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e For frequencies <100 kHz the observed beaming angle pattern is consistent with the

predictions from linear mode conversion theory.

e For frequencies =100 kHz another mechanism along with linear mode conversion is

needed.

Keywords: Linear Mode Conversion Theory, Nonthermal Continuum Radiation, Terrestrial
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Abstract

The nonthermal continuum radiation (NTC) beaming angle is computed over the entire Van
Allen Probes A mission when the spacecraft was in the dawn sector. The conditions in the dawn
sector are favorable for the wave vector to lie near/in the spacecraft’s spin plan allowing a
favorable estimate of the beaming angle, and the dawn sector is also advantageous in that
previous studies show NTC occurrence to peak in this sector. We found that scatter plots, over
the entire mission, of beaming angle versus magnetic latitude form a distinct inverted-V pattern,
with the apex at/near the magnetic equator. This pattern was sharpest for frequencies (f) < 100
kHz. Using the NTC beaming formula from the linear mode conversion theory (LMCT), we
show that such an inverted-V pattern is expected due to the large variation in the plasmapause
location over the entire mission. The theoretical derived pattern qualitatively reproduces the
observed pattern but not quantitatively. The lack of quantitative agreement is discussed and is
attributed to several factors, one factor is off-centered emissions from the radio window. The
qualitative agreement strongly supports LMCT as being the dominant mechanism generating
NTC for f < 100 kHz. For f = 100 kHz the inverted-V pattern becomes less distinct, and strong
near-equatorial beaming is observed. After considering contamination of our selections by left-
handed polarized AKR, our study suggests that besides LMCT another unidentified NTC

generation mechanism becomes important for f = 100 kHz.

Plain Language Summary

No summary given. Not required.
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1. Introduction

Non-thermal continuum (NTC) radiation (also called terrestrial myriametric radiation) is
free space (f > fpe, where f and fpe are the wave and plasma frequencies respectively)
electromagnetic (EM) radiation for waves in the left-handed ordinary (L-O) mode observed in
and near the Earth’s magnetosphere and mainly outside the plasmasphere (Gurnett & Shaw,
1973; Gurnett 1975). NTC is believed to be emitted at strong density gradients chiefly at the
equatorial plasmapause and is associated with electrostatic (ES) waves near the upper hybrid
frequency (Gough et al., 1979; Kurth et al., 1981) and electron injections (Gough, 1982). This

radiation can be produced over a broad frequency range from ~10 kHz to 100’s of kHz and is

roughly divided into two categories 1) trapped continuum where f < fpe at the magnetopause and
escaping continuum where f > fpe at the magnetopause (Kurth et al., 1981). For f = 100 kHz,
escaping radiation is often called kilometric continuum (KC) radiation (Hashimoto et al., 1999;

Green et al., 2002; Green et al., 2004; Hashimoto et al., 2005).

The widely accepted theory for the generation of NTC is linear mode conversion theory
(LMCT) (Jones, 1976; Budden, 1980; Horne et al., 1989; Kim et al., 2013, Schleyer et al., 2014).
In this theory electrostatic waves (ES) at frequencies of ~(n+%2) fce (Kurth et al., 1979), where fce
is the electron cyclotron frequency, are generated by electron loss cone distributions (Gough et
al., 1979; Ronnmark & Christiansen, 1981) or weak ring-like features in the electron distribution
(Sentman et al., 1979; Kurth et al., 1980) at/near the magnetic equator. As these ES waves
propagate toward the higher density plasmapause, they convert into EM Z-mode waves on the
same dispersion branch (e.g., Oya, 1971). Mode conversion from incoming Z-mode to the free

space L-O wave mode radiation occurs at the radio window, where the Z-mode frequency
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matches the local electron plasma frequency. This process is depicted in Figure 4 of Jones (1980)

and Figure 8 of Horne et al. (1989).

The key prediction of LMCT by Jones (1976) is that the mode-converted L-O mode
waves can form two symmetrical beams relative to the magnetic equator as they propagate away
from the equatorial plasmapause into lower densities outside the plasmasphere. The LMCT

beaming formula is.

Op = tan™! /% )

Here, Os is the beaming angle measured from the background magnetic field at the radio window
B (k|| +B) or -B (k|| - B), k is a wave vector, fpe w and fce_ware the electron plasma and cyclotron
frequencies at the window, respectively, and at the radio window, f = fpe w (Jones, 1980). The
beaming formula holds at the window center where the waves experience no attenuation upon
crossing. The window center is where the incoming Z-mode Kk is either parallel or anti-parallel to
B. Therefore, if Z-mode waves are propagating into the window from both the +B and -B
directions, two symmetric L-O mode free space beams about the magnetic equator will be
emitted from the radio window. We note that 65 is the predicted asymptotic refraction
(propagating away from the radio window as the index of refraction —1) of k away from the B
direction as it propagates into the lower plasma density. For a typical plasmapause density
gradient, this refraction of k from 6 of 0° at the radio window center to ~ 6s will occur over a
radial distance of less than ~0.1 Re, where Re is Earth’s radii (Jones, 1980; Horne, 1989). For

off-centered emission’s the wave attenuation increases as the deviation of the beaming angle
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away from 65 increases (Budden, 1980). We note that studies often use the complement of Os;

A= tan (\ (fee_w / fpe_w)), Which is a beaming angle between k and the magnetic equatorial plane.

The acceptance of the LMCT theory is based primarily on Jones et al. (1987), where
Dynamics Explorer-1 observed two symmetrical NTC beams in magnetic latitude (im) as the
spacecraft transverses the magnetic equator. Other follow-up studies seeking to further verify the
LMCT interpretation have either negative or mixed results (Morgan & Gurnett, 1991; Grimald et
al., 2007) on the beaming angle predictions. Two multi-event/case studies of KC using
GEOTAIL (Hashimoto et al., 2005) and IMAGE (Boardsen et al., 2008) spacecraft concluded
that the LMCT beaming formula predicted too small (too large if complement of beam angle is

used instead) of a beam angle 68 compared to the Am where the KC was observed.

In this paper, using the VVan Allen Probes-A High Frequency Receiver (HFR) dataset over
the entire mission, we perform a statistical study of the observed beaming angle 6s as a function
of the spacecraft position and compare it with that predicted by LMCT. This paper is organized
as follows. Section 2 describes the dataset and how 6s is computed. Section 3 explores the
statistical set of ©s observations. Section 4 derives the theoretically predicted beaming angle

using equation (1) as a function of satellite location, followed by a discussion and conclusion.

2. Remote Measurement of the Observed Beaming Angle

For observational studies cited in the introduction and this study, the electromagnetic

radiation in the NTC frequency range was only sampled by one spin plane electric field antenna.
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Therefore, the only approach to estimate the wave vector direction and the source beaming angle
is from the analysis of the antenna’s spin modulation curve. The modulation curve is (e.g., Kurth

etal., 1975)

(5—)2 - (1-D)-Zeosl2(si -], ()
where E; is the component of the vector electric field E measured by the spacecraft antenna at
time step i, Eo is the peak spin plane electric field, m is the modulation index, ¢ is the azimuthal
angle of k in the spin plane, and di is the antenna angle in the spin plane. At the time of the null
(0i = 9) the antenna is aligned with the projection of k onto the spin plane because keE=0 for free
space radiation. The modulation index m=1 corresponds to full modulation (k lies in the spin

plane) and m =0 corresponds to no modulation.

In this study, we use the High Frequency Receiver (HFR) on the VVan Allen Probes A
spacecraft (Kletzing et al., 2013) for which only one spin plane electric field antenna is sampled
by the receiver for a given time interval. Because we want k to lie nearly in the spin plane to
estimate Os, we need to analyze time intervals where the spin axis direction is nearly
perpendicular to the radial direction of the Earth. The Van Allen Probes spin axis vector, which
points to within £28° of the Sun, is nearly perpendicular to the radial direction for MLTs around
6 MLT and 18 MLT. Continuum typically peaks around dawn (Gurnett & Frank, 1976). Fits
were made only for periods when the angle between the spin axis and the radial position vector
(Earth centered) was within +15° of perpendicular orientation. In all, 6408 dawn sector time

intervals were processed from 2012/10/15 to 2019/06/20. The onboard HFR spectral
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measurements consist of 82 logarithmically spaced frequencies ranging from 10 to 487 kHz. The
cadence of the frequency sweeps is 0.5 s, which is small compared to the spin period of ~11 s.
For each dawn sector time interval, spin modulation curve fits were performed on the HFR
spectra dataset (Kletzing et al., 2022). Fits were performed for each frequency over a time range
covering 1&1/2 spin periods (~33 measurements, ~17 s), staggering each time step by the one-
time measurement between individual fits. We note that other approaches could had been
performed like Fourier analysis over multiple spin periods of the spin modulation curve (Kurth et

al., 1975).

The analysis approach used in this study is that described in Morgan & Gurnett (1991).

We rewrite the modulation equation (2) as

pi(f) = Cy +Cycos(28;) + C3sin(26;)  (3)

where p; (f) is the measured electric field power spectral density at frequency f, §; is the antenna
spin phase angle at time step i, respectively, and C;, C,, and C5 are the fit coefficients. Least
squares fit of equation (3) are made over all data points within +% of a spin period about the time
of the center point i, solving for the fit coefficients C,, C,, and C5. A five-point smoothing is
performed on p; (f) before fitting. The smoothing was performed to reduce the noise in the data,
however smoothing complicates the meaning of modulation index discussed later in this section.
The uncertainties of the fit coefficients AC;, AC,, and AC5 are computed from the product of their
variance with the diagonal elements of the covariance matrix (Bevington & Robinson, 1992). We
found that the off-diagonal elements of this matrix are small relative to the diagonal elements, so

the cross-correlations are set to zero when estimating the uncertainties in m, ¢, and Ao.
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From C,, C,, C5, ACy, AC,, and AC5, one can compute m, ¢, o, and their uncertainties

Am, A9, Ao as

m=2 /czz +(:32/<c1 + /czz +c32> 4)
5= %tan‘l(C3/C2), )
cos?(4y) = m. (6)

In equation (6) o is the angle of k out of the spin plane. The uncertainties Am, 46, Ao are
computed from square root of the square of differential form of equations (4-6) and setting the

terms involving AC; AC,, AC,AC;, and AC;AC;, to zero due to their small cross-correlations. We

A 2
note that Fainberg (1979) uses a different representation of the modulation curve (?) =1-

1

m' cos[2(8; — &)], where E1 is a constantand 0 < m' < 1 is the modulation index, compared to
equation (1) of this paper. The relation between the modulation index’s is m' = %, Jowould be

2m’
1+m’’

given by cos?(1,) = Both approaches are equally valid. The representation by Fainberg

(1979) was used by Menietti et al. (1998) to estimate the direction of Jovian radio emissions.

Figure 1 is an example spin fit of the modulation curve for the frequency channel at 38.3
kHz. The fit parameters and their uncertainties are listed in the figure. For this fit, the uncertainty

in dis 3.6° in 0.5 s between spectral measurements the antenna rotates through angle of ~16°.
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Using the spacecraft ephemeris (see Data Availability Statement) and the NAIF SPICE toolkit
(Acton, 1996; Acton et al. 2017), the antenna orientation at the time of the null in modulation
curve indicated by the blue curve in Figure 1 was computed. The antenna’s unit vectors are in
Solar Magnetic (SM) coordinates (u, v, w), where u and v are in the spin plane, and w is along
the spin axis. For SM coordinates, the origin is Earth centered and the Z-axis (Zswm) is parallel to
the north magnetic pole. If the HFR is connected to u (or v) antenna, then projection of
wavevector k into the spin plane ( Esp) is aligned with u (or v) to within a sign. The sign is
chosen such that -k points Earthward (directed nearest to the Zsm axis). The beaming angle s is

estimated as an angle between Esp and Zsw if the spacecraft is in the northern hemisphere, and

Esp and the -Zswm axis if the spacecraft is in the southern hemisphere.

We retain only 6s measurements for which a plasma density measurement (Kurth et al.,
2015) was available in the plasma density data set (Kurth et al., 2020) for each fit time interval.
The local plasma density is needed to compute the local plasma frequency fpe to restrict the

frequencies to the free space mode.

The 6408 processed time intervals were filtered for NTC emissions with strong
modulation using the following criteria: f > 1.2fpe, m>0.6, Am/m < 0.2, x2/x2<0.25. We use
x?%/x2 <0.25 in order that the sinusoidal fit is substantially improved over the constant offset fit
(where the fit curve is a constant) given by y2. We also removed data during intervals judged to
be saturated, this removed about 4% of the data points. Applying this filter reduces our set of 68

measurements to 1.6 x107 frequency-time pixels. We found that the modulation index of type Il
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radio bursts was consistently < 0.4, so contamination of our selections by these radio bursts is

minimal.

Smoothing the signal will lower the modulation index because the dc component of the
signal will not change, while the ac component will become smaller in amplitude. If the signal is
a sine curve, the effect on m due to smoothing can be computed. The amplitude of a smoothed

sine curve of unit amplitude is given by.

b(a,n) = (1 + 2sin(na) cos((n + 1a) /sin(a))/2n+1), (7)

where 2n+1 is the amount of smoothing, and « is the angular increment between measurements.
For five-point smoothing n = 2 and from the antenna rotation angle between measurements a =
2:16°, b(a,n) = 0.715. The relation between m from the smooth sine curve and the modulation

index mc¢ from the non-smoothed sine curve is.

m, = 2m/(2b(a,n) + m(1 — b(a,n)). (8)

The value m = 0.6 used as the lower limit in filtering the data gives m¢ =0.750, which from

equation (6) gives an out of spin plane angle estimate limit of 30° for the wave vector.

Frequency-time spectrograms of two orbital segments where the spin modulation curves
were fitted are shown in Figures 2 and 3 for (a) spectral power density, (b) the modulation index

m, (c) the chi-squared ratios y2/x3 and (d) selections that satisfied the selection criteria. The red
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line in Figure 2(d) at 53.6 kHz between 4.5 and 5 Re are data points used in Figures 8, 9, and 10.
For f > 100 kHz strong contamination of the selections can occur. Figure 3 shows an extreme
example of selected emissions 200 < f < 500 kHz interpreted to be heavily contaminated by L-O
mode AKR when the spacecraft is at 1), > 10° and R > 5.3 Re in dawn sector (MLT ~ 6). Green
et al. (1977) using ray tracing showed that L-O mode can propagate from the source (dusk sector
auroral field lines) across the polar cap and down to Am of about 10° on the dawn sector (unlike
R-X mode AKR (Green et al., 1977; Xiao et al., 2016) which can easily propagate to the dusk
sector equatorial inner magnetosphere). Looking at the ray tracing results of Green et al. (1977)

this contamination will decrease as the magnetic latitude decreases in the dawn sector.

Histograms of the selected frequency-time pixels are presented in Figure 4 of (a) the radial
distance (R), (b) Am for f <100 kHz, (c) the magnetic local time (MLT), and (d) Am for f > 100 kHz.
The y-axis is the number of selected frequency-time pixels per bin. Splitting the frequencies into
those below and those above 100 kHz is because the emissions show a distinct change in the spatial
characteristics as discussed in the next section. The magnetic latitude histograms are substantially
different between f < 100 kHz (Figure 4(b)) and f > 100 kHz (Figure 4(d)). While the lower
frequency case (f < 100kHz) shows a deep minimum (notch like feature) at the magnetic equator,
the higher frequency case (f > 100kHz) shows a strong peak at the magnetic equator. The former f
< 100 kHz is quantitatively consistent with LMCT in the sense that the beaming is predicted to be
directed out of the equatorial plane, while the later f > 100 kHz is not consistent with LMCT and
is more consistent with the findings of Hashimoto et al. (2005) and Boardsen et al. (2008) where
stronger equatorial beaming was suggested than that predicted by LMCT. The counts pick up

moving away from the magnetic equator for f > 100 kHz in Figure 4(d), and we interpret this to be
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due to contamination of selections by L-O mode AKR which is predicted to become stronger as

Jm increases (Green et al. 1977).

3. Observed Beaming Angles Versus Magnetic Latitude

We explored scatter plots of the selections for each frequency as a function of various
parameters against beaming angle (e.g., radial distance, magnetic latitude, etc.). For scatter plots
of magnetic latitude, the scatter exhibited an inverted-V pattern with the apex at/near the magnetic,
with the pattern clearer for frequencies below 100 kHz. Figure 5 shows scatter plots of Os versus
Am When spacecraft is located at a radial distance between 4 and 5 Re (4Re < r < 5RE) for various
frequency ranges, for a) f > 19 and < 51 kHz and b) f > 51 kHz and f < 100 kHz, c) f > 100 kHz
and f < 147 kHz, and d) f >147 kHz and f < 500 kHz. Beyond the division at 100 kHz, the choice
of frequency boundaries is arbitrary. For Figure 5(a) and (c), a distinct statistical inverted-V pattern
is observed about the magnetic equator. Note that the gap in detections in Figure 5(a) is consistent
with the notch in the histogram in Figure 4(a). For Figure 5(b) and (d), an inverted-V signature for
| Am | < 10° is observed in the running median, while for | Am | > 10° we interpret the scatter to be

strongly contaminated by L-O mode AKR.

Scatter plots of Os versus MLAT for 5.5 Re <r < 6 Re are shown in Figure 6(a-d). For the
lower frequency radiations (f < 100kHz), an inverted-V pattern is observed about the magnetic
equator as shown in Figure 6(a-b), while no inverted-V pattern is discernable for the higher

frequencies as shown in Figure 6(b, d), which is interpreted to be due to L-O mode AKR
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contamination. Can the inverted-V structure of beaming angles versus magnetic latitude observed
in scatter plots covering the entire seven-year mission be explained in terms on LMCT? This will

be explored in the next section.

4. Model Beaming Angle versus Spacecraft Position for Varying Plasmapause Location

If LMCT is the principal generation mechanism, what is the predicted statistical Os pattern as a
function of spacecraft position and detected NTC frequency f for a wide range of plasmapause
locations? Figure 7(a) illustrates the meridian geometry used to interpret the results of our
observational data analysis. To connect the source with the observation: we assume straight-line
motion of the radiation once it leaves the source region at the asymptotic beaming angle. This
means that we ignore refraction along the path between the source region and the observer. There
are many observational studies that use this assumption (e.g., Jones, 1987, Morgan & Gurnett,
1991; Grimald et al., 2007). Based on the comparison with the observations in this study it appears
that this assumption is reasonable. Because of this assumption no density model is needed, if one
was going to ray trace from the radio window, yes both a plasma density and magnetic field model
are needed, but this is not a ray tracing study. The ray tracing (e.g., Jones 1980, Jones 1981, Horn,
1989) using a reasonable density model shows a straight-line ray path for the emitted free-space
mode with a beaming angle near the asymptotic radio window beaming angle. However, a future
paper using ray tracing under various density profiles quantifying the effects of refraction should

be made.

The following assumptions are used: background magnetic field is an Earth center dipole anti-
aligned with the Zsw axis; the radio window is located at the equatorial plasmapause; the

plasmapause is assumed to have local azimuthal symmetry; the emission is from the center of the
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window. Under these assumptions, the ray lies in the meridian plane. In Figure 7(a), the radio
window (W) is located at an equatorial plasmapause at 2.5Re, the blue line is the emitted NTC ray
path for f = fpe w from W to the spacecraft (SC). Knowing the location of the radio window and

spacecraft the beaming angle can be computed as

tan 6 = 2Ew, (9)

SC

The SC and W locations in the p -z plane is given by (ps., z5.) and (p,,, 0) respectively, where

p = +/x% + y2 in units of Re. Using an Earth centered magnetic dipole fee wis given as

870

fce_w = p_wg Hz (10)

for a dipole moment of 3.11x10° T. For this example, from the SC and W location 85 = 47.9°
from equation (9) and from equation (1&10) f = fpe w = 68.1 kHz. For variable W location in
equatorial radius (Figure 7b) and fixed f and SC r the solution of equations (1&9&10) results in
an inverted-V pattern for 6s versus Am (Figure 7c¢). The 4 dots in Figure 7(b) would be the beaming
values at 4 different frequencies if a sharp plasmapause was at 2.5 RE. The plasmapause could
span 1 frequency only, 2 adjacent frequencies, etc., at different radial locations, giving various
density profiles. As the plasmapause moves inwards or outwards from orbit to orbit under various

geomagnetic conditions the pattern in Figure 7(c) would be traced out.
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Figure 7(b) shows how Os varies for different source locations W in the equatorial radial
distance for four different NTC waves of f = 33.2, 53.6, 68.1, and 121.0 kHz. For example, for a
sharp plasmapause at 2.5Rg, 05 is equal to 37.7°, 44.4°, 47.9° and 55.7° for the four frequencies,
indicated by the black dots in Figure 7(b) and the latitudes at which the SC will observe them in
Figure 7(c). The increase in s with increasing ps,, in Figure 7(b) is due to the increasing
fpe_w/fce_w ratio with increasing pg,, for fixed fpe_w. Thus, as the magnetosphere becomes less
active the geomagnetic Kp index decreases and the plasmapause moves outwards (e.g., Carpenter

& Anderson, 1992; Moldwin et al., 2002) and 68 will increase.

Figure 7(c) presents the predicted model &g for an SC radial position at 4.75 Re as a function of
magnetic latitude Am for plasmapause locations varying between 1.5 to 4.75 Re. For a sharp
plasmapause at 2.5RE, the frequencies emitted at W (black dots in Figure 7(b) will be detected by
the SC with a radial position Rsc = 4.75Re at Am =+ 27.7°, £ 23.5°, £ 21.5°, and + 17.0° (black
dots in Figure 7c) for these four f respectively. For fixed radial position Rsc of the SC, as the
plasmapause location varies due to changing geomagnetic conditions, an inverted-V pattern of
68 versus Am with the apex located at the magnetic equator will be traced out as shown in Figure
7(c). The source location coincides with the virtual spacecraft position at the apex of the
inverted-V at A,, — 0°. As noted, because the beaming formula is asymptotic 6s does not equal

the Z-mode angle of 0° at the radio window center.

Figure 8 shows a comparison of the observations with the model of Figure 7, for the same
fand SC radial distances that lie within 4.5 <r <5 Re. A scatter plot of Os versus Am is shown in
Figures 8(a-d) for these four f. The error bars for Os are plotted for 10 randomly selected points.

To restrict the wave vector to lie closer to the spin plane, only points are plotted for which m >
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0.8 (mc = 0.96). The three blue curves are the theory curves for SC positions at r of 4.5, 4.75, and
5 Re. Comparing the observations with the blue theory curves, one can see that the observations
are qualitatively consistent with the model but are not always quantitatively consistent. With the
disagreement of observed 6s with model the largest around Am of 0°, with the observations about
10° larger than the model 6s. Why quantitative agreement within measurement error is difficult

and maybe impossible to obtain is discussed in the next section.

For f = 33.2, 53.6, and 68.1 kHz a gap in the observations is observed straddling Am of 0°
which would be expected from the off-equatorial beaming predicted by the theory. No such gap
is observed for the large clustering of points for f = 120 kHz which is not consistent with the
theory. However, the lack of a gap could be due to by radiation produced by a second

mechanism.

Can we detect a Kp dependence related to changing plasmapause location over the entire
mission mentioned earlier in this section? Figure 8(e-h) plots Kp (Papitashvili & King, 2020)
versus Am for the selections of Figure 8(a-d). The red lines are linear fits for 1 <Kp <4, and the
number in each panel is the Spearman correlation coefficient. Unlike the linear fit, which is just a
visual aid, this correlation is a nonlinear correlation which measures the degree that the data is
monotonically related, a value of 1 indicates a strict monotonic increasing dependence, while a
value of -1 indicates a strict monotonic decreasing dependence. The negative sign of the
coefficients is consistent with the expected change in plasmapause position with 6s. However,
the correlation is weak for f = 33.2 kHz with a value of -0.29, moderate for f = 53.6 and 68.1 kHz

with values of -0.43 and -0.51 respectively, and for f = 120 kHz the value of -0.21 is poor. So
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below 100 kHz the correlation is moderate at best. We note that in the study of Moldwin et al.
(2002) the non-linear correlation for the overall dataset of radial plasmapause position versus Kp
is 0.55 (see Figure 4 of that study), we should not expect to get a better correlation than this
value since Kp is a not a perfect indicator of the plasmapause location. The uncertainty in the

measurement of 6s will also degrade the correlation.

5. Discussion

Qualitatively the observations for f < 100 kHz reproduce the inverted-V structure of s
vs. Am predicted by LMCT theory for the large variation in plasmapause location over the
duration of the mission. However, the error bars of many measurements do not encompass the
model curve, with a systematic bias, especially for observations near the magnetic equator. We
discuss why one might not expect quantitative agreement. Three major simplifications are used
in our analysis: 1) the dawn sector plasmapause in our model is azimuthally symmetric, it has no
azimuthal dependence. This allows one to use the simple model shown in Figure 7 for
comparison with data. 2) The out of spin plane component is not used in the computation of Os,
we justify this by using only data points with a large modulation index m > 0.6. 3) The emissions

not from the center of the radio window need to be considered.

A radially directed plasmapause gradient used in this study is obviously an
approximation. There are azimuthal variations in the plasmapause location as observed by the
Extreme Ultraviolet Imager on the IMAGE spacecraft (e.g., Sandel et al., 2003). Here we make a

back of the envelope estimate of how this could lead to a systematic offset of about 10°. To
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simplify the argument the measurement of azimuthal angles in SM coordinate system is shifted
to the SC location. From Section 2, the lower limit used in the filter for the modulation index is
m=0.8 (mc = 0.96) which after correcting for smoothing gives a maximum out of plane angle for
k of about 10.7°. Combining this angle with the requirement that the analyzed data segments are
within £15° of being radially directed gives an azimuthal angular range of £26°. So, if the source
is not radially outwards, but directed 26° in azimuth from the radial direction, the radial location
of the azimuthally directed radio window of the source can be estimated. If the spacecraft is near
the equator at a radial distance is 4.75 Re and the plasmapause is 2.5 Re (for a radially directed
outward beam), using the law of cosines a radial distance of about 2.7 Re for the radio window is
computed for the azimuthally directed beam. Looking at Figure 7(b) the model beaming angle
for a window at 3 Re is about 5 degrees larger than the beaming angle for a window at 2.5 Re and
this will lead to a systematic offset. We note that the magnitude of the systematic offset will
diminish as the radially directed window moves outward in radius, because the slope of the curve

in Figure 7(b) decreases with increasing radius.

In principle, the modulation index m can be used to estimate the out of spin plane
component of the wave vector direction. However, there are several factors that limit the
interpretation of m and, therefore, its use in computing the out of spin plane component. 1) One
factor is the variation of Z-mode radiation at the source over the time interval ~17 s of the fit. For
example, the detected NTC in Figure 1 is not sinusoidal, and this could be due to variation of the
Z-mode radiation at the source. The deviation of the observations from a sinusoidal curve limits
the interpretation of m. 2) The smoothing of the data will lower the estimate of m, but this can

somewhat be overcome by using the estimated correction given by equation (8). 3) The presence
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of background radiation can also degrade that interpretation of m, leading to a lowering of its

actual value.

Many observations of NTC are not emissions from near the window center where the
signal attenuation is near zero, but off centered where the signal experiences stronger
attenuation. We will address attenuation using the f=53.6 kHz emissions from the orbit segment
shown in Figure 2. The attenuation equation (23) of Budden (1980) will be used. This equation
requires as input fee w, f=fpe_w, S1, S2 and G; where Sz is the asymptotic direction cosine of the
emitted radiation along B, S2=0 is the direction cosine normal to both B and the density gradient,
here B is taken to be perpendicular to the density gradient, and the scalar of the density gradient
is G. To estimate the location of the window we will use the nearest plasmapause (Figure 9(a))
where f intersects fpe_w, this occurs at 2016-07-12T18:37:06.482Z (red dots), where L=3.65, | Am
=7.18° MLT=7 h and fce = 18.34 kHz. Projecting this location using a dipole field line to the
magnetic equator gives fece w =17.04 kHz. The density variation is assumed to be a function of
only L-shell, and G is estimated to be -1971 m from the gradient of the observed density

variation with L-shell (Figure 9(b)).

The radiation pattern from the radio window is shown in Figure 9(c), -10 dB corresponds
to a decade decrease in power spectral density. The window center is indicated by the black dot
where the attenuation is 0 dB (100% transmission) and ¢ is azimuthal angle measured from the
window location, a ¢ of 0° is directed outwards. We note that a spacecraft at ¢ of 30° will
detect a 3 decade drop relative to the window center in the power spectral density. Using the

same assumptions (¢ =0°) as that used in Figure 7 for f=53.6 kHz, we show in Figure 9(d) that
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inverted-V pattern persists as a function of dB for a plasmapause varying from 1.5 to 4.75 RE.
Including attenuation broadens the pattern in 8s. The Budden (1980) formula is valid for any
angle between B and VNe (gradient of the electron density), except when they are within less
than say 10° of being parallel or anti-parallel. We chose this angle to be 90° (Darrouzet et al.,
2006), therefore the dashed curves shown in the Figure 9(d) we interpreted to be non-valid
solutions of the formula because the incoming wave would be free space instead of Z-mode. If
this interpretation is correct this would also be a factor in contributing to the bias in the
observations having beaming angles above the window center. As the angle between B and VNe

moves away from 90°, more and more of the dashed region becomes valid.

For the NTC beam at 53.6 kHz (Figure 2) the scatter plot of its observed 6s versus time is shown
in Figure 10(a). The black curve is the beaming angle 8sc computed from the orbital position
and the equatorial location of the plasmapause (Figure 9b). Based on the earlier discussions it is
not expected that the scatter plot of beaming angle and the beaming angle curve should
quantitatively agree, but they show similar trends with 8s decreasing as the plasmapause is
approached. A scatter plot of its phase space density versus time is shown in Figure 10b. Using
Osc the attenuation (blue curve in Figure 10(b)) in dB on transmission through the radio window
is computed using the parameters given in Figure 9(c). The shape of this curve is like the trend in
the scatter, which is level near the window and decreasing moving toward larger radii; however,

the decrease with power and distance from the window is not factored in.
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The solid (dashed) curve is proportional to the product of the radio window attenuation times
1/p,,? (1/py,), 1/p,,*would be a point source (Fainberg, J., 1979), and 1/p,, would be a line
source. Moving away from the plasmapause the power spectral density decreases by 3 orders of
magnitude. Both the dotted-dashed and dotted curves drop off more rapidly than the observed
scatter. This could be due to at least two factors 1) the true plasmapause of the radio window
location is further outwards in radius than that of the proxy used (Figure 9b). 2) The power
spectral density of the incoming Z mode does not peak at 0 or 180° but peaks at wave normal
angles off 0 or 180 °, this would move the 1/p,,% and 1/p,, curves to higher PSD moving
outwards in radius. Figure 10(a, b) suggests that a significant fraction of the observations are

emissions that are off centered from the window center.

For NTC with f> 100 kHz another mechanism along with LMCT must be occurring. At
least three studies have suggested mechanisms for the direct generation of KC. Farrell (2001)
suggested that weak energetic electron beams in a dense warm plasma (where fpe >> fce) can
directly generate L-O emission with propagation nearly perpendicular. Cheng (1975) has
proposed a mechanism that will lead to near perpendicular beaming using electron ring
distributions as the source. Horky & Omura (2019) performed electromagnetic simulations with
an electron ring beam source in a warm plasma with a density gradient and suggested it can
produce NTC, we believe their figures show near perpendicular beaming. One thing we haven’t
addressed is if refraction of the free space for waves with £>100 kHz, due to density structures
near the radio window, say within a few tens of wavelengths, could focus these waves back
toward the equator. This could be a future study; such a study would also have to explain why

such a mechanism does not occur for the lower frequency waves.
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474

475

476 6 Conclusion

477 When the Earth’s radial vector lay within £15° of the VVan Allen Probes spin plane (in the
478  dawn sector), spin modulation curve fits were made to the 0.5 s cadence HFR frequency-time
479  spectra data. These fits were performed at all f over the entire mission while in the dawn sector,
480  which covers a vast range of plasmapause locations. To select nonthermal continuum radiation
481  NTC, frequency-time pixels where selected using the following criteria: the frequency f was
482  greater than 1.2 fpe, the modulation index m was greater than 0.6, the relative error in m was
483  small, and the ratio of y?/y& for a sine wave to a constant offset fit was small. A m of 0.6 was
484  chosen to ensure that the wave vector k lies with ~30° of the spin plane, given the limitation on
485  the interpretation of m. The beaming angle 6s was estimated as the angle between the wave
486  vector direction in the spin plane and the Zswm axis.

487

488 Below 100 kHz, for a given f and radial distance bin, the observed pattern of s versus
489  magnetic latitude Am forms an inverted-V pattern with the apex at the SM magnetic equator.
490  Using the NTC beaming formula from LMCT, we show that such a pattern is predicted due to
491  the large radial variation of the source equatorial plasmapause. Quantitatively the 65 has a

492  systematic shift above the theory curve near that magnetic equator. A back of the envelope

493  computation was performed to show that if the plasmapause is not azimuthally symmetric at the
494 window one expects a systematic offset of 5-10° toward larger 6s. We discuss several factors
495  that make the use of m in estimating the out-of-spin plane component difficult. Two of the

496  factors are smoothing of data before fitting and variation in the Z-mode intensity at the radio
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window over the fit interval. By taking attenuation into account (Budden, 1980), we showed that
the model inverted-V becomes broadened in beaming angle by of about 10° near the window
center (Figure 9d) at -20 db. This suggests that attenuation could be the major factor contributing
to the spread in beaming angle. These factors make achievement of quantitative agreement

between observations and theory difficult, if not impossible.

We found (for 1 < Kp <4) a negative Spearman correlation coefficient for the 3
frequencies investigated below 100 kHz, one with a weak correlation value and two with
moderate values. This trend is expected, because as Ky index decreases the plasmapause on
average will move outwards and fce will decrease leading to a decrease 6s from theory. We
conclude that these two observations, 1) the observed inverted-V pattern of 65 vs Am and 2) the
weak to moderate Kp dependence, highly suggest that LMCT is the dominant mechanism for the

generation of NCT for f < 100 kHz.

For f >100 kHz, our selections become contaminated with L-O mode AKR, this contamination
decreases for | Am | (< 10°). A partial inverted-V is observed at the low end of this f range, and no
reliable trend of s with Kp index is observed. Unlike emissions with f < 100 kHz, where the
clustering of detections tends to lie off the magnetic equator consistent with beaming out the
equatorial plane, in this frequency range these emissions are clustered around the magnetic
equator. We conclude that LMCT can explain only a subset of these observations for f> 100 kHz

and that another mechanism is also needed in this f range.
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Figure 1. An example fit of the spin modulation curve for the frequency channel at 38.3 kHz.
The fit parameters and their uncertainties are listed. The power spectral density PSDn is
normalized to the peak value. ¥? is the chi squared of the spin modulation curve fit and 2 is the

chi squared for a constant offset fit.
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716  Figure 2. Escaping continuum example. Panel (a) spectrogram of the phase space density, (b)
717  spectrogram of the modulation index m, (c) %%/ % ratio, and (d) selections. The black line is the
718  UHF derived plasma frequency. The red lines in panel (d) correspond to selections at 53.6 kHz
719  between 4.5 and 5 Re used in Figure 8, 9 & 10.
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723  Figure 3. Emissions at f from 200 to 500 kHz are interpreted to be L-O mode AKR a source of
724 contamination of the selections above 100 kHz. Panel (a) spectrogram of the phase space density,
725  (b) spectrogram of the modulation index m, (c) %/ %o ratio, and (d) selections. The black line is
726  the UHF derived plasma frequency.
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Figure 4. Histogram of the selections: (a) radial distance, (b) magnetic latitude for f < 100 kHz,

(c) magnetic local time, and (d) magnetic latitude for f > 100 kHz.
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Figure 5. Scatter plots for 4 Re < r < 5 Re of beaming angle 6 versus magnetic latitude. For (a) f
<50 kHz, (b) 50kHz < f < 100kHz, (c) 100kHz < f < 150kHz , and (d) 150kHz < f < 500kHz. The

curves are the running percentiles, red 501" (median), blue 16" and 84" percentiles.
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Figure 6. Scatter plots for r >5.5 Re of beaming angle 6z versus magnetic latitude. For (a) f <50
kHz, (b) 50kHz < f < 100kHz, (c) 100kHz < f < 150kHz , and (d) 150kHz < f < 500kHz. The

curves are the running percentiles, red 501" (median), blue 16" and 84" percentiles.
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Figure 7 (a) lllustration of the meridian beaming geometry. The blue line represents the NTC
beam emitted at the radio window W (green circle). The satellite SC (red circle) is at a radial
distance Rsc and magnetic latitude Am. 68 is measured from background magnetic field B (B ||
Zsm) at W. (b) 68 as W changes with radial distance. 6z (black circles) when W is located at

L=2.5RE (i.e., the plasmapause is at 2.5REe). (c) The predicted Os for Rsc at 4.75 Re versus 4w for
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751  plasmapause locations varying between 1.5 to 4.75 Re. For example, at f = 68.1 kHz emission
752  from a plasmapause located at 2.5Re with a 6s of 47.9° (b) will be observed by a spacecraft at

753  4.75Re at 4w of £21.45°, indicated by the dashed horizontal line in panels (b) and (c).
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756  Figure 8. Scatter plots for r between 4.5 and 5.0 Re; beaming angle (a-d) ©g versus magnetic

757  latitude and (e-i) Kp index, for frequencies of 33.2 kHz, 53.6 kHz, 68.1 kHz, and 121.0 kHz. The



758

759

760

761

762

manuscript submitted to Journal of Geophysical Research

blue curves (a-d) are the statistical LMCT theory curves for r of 4.5, 4.75, and 5.0 Re. Error bars
indicated by red brackets are plotted for 10 randomly selected measurements. In (e-h) the red
lines are linear fits, and the red numbers are the non-linear Spearman correlation coefficients,

which lie in the (e) weak, (f) moderate, (g) moderate, and (h) poor range.
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Figure 9 (a) The nearest plasmapause is indicated (red dots), where f = 53.6 kHz intersects fpe for
the NTC emissions shown in Figure 2. The vertical lines are where the orbit goes from 5.0 to 4.5
RE. (b) The intersection point is at L=3.65, magnetic latitude = 7.18°, MLT=7 h, the radial
electron density gradient is G is -1971 m™. (c) For f=53.6 kHz the radio window attenuation in
decibels is shown as a function s and ¢ (azimuthal angle measured from the plasmapause).
The window center is indicated by the black dot where the attenuation is 0 dB (100%
transmission). (d) The inverted-V pattern is shown for f = 53.6 kHz using same assumptions as in

Figure 7, but attenuation of emissions that are off centered are included. Black curve is at the
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773  window center, same as that of Figure 7, the red (blue) curves are for emissions attenuated by -
774 10 dB (-20 dB). The dashed curves are interpreted to be non-physical solutions (see text).

775
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778  Figure 10. At a frequency of 53.6 kHz for the orbit segment shown in Figure 2 a scatter plot (red
779  circles) is shown of (a) signal measured 8s and (b) Power Spectral Density versus time. The
780  black curve in (a) is s based on the spacecraft location and the estimated window location, and
781  the blue curve for (b) is the attenuation of the signal in decibels given by equation (23) of

782  Budden (1980) (right y-axis) for the curve in (a). The dashed and dotted lines are the PSD

783  proportional to the power of the attenuation times 1/p.? and 1/p. respectively. The two vertical
784  dashed lines are where the orbit goes from 5.0 to 4.5 Re.
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