r — R, is

R R
Q= QDebye = 47'660(;[)0R(1 +T> = Qvac<1 +«_>7 (21)

De ~ADe
which equals the surface charge of the spherical object. Hence, the
capacitance is a factor (1 + R//p,) larger in plasma compared to the
vacuum case due to the Debye sheath of thickness /p,. However, for a
larger sphere, R > /p, and nonlinearly large negative potentials,
leg| > kgT,, the sheath forms an ion-rich region depleted of electrons
due to the Boltzmann factor exp(e¢/kpT,) in the electron number
density. In this case, the spherical object may work as a capacitor with
a potential-dependent electron density gap between the surface and
the surrounding plasma—a larger gap gives a smaller capacitance, sim-
ilar to regular capacitors. The ion density is also modified by the poten-
tial, but to lesser extent due to their large mass. As an estimate, we use
an analytic function fit by Blackwell ef al. (2005) to numerical calcula-
tions by Laframboise (1966) of the sheath thickness s, given by

pubs.aip.org/aip/pop
2/5
s= (2.5 — 1.87¢ 03R/ne) (— ::;92) ADe, (22)

which is valid for negative potentials. Using s in place of /Jpe in
Eq. (19) gives

Q - Qsat - 4HEO¢OR(1 + ?) = Qvac (1 + ?)a (23)

as an estimate of the charge [e.g, Manchester (2010)], with values in
between Qyoc and Qpevye. Hence, the scaling of the satellite charge with
size depends on the radius compared to the Debye length: For macro-
scopic objects much larger than the Debye length, the charge scales with
the surface area Q oc R? while for very small objects the scaling is Q oc R.

We consider conditions at HAARP which is in the polar region
and may have some degree of electron precipitation and increased
electron attachment on the satellite and a moderately high surface
potential ¢y = —8V, and will calculate the satellite charge from Egs.
(22) and (23). For example, a radius R = 0.5m, with T, = 1500 K and
Ape = 0.0038 m gives s ~ 13Ap. and an estimated satellite charge
Qsat = —5nC. This is one order of magnitude larger than the vacuum
estimate but an order of magnitude smaller than the Debye sheath
estimate.

V. SIMULATIONS OF WAVE GENERATION BY
SATELLITE AND STRIATION INTERACTIONS

A set of simulations of Eq. (5) are carried out to investigate the
generation of lower hybrid, whistler and magnetosonic waves by satel-
lites traversing and interacting with striations and how the striation
width and satellite size impacts the generation of different wave modes.
The frequency spectra of the generated wave modes are analyzed. The
wave dispersive properties in combination with the Poynting flux may
be used to estimate the distance and direction to the space debris.

A. Computational model

In the numerical simulations, a two-dimensional (2D) geometry
is used in the y—z plane with periodic boundary conditions, in which
the magnetic field is directed parallel to the z axis, and the satellite is
propagating along the y axis, perpendicular to the magnetic field. For
computational efficiency, the surface charge of the satellite is repre-
sented as a localized “cloud” of charges, using a 2D Gaussian profile of
the charge density, of the following form:

— 2 2
psat(é) = Posat€XpP (_ M - > ) (24)

D gat DgaL,H

which for computational efficiency uses an artificially elongated profile
Dy, = 100 m along the z axis. To ensure that the charge density in
Eq. (24) corresponds to a total charge Qs, we temporarily extend p,,
to 3D, and require that

x2 — Vert)? z2
Qsat = Jjjposatexp <— D—Z - ()}Dizl) — D2—> dx dy dz

== 7[3/2D2 Dsat,H) (25)

sat

giving the model charge density py = Qsat/ (Tc3/ ZDfatDsaLH) to be
used in Eq. (22).
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The variables in the wave equation (5) are represented on a 2D
rectangular domain in the y-z plane of sizes —2km < y < 2km and
—10km < z < 10 km and are resolved on a numerical grid with peri-
odic boundary conditions in both directions. Numerical details and
parameters are given in Appendix E.

In the analysis of the numerical results, the wave electric and
magnetic fields E and B are calculated from the solution j,; using the
following formulas:

/ﬁV[V ) (jel X BO)] 7je1 % By

no o

(1-2V*)E= (26)

and
V?B = ypeV x j,, (27)

with the space derivatives calculated in Fourier space (V — ik,
V? — —k?).

B. Cherenkov radiation of lower hybrid waves
by satellites

Simulations are carried out with a satellite propagating with
velocity vt = 7.7 km/s along the y axis, perpendicular to the magnetic
field directed along the z axis. The satellite charge is estimated from
Egs. (22) and (23) by using the satellite size R = D, and the potential
¢, = —8V. Table II shows the satellite charges for different satellite
sizes used in the numerical study, as well as the amplitudes of the gen-
erated lower hybrid waves 20 m behind the satellite, as discussed
below.

Figure 4 shows lower hybrid waves generated by a satellite of size
Dgye = 0.25m. It is seen that a wake of lower hybrid waves is formed
behind the satellite via Cherenkov radiation, having the wavelength
11 = Vet/fin &~ 1 m, and spreading along the magnetic field with a
parallel group velocity consistent with Eq. (11). There is no generation
of whistler or magnetosonic waves by the satellite, in agreement with
the resonance condition in Eq. (10) shown as a dashed red line in
Fig. 1. The amplitude of the lower hybrid waves behind the satellite
decreases approximately as 1/./r with distance r away from the
satellite.

Comparisons of the lower hybrid wave electric field amplitudes
E, (cf. Fig. 4) measured at 20 m behind the satellite for different satel-
lite sizes are listed in Table II. While the satellite charge increases with
increasing satellite size, the generation of lower hybrid waves is most
efficient for satellites of Dy ~ 0.1-0.25m. Smaller satellites have
lower charge states due to their smaller surface area leading to a

TABLE II. The satellite charge Qsq for different sizes Dsyx assuming the satellite
potential ¢ = —8V, and the amplitude |E,| of the satellite-generated lower hybrid
(LH) wave, 20 m behind the satellite.

Dgye (m) Qsat (nC) LH field |E,| (mV/m)
0.05 —0.090 4

0.1 —0.27 8

0.25 —1.35 7

0.5 —5.0 2

1 —19.0 1073
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FIG. 4. Simulation of a satellite of size Ds;t = 0.25m propagating from left to right
and generating lower hybrid (LH) waves of wavelength Aiy = Vsat/fin ~ 1 m form-
ing a wedge in the y—z plane behind the satellite, here located at y =z = 0.
The lower hybrid waves spread along the magnetic field lines with velocity
E/H\ = |vz| < 465km/s for satellite velocity vs; = 7.7 km/s [dashed red lines; cf.

q. (11)]. For clarity to visualize the very different length scales, the y axis is
enhanced and covers 45 m, while the z axis covers 6 km.

decrease in the amplitude of the generated lower hybrid waves. Larger
satellites may generate lower hybrid waves less efficiently, despite their
higher charge states, when their size becomes comparable to the lower
hybrid wavelength. This can be understood in that the lower hybrid
waves have a certain wavelength /1 which has to be driven resonantly
in order to be excited. The charge density of the satellite in a frame
moving with the satellite is of the following form: pg (&)
= po_smexp(—f2 / Dgat). If we assume a simple 1D model, with ¢ = &,,
the charge density in Fourier space is given by pg(k)
= /7o sa:Dsarexp (— D%, k* /4). The resonant wave number for driv-
ing the lower hybrid wave is k = ki = 2n/A1y, where A1y ~ 1m is
the wavelength of the lower hybrid wave, and the resonant source is
P sat (kL) =v/ TPy o DsareXp (_Dgatk%,H/Al) =70 sat Dsar€Xp (—nzDﬁat
Jiy)- Hence, we can see that the source term decreases exponentially
when the satellite size becomes comparable or larger than the LH
wavelength. For example, for Dg: =0.1m =0.14;y we have
Dgyexp(—m?D2,/73;) ~ 0.1 m while for Dy = 1 m = /iy, we have
Dgexp(—n?D2,//3y) ~ 5 x 107> m, ie, more than 3 orders of
magnitude smaller than for Dg,c = 0.1 m. This explains the low ampli-
tude of the LH field for Dg; = 1 m in Table II.

C. Excitation of whistler and magnetosonic waves on
magnetic field aligned irregularities

Magnetic field aligned irregularities (striations) can work as scat-
tering centers to generate whistler and magnetosonic waves when
interacting with satellites and satellite-generated lower hybrid waves.
An overview of the results are shown in Table III, where it is seen that
LH-whistler mode conversion is most efficient for small striations and
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TABLE IIl. The generation of whistler and magnetosonic waves by satellites and striations of different sizes showing the amplitude of the generated waves at a distance from
the target parallel and perpendicular to the magnetic field, and the generation mechanisms through LH-whistler mode conversion and direct satellite-striation interaction. Figures

showing the wave forms are indicated where available.

Dyt (m) Dy (m) Wave mode Amplitude (pT) Distance Generation mechanism Figure
0.05 0.05 Whistler 0.01 3km || B LH-whistler Not shown
0.1 0.1 Whistler 0.02 3km || B LH-whistler Not shown
0.1 0.25 Whistler 0.02 3km | B LH-whistler Not shown
0.25 0.25 Whistler 0.03 3km || B LH-whistler Figure 5
0.5 0.5 Whistler 0.0005 5km || B LH-whistler Figure 11
0.5 0.5 Whistler 0.008 5km || B Sat.-striation Figures 11 and 14
0.5 0.5 Magnetosonic 0.00025 1km 1B Sat-striation Figure 12
0.5 1 Whistler 0.008 3km | B Sat.-striation Figure 6
1 4 Whistler 0.003 3km || B Sat.-striation Figure 7
1 4 Magnetosonic 0.001 0.8km 1B Sat.-striation Figure 7

satellites, while satellite-striation interaction is more efficient for larger
sizes, as discussed below.

For small-scale striations of width Dy = 0.5m or less, an
important generation mechanism is the mode conversion of satellite-
generated lower hybrid waves to whistler waves, with an optimal stria-
tion width Dy, = 0.25m for mode conversion as given by Eq. (13).
Figure 5 shows a simulation for the optimal striation width
Dy, = 0.25m and near-optimal satellite size Dgy = 0.25m (cf. Table
I1) for the generation of lower hybrid waves. The satellite generates
lower hybrid waves which continuously mode convert to whistler
waves after the satellite has crossed the striation. The whistler waves
have wave vectors ranging from parallel to nearly perpendicular to the
magnetic field lines, but their propagation (group velocity) is confined
within the cone of ~ 19.5° to the magnetic field. The interaction
between the satellite and striation also generates modulated pulses of
whistlers and dispersive magnetosonic waves, not visible in Fig. 5 but
discussed in Sec. V E.

For striations of widths Dy, > 0.5 m, the mode conversion of
satellite-generated lower hybrid waves to whistler waves becomes
increasingly inefficient, and the main mechanism is through direct
interaction between the satellite and the striation. Figure 6 shows a
simulation with the width Dy, = 1m [Fig. 6(b)] and satellite size
Dgye = 0.5m. The satellite generates a wake of lower hybrid waves
[Fig. 6(a)] as well as a modulated pulse of long wavelength whistler
waves [Figs. 6(c) and 6(d)], but there is no visible mode conversion of
the satellite-generated lower hybrid waves to whistler waves after that
the satellite has traversed the striation. Also here, the whistler waves

TABLE IV. Target properties from plasma wave observations.

are confined within a cone of ~ 19.5° to the background magnetic field.
The amplitudes of the satellite-generated whistler waves in Figs. 6(c) and
6(d) are about an order of magnitude lower compared to that of the
mode converted whistlers in Figs. 5(c) and 5(d).

Finally, a simulation is carried out for a larger scale striation of
Dy, = 4m and a satellite of size D,y = 1 m, shown in Fig. 7. The sat-
ellite interacts with the striations to generate a modulated whistler
pulse of longer wavelength and lower amplitude propagating within
a cone to the magnetic field lines. In addition, a magnetosonic wave
pulse is generated [Fig. 7(d)] which propagates nearly perpendicular
to the magnetic field lines. It is located at y ~ 0.7km at t = 1.5ms,
corresponding to a speed of ~ 470 km/s, somewhat higher than the
Alfvén speed v4 = 370km/s. In general, larger striations and larger
satellites interacting with them, generate whistler waves with longer
wavelengths corresponding to lower frequencies, as will be discussed
in Sec. V D.

D. Frequency spectra of satellite-generated waves

Here, the frequency spectra of satellite-generated waves are inves-
tigated, motivated by observations of waves generated during conjunc-
tions of satellites. Figure 8 shows the recorded signal during a
conjunction between the Swarm-E/Enhanced Polar Outflow Probe
(e-POP) and Starlink 2521 spacecraft (Bernhardt ef al., 2023), where a
burst of waves (denoted a FLASH event) was observed, and where the
frequency spectrum of the waves ranged from the ion cyclotron fre-
quency up to the lower hybrid frequency.

0£:20:2L G20z Aenuer 60

Property Direction of target emission Distance along B to plasma wave emitter Distance across By to plasma wave emitter
Instrument Low frequency vector sensor Plasma wave receiver Plasma wave receiver
Measurement Electric and magnetic fields Plasma wave complex fields Plasma wave complex fields
Derived quantity Poynting flux vector Whistler frequency and drift Magnetosonic wave frequency and drift
3/2 5/2
Application formula (8) = {ExB) Ly = 4/, —wfe (w(t)) ! [ o QA O (L w*(t) !
Ho () \ O 3a(t) w(t) 0y
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FIG. 5. Simulation of a satellite of size Dst = 0.25m crossing a supersmall-scale striation of width Dg;r = 0.25m at time t = 0. At t = 0.5 ms, satellite-generated lower hybrid
waves [panel (a)] are being mode converted on the striation [panel (b)] to generate parallel and oblique whistler waves [panels (c) and (d)].

To compare with the observations, the simulated wave field is
recorded at a few different locations near the satellite that is crossing a
striation. Figures 9 and 10 show the simulation results for a satellite of
size Dy = 0.5 m which is crossing striations of widths Dy, = 0.5, 1,
2, and 4 m. The frequency spectra are calculated at different locations
along and perpendicular to the background magnetic field. Along the
magnetic field lines from the satellite (Fig. 9), the wave component B,
is measured, associated with whistler waves, while perpendicular to the
magnetic field from the satellite (Fig. 10) the compressional wave com-
ponent B, is measured, associated with both oblique whistlers and
magnetosonic/lower hybrid waves.

The frequency spectra in Fig. 9 of whistlers propagating along the
magnetic field lines contain low frequency components that are
strongly dependent on the striation width D, with spectral peaks at
lower frequencies for larger Dg,. These broad frequency components
are associated with the satellite interacting directly with the striation to
generate modulated pulses of whistler waves (cf. Figs. 6 and 7), giving
intensity maxima at frequencies consistent with the formula for fi.eq in
Eq. (14); for example, it is seen in Fig. 9 that Dy, = 0.5 and 4 m have
intensity maxima at f ~ 3 and 0.6 kHz, consistent with formula (14)
giving fieak = 3.1 and 0.7 kHz, respectively.

A narrow spectral peak is also seen slightly above the lower
hybrid frequency for the smallest striation Dy, = 0.5m and at an
order of magnitude lower intensity for Dy, = 1 m. These peaks are
associated with satellite-generated lower hybrid waves converting to
whistler waves on the striation (see, e.g., Fig. 5), as discussed in Sec. I11.
The small but finite parallel wave vectors of the lower hybrid waves

lead to the slight upshift in frequency of the peaks compared to the
lower hybrid resonance frequency fiy = 7.87 kHz indicated with ver-
tical dashed red lines. The spectra at different distances from the satel-
lite, at z =1 and 5km, are similar except for an attenuation by a
factor 5 consistent with the 2D geometry giving a 1/r dependence of
the intensity with distance r from the satellite; in 3D the attenuation is
expected to have a 1/r? dependence due to conservation of energy.

Figure 10 shows the frequency spectra of the compressional wave
component B, at different distances from the satellite in the direction
perpendicular to the background magnetic field. The spectra at
y = 0.2km are similar to the ones in Fig. 9 and may be associated
with the near-field of oblique whistler waves. Also, here there are broad
low frequency component depending on the striation width, as well as
sharp peaks slightly above the lower hybrid frequency for the smallest
striations Dy, = 0.5 and 1 m. However, 1 km away from the satellite,
the intensity has decreased about 2 orders of magnitude. The lowest
frequency components below 0.5 kHz may be associated with magne-
tosonic waves propagating perpendicular to the background magnetic
field.

We note, however, that even though the frequency spectra
obtained in the simulations are consistent with the e-POP observations
in Fig. 8, the amplitudes of the simulated whistler and magnetosonic
waves are too low to account for the observed amplitude ~0.3 mV in
Fig. 8. The radio receiver instrument (RRI) on e-POP (James et al.,
2015) consists of four 3 m monopoles organized as two crossed dipoles
(channels A and B). The observed amplitude 0.3 mV in Fig. 8 would
correspond to a wave electric field ~0.1 mV/m if one assumes an

Phys. Plasmas 32, 012103 (2025); doi: 10.1063/5.0225399
© Author(s) 2025

32, 012103-9

0£:20:2L G20z Aenuer 60


pubs.aip.org/aip/php

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop
@) | LowerhybridEdield & (V/m
C .
4 ) _ Whistler Bfield B, (°T) d) Compressional B-field °z °"
05 - i 5 Parallel 001 59 ‘ I I [ 091
2 whistler b.“q il
= 4 1 B 0.008 4 - / histl \ - 0.008
1111111 GO ¥ \
N 3 - 0006 3- - B 0.006
Satelllte i K A /
-05- u 2 A - | 0004 2- , \ - | | 0.004
1 . : ' 6 L “| (0002 - - | F0.002
-10 5 0 5 10 =
(m) . m™ £ 0- d L ;é 0- - 0
sr ~ = [
b) . Strlatlon density x10'0 N N
3 1] T | 0002 g - | -0.002
05- . 27 v " 0004 5- \ ,, - |- -0.004
s - .
N Satelllte < , "4 -0.008 \ \ | , | e
-1
05 -
-5 ; : -0.01
-5 . - ! -0.01
P 2 A i L 2 4 0 1 2
_1 y (km) y (km)

ym

FIG. 6. Simulation of a satellite of size Dsst = 0.5m crossing a striation of width Dy = 1 m at time t = 0. At t = 0.58 ms, the satellite [panel (a)] has interacted with the stria-
tion [panel (b)] to generate a long wavelength pulse of parallel and oblique whistler waves [panels (c) and (d)]. No mode conversion of lower hybrid waves to whistlers is

visible.

effective antenna length 3 m. In the simulations, the amplitudes of the
wave magnetic field and induced electric field are roughly related
through Faraday’s law as E = vy, B, where vy, = o/k is the phase
velocity. For parallel propagating whistlers, the phase velocity is vy,
~ 5 x 10° m/s for frequencies near the lower hybrid frequency, while
dispersive magnetosonic waves propagating perpendicular to the mag-
netic field have phase velocities below the Alfvén speed 3.7 x 10° m/s.
For the whistler wave magnetic field 0.03 pT in Fig. 5, the induced elec-
tric field is about 0.15 uV/m, much below the observed amplitude in
Fig. 8. Running the RRI preamplifier on high gain would give a lower
signal threshold amplitude 0.3 uV rms and assuming an effective
antenna length 3 m this would give a threshold electric field 0.1 #V/m
rms which could potentially measure the wave electric field
0.15 4V /m. However, during the observation in Fig. 8, the RRI was
run using medium gain with a threshold amplitude 10 4V rms corre-
sponding to about 3 xV/m rms, which is a threshold above the
expected amplitude for the whistler and magnetosonic waves in
the simulations. Further comments and possible mechanisms for the
observations are given in the conclusions.

E. Detection and localization of space debris via wave
dispersion delay and Poynting flux

The dispersive properties of whistler and magnetosonic waves
may enable to estimate the distance to the satellite or space debris
crossing a striation, and the direction may be found via the Poynting
flux of the wave. The distance calculation is analogous to the method in

astrophysics of finding the distance to pulsars using the dispersion delay
of radio waves (Lorimer and Kramer, 2005). When short pulses are gen-
erated by the satellite crossing a striation, waves with different frequen-
cies will propagate with different group velocities and will reach a
receiver on board a nearby spacecraft at different times, resulting
in a frequency-chirped received signal. A classic example is whis-
tlers generated by thunderstorms (Fiser et al., 2010), which have a
characteristic descending tone in the kiloHertz range (Helliwell,
1965). Figure 11 shows a spectrogram for the case of a satellite of
size Dy = 0.5m crossing a small striation of width Dy, = 0.5m.
The spectrogram has two components, namely, a large amplitude
pulse with descending frequency generated by satellite-striation
interaction and a sustained signal near the lower hybrid frequency
7.87 kHz due to the conversion of satellite-generated lower hybrid
waves to whistlers on the striation.

The slope of the whistler signal with time can be used to estimate
the distance to the satellite in the following way. The dispersion rela-

tion (6) for parallel propagating whistler waves gives w = /, ekche for

/likﬁ < 1, and the corresponding wave vector k| = W'/ @) w. The

time for a whistler wave created at time t = #, to propagate a distance
List — ty = L/vy where the whistler group velocity

dw [
Vg = ak” =2)? K0 = 24, w—cewce, (28)

where it is seen that higher o propagate with higher group velocity.
Hence, the time taken for the whistler to propagate a distance L,
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local field near the satellite [panel (a)] is generated, but no train of lower hybrid waves behind the satellite.

L L w,
t—ty=—= [, (29)
Vg o 240\ @

is shorter for higher frequencies than lower frequencies, giving the
characteristic descending whistler tone. Solving for frequency gives

1 1?

Ao (t — to)? I

(t) (30)
Because the time f, is, in general, unknown or hard to estimate, it is
convenient to relate o (t) to its time derivative, which both can be esti-
mated from the spectrogram. The time-derivative of the frequency is

_do 1 L2 4.0 o\ 1)
Tdt 20.(t—1)°2 L \o.)

a(t)

where Eq. (29) was used to eliminate t — #,. Finally, solving for dis-
tance gives

L=4), % (%) 3/2. (32)

Hence, measuring the frequency w(¢) and frequency drift & () at a
certain time, the distance L to the space debris can be estimated. In
Fig. 11, we study the signal at frequency f = 4 kHz corresponding to
o = 2nf = 2.5 x 10*s™!. The estimated frequency drift at that fre-
quency (green dashed-dotted line) is f ~ —10 kHz/ms corresponding

to @ ~ —6.3 x 107s7!/s. Using that 2, = 7.52m and o, = 8.44
x106s7! (cf. Table 1), Eq. (32) gives the estimated distance
L = 5.5 km, near the true distance 5 km.

On the other hand, in the direction perpendicular to the magnetic
field, the generated wave can propagate as a dispersive magnetosonic
(MS) wave, which has the lower hybrid frequency as the electrostatic
resonance. Figure 12 shows the same simulation as in Fig. 11, but the
signal is recorded 1km away from the satellite perpendicular to the
magnetic field at y = 1km, z = 0. Here, the signal is weaker, but one
can identify the magnetosonic wave which has a rising tone with time.

The dispersion relation (8) for perpendicularly propagating dis-
persive magnetosonic waves gives the frequency w = .k win/

\/1+ 22k, and the corresponding wavenumber k; = 1. (/o) /

/1 — w?/w},, with a resonance at @ = wiy. The time for a wave
created at t = t, to propagate a distance L is t — t; = L/v, where the
group velocity is

ow /lea)LH 2 2
Vg=r—=———— = (1 — /oy
Ok (1422)"°

with v4 = Zery being the Alfvén speed. In contrast to the whistler
waves, the group velocity for the dispersive magnetosonic wave is high-
est, Vg = Va, for low frequencies @ — 0, and decreases to zero at the
electrostatic lower hybrid resonance ® — @y . Hence, the time taken
to propagate a distance L,

)2 (33)
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FIG. 8. (a) Wave amplitude and (b) power spectrogram [close-ups in time in (c) and (d)] measured by Swarm-E/e-POP during conjunction with Starlink 2521 on 2022/03/04 at
03:48:43, where a FLASH event was observed associated with a burst of waves with spectral components above the ion cyclotron frequency up to the lower hybrid frequency. Vertical
dashed lines indicate the time of conjunction. In (a) and (c) a low-pass filter is applied to show only waves below 15 kHz. Strong emissions at 1825 kHz in (b) and (d) are due to VLF
radio stations. Short excitations above 7 kHz are due to lightning-excited whistlers from thunderstorms. A vertical dark blue stripe in (b) at t = 110's is due to missing data.

Ft — L _ L (34) Using frequency (t) and frequency drift @(¢) at a certain time, the
0 Ve oy, (1 — w? /wiH) 327 distance L to the space debris can be estimated. In Fig. 12, we study the
signal having the frequency f =3kHz corresponding to

is shorter for lower frequencies. Solving for w(t) gives o = 27f = 1.9 x 10* s™, where the estimated frequency drift (green
ey line) is f ~ 1.36kHz/ms corresponding to @ ~ 8.6 x 105s!/s,
o(t) = oy \/1 — ((t = to)va/L) ", (35) which from Eq. (37), with vy = 372km/s and wiy = 27 x 7.87 kHz

=494 x 103s7! (cf. Table 1), gives the estimated distance
= 1.2km, comparable to the true distance 1 km.
To uniquely determine the position of the space debris or satellite,
one needs both the distance L calculated above and the direction to the
satellite. A possible way to obtain the direction is via the Poynting flux

Note that the signal with frequency (¢) is “switched on” and exists
only for t — fy > L/va, after which the frequency increases with time.
Also here, because the time #; is unknown, it is more convenient to
relate w(t) to its time derivative

0€:20:L} G20z Asenuer 60

. dw WLH (L/VA)2/3(t — fo)75/3 ExB
a(t) = G 7 S= (38)
3(1 - ((t—to)vA/L)’m) Ho
5/2 of the generated electromagnetic whistler and magnetosonic waves.
OLHVA OLH w? Since the wave carries energy away from the space debris, the Poynting
3L o 1- 2 ’ (36) flux is expected to be directed away from the space debris, while its
H negative points in the direction toward the space debris. The Poynting
where Eq (32) was used to eliminate t — to. SolVlng for the distance flux fluctuates in time with the wave, but of interest for direction find-
gives ing is the average Poynting flux. By defining the unit vector
5/2 . (s
_ (LHVA WLH wz(t) (37) L=- ‘<s>| ) (39)
= -—
30 (1) oft) @i where the angular brackets denote averaging over time, then the vector
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L=LL (40)

describes the estimated spatial vector from the observer to the space
debris.

Figures 13 and 14 show the wave electric and magnetic wave
fields at time ¢t = 0.7 ms after a satellite of size Dy, = 0.5m has
crossed a striation of size Dy, = 0.5 m, with whistler waves propa-
gating away from (y,z) = (0, 0) within a cone to the magnetic field.
The resulting Poynting flux is shown in Fig. 15. The y-component
of the Poynting flux [Fig. 15(b)] is mostly positive for positive y
and negative for negative y, while the z-component [Fig. 15(c)] is
positive for positive z and negative for negative z. Hence, the
Poynting flux is directed away from (y,z) = (0, 0) where the whis-
tler wave was excited by the satellite crossing the striation. The
x-component in panel (a) is oscillatory and on average very small
in the y—z plane.

In Fig. 16, the Poynting flux averaged in time over 0.32 ms is
used to calculate the direction unit vector L in Eq. (37), shown as
arrows in Figs. 16(b) and 16(c). It is seen that L, in general, points
toward the location (y,z) = (0, 0) where the whistler waves were
excited by the satellite-striation interaction. One arrow, at y= —1km,
z=0, where the Poynting flux is very weak, points in the “wrong”
direction away from the satellite. At later times beyond a few millisec-
ond, the measurements outside the whistler resonance cone (19.5° to
By) lose accuracy, while within the whistler cone the arrows point in
the direction toward the satellite.

While the wave energy for the whistler wave is almost exclusively
in the wave magnetic field, the dispersive magnetosonic waves will
have much of its energy in the kinetic energy m,v?/2 of electrons per-
forming E x B drift in the wave electric field and in the kinetic energy
m;v? /2 of the ion oscillations. Therefore, the Poynting flux may con-
tain only a minor part of the energy flux for the dispersive magneto-
sonic waves, which makes the measurement of energy flux and its
interpretation more challenging for the magnetosonic waves compared
to the whistler waves.

VI. CONCLUSIONS

The present work has investigated wave generation by electrically
charged satellites or space debris propagating through the ionosphere
at an angle to the magnetic field in the presence of magnetic field
aligned irregularities (striations). The satellite constitutes a local cur-
rent density pulse propagating at the velocity vy, (typically 7.7 km/s at
an altitude 300km) relative to the background plasma. This creates
local time-dependent magnetic and electric fields that interact with the
plasma particles to generate waves. In a homogeneous plasma, satellites
of sizes Dy < 0.5m can efficiently excite lower hybrid waves in a
wake behind the satellite, with a wavelength A1y = Ve /fin = 1 m for
a lower hybrid frequency fiy =~ 7.87 kHz. The lower hybrid waves
spread along the magnetic field line with a speed |v|
< Vsarn/mi/8m, = 465km/s and form a wedge behind the satellite.

Phys. Plasmas 32, 012103 (2025); doi: 10.1063/5.0225399
© Author(s) 2025

32,012103-13

0€:20:L} G20z Asenuer 60


pubs.aip.org/aip/php

Physics of Plasmas

y=0.2km, z =] 0 Frequency spectra BZ, Ds]at = 0.5Im

ARTICLE pubs.aip.org/aip/pop

T T T

str =0.5m

FIG. 10. Frequency spectra of generated
compressional magnetic field B, at (a)

z=10.2km and (b) z = 1km away from
the satellite across the magnetic field
lines, for striation widths Dg = 0.5m

(blue), Dsy = 1m (green), Dgr =2m
(black), and Dy = 4 m (red), for a satel-
lite of width Dsyy = 0.5m. The vertical
dashed red line indicates the lower hybrid
frequency fiy = 7.87 kHz.

MMba,

f (kHz)

For larger satellites Dg,¢ > 1 m, the generation of lower hybrid waves
by the satellite becomes less efficient.

Magnetic field aligned striations are crucial for the generation of
whistler and compressional Alfvén waves by the satellite, either via
direct interaction with the satellite or via mode conversion of the
satellite-generated lower hybrid waves to whistler waves. Striations are
efficiently produced during ionospheric heating experiments, and have
been observed by rockets at Arecibo (Kelley et al, 1995; Bernhardt
et al., 1995a; 1995b) with typical length scales perpendicular to the
magnetic field ranging from below a meter up to kilometers, with a
peak at around 10 m. Supersmall scale striations of size 0.1 m may also
be generated (Najmi ef al, 2014; 2015) when the HF frequency is
tuned slightly above electron cyclotron harmonics. The striations may
extend several tens of kilometers parallel to the background magnetic
field [e.g., Kelley ef al. (1995)], and hence, groups of striations gener-
ated during ionospheric heating experiments can have significant cross
sections to interact with low earth orbit (LEO) satellites or space debris
overflying the heating facility. Striations are also created naturally at
higher altitudes via various plasma processes and instabilities.

The most efficient generation of whistler waves occurs for
supersmall-scale striations of size Dy, ~ 0.25m and small satellites,
through the mode conversion of satellite-generated lower hybrid
waves. The whistler waves propagate away from the satellite within a
cone 19.5° to the background magnetic field and with a frequency
near or slightly above the lower hybrid frequency. For larger striations,
Dy > 1m, the mode conversion of lower hybrid to whistler waves

8 9 10

becomes inefficient, and the main generation mechanism of whistler
waves is the direct interaction between the satellite and the striation
leading to short, modulated pulses propagating away from the satellite.
Larger striations and satellites produce whistler waves with longer
wavelengths and correspondingly lower frequencies, of up to a few
kHz. In addition, modulated pulses of dispersive magnetosonic waves
are also generated which propagate at large angles to the magnetic
field.

The results are consistent with the observed FLASH events dur-
ing satellite conjunctions (Bernhardt ef al., 2023), in which a burst of
waves with frequencies ranging from the ion cyclotron frequency to
the lower hybrid frequency were observed. In addition to frequency
spectra, future experiments should determine the direction and dis-
tance to the space debris as discussed in Sec. V E and summarized in
Table TV. If the spacecraft is equipped with a low frequency vector sen-
sor that simultaneously measures the electric and magnetic wave fields,
then the direction to the satellite or space debris can be determined via
the average Poynting flux of the satellite-generated waves. On the other
hand, by using the dispersive properties of the wave and studying the
wave frequency and the change of frequency with time using a plasma
wave receiver, the distance to the space debris can be estimated, which
complements the direction finding to determine the location of the
space debris.

In this first work, we have used a linear model to study how
waves can be excited by a charged object propagating through plasma.
A linear wave propagation model is reasonable, since the waves
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FIG. 11. (a) The whistler wave magnetic field generated detected 5km away along
the magnetic field from a satellite crossing the striation at t = 0 and (b) the corre-
sponding spectrogram using a sin-squared time window of width 1.2 ms. The large
amplitude pulse of amplitude = 7 x 107°pT in panel (a) has a descending fre-
quency which decreases about 10 kHz/ms at f = 4 kHz, indicated by a dashed-
dotted green line in panel (b). The mode conversion of LH waves to whistlers gives
rise to the sustained signal of amplitude ~ 5 x 10~ pT in panel (a), slightly above
the LH frequency indicated by a dashed red line in panel (b).
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and (b) the corresponding spectrogram using a sin-squared time window of width
1.2 ms. The dispersive magnetosonic pulse in panel (a) has an ascending fre-
quency which increases by about 1.35 kHz/ms, indicated by a dashed-dotted green
line in panel (b). The mode conversion of LH waves to whistlers gives rise to
the weak signal slightly above the LH frequency, indicated by a dashed red line in
panel (b).
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generated by the satellites have low amplitudes (B < 1pT and
E ~ 10mV/m). Closest to the satellite surface, however, the interac-
tion between the satellite and background plasma is probably nonlin-
ear, including the interaction with striations. Furthermore, in the
presence of large amplitude lower hybrid waves generated by rocket
exhaust or other processes, there are observations of amplification of
whistler waves via parametric amplification [e.g., Bernhardt ef al
(2022)]. Future work will include nonlinear terms in the wave model
and the interaction near the satellite. Also, the present nonlinear satel-
lite charging model will be improved by including different scenarios
of streaming ions and precipitating electrons, and by considering the
impact of the ambient magnetic field on charging.

Comparing with the e-POP RRI observations in Fig. 8, it was,
however, noted that the simulated signals are too weak to account for
the strong emissions in the FLASH event during conjunction. The
satellite-generated lower hybrid waves, on the other hand, can have
amplitudes of several millivolt per meter, as seen in Fig. 4 and Table I,
and would give very strong signals. However, in homogeneous plasma,
these lower hybrid waves only propagate in a very narrow cone to the
magnetic field and behind the satellite and may, therefore, be difficult
to detect by a neighboring spacecraft unless the wave energy can
spread in space by some mechanism. One potential mechanism could
be that lower hybrid waves are generated by the satellite within larger
density cavities where the local lower hybrid frequency is lower due to
the relation [e.g., Swanson (2003)] w}y = w04/ (1 + wk/ a);e), and
that these lower hybrid waves leak magnetosonic waves (Hall, 2004;
Hall et al., 2004) when they reach the boundaries of the cavities. This
will also be investigated in future research.
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APPENDIX A: ION LANDAU DAMPING OF
SATELLITE-GENERATED ION-ACOUSTIC WAVES

We here discuss how ion Landau damping may attenuate ion-
acoustic waves triggered by hypersonic space objects. A number of
authors have discussed ion-acoustic pinned and precursor solitons
with applications of detecting space debris, and we mention a few:

Kumar and Sen (2020) used particle-in-cell (PIC) simulations of
magnetosonic and ion-acoustic precursor solitons. For ion-
acoustic solitons, they used the reduced ion-to-electron mass
ratio m;/m, = 25, the ion temperatures T; = 0.1eV, and a rela-
tivistically high electron temperature T, = 125keV (hence
T,/T; ~ 10°) such that the ion-acoustic speed is very high, C;
= \/kgT,/m; = 0.1c with ¢ being the speed of light, which
reduces ion Landau damping significantly allowing ion-acoustic
precursor solitons to exist for long time. The very high electron
temperature (about 100 times hotter than the Sun’s interior!) is,
however, not representative for ionospheric plasmas.

Sen et al. (2015), Tiwari and Sen (2016), and Truitt and Hartzell
(2020a) used simulations of the forced Korteweg-de Vries (K-dV)
equation with cold ions and hence neglected Landau damping in
their models. However, since the electron and ion temperatures are
comparable in the ionosphere, ion Landau damping becomes
important and cannot be neglected.

We find the paper by Truitt and Hartzell (2020b) most inter-
esting, where they used a forced K-dV equation with an ion Landau
damping rate motivated by kinetic theory. They discuss centimeter-
sized precursor and pinned ion-acoustic solitons with propagation
distances of several kilometers, and where pre-cursor solitons could
exist in the upper LEO with hydrogen-rich plasma. We believe that,
however, the longevity of the ion-acoustic solitons has been over-
estimated by under-estimating the Landau damping rate by using
an approximate formula by Arshad et al. (2011) for ion-acoustic
Landau damping in multi-ion plasma.

The ion-acoustic Landau damping rate y used by Truitt and
Hartzell (2020b) for kappa-distributed two-ion plasmas (Arshad
et al., 2011) is written as
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where @, is the angular frequency of the ion-acoustic
wave, B =T,/T;, NE*= non/noe + (noin/nee)(mi/my), and o
= npi1/Noe + (noi2/noe) (Min/mip)” are relationships between the
dominant ion density ng;, secondary ion density ng;, electron
density 7., dominant ion mass m;;, and secondary ion mass m;,,
and quasi-neutrality requires that g, = no; + npp. In the
numerical evaluation, x =100 was used for the kappa-
distributed ions. It was assumed in low LEO that ion species 1 is
O+ and ion species 2 is H+. The numerical evaluation of the
damping rate as a function of electron-to-ion temperature ratio
p shows an increasing damping rate |y/w,| with increasing f
[cf. Figs. 1 and 2 of Truitt and Hartzell (2020b)], but from
kinetic theory one would expect the ion-acoustic Landau damp-
ing to decrease with increasing f.

To compare with exact theory we focus on the case of one ion
species O+, with njp, = 0, where one has nj1/n = 1, N3 =1,
and 0 = 1, and the damping rate (A1) takes the following form:

yi—_ E F(K+l) 1
o= \/; T~ 1/2) 22(c — 1/2)°

" {\/Z: )|

This damping rate, with x = 100, is plotted as a solid blue line in
Fig. 17 and agrees with Fig. 1 of Truitt and Hartzell (2020b). In the
“Maxwellian limit” k — o0, the formula (A2) converges to

Viooo T—3/2| [Me 3/2 ( B 3)
X =—/22 W ———= A
Wy \/; |: mij + ﬂ xp 4 2 ’ ( 3)

plotted as a dashed blue line in Fig. 17, and which almost coincides
with the solid blue line. The commonly used approximate formula
for Maxwell distributed plasma [e.g., Chen (1984)]

e[| [me _E_§>
P \/;|:\/;ﬂ+ﬁ exp( 5 2} (A4)

is plotted as a dashed black line in Fig. 17. It has the same general
form as Eq. (A3) but with some differences in numerical factors
in front of the square brackets and inside the exponentials, mak-
ing the damping rate Eq. (A3) smaller for ff < 4 and significantly
larger for f > 5. A numerical solution of the exact kinetic disper-
sion relation for Maxwell-distributed electrons and ions (given
below) is plotted as a red dashed-dotted line in Fig. 17 and is
consistent with for example the numerical solution by Chen
(1984) in his Figs. 7-31. It is seen that the exact y/w, becomes
large for small f, in contrast to the formula by Arshad er al.
(2011) which predicts decreasing y/w, with decreasing f for
p < 6. For typical values of f ~ 1.1 — 1.5 [see Fig. 9 of Truitt and
Hartzell (2020a; 2020b)], the exact kinetic dispersion relation
gives 7/, ~ 0.3 — 0.4 while the approximate formula by Arshad
et al. (2011) gives almost an order of magnitude smaller damping
y/w, ~ 0.05. Exact kinetic treatment predicts that ion-acoustic
waves in the ionosphere are highly attenuated by ion Landau
damping and will not propagate far from the space debris that
launched them, while the approximate formulas strongly under-
estimate the damping.

(A2)
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frequency is assumed complex valued, wyy = @, — iy. In the long

1 . . . . . ‘
i Arshad et al. (2011), x = 100
09} - - -~ Arshad etal. (2011), k= 0 |
'\,l - ——— Maxwellian, approx.
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FIG. 17. Landau damping rates: For kappa-distributed plasma (Arshad ef al., 2011)
for xk = 100 (blue solid line) and k = oo (blue dashed line); for Maxwell-distributed
plasma (Chen, 1984), black dashed line); and exact dispersion relation for Maxwell-
distributed plasma (red curve). The shaded region indicates typical ionospheric con-
ditions with § = T, /T; ~ 1.1 — 1.5 (Truitt and Hartzell, 2020b).

The main cause of underestimation of ion Landau damping is
that the approximate formulas involve asymptotic expansions of the
kinetic ion susceptibilities under the assumption f>> 1, which
breaks down for ionospheric conditions with f ~ 1, as seen in
Fig. 17. A discussion about the accuracy of different models of
Landau damping in un-magnetized plasma is given by McKinstrie
et al. (1999).

For reference, the dispersion relation for ion-acoustic waves in
un-magnetized electron-ion plasma reads

L+ 7+ % =0, (A5)

where the respective susceptibilities for Maxwell distributed ions
and electrons are

2

wavelength limit, the dispersion relation simplifies to y; + x, = 0 and
the damping rate 7/, depends only on § = T,/T; but not on k4.

APPENDIX B: DERIVATION OF THE WAVE EQ. (5)
To convert the system (1)-(4) to Eq. (5) amenable for numeri-

cal simulations, we first solve for E in Eq. (2) and insert the result in
Egs. (1) and (3),

m-%—fe(v x B +ﬂ8ve) (B1)
ot T e o)

0B me OV,

E:VX (VQXBO-F?at). (BZ)

For convenience we define the particle number current densities
j; =n(ry)viand j, = n(ry)v. in Eqs. (4), (B1), and (B2), with the
result

V x B = moe(j; — j,) + HoViat Prac (&), (B3)

o Ji m. 9j,
E = —e(]e X By +— 8t) (B4)

0B 1 ¢ 0j,
=V (ﬁ(u) ( B0+8t)). (B5)

Solving for j; in Eq. (B3) and inserting the result into Eq. (B4) gives

8(, VxB
+

1 m, Jj
ia, — — Vsat Psa = - B € B
Mige Ut e e vtP t(ﬁ)) e(JeX 0ot+— ) (B6)

e Ot

Replacing the time derivative of B in Eq. (B6) with the help of
Eq. (B5) gives

(9 . 1 my
mia (Je - ;vsat psat(é)) + 'quV

X<VX<1”1(:'L)(.EXB

0€:20:L} G20z Asenuer 60

e 0j
1i=3 (14 &Z(&)) (A6) = —e(Je XBo+—a—:> (B7)
TzkIA
and which can be rearranged as
w2, n dj, _mi 0 LMy
te =1z Z%A (1+&Z(E,)). (A7) (it me) oy =g Vet g Poa(8) Hoe

Here, the plasma dispersion function (Fried and Conte, 1961; Huba,
1994) can be written as follows:

2 é 2
Z(@E) =e* (i T — ZJ ¢ dt>
0

with & = w;A/(\/fvTiklA) and &, = wIA/(\/EvTekIA), and where
vy = \/kgT;/m; and vy, = \/kgT./m, are the ion and electron
thermal speeds, and w,; = +/noe?/egm; and wp, = /nge? /egm, are

the ion and electron angular plasma frequencies, respectively. The
ion-acoustic wavenumber kj4 is assumed to be real, while the wave

je X BO me % e
x (VX (fl(ll) +(2771(11) 3t>> =~ % Bo. (B8)

To solve for 0j,/0t the divergence is taken of both sides of Eq. (B8),
(A8)  giving

8je m; 0 _
(mi + me)V E - ?Vsat ) V&psat(g) -

Using that m; > m, and the identity

—eV - (j, x By). (B9)

0
Vsat Vpsat(g) = _apsat(é) (Blo)
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in Eq. (BY) gives
d, 18 e .
ot = eapPm(® =V (e x Bo). (B11)

Using the approximation (1/7)(r))(9j,/0t) ~ (1/no)(0j,/0t)
and that that m; > m, in Eq. (B8) gives

%, 1.9 1 Je X B me Oj,
ot e sata psat(é)—i_‘uoev x <V x <ﬁ(rL) +en0 ot

e
= ——j. X By. B12
mi]e 0 ( )

The expansion of double-curl and Eq. (B11) are used to express

9.\ _ . ) 2 i
Vx(ant)_V(V ot v(‘?t
1 0 e . 29,
- _V(Ewpsat(g) +sz ) (Je X BO)) \Y a
(B13)

which inserted into (B12) gives

%, 10 1 j. X By
e @+ (v (55))

m, 10° e . 28]}
+ ,uer”O |:7V<E@psat(é) +EV ’ (]e x BO)) v ot

—_ %5 «B (B14)
- mi]e 0-

Using that the factor m,/(pye’ ) = /2 and rearranging the terms
in Eq. (B14) finally gives

dj, e je X Bo
922 e 2 ¢ -
(1—22v%) AT eﬂueV x (V x (fl(n)/ﬂo))

4 (4
——2V(V-(j, x B —j, x B
e V(Y (e > Bo)) + - X Bo

1 apsat(f) 12 azpsat(f)> _
— = (Vsat at + /LL’V atz = O7

which is the same as Eq. (5).

(B15)

APPENDIX C: WEDGE OF LOWER HYBRID WAVES
BEHIND A SATELLITE

The formula for maximum parallel group velocities of lower
hybrid waves behind a satellite given in Eq. (11) and seen the simu-
lation in Fig. 4 can be derived by considering the group velocity of
the satellite-generated lower hybrid waves. In the electrostatic limit
(kJe > 1) and for quasi-perpendicular lower hybrid waves
(k1 > k), the dispersion relation (9) reads

» K
ce k2 : (Cl)
In the frame of a satellite propagating at an angle to the magnetic
field, the Doppler shifted frequency is @' = — kv
—KVar,|| = @ — kv for ki > kj, giving the dispersion relation

= = WeeWci + w?

2
2 K

2
(CU, + kivsat,L) = Wy + wcek_z . (C2)
1

Groups of lower hybrid waves generated by the satellite are propa-
gating away from the satellite with the group velocity. Taking
the derivatives 0/0k; and 0/0k. of both sides of Eq. (C2) and
usmg that the group velocity components are v/ ol = = 0o [0k and
Vg = 00’ [0k, gives, respectively,

k
(w + kJ_Vsat J_) ol — waek%’ (C3)
1L

2

ce k3 : (C4)

2(' + ki Var,1) (v;L + vmu) = 202

In the frame of the satellite, the generated lower hybrid waves
are “stationary waves” with zero frequency, @' =0, so that
Egs. (C1)-(C4) yield

k2
k Vsat 1 = = WeeWei + wce kz ) (CS)
2
;o K (
= 73 0 C6)
&l VeatL ki
2 k2
r_ Wee I
Vg,J_ = —Vsat,l — Veat.L ki s (C7)

respectively. Using Egs. (C6) and (C7), the angle ¢ of the group
velocity to the magnetic field for the waves behind the satellite is
obtained from

K2 k2> k
1 sat, | I L
tan ¢ = % = +5 |- (C8)
Vg I < 2 k3 ) K
Using Eq. (C5) to eliminate k7 vZ, | in Eq. (C8) gives
Ko ooq\ko  k 'k
Il Wi 1 || Wi K1
tang = (2 4 —< | L=l TdlL 9
me ( ki + wce) kH kL + Wee kH (C )

It is readily found that tang in Eq. (C9) as a function of k; /k; has a
minimum for

ki _ [od

= . C10
k 1 che ( )
Inserting this expression in Eq. (C9) gives
8 .
tangp = g = &. (C11)
el Wee

This forms a cone behind the satellite, and in the frame of
the plasma, one has the lower hybrid waves confined within the
wedge

wce

Swd’

|VH| < Vgat, L (C12)

which is given in Eq. (11) and indicated in Fig. 4.
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APPENDIX D: TEMPERATURE EFFECTS ON LOWER
HYBRID WAVES

In the electrostatic approximation (E = —V¢) the dispersion
relation can be written € = 0, where € = 1 + y; + y, is the dielectric
constant and y; and y, are the electron and ion susceptibilities.
Assuming quasi-neutrality #; =n,, which is justified when
wf,e > w?, simplifies the dispersion relation as

ce>

Xi+%e =0. (Dl)

In a warm fluid model for magnetized plasma, the ion and electron
susceptibilities are

. o (k2 2 kﬁw?)

k0?0 — o) = yivi (Ro? — kﬁwi)] 7
B w;e (kzwZ — kﬁwfe>

k2 [wz (wz - w%e) - yev%'e (kzwz - kﬁw%e)} 7

where vi; = \/kgTi/m; and vy, = \/kpT,/m, are the ion and elec-

tron thermal speeds, T; and T, the electron and ion temperatures,
and 9; and y, are the adiabatic indices for ions and electrons, respec-
tively. We assume 7; = 3 for one-dimensional ion fluid compression
and y, = 1 for isothermal electrons.

For lower hybrid waves, one has wfi < w?, so that the ion
susceptibility (using y; = 3) simplifies to

li = (D2)

(D3)

e =

DU (D4)
i w? —3vii
For the electrons, one may assume »? < w? for quasi-perpendicular
waves (and y, = 1), giving

oy (Ro? ~ Ko

: (D5)

Le ™

Inserting the approximate y; and y, into Eq. (D1) gives the disper-
sion relation

G A
— + :’
o = 3R R0l v, (Ro? — Kop,)]

which can be reorganized as

2

k
ot — o’ (a)iH + k—!wfe + Cszkz) + mfecfkﬁ =0, (D7)

where C; = \/kg(T, + 3T;)/m; is the ion sound speed and wry

= /W0 is the lower hybrid frequency. One has C; =~ 1.5km/s
for typical temperatures T, = 1500K and T; = 1000 K. Assuming
Cszk2 to be small compared to other terms, the solution, to lowest
order in Cszkz, is

k2 C2 2?2
)
o =~ o}y + g2 + -

_ D8
k2 e w%H—i-kﬁw?e/kz’ (D8)
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consistent with Eq. (9) in the cold plasma limit C; = 0. It is seen in
Eq. (D8) that the thermal corrections are important only for large
wavenumbers such that C; becomes comparable to the phase speed
/k of the wave, as indicated in Fig. 2.

APPENDIX E: DETAILS IN THE NUMERICAL
SIMULATION METHOD OF WAVE EQ. (5)

The solutions of the wave equation (5) are represented on a 2D
rectangular domain in the y-z plane spanned by —2km <y
< 2km and —10km < z < 10km, and are resolved on a numerical
grid with periodic boundary conditions in both directions. For
numerical efficiency, the grid size in the z-direction is Az = 50 m to
resolve the artificially elongated satellite model described in
Sec. V' A, while the grid size in the y-direction is adapted to resolve
the lower hybrid wavelength (/g ~ 1m) and the smallest of
the striation and satellite widths, Dy, = min(Dy, Dsy); the grid
size Ay=02m is used for Dy, > 0.5m, Ay=0.1m for
Diin = 0.25m, Ay =0.02m for Dy, =0.1m, and Ay =0.01m
for Dpin = 0.05 m. All space derivatives in Eq. (5) are approximated
with second-order centered difference approximations using peri-
odic boundary conditions. The difference approximations have
been implemented to run on high-performance computing (HPC)
clusters using domain decomposition and message passing interface
(MPI); typically 40-80 processors are used. The inversion of the
(1 — 22V?) operator in Eq. (5) is done using the conjugate gradient
(CG) method [e.g., Strikwerda (1989)] with a preconditioner based
on applying the inverse of a numerical approximation (using cen-
tered difference approximations) of the factorized operator
(1—720%/02*) (1 — 220%/9y*) on all terms. The resulting tridiago-
nal systems are solved using a parallel solver [e.g., Bondeli (1991);
Eliasson (2005); and Kim ef al. (2021)]. Typically 3 — 4 CG itera-
tions are necessary for convergence. The solution is advanced in
time using the standard 4th-order Runge-Kutta method using the
time step At = CFL\/8 / ®max (Courant-Friedrichs-Lewy)where the
maximum frequency mp.y is obtained by finding the maximum w
in Eq. (6) for wave vectors kj < 2/Az and k; < 2/Ay, and CFL
= 0.9 < 1 for numerical stability. The region |z| > 5km is used to
damp out fast whistler waves and prevent them from exiting and
reentering the domain multiple times through the periodic bound-
ary conditions.
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