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Abstract

Lion roars are narrowband whistler wave emissions that have been observed in several 

environments, such as planetary magnetosheaths, the Earth’s magnetosphere, the solar wind, 

downstream of interplanetary shocks, and the cusp region. We present measurements of more than 

30,000 such emissions observed by the Magnetospheric Multiscale spacecraft with high-cadence 

(8,192 samples/s) search coil magnetometer data. A semiautomatic algorithm was used to identify 

the emissions, and an adaptive interval algorithm in conjunction with minimum variance analysis 

was used to determine their wave vector. The properties of the waves are determined in both the 

spacecraft and plasma rest frame. The mean wave normal angle, with respect to the background 

magnetic field (B0), plasma bulk flow velocity (Vb), and the coplanarity plane (Vb × B0) are 23°, 

56°, and 0°, respectively. The average peak frequencies were ~31% of the electron gyrofrequency 

(ωce) observed in the spacecraft frame and ~18% of ωce in the plasma rest frame. In the spacecraft 

frame, ~99% of the emissions had a frequency < ωce, while 98% had a peak frequency < 0.72 ωce 
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in the plasma rest frame. None of the waves had frequencies lower than the lower hybrid 

frequency, ω. From the probability density function of the electron plasma βe, the ratio between 

the electron thermal and magnetic pressure, ~99.6% of the waves were observed with βe < 4 with a 

large narrow peak at 0.07 and two smaller, but wider, peaks at 1.26 and 2.28, while the average 

value was ~1.25.

1. Introduction

The Earth’s magnetosheath lies between the bow shock and the magnetopause where the 

solar wind is decelerated to subsonic speeds and is diverted around the magnetopause. The 

plasma properties of the region depend strongly on the solar wind conditions, the magnetic 

field upstream of the extended bow shock, and the angle of the shock normal vector with 

respect to the upstream average magnetic field (θBn). The magnetic field in the sheath is 

strongly perturbed by several sources of turbulence and instabilities (see Lucek et al., 2005, 

for a review).

Packets of short duration (few seconds), right-hand polarized waves, and frequency less than 

a few hundred hertz are very common in the magnetosheath (Smith et al., 1969). Smith et al. 

(1969) called this type of emission lion roars (LRs)—identified as whistler mode waves—

because of their sonified resemblance to male African lion calls. In the majority of studies, 

the propagation angle relative to the background magnetic field is θkB < 30° (Baumjohann et 

al., 1999; Smith &Tsurutani, 1976;Tsurutani et al., 1982), while Zhang et al. (1998) 

observed LRs with a much wider range of wave normal angles, some of them, mainly in the 

vicinity of the bow shock, that were highly oblique. Zhang et al. (1998) also used the 

evolution of the propagation direction within an interval with LR packets to determine the 

distance of the spacecraft from the source of the emissions.

Smith and Tsurutani (1976) found a correlation between LR observations and decreases in 

the magnetic field intensity, accompanied by an increase in particle density. These magnetic 

field decreases have been linked to mirror mode structures (Vedenov & Sagdeev, 1961)—the 

result of an instability where the thermal pressure is anticorrelated with magnetic field 

fluctuations. Baumjohann et al. (1999) performed a statistical study of LRs associated with 

mirror modes, using 128 Hz magnetic field measurements from Equator S. The observations 

showed a typical frequency range of [0.05–0.15]fce. They argued that due to the confinement 

of the electrons in a mirror mode, a limit will be imposed on their perpendicular velocity and 

therefore the region of resonance in the electron velocity space would be limited, compared 

to the narrow strip shown by Kennel and Petschek (1966) for other cases. The relatively 

large wave intensities of whistlers would then lead to electron diffusion toward the parallel 

velocity direction (Baumjohann et al., 1999). This would result in a distortion in the 

contours at the region of resonance similar to the one shown by Kivelson and Southwood 

(1996). A case study of LR emissions in mirror mode structures has been performed by 

Breuillard et al. (2017), where the properties and dynamics of the waves have been 

examined. The authors also argue that a statistical study with higher-frequency 

magnetometer data could potentially reveal higher amplitude in the amplitudes of the 

measurements, compared to the ones provided by Baumjohann et al. (1999).
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Tsurutani et al. (1982) concluded that LRs observed close to the magnetopause are generated 

by the electron cyclotron instability when T⊥e > T∥e and a decrease in the magnetic field. 

The decrease in the magnetic field and the increase of the density, related to the mirror 

mode, cause the local plasma critical energy (Ecrit = B2/8πN), where N is the density and B 
the magnetic field, to drop close to the value of the electron thermal energy. When the 

magnetic field increases, this is no longer true and so the emission terminates. LRs though 

are not always accompanied by a dip in the magnetic field (e.g., see Zhang et al., 1998). 

Kennel and Petschek (1966) showed that the stability of whistler mode waves depends on 

the electron temperature anisotropy Ae = T⊥e/T∥e − 1, under the condition ω
Ωce

<
Ae

Ae + 1 . The 

growth or damping of the waves depends also on the resonant frequency of the electrons 

when compared to the plasma critical energy (Er > Ecrit). Masood et al. (2006) used this 

result to show that the majority of the observed magnetosheath LRs in the study originated 

from a remote region, since there was no correlation with Ae, as LRs existed in all cases 

where Ae < 0, Ae ~ 0, and Ae > 0. Wilson et al. (2013) showed that when the entire 

distribution is used, less than half of the observed whistler waves satisfied the instability 

inequality, while 75% satisfied the inequality when only the halo was considered. Wilson et 

al. (2013) show an example electron distribution where they compute Ae for the entire, core, 

and halo components separately. They found Ae = −0.04, −0.08, and +0.25 for the entire, 

core, and halo components, respectively. The core and entire components do not satisfy the 

inequality but the halo does. The reason is that the typical cyclotron energies correspond to 

the halo, not the core (Wilson et al., 2013).

Using STEREO measurements, Breneman et al. (2010) observed narrowband whistler 

waves, mainly within stream interaction regions and to a smaller extent, in the vicinity of 

interplanetary shocks. The authors determined that the emissions had similar characteristics 

to LRs observed in the magnetosheath. Using the wave parameters observed, Breneman et 

al. (2010) performed particle tracing simulations which showed a strong interactions of 

whistler mode waves with halo electrons. The simulations show the largest pitch angle and 

energy diffusion for a wave normal angle of 45°. The particles used in the simulation were at 

100 eV and a 75° pitch angle, and the whistlers had a 10 mVm−1 amplitude and variety of 

propagation angles.

In section 2 the measurements, data sets, and methodology used for the study will be 

presented. An example LR that was identified by the semiautomatic algorithm is also 

presented. In section 3 the statistical results of the study are presented. In section 4 a 

discussion on the properties and statistical results is presented and a final conclusion is 

given.

2. Data and Methodology

Magnetic field (B) measurements from the Magnetospheric Multiscale (MMS) search-coil 

magnetometer (SCM) (Le Contel et al., 2016) were mainly used to identify and study the 

properties of LRs. SCM measurements were used only during burst mode operation of the 

spacecraft when B is sampled at 8,192 Hz. The sensitivity of the SCM is 2 pT
HZ  at 10 Hz, 
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0.3 pT
Hz  at 100 Hz, and 0.05 pT

Hz  at 1 kHz. At 1 kHz the resolution is 0.15 pT. The SCM data that 

were used in the study were high-pass filtered at a 10-Hz cutoff frequency. Measurements 

with amplitude smaller than 5-pT peak to peak were also not considered. The quasi-static 

magnetic field (B0) was obtained by the fluxgate magnetometer (Russell et al., 2016), which 

provides measurements up to 128 vectors/s. Particle number density (n) and bulk velocity 

(Vb) were obtained by the fast plasma investigation (Pollock et al., 2016), which can provide 

measurements of 3-D ion and electron distributions at 150- and 30-ms time resolution, 

respectively. The electric field, E, is measured by the spin-plane double probe and the axial 

double probe instruments on board the MMS (Torbert et al., 2016) and provides the same 

sampling as B0. The parameters of the magnetopause (Farris et al., 1991) and bow shock 

(Farris & Russell, 1994) models used in the paper were obtained from Schwartz (1998).

The B measurements were rotated to the field-aligned coordinate (FAC) system, not to be 

confused with field-aligned currents usually denoted as FAC as well. The first coordinate of 

the FAC system of reference (e ) points in the direction of B0. The second coordinate is 

defined as e ⊥ 2 = e × x, where x = [1, 0,0] (the x direction of the GSE coordinate system). 

The third coordinate completes the orthogonal basis and is defined as e ⊥ 1 = e ⊥ 2 × e .

The presence of transverse waves was automatically determined, by looking where the 

magnitude of B0 in the e  direction is smaller than the magnitude of B0 in the e ⊥ 1 and e ⊥ 2
directions. LRs could then be found by looking for a relatively narrowband peak in the 

power spectra of the intervals containing transverse waves.

An example of an observed LR is shown in Figure 1. Panel a shows the measured B in FAC, 

while panel b shows the band-pass filtered signal of the same interval. The LR was observed 

by MMS3 on 1 December 2015 at 4:51:00.471 UT, and the emission lasted for about 1.6 s. 

The bandwidth of the filter was determined from the peak in the power spectra (Figures 1c–

1e) of each of the three components. In this example the frequency band of the emission was 

identified to be between 45 and 100 Hz and the average peak frequency between the three 

FAC directions is 69 Hz. The electric field measurements of the interval are also shown in 

Figure 2, which has the same format with Figure 1. The peak in the electric field is also 

within the same bandwidth as in the case of the magnetic field. The combined filtered time-

series of the magnetic and electric fields show that the wave has an electromagnetic nature.

The individual LR intervals were then analyzed using a minimum variance analysis (MVA) 

with adaptive interval selection (e.g., see Wilson III et al., 2017, for discussion). The 

software splits the original interval into smaller subintervals which maximize the 

intermediate to minimum (λint/λmin) eigenvalue ratio and minimize the maximum to 

intermediate (λmax/λint) ratio. In order to achieve that, the original interval is split into 

smaller overlapping subintervals of variable length and MVA is applied to each of those 

subintervals. The intervals that are kept are the ones that best satisfy the objectives. In order 

to ensure that the waves that were observed were whistlers and to ensure that they were 

circularly polarized, only subintervals for which λint/λmin ≥ 10 and λmax/λint < 3 were kept.
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For the LR example shown in Figures 1 and 2, the adaptive minimum variance obtained 16 

intervals that satisfied the conditions previously described. The measured and band-pass 

filtered B in GSE coordinates is shown in Figure 3a, where the x, y, and z coordinates are 

shown in blue, red, and yellow, respectively. Figures 3b–3p show the magnetic field 

components in the MVA coordinate basis for that subinterval. The subintervals are shown in 

Figure 3a as the color-coded dashed (start) and dash-dotted (end) vertical lines. One thing 

that can be noticed in Figure 3a is that the subintervals do not cover the entire LR interval 

that was originally identified. One reason for this is that the eigenvalue ratios were not such 

as to ensure the good quality of the estimates. Another possible reason is that two 

subintervals, both with good eigenvalue ratios, but not equal, overlapped for a larger part 

than allowed, which results in the selection of the best of the two. The method attempts to 

avoid cross contamination between multiple frequencies with different propagation 

properties but not different modes. All the subintervals may be whistlers, but different 

frequencies may have different θkB.

Figure 4 shows the hodograms of the intervals of Figure 3, and each panel of Figure 4 

corresponds to the same panel of Figure 3 marked with the same letter. For example, Figure 

4k shows the hodogram of the subinterval of Figure 3k. The starting point of each hodogram 

is signified by the green circle and the end by the green cross mark. The direction of the 

minimum variance eigenvector is shown in the center of each panel, where a dot shows that 

it is directed outside of the paper, while an x mark shows that it is directed inside the paper. 

The blue arrow shows the direction of B0 projected onto the plane of the maximum and 

intermediate MVA directions. Figure 4a shows the hodogram of the entire time series on the 

MVA coordinates calculated for the entire LR interval. What can be seen is that there are 

parts where the waves are mostly elliptically polarized, but they appear to change 

orientation, while there are some parts where they might be circularly polarized. On the 

other hand, the majority of the subintervals in Figures 4b–4p are almost circularly polarized, 

with the exception of the subintervals in Figures 4b, 4n, 4o, and 4p that are slightly more 

elliptical. In the subinterval of Figure 4c there seems to be some rotation of the ellipse in the 

three windings as well. Finally, the θkB angle is calculated for each subinterval and is shown 

for all subplots of Figure 4. The average θkB angle for the 15 subplots is ~ 20°. The majority 

of the subintervals have a θkB angle which is within one standard deviation (i.e., on the 

interval [7.8–32.7]°).

Calculations for each MVA subinterval shown in Figure 3 are provided in Table 1. The MVA 

intervals e, f, and j have much more parallel propagation vector to B0, while interval g 
propagates in a direction that is more than 45° relative to B0 and the rest of the MVA 

intervals have θkB ~ 25°. On the other hand θkV, the angle between the propagation vector 

and the plasma bulk velocity, is more constant for the majority of the intervals ~ 84° ± 5, 

with the exception of intervals b, d, and g (smallest with θkV = 67°).

The high sampling frequency of B allowed for high-frequency waves to be observed. This 

leads to having MVA subintervals that last ⇀100 ms. On the other hand, the sampling of B0, 

n, and Vb is considerably smaller. This is why these quantities were resampled with the 

sampling rate of B using linear interpolation for the points that lie between two actual 

samples of the three quantities.
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In order to obtain the wavenumber for each of the MVA intervals, we follow a similar 

procedure to that outlined in Wilson et al. (2013). The cold plasma index of refraction for 

oblique whistler waves satisfying ωrf
2 ≪ ωpe

2 and ωce ≪ ωpe is given by

n2 = k2c2

ωrf
2 =

ωpe
2

ωrf ωcecos θkB − ωrf
(1)

where ωpe is the electron plasma frequency, ωce is the electron cyclotron frequency, and ωrf 

is the frequency of the wave in the plasma rest frame. Applying a Doppler shift (ωsc = ωrf − 

k · Vb) to equation (1) (where ωsc is the frequency observed in the rest frame and Vb the 

plasma bulk velocity) leads to the third-order polynomial

Vbk 3 + cos θkB − ωsc k 2 + Vbk − ωsc = 0 (2)

where k = kc/ωpe, Vb = Vbcos θkV /V Ae, ωsc = ωsc/ωce, VAe = B0/(μ0neme)1/2, μ0 is the free 

space permeability, ne is the electron density, and me is the electron mass.

The real part of the roots of equation (2) provides three solutions for ωrf. Since we are 

interested in high-frequency whistler waves, the valid solutions are the ones where ωrf > 

ωLH, where ωLH = [(ωciωce)−1 + ωpi
−2]−1/2, ωpi = nie

2/ miϵ0  is the ion plasma frequency, 

ni is the density of ions, B is the magnetic field magnitude, e is the elementary charge, c is 

the speed of light, and mi and me are the mass of the ion and electron, respectively.

To determine the properties of the waves in section 3, the probability density function (PDF) 

was fitted to the data, using kernel density estimation defined by

f (x) = 1
nh ∑

i = 1

n
K

x − xi
h (3)

where n is the number of samples, xi is each individual sample, K is the kernel function, and 

h = 1.06σn−1/5 is generally used as a rule of thumb, with σ being the estimated standard 

deviation of the sample. For a more detailed explanation of the kernel density estimation, see 

Silverman (1986). Experimentally determining the PDF of the samples allows then to 

estimate the cumulative density function (F(x)) by integration, as well as obtain the expected 

value defined by

E(x) = ∫
−∞

+∞
x f (x)dx (4)

The cumulative density function (CDF) can then be used to determine the probability 

P x < xi = F xi = ∫ 0
xi f (x)dx or inside an interval A, by finding the area of the PDF in that 

interval.
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The locations where emissions were detected are shown in Figure 5. The magnetopause and 

bow shock models are also shown in Figure 5. A wide range of the magnetosheath x-y plane 

was sampled, but due to the trajectories of the spacecraft, the sample range of latitudes is not 

as broad. The location of all the LRs that was observed being closer to the magnetopause is 

probably due to the majority of the timing when the satellites were in burst mode operation 

that was set to coincide closer to magnetopause crossings.

3. Statistical Results

The MVA analysis yielded 39,709 subintervals from a total of 1,738 LR intervals identified, 

using data from 18 different dates between 16 October 2015 and 13 January 2016. From 

these MVA subintervals, 2,115 were excluded from the study, because the particle density 

was measured to be ≥ 75 cm−3 which is a region where the fast plasma investigation 

instrument is inaccurate due to saturation effects. About 961 MVA intervals were removed 

because measurements of the ion and/or electron distributions were not available. The wave 

properties are summarized in Figures 6–13.

Figures 6a and 6b show histograms of the ratios of the peak frequency over the electron 

cyclotron (ωce = eB/mec) and the lower hybrid (ωLH = ((ωciωce)−1 + ωpi
−2)−1/2) frequency, 

respectively. The estimated PDF is plotted on top of the histograms along with the CDF in 

panel b of both figures.

Figures 7a–7c show the distribution of the MVA subintervals θkB, θkV, and θk×V×B angles, 

where θk×V×B = 90° − cos−1 (k · (Vb × B0)). The MVA eigenvalue ratio of the intermediate 

to minimum in Figure 8a and the maximum to intermediate directions is shown in Figure 8b.

For each of the MVA subintervals, the peak frequency of the emissions in the spacecraft 

frame, along with plasma measurements, was used with equation (2) to all the MVA results. 

In total, 30,636 of the MVA intervals had ωrf > ωLH. Figure 9 shows the plot of the 

normalized peak frequency (ωrf/ωce) against the normalized wave vector magnitude ( k ).

The histograms for the ratio of the rest frame peak frequency to the electron cyclotron and 

lower hybrid frequency are shown in Figures 10a and 10b, respectively, and the formatting is 

the same as the previous histogram figures.

The histograms of the angles θkB, θkV, and θk×V×B for the 30,636 MVA subintervals for 

which the rest frame frequency adheres to the condition ωrf > ωLH are shown in Figures 

11a–11c, respectively.

A histogram of the magnetic field amplitude in the maximum MVA coordinate (Bmax) is 

shown in Figure 12 for the subintervals where equation (2) had a valid solution. In this case 

the PDF was estimated for the actual data and not the logarithm of the data, which is shown 

in the plot for convenience. The amplitude of the same subintervals is plotted relative to the 

θkV angle in Figure 13. Figures 13a–13i show the plots of θkV against the maximum 

amplitude of the same subintervals from Figure 12 with each panel showing the subintervals 

within the θkB as indicated in the figures.
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The histograms of the plasma beta for the electrons and the ions for the 28,983 MVA results 

for which ωrf > ωLH is true are shown in Figures 14a and 14b. In both figures the x axis has 

been limited and the maximum value for each case is indicated. In the case of electrons, the 

number of subintervals where βe > 7 is 16 and in the case of the ions, there are 1,289 

subintervals with βi > 20.

4. Discussion and Conclusions

We have examined the properties of circularly polarized electromagnetic waves from 36,633 

subintervals of 1,738 intervals of magnetic field measurements from MMS that were 

identified as lion roar emissions. The 1,738 intervals were automatically identified based on 

the magnetic field measurements with the main constraint that they are primarily transverse 

waves. The frequency band of the lion roars in each interval was manually identified based 

on the power spectrum of the magnetic field of the intervals. The intervals were then 

submitted to an automatic adaptive interval algorithm that uses MVA to identify appropriate 

subintervals. From all the MVA subintervals, only the ones that were circularly polarized 

and had adequately large eigenvalue ratios, to ensure high accuracy in the estimation of k, 

were kept. Using the cold plasma index of refraction for oblique whistler waves along with 

the Doppler shift, we obtained ωrf and |k| for each MVA subinterval. From the original 

subintervals, 28,983 satisfied ωrf > ωLH and they were further examined. No obvious 

correlation could be found between the coefficients of equation (2) and the lack of a solution 

that satisfied ωrf > ωLH for the other 7,650.

From the dispersion relation plot in Figure 9, we can see that the frequency-wavenumber 

plane has been well sampled for all propagation directions up to ~ 2.4 k c/ωpe. For 

wavenumbers > 2.4 k c/ωpe there are more samples for waves that propagate at θkB > 40°.

The plasma beta for the ions (Figure 14b) has E(βi) ~ 9.6, and the histogram peaks at around 

1.4 and 12. For the electrons (Figure 14a), E(βe) ~ 1.2 and 98% of measurements are < 4.

The majority of the emissions (99.8%) have ωsc < ωce (Figure 6a) and (99.7%) ωLH < ωsc < 

48ωLH (Figure 6b). Based on the PDF of ωsc/ωce and ωsc/ωLH, the distribution has three 

peaks, the first one being substantially larger, at ~ 0.19ωce (~ 8.1ωLH), ~ 0.49ωce (~ 

21ωLH), and ~ 0.61ωce (~ 27ωLH). The average (expected value shown in equation (4) 

frequency is 0.3ωce and 13.4ωLH. In the plasma rest frame, we observe that the distributions 

have been shifted to lower frequencies and the majority of the subintervals (98%) have ωrf < 

0.72ωce (Figure 10a) and (92%) ωLH < ωrf < 30ωLH (Figure 10b). The shape of the 

distributions has also changed significantly. The peak at ~ 0.61 ωce (~ 27ωLH) still appears 

with a similar magnitude, but the distribution left of this point now resembles more an 

exponential decay, with a peak at ~ 0.06ωce (~ 2.4ωLH). The average value of ωrf is ~ 

0.18ωce (7.9ωLH). The average frequency in the rest frame is about half of that in the 

spacecraft frame.

The minor differences that are seen between the pairs of Figures 7a and 11a, 7b and 11b, and 

7c and 11c are due to the exclusion of some subintervals because no valid solutions could be 

found for equation (2). Comparing the histograms of the θkB angle between the subintervals 
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in the spacecraft frame (Figure 7a) and the doppler shifted results (Figure 11a), the 

subintervals with θkB ~ 90° are not present and the transition from 60° to 90° has a negative 

slope, while in Figure 7a it appears to be more flat. Similarly, the histogram of the θkV angle 

of the subintervals in the spacecraft frame (Figure 7b) appears to peak ~ 50°, which is not 

observed in the Doppler shifted results (Figure 11b). The shape of the histograms for the 

θk×V×B (Figures 7c and 11c) is similar in both cases.

From the estimated PDFs for all the MVA subintervals (Figures 7a–7c), the expected values 

are E(θkB) = 26°, E(θkV) = 52°, and E(θk×V×B) ~ 0°, while 81% of the samples have θkB < 

45°, θkV > 32°, and −26° < θk×V×B < 26°. When considering the valid Doppler shifted-only 

subintervals, the expected values are E(θkB) = 23°, E(θkV) = 56°, and E(θk×V×B) ~ 0° and 

81% of the samples have θkB < 38°, θkV > 37°, and −26° < θk×V×B < 26°.

The majority of LRs propagate obliquely relative to the plasma bulk flow and are more 

likely to be observed to propagate close to parallel to the background magnetic field. The 

average value of θk×V×B ~ 0° could indicate that the free energy source for the waves is 

mainly linked to the magnetic field and the plasma bulk flow. The peak that was observed at 

θkV ~ 50° is consistent with the results of Wilson et al. (2013), where they argued that the 

lower sampling frequencies were the reason that waves with lower θkV were not observed 

due to a Doppler shift above the Nyquist frequency. On the other hand, the data used in this 

study were sampled at much higher frequency and the same phenomenon is observed.

The majority of the studies have observed few cases of LRs with θkV < 45°. Wilson et al. 

(2013) reported no observations of whistler waves with such angles, Moullard et al. (1998) 

reported an average 70°, and from the examples of Zhang et al. (1998) we found two cases 

with θkV < 45° from the examples presented in the paper. In this study ~ 35% of the MVA 

subintervals have θkV < 45° and ~ 27% of the Doppler shifted MVA subintervals. The 

difference results from an inability to calculate the Doppler shift for all MVA subintervals, 

because there was no solution that solved equation (2) and satisfied the conditions 

previously mentioned.

Looking at Figures 6a and 6b, and 10a and 10b, it can be seen that the shapes of the 

distributions of ω/ωce and ω/ωLH both in the spacecraft and the plasma rest frame are 

similar and the scaling between them is mi/me. This is because the ion plasma frequency 

of all measurements is very high. This makes the lower hybrid frequency dependant upon 

ωci and ωce. More specifically, (ωce/ωLH)2 ~ ωce
2/(ωceωci) = mi/me. Assuming that ne ~ ni, 

then ωpe > ωpi, and so the condition for the waves satisfies ωce ≪ ωpe, required by equation 

(1).

The expected value for the maximum MVA component peak amplitude of the emissions was 

found to be ~ 0.14 nT, while 77% of the samples have an amplitude < 1 nT. The maximum 

amplitude found was ~ 6.2 nT. Based on Figures 13a–13i, the largest amplitude emissions 

were observed for smaller θkB angles. For angles θkB < 60°, it appears that the amplitudes 

have a larger mean and standard deviation than in the cases where θkB > 60°. Finally, for 

θkB < 80, the amplitude has a smaller range for smaller angles of θkV.
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The source of LRs in the magnetosheath is most likely a temperature anisotropy of the halo 

electrons. This anisotropy can in some cases be related to mirror modes, often observed in 

the magnetosheath. Lengyel-Frey et al. (1994) have calculated the energies for the resonant 

electrons for each of the cases of Landau damping, cyclotron resonance, and anomalous 

cyclotron resonance due to the interaction with whistler waves observed at interplanetary 

shocks. The lower-energy electrons experience Landau interactions, and the higher-energy 

electrons experience cyclotron interactions. LRs in the magnetosheath will affect the 

electron distribution similarly since they are oblique and observed at a high range of 

frequencies. Landau damping will result in a more oblate electron velocity distributions in 

the direction of the background magnetic field. Cyclotron interactions can cause a 

temperature anisotropy in the halo electrons. If the interaction results in damping of the 

wave, then it will increase the temperature in the perpendicular direction relative to the 

background magnetic field (Brice, 1964). The interaction between the waves and the 

electrons can lead to a distribution different from the one that generated the waves (Chang et 

al., 2013; Hughes et al., 2014).

As LRs propagate from the bow shock toward the magnetopause, they play an important role 

in the regulation of the halo electron anisotropies in the magnetosheath. They also seem to 

be closely related to mirror mode structures and the regulation of the temperature 

distribution of the trapped electrons in these structures (Breuillard et al., 2017). Quasi-linear 

and nonlinear particle-wave interactions could lean to untrapping electrons from the mirror 

mode. The sampling rate and the quality of the MMS instruments could offer better insight 

on the mechanisms that generate LRs and how they affect the plasma as they propagate.

Finally, whistler mode waves have been observed in many different regions of the 

heliosphere, such as magnetic clouds (Moullard et al., 2001) and planetary atmospheres 

(Hughes et al., 2014), and they are closely linked to collisionless shocks, planetary, and 

interplanetary (Gary & Mellott, 1985; Lengyel-Frey et al., 1994; Walker et al., 1999). It is 

important to understand their properties, generation mechanisms, and the effects they have in 

the plasma in order to extrapolate to inaccessible regions of space.
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Key Points:

• In the observation frame the emissions have a wide range of frequencies, but 

in the rest frame they have < 70%that of the electron cyclotron

• Lion roars propagate at oblique angles in the magnetosheath, quasi-parallel on 

average, but in a very wide range of angles

• Lion roars are important in the regulation of magnetosheath electron 

anisotropies as they convect from the bow shock to the magnetopause
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Figure 1. 
Magnetic field measurements of an example Lion roar. The magnetic field in FAC is shown 

in panel a. The band-pass ([45–100] Hz) filtered signal of the emission is shown in panel b. 

Panels c-e show the power spectrum for each of the three magnetic field components B⊥1, 

B⊥2, and B∥, respectively. The vertical magenta lines in panels c-e denote the frequency 

band of the emission as identified by the power spectra. FAC = field-aligned coordinates.
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Figure 2. 
Electric field measurements of an example lion roar. The measured electric field in FAC is 

shown in panel a. The band-pass ([45–100] Hz) filtered signal of the emission is shown in 

panel b. Panels c-e show the power spectrum for each of the three electric field components 

E⊥1, E⊥2, and E∥, respectively. The vertical magenta lines in panels c-e denote the 

frequency band of the emission as identified by the power spectra. FAC = field-aligned 

coordinates.
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Figure 3. 
Filtered magnetic field measurements in GSE coordinates (a) for the example emission on 1 

December 2015. The magnetic field projections on the MVA directions for each interval (b-

p). The minimum, intermediate, and maximum directions are shown in blue, red, and 

orange, respectively. MVA = minimum variance analysis.

Giagkiozis et al. Page 16

J Geophys Res Space Phys. Author manuscript; available in PMC 2019 November 08.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



Figure 4. 
(a-p) Hodograms of the magnetic field maximum and intermediate components for the 

individual minimum variance analysis intervals of the lion roar example. The blue arrow 

shows the direction of the background magnetic field (B0) projected onto the plane of the 

maximum and intermediate minimum variance analysis direction. The direction of the 

minimum variance is shown in the origin of the plots with a dot/cross mark.
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Figure 5. 
Locations of observed LR emissions by the Magnetospheric Multiscale 3 on 18 different 

dates from 16 October 2015 to 13 January 2016. The 1,738 locations shown are the ones 

where the minimum variance analysis eigenvalues were considered good. The x-y positions 

of the spacecraft at the time of observation are shown in panel a, along with a model 

magnetopause (blue dashed line) and model bow shock (red dashed line). In panel b the 

latitude versus the azimuth angle of the position of the observed LR is shown. The points in 

both panels follow the same color coding for the angle between the background magnetic 

field and the average propagation direction of each LR interval observed θkB0
. LR = lion 

roar.
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Figure 6. 
Histograms of the ratios of the spacecraft frame frequency peak (ωsc) identified to the 

electron cyclotron (panel a) and the lower hybrid frequency (panel b), for each minimum 

variance analysis subinterval. The estimated scaled fitted PDF and the CDF are also shown 

in red and yellow, respectively. The calculated average is shown by the dashed vertical red 

line. CDF = cumulative density function; PDF = probability density function.

Giagkiozis et al. Page 19

J Geophys Res Space Phys. Author manuscript; available in PMC 2019 November 08.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



Figure 7. 
Histograms of the propagation vector angle with the background magnetic field (panel a), 

the plasma bulk flow (panel b), and the latitude from the V × B plane (panel c). The 

estimated scaled fitted PDF and the CDF are also shown in red and yellow, respectively. The 

calculated average is shown by the dashed vertical red line. CDF = cumulative density 

function; PDF = probability density function.
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Figure 8. 
Histograms of the eigenvalue ratios of the intermediate to minimum (panel a) and the 

maximum to intermediate (panel b) minimum variance analysis components. The estimated 

scaled fitted PDF and the CDF are also shown in red and yellow, respectively. The calculated 

average is shown by the dashed vertical red line. CDF = cumulative density function; PDF = 

probability density function.
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Figure 9. 
Dispersion relation for the 30,636 minimum variance analysis intervals where ωrf > ωLH. 

The circles are the points of the individual minimum variance analysis subintervals. The 

dashed lines show the calculated dispersion for a given θkB angle.
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Figure 10. 
Histograms of the ratios of the rest frame frequency peak (ωrf) identified to the electron 

cyclotron (panel a) and the lower hybrid frequency (panel b), for each minimum variance 

analysis subinterval. The estimated scaled fitted PDF and the CDF are also shown in red and 

yellow, respectively. The calculated average is shown by the dashed vertical red line. CDF = 

cumulative density function; PDF = probability density function.
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Figure 11. 
Histograms of the propagation vector angle with the background magnetic field (panel a), 

the plasma bulk flow (panel b), and the latitude from the V × B plane (panel c) for the 

minimum variance analysis subintervals for which ωrf > ωLH. The estimated scaled fitted 

PDF and the CDF are also shown in red and yellow, respectively. The calculated average is 

shown by the dashed vertical red line. CDF = cumulative density function; PDF = 

probability density function.
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Figure 12. 
Histogram of the amplitude in the maximum MVA coordinate of the MVA subintervals 

where ωrf > ωLH. The expected value obtained by the probability density function fitted to 

the data is shown. The fitted probability density function is not shown because it was not 

estimated for the logarithm of the data. MVA = minimum variance analysis.
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Figure 13. 
(a-i) Plots of θkV against the amplitude in the maximum minimum variance analysis 

coordinate of the minimum variance analysis subintervals where ωrf > ωLH. In each panel 

emissions with the θkB range are shown. The mean (< |Bmax| >) and the standard deviation 

(StD(|Bmax|)) for each interval of θkB are also shown.
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Figure 14. 
Histograms of the calculated plasma beta for the electrons (panel a) and ions (panel b) for 

the minimum variance analysis subintervals for which ωrf > ωLH. The estimated scaled fitted 

PDF and the CDF are also shown in red and yellow, respectively. The calculated average is 

shown by the dashed vertical red line. CDF = cumulative density function; PDF = 

probability density function.
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