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Abstract11

We describe a new class of nonthermal plasma density irregularities observed in the post-12

midnight topside equatorial ionosphere under low solar flux conditions. They are distinct13

from irregularities associated with equatorial spread F (ESF) in terms of their morphol-14

ogy and because they exhibit strong spectral sidebands at the lower-hybrid frequency.15

The coherent echoes were observed in a series high-altitude radar experiments performed16

at Jicamarca utilizing long- and coded double-pulse modes and a dual-beam mode. The17

coded double-pulse mode was used to measure the low-frequency characteristics of the18

echoes with fine range resolution. Doppler shifts of the main backscatter line were ob-19

served to fall between ± 150 m/s. The long-pulse mode was employed for high-frequency20

spectral analysis which revealed the presence of strong spectral sidelobes at the lower-21

hybrid frequency. A dual-beam mode was used to investigate the horizontal structure22

of the echoes. Zonal drift speeds of 50-70 m/s were inferred with this mode, and longi-23

tudinal dimensions of approximately 270 km were estimated. The paper summarizes with24

a discussion of different mechanisms that may be responsible for the phenomenon and25

the lower-hybrid sidebands in particular.26

1 Introduction27

Plasma density irregularities in the upper atmosphere have been studied extensively28

using radio and radar techniques since the dawn of the space age. When caused by ther-29

mal fluctuations in a plasma in equilibrium, these irregularities form the basis of inco-30

herent scatter radar (ISR) techniques [Farley et al., 1961]. However, when the irregu-31

larities are due to nonthermal effects, much stronger (e.g. up to seven orders of magni-32

tude in case of ESF [Farley et al., 1970] ) coherent scatter may be observed. Sources of33

coherent scatter at the magnetic equator include electron density irregularities driven34

by neutral turbulence in the mesosphere [Rastogi and Bowhill, 1976], irregularities driven35

by gradient drift [Rogister and D’Angelo, 1970; Sudan et al., 1973] and Farley-Buneman36

instabilities [Farley 1963; Buneman 1963] in the equatorial electrojet [Forbes, 1981], and37

the so-called 150-km echoes [Balsley, 1964; Kudeki and Fawcett, 1993; Chau and Kudeki,38

2006; Chau et al., 2013] in the equatorial valley region thought to be related to the upper-39

hybrid instability [Lehmacher et al., 2020; Longley et al., 2020]. In the postsunset equa-40

torial F region, equatorial spread F (ESF) [Booker and Wells, 1938; Hysell et al., 2000;41

Woodman., 2009] is a commonplace phenomenon characterized by plasma irregularities42
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with scale sizes ranging from centimeters to several hundreds of kilometers and altitudes43

that can reach up to about 1500 km [Farley et al., 1970] during quiet periods and higher44

during geomagnetic storms .45

Coherent echoes from even higher altitudes above 1500 km in the inner plasmas-46

phere were discovered recently by accident when they contaminated noise samples in high-47

altitude ISR data [Hysell et al., 2019]. The echoes took the form of thin layers rather48

than convective plumes and occurred mainly in the predawn sector. Unlike coherent scat-49

ter associated with ESF which occurs at all solar flux levels, these high-altitude echoes50

have been observed only during low solar-flux conditions. Most significantly, we will show51

that the high-altitude echoes in question exhibit strong sidebands at the lower-hybrid52

frequency for protons. They thus constitute a new phenomenon.53

In this paper, we present findings from a series of dedicated radar experiments run54

during the fall and spring of 2018 and 2019 to probe the high-altitude echoes. The spa-55

tial, temporal and spectral characteristics of the echoes will be described and evaluated.56

Subsequently, we discuss some well known irregularities and instabilities associated with57

the production of lower hybrid waves and evaluate their relevance for our observations.58

These include Lower Hybrid Solitary Structures (LHSS), VLF mode conversion, and lower59

hybrid drift instability. Finally, we conclude with a summary of our findings and plans60

for future experiments.61

2 Experimental Methodology and Results62

Figure 1 shows observations of the high-altitude scattering layers made on Sept.63

19–20, 2018. The observations were made with a double-pulse mode. Each pulse in the64

pair employed a 13-bit Barker code with a baud width of 100 µs. The lag between pulses65

was 4 ms. This is several times longer than the correlation time for incoherent scatter66

at 50 MHz. A single circular polarization was used for transmission. Sampling was per-67

formed at 50 µs intervals, and the incoherent integration time was 15 s. The double-pulse68

coherence was calculated from the modulus of the normalized autocorrelation function69

at the 4-ms lag. Noise removal was not performed in the normalization, and so the co-70

herence is a measure both of the correlation time of the echoes and the signal-to-noise71

ratio [Farley, 1969]. The coherence gives a visual representation of the distribution of the72

irregularities in range and time.73
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used. Samples were acquired at 1 µs intervals. For analysis comparable to that applied92

to the September data, we applied a filter with a 100 µs boxcar impulse response func-93

tion prior to detection. The coherence was calculated using an 800 µs lag time. The range94

resolution of the experiment was relatively poor compared to the previous one.95

The October echoes can be observed to extend from midnight to approximately lo-96

cal sunrise time (0540 LT). Several prominent scattering layers can be seen centered at97

≈ 1700km, 1800 km and 1900km in Figure 2, and at 1400km and 1500km in Figure 4.98

Echoes from equatorial spread F (ESF) were visible at lower altitudes, but they were not99

obviously related to the high-altitude structures even though they overlapped in time.100

The poor range resolution of the experiment prevents the detection of fine structure in101

the layers.102

The long-pulse mode permits the calculation of broadband Doppler spectra. We103

have found only interference at frequencies outside the band between ±15 kHz and so104

concentrate here on frequencies within this band. The two lower panels in Figure 2 show105

spectrograms constructed from samples corresponding to the upper scattering layer at106

1800-km range. The incoherent integration time used here was 15 s. The center panel107

shows absolute power spectral density on an arbitrary scale, and the bottom panel shows108

the relative power spectral density normalized to the power in the zero-frequency bin.109

The most important features in Figure 2 are the prominent sidebands at Doppler110

shifts equal to the lower hybrid frequency for protons, about 6–9 kHz depending on the111

altitude and ambient density, for the entire duration of the echoes. In the center panel,112

the 6.8 – 7.8 KHz bin, corresponding to the range of lower hybrid frequencies at ≈ 1800km113

is most prominent. Higher frequency (7.8 – 8.8 KHz) and lower frequency (5.8 – 6.8 KHz)114

bins are also present. The highest frequency bin decreases in intensity from midnight to115

4LT, while the middle and lowest frequency bin increase in intensity as would be expected116

by the drop in ambient densities from post-midnight to early morning hours. The same117

result was obtained when samples were taken from the lower scattering layer centered118

at 1400 km in Figure 4, with the spectrogram in that case showing slightly higher fre-119

quency sidebands consistent with the larger magnetic flux density at lower altitudes (see,120

e.g., lower two panels of Figure 4).121

It is noteworthy also that the ratio of the power in the sidebands to the power in122

the zero-frequency bin is not constant. For example, the enhancement in the sidebands123
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On Oct. 23, 2019, the echoes ranged from just 1200–1500 km altitude. To estimate146

drifts, we measured the shift in time of apparently common features in the two upper147

panels of Figure 4. The region with the highest coherence appeared in the westward-pointing148

beam approximately 15 min. before appearing in the eastward-pointing beam. This was149

also the region with the strongest lower-hybrid lines. The zonal distance between the po-150

sitions where the layer intersected the two antenna beams was about 35 km – 40 km. These151

figures imply a zonal drift speed of about 45 – 50 m/s eastward.152

On Oct. 24, 2019, as shown in Figure 5, the echoes were more spread in altitude.153

Between 0100–0130 LT, three different height ranges were occupied by scatterers: 1200154

– 1500 km, 1500 – 1700 km. and 1750 - 2000 km. In contrast to the previous day, many155

of the features appear nearly identical in both beams, while others appear to be drift-156

ing eastward at about 70 m/s. The data are fairly ambiguous, however, and the appar-157

ent motion of the scatterers only approximates the true motion to the extent that the158

scatterers evolve slowly. On both Oct. 23 and 24, 2019, the coherence measured with159

beams A and B exhibited similar if shifted features. This suggests that the underlying160

structure evolved with relatively long timescales.161

The longitudinal dimensions of the scattering structures can be estimated by mul-162

tiplying the average drift speed by the duration of the echoes observed in either one of163

the beams. To simplify the analysis, we consider only the experiment on Oct. 23, 2019,164

when the totality of the structure appeared to be drifting eastward at a uniform speed.165

In this case, the longitudinal extent can be estimated to be about 270 km.166

3 Overview of Ionospheric Processes Associated with Lower Hybrid167

Waves168

The discovery of lower hybrid waves in the topside post-midnight equatorial iono-169

sphere/ inner plasmasphere prompts a review of other regions and contexts in geospace170

where lower hybrid waves play significant roles. Several relevant observations and lines171

of inquiry are described below.172

3.1 Lower Hybrid Solitary Structures (LHSS)173

LHSS’s are axisymmetric and spatially localized structures elongated along mag-174

netic field lines and having perpendicular dimensions that vary from a few to several ther-175
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pump wave to low frequency density fluctuations in a homogeneous plasma in which the192

density fluctuations are assumed to be triggered by a modulational instability [Chang,193

1993; Shapiro et al., 1993]. The pump wave follows a homogeneous lower hybrid disper-194

sion relation, and the instability of the wave results in its decay into other lower hybrid195

waves and lower frequency density fluctuations [Shukla et al; 1994]. However, a study196

by Pécseli et al. [1996] eliminates the possibility of this instability being the driving mech-197

anism in LHSS’s by demonstrating that LHSS’s are not spaced at regular intervals as198

predicted by the modulational instability but follow a Poisson distribution. The second199

treatment, lower hybrid collapse, rests on the assumption that the density depletions and200

lower hybrid waves are both related to a parallel electron ponderomotive force produced201

by a high frequency electron E×B drift [Musher and Sterman, 1975a; Musher and Ster-202

man, 1975b; Shapiro et al., 1993]. Statistical studies comparing the collapse theory with203

Freja satellite data, however, have shown that this theory is also incompatible with ex-204

perimental data [Pécseli et al., 1996]. Robinson [1999] attempted to rectify these discrep-205

ancies of the collapse theory by resorting to the theory of strong turbulence which as-206

sumes a four phase nucleation cycle that includes nucleation, collapse, arrest and relax-207

ation [Doolen et al., 1985; Robinson et al., 1996; Robinson et al., 1999]. However, a sta-208

tistical study of LHSS’s in the auroral ionosphere performed by Schuck et al. [2002] does209

not support this theory.210

The linear class of theories explain the production of lower hybrid waves in LHSS’s211

by mode conversion of VLF auroral hiss to lower hybrid eigenmodes of preexisting den-212

sity depletions through linear scattering off of density irregularities [Pinçon et al., 1997;213

Schuck et al., 1998; Schuck et al. , 1999a and Schuck et al. , 1999b]. Previous studies214

[Titova et al., 1984; Inan and Bell 1985; Bell and Ngo, 1988] presented satellite data show-215

ing that lower hybrid waves are commonly stimulated by VLF whistlers interacting with216

field aligned density irregularities with wavelengths of the order of the lower hybrid waves.217

The dispersive properties of the eigenmodes are then modified by the inclusion of the218

Hall current generated by the E×B drift which accounts for most of the spectral char-219

acteristics of LHSS’s observed experimentally [Schuck et al., 2003]. No diamagnetic cur-220

rents or drift waves are needed despite the assumption of plasma inhomogeneity [Schuck221

et al., 1998]. Studies by Seyler et al. [1994] and Schuck et al. [1998] explain LHSS’s with222

linear theory applied to an inhomogeneous cold plasma composed of pre-existing cylin-223

drical density depletions. The cylindrical nature of the density depletions motivates the224
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choice of cylindrical basis functions, decomposing the lower hybrid waves into right and225

left hand rotating modes relative to the magnetic field. A consequence of this theory is226

wave solutions that consist of a continuous spectrum of waves above the lower hybrid227

resonance (LHR) outside the density depletions of the LHSS’s and a discrete spectrum228

of waves below the LHR inside the density depletions. The predictions of linear theory229

generally agree with interferometric [Bonnell et al., 1998] and spectral analyses [Pécseli230

et al., 1996; Pécseli et al., 1997; Kjus et al., 1998] of the electric fields within the struc-231

tures.232

In addition to the assumptions of linear theory, there is every reason to believe that233

azimuthal ion currents within density depletions also participate in the excitation of lower234

hybrid waves. Ions are presumed to play a role in the instabilities because of numerous235

observations by sounding rockets [Vago et al., 1992 ; Lynch et al., 1996] in which TAI236

(Transversely Accelerated Ions) were found with higher energies inside LHSS’s as com-237

pared to the general background values. Data from TOPAZ-III has in fact revealed di-238

rect correlations between TAI’s, enhanced electric field fluctuations and density deple-239

tions in thousands of LHSS’s [Arnoldy et al., 1992]. The contribution of the ion current240

to the excitation of lower hybrid waves in LHSS’s was investigated by Vakim et al. [1997].241

The study found that an azimuthal ion current in a density cavity could lead to a pos-242

itive growth rate through the Cherenkov interaction of resonant ions with the waves. The243

cavity considered was radially inhomogeneous and followed a Gaussian density profile.244

Chibisov [2012] and Aarenkov et al. [2019] investigated the special case of a radially in-245

homogeneous ion ring distribution within a homogeneous plasma. They also found that246

when certain conditions were met, an instability was triggered, leading to the growth of247

lower hybrid waves.248

In studies by Malingre et al. [2008] and Berthelier et al. [2008], LHSS’s were found249

for the first time at equatorial latitudes. They were discovered following the detection250

of lower hybrid waves by the DEMETER satellite at equatorial latitudes in large scale,251

deep density depletions spanning several hundreds of km longitudinally and with den-252

sities two to three orders of magnitude lower than that of the surrounding plasma. These253

emissions were associated with bursts of thermal ions, narrowband electromagnetic ELF254

waves and shown to evolve into large amplitude quasi-monochromatic wave packets that255

bore resemblance to those observed in LHSS’s at auroral latitudes. The scale length of256

the irregularities contained within depletions were found to be 10 m across and 40 m along257
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the field lines when ∆ni/ni ≈ 10% . Berthelier et al. [2008] found the phenomena in258

the nighttime ionosphere between 2000 – 2300 LT and both studies indicated that the259

density depletions were associated with periods of disturbance in the geomagnetic field.260

The experimental data suggested that the interaction of the depletions with whistlers261

generated through tropospheric lightning discharges below the orbital path of the satel-262

lite was the source of the lower hybrid emissions.263

The similarities observed between auroral and equatorial LHSS’s suggest they both264

share the same underlying physics. In both cases they are observed in regions of strong265

VLF noise and in underdense plasmas (ωpe < ωce). However, the energy source of the266

background hiss present at equatorial latitudes is very different from that responsible267

for auroral hiss, with the former presumed to be caused by energetic electrons [Kintner.,268

1991] and the latter by lightning generated whistlers. A unique feature of the equato-269

rial LHSS’s is the presence of narrowband ELF.270

Similarly to the earlier studies in auroral regions and mid-latitudes, Berthelier et271

al. [2008] highlighted two possible mechanisms for the excitation of lower hybrid waves272

in equatorial density depletions. The first is a linear process involving mode conversion273

of electromagnetic whistlers scattering off of pre-existing density depletions. The second274

mechanism is through a parametric instability in which the density depletions and lower275

hybrid waves are generated concurrently [Lee et al., 1984]. The electric field measure-276

ments in Malingre et al.[2008] however, do not support the non-linear explanation.277

3.2 Lower Hybrid Drift Instability278

Another possible mechanism for the generation of the echoes is a lower hybrid drift279

instability. Temperature and/or density gradients in an inhomogeneous plasma give rise280

to a diamagnetic drift which couples with a drift wave leading to an instability through281

inverse Landau damping [Huba et al., 1981]. To arrive at an expression for the growth282

rate of the instability, perturbed quantities were assumed to vary linearly, the analysis283

was restricted to electrostatic phenomena where β << 1 (β = 8nT/B2) , and only284

oscillations perpendicular to B were considered. A fundamental requirement for the in-285

stability is that electrons be magnetized and ions unmagnetized. Thus, a simple expres-286

sion for the ion demagnetization condition in a collisional plasma was given by νii

Ωi
k2r2Li ≤287

1 where rLi denotes the ion gyroradius and νii the ion-ion collision frequency [Huba and288
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Ossakow, 1979a]. Ion-ion collisions, which appear in the νii term above, contribute to289

the demagnetization process by pushing the ions across magnetic field lines, a crucial step290

in exciting the instability through resonance with the perpendicular drift wave. They291

also set a critical background density value. On the contrary, all other collisions (electron-292

ion, electron-electron and electron-neutral), lead to a damping of the wave, setting an293

upper threshold to the density scale length (Ln) given by Ln < rLi

√

(kvthi/νe). The294

ion demagnetization condition and scale length threshold are the two important param-295

eters which determine the viability of the lower hybrid drift instability for specific irreg-296

ularity wavelengths and altitudes. For the 0.36 m and 0.11 m irregularities seen by the297

ALTAIR and Tradex radars on Kwajalein Atoll, the minimum densities required are 2×298

109m−3 and 2× 108m−3 respectively. Thus, the lower hybrid drift instability is oper-299

able at ranges where high altitude echoes at Jicamarca are observed. However, for the300

3 m irregularities seen by Jicamarca, the minimum density required is > 1011m−3, in301

addition to extremely sharp scale lengths of less than 15 m. Both of these conditions are302

not satisfied at the topside or lower plasmaspheric altitudes above Jicamarca and lead303

us to consider the possibility of other mechanisms, possibly remote coupling, working304

in conjunction with the lower hybrid drift instability.305

4 Discussion306

The data presented in this preliminary study is insufficient to support a conclu-307

sion regarding which of the processes reviewed in the previous section is responsible for308

the high altitude irregularities observed over Jicamarca.309

For example, to determine whether the structures can be categorized as LHSS’s,310

more detailed information about the longitudinal and field-aligned dimensions of the struc-311

tures would be needed. This could be gathered, for example, using a fully steerable radar312

like ALTAIR that could provide longitudinal mapping of the structures. Finer spatial313

resolution is also necessary to accurately measure the transverse dimensions and deter-314

mine whether the larger structures are a discontinuous collection of smaller ones with315

dimensions characteristic of LHSS’s. If further radar experiments prove that the high-316

altitude echo phenomenon is ubiquitous, sun synchronous satellite data at the appropri-317

ate altitudes could be useful for a statistical study of the dimensions of the echoes along318

field lines and its electric field fluctuations.319
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Whether simple VLF mode conversion is taking place without all of the other as-320

sociated characteristics of equatorial LHSS’s is another hypothesis worth exploring. This321

assumption cannot be discounted because not all studies provide conclusive evidence that322

observed lower hybrid wave emissions from field aligned irregularities are indicative of323

LHSS’s. To verify this hypothesis we cannot use radar data alone since VLF hiss is pre-324

dominantly electromagnetic whereas the radar can only observe electrostatic phenom-325

ena. Simultaneous radar and sounding rocket experiments would be needed in order to326

determine if a correlation exists between lower hybrid wave power and the presence of327

background hiss. A spectral analysis of the hiss would further indicate whether it is lightning-328

induced or the result of equatorial hiss [Morgan, 1979].329

The direct involvement of a lower hybrid drift instability in the generation of 3-m330

irregularities at Jicamarca was mainly discounted in the previous section. However, mea-331

surements from higher frequency equatorial radars such as ALTAIR and Tradex could332

shed light on whether a cross-scale coupling mechanism between the irregularities ex-333

ists.334

It is also interesting to note that gyrolines naturally present in the ISR spectra tend335

towards the lower hybrid resonance when the aspect angle approaches zero. In a study336

by Hysell et al. [2017], gyrolines were shown to appear in ISR spectra processed from337

Arecibo data in the 100 - 200 km range interval. Whether these lines are also present338

in the ISR spectra above Jicamarca, for aspect angles close to zero and for ranges where339

the high altitude echoes are observed, would need to be examined. If this is the case, it340

would suggest the possibility that the lower hybrid sidebands are an enhancement of the341

lower hybrid line feature naturally present in the ISR spectra, by means of an instabil-342

ity.343

5 Summary and conclusions344

We have presented data from experiments conducted to probe a new class of non-345

thermal 3-m plasma density irregularities causing VHF radar echoes in the equatorial346

topside/ inner plasmasphere, mainly in the postmidnight sector. The echoes were char-347

acterized in terms of their gross morphology and low-frequency spectral moments. Their348

characteristics were broadly similar to those of irregularities generated in the topside by349

convective instability related to equatorial spread F. However, the echoes were also found350
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to exhibit strong sidebands at the lower hybrid frequency, something which has not been351

observed before. It is unclear at this point whether the sidebands are an incidental fea-352

ture of density irregularities which happen to form in the topside or a crucial component353

of the process responsible for creating the irregularities in the first place.354

Various well-known phenomena involving lower-hybrid waves in the ionosphere were355

reviewed as possible candidates to help explain the irregularities. The most important356

features of the irregularities observed are the following:357

1. Irregularities appear in the predawn sector of the topside ionosphere and lower plas-358

masphere and form structures that most often span altitudes in the range of 1500–359

2200 km360

2. Coherence varies throughout the structures, and the irregularities dissipate entirely361

before local sunrise362

3. Lower hybrid waves are present for the entire duration and range of altitudes where363

the high altitude irregularities are observed, and were not detected within the ESF364

present at lower altitudes. A very large increase in relative intensity was noted in365

portions of the echoes between 0400–0500LT on Oct 22, 2019, where the lower hy-366

brid sideband intensity became comparable to that of the zero frequency bin, even367

as the structures had almost dissipated.368

4. Only eastward zonal drifts were observed from 50m/s - 70 m/s369

5. Zonal dimensions of several hundred km were calculated370

6. Line of sight Doppler shifts vary from -150 m/s and 150 m/s and have been ob-371

served to change orientation frequently within the structures present in the Septem-372

ber 20 2018 postmidnight sector. More experiments are needed to determine whether373

this phenomenon is commonplace. The Doppler shifts tracked the range rates of374

the echoes.375

7. Structures appear to be distinct from ESF but occur at similar post-midnight times.376

The echoes only appear in patches shortly before midnight in contrast to ESF.377

Additional experiments involving radar interferometry and imaging, long pulse codes378

for overspread targets, bistatic measurements for inferring meridional drifts, aspect sen-379

sitive experiments, and supporting in situ measurements are required for investigating380

the irregularities further.381
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Radar interferometry and imaging [Hysell and Chau, 2006] can be used to visual-382

ize fine structures within the scattering volume in three dimensions. The long and dou-383

ble pulse experiments suffered from tremendous ambiguity with respect to the spatial384

distribution of structures. Imagery in the meridional direction would yield an estimate385

of the magnetic aspect sensitivity of the lower-hybrid lines.386

Using long coded pulses, e.g. alternating codes, the lower-hybrid spectra could be387

resolved finely in range. This would allow us to investigate the transverse structure and388

dimensions of the lower-hybrid waves more finely. In addition, it would give us the abil-389

ity to measure changes in the lower hybrid frequency due to the ambient density drop390

from midnight to early morning local times. This could potentially be a novel method391

for measuring densities at high altitudes in the post-midnight sector.392

Radar measurements of bulk drifts and dimensions along field lines would give ad-393

ditional information on the structures. In order to make this experiment possible, we would394

need to use a bistatic or multistatic system such that the condition for field-aligned scat-395

ter could be met at multiple points along a field line.396

Additional experiments could be carried out using ALTAIR and Tradex to gain in-397

formation about the irregularities at shorter wavelengths. This would prove important398

for isolating the processes responsible for their generation. In addition, the echoes could399

be mapped continuously in space using the steerability of these systems.400

Our understanding of the structures can also be considerably improved by com-401

paring radar data with that gained by satellites and sounding rockets. One of the lim-402

itations of radar experiments is the need to compromise between spectral resolution and403

range resolution. Both instruments can be used to gather more detailed spectral and elec-404

tron density measurements. Sounding rockets especially can be launched simultaneously405

during radar experiments and provide direct comparisons with radar data. Satellite con-406

junctions are difficult to manage as a rule, but if the irregularities prove to be as ubiq-407

uitous as they now seem, finding them could be practical.408

Further investigation is needed to determine whether ESF conditions favor the emer-409

gence of the high-altitude irregularities. Additional observations should be made dur-410

ing June equinox when ESF conditions are relatively unlikely to occur in the Peruvian411

sector.412
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Finally, numerical simulations of cross-scale coupling between irregularities of dif-413

ferent wavelengths, and numerical verification of the existence and possibility of enhance-414

ment of lower hybrid lines for the altitudes at which the irregularities in this study were415

observed, will be explored in more detail in a subsequent manuscript.416
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Appendix422

Dispersion Relation of Lower Hybrid Waves in Homogeneous Plasma423

In this section we derive an approximate dispersion relation for lower hybrid elec-424

trostatic waves in a homogeneous plasma. We follow a similar procedure to the one used425

in [Hysell et al., 2017b]. Since the dominant ion is H+ at the altitudes at which the echoes426

were observed, i.e. from 1200 km to 2200 km, we simplify the analysis considerably by427

assuming a two species plasma (electrons and H+). The expression for the cold plasma428

lower hybrid resonance frequency given by Swanson [2003] is:429

ω2
LH = ωceωci

(

ω2
pe + ωceωci

ω2
ce + ω2

pe

)

(1)

which includes a dependence on the magnetic field, electron density and ion species but430

excludes kinetic effects. Since Ω2
i << ω2 << Ω2

e at LH frequencies, we can treat the431

ions as unmagnetized and the electrons as magnetized.432

The longitudinal projection of the dielectric tensor (dielectric response function)

is given by:

K = 1 +
1

k2λ2
de

[1 +

∞
∑

n=−∞

ω√
2k‖vte

Λn(η
2)Z(Θ′)] +

1

k2λ2
di

[1 + θZ(θ)] (2)

where N is the number of ion species, θ = ω/k√
2vth

and Θ′ = ω−nΩe√
2k‖vte

are the normal-433

ized ion and electron velocities respectively, vte =
√

KBT/me is the thermal electron434

velocity, η2 =
k2

⊥v2

te

Ω2
e

, cos2β =
k2

‖

k2 with β representing the angle between the k vector435

and B, and Z is the plasma dispersion function. Note that the second term in the di-436

electric response function is the electron susceptibility, and the last term is the ion sus-437

ceptibility.438
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Using the large Θ′ approximation for Z(Θ′) (since k‖vth << ω): Z(Θ′) ≈ i
√
πe−Θ

′
2−439

Θ
′−1(1+ 1

2Θ′2+...), in conjunction with the expansion form of the modified Bessel func-440

tion In(η
2) for small η2 (since k⊥vth << Ωe): In(η

2) = ( 12η
2)n

∞
∑

k=0

( 1

4
η4)k

k!(n+k)! , we can441

rewrite a more simple approximation for the electron susceptibility. Since the n = 0 term442

is dominant in equation 2, to first approximation, the real part of the electron suscep-443

tibility can be written as:444

Re(χe) =
1

k2λ2
d

[

1− (1− η2 +
3

4
η4 + ...)(1 +

k2‖v
2
te

ω2
+ 3

k4‖v
4
te

ω4
+ · · ·)

]

≈
ω2
pe

ω2

[

ω2

Ω2
e

− cos2β

(

1 + 3
k2‖v

2
te

ω2
LH

)

+ · · ·
]

where the ω4 term was replaced by ω2ω2
LH with the help of equation 1. Following the445

same procedure for the ion susceptibility and using the large angle approximation for Z(θ):446

Re(χi) ≈
ω2
pi

k2v2ti

[

−
k2v2ti
ω2

−
3k4v4ti
ω2ω2

LH

+ · · ·
]

≈
ω2
pi

ω2

[

− 1−
3k2v2ti
ω2
LH

+ · · ·
]

Note that the parameters
k2

⊥v2

te

Ω2
e

,
k2

‖v
2

te

ω2 , and

∣

∣

∣

∣

∣

k‖

k⊥

∣

∣

∣

∣

∣

were only retained up to second order.447

After combining the electron and ion susceptibilities into equation 2, the dielectric re-448

sponse function becomes:449

K ≈ 1 +
ω2
pe

ω2

[

ω2

Ω2
e

− cos2β

(

1 + 3
k2‖v

2
te

ω2
LH

)]

+
ω2
pi

ω2

[

− 1−
3k2v2ti
ω2
LH

]

+ · · · (3)

The wave frequency can be derived by setting K = 0:450

ω2
r ≈

[

ω2
pi

(

1 +
3k2v2ti
Ω2

eΩ
2
i

)

+ ω2
pecos

2β

(

1 + 3
k2‖v

2
te

Ω2
eΩ

2
i

)

]

/(

1 +
ω2
pe

Ω2
e

)

(4)

where we ignore the imaginary part since ωr >> γ.451

Growth Rate of Lower Hybrid Waves in a Homogeneous Plasma452

To estimate the growth rate of the lower hybrid waves in a homogeneous plasma,453

we include the complex frequency ω = ωr+iγ in the expression derived previously for454

the dielectric tensor and solve for γ, by setting Im(K) = 0 and assuming that γ <<455

ωr.456

We first note that Θ′
e >> 1, allowing us to drop the term i

√
πe−Θ′2

e from the elec-457

tron plasma dispersion function Z(Θ′
e). In the case of ions, at the altitudes, times and458
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frequencies considered, θi ≈ 7 − 8, indicating that the exponential term must be re-459

tained. In addition,
k2

⊥v2

te

Ω2
e

<< 1, justifies the use of Λ0(η
2) ≈ 1. Starting with equa-460

tion 2, for a single ion species:461

Im(K) =
1

k2λ2
de

Λ0(η
2)Im[(Θ′

e)Z(Θ′
e)] +

1

k2λ2
dα

Im[(θα)Z(θα)]

≈
ω2
pe

k2v2te

[(

1−
k2⊥v

2
te

Ω2
e

+ · · ·
)(√

πIm(Θ′
e e

−Θ′
e
2

) +
Θ′

ei

Θ′3
er

+ 3
Θ′

ei

Θ′5
er

+ · · ·
)]

+
ω2
pα

k2v2tα

(√
πIm(θαe

−θ2

α) +
θαi
θ3αr

+ 3
θαi
θ5αr

+ · · ·
)

≈
ω2
pe

k2v2te

[(

Θ′
ei

Θ′3
er

+ 3
Θ′

ei

Θ′5
er

+ · · ·
)]

+
ω2
pα

k2v2tα

(√
πIm(θαe

−θ2

α) +
θαi
θ3αr

+ 3
θαi
θ5αr

+ · · ·
)

Setting Im(K) = 0, dividing by
ω2

pα

k2v2

tα

, taking into account γ << ωr and Θ′
e >> 1,462

the equation can be recast as:463

0 ≈
Ti

Te

(

Θ′
ei

Θ′3
er

)

+

(√
πθαrRe(e−θ2

α) +
θαi
θ3αr

+ 3
θαi
θ5αr

+ · · ·
)

≈ −
√
πRe

(

e−θ2

αr−2iθαrθαi

)

+
γ

ω3
r

2k2
[

Ti

Te
cos2(β)v2te − v2tα

(

1 +
3

ω2
r

)

]

≈ −
√
πω3

r(e
−θ2

αr )cos(−2θαrθαi) + γ2k2
[

Ti

Te
(cos2(β)v2te)− v2tα

]

where we replaced the normalized velocities by Θ′
ei = γ

kcos(β)
√
2vte

and θ′αi = γ

k
√
2vtα

464

except for the exponential terms, and ignored the term 3
ω2

r
since it is << 1. Since γ can-465

not be factored from the cosine term above, we will leave it on the right side of the equa-466

tion to obtain:467

γ ≈
ω3
r

√
π(e−θ2

αr )cos(−2θαrθαi)
(

Ti

Te
(2k2cos2(β)v2te)− 2k2v2tα

)

When we consider β ≈ 90o, and values of θαi

θαr
<< 0.1%, which was verified numeri-

cally for k<6, cos(−2θαrθαi) ≈ 1 and the expression simplifies to:

γ ≈
−(ωr − k · ui)

3
√
π(e−θ2

αr )

2k2v2tα
(5)

where a drift ui was included.468
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