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Abstract Detailed analysis of a high Mach number quasiperpendicular Earth bow shock crossing by the
Magnetospheric Multiscale (MMS) spacecraft fleet reveal that lower-hybrid (LH) whistler waves generated in
the shock foot region transport energy predominately along the shock surface and slightly toward the shock
ramp in the shock normal incidence frame, where wave energy accumulates and is dissipated into the plasma.
This suggests the LH whistlers play an integral role in energy reconfiguration at high Mach number collisionless
shocks with ramifications to plasma heating. The multipoint observations are used to quantify the wave
characteristic parameters (via interferometry), Poynting fluxes, and energy conversion rates D, and to assess
their scale dependencies and spatial and temporal properties. The whistler associated energy transport and
conversion are found to depend on scale and location within the layer. High-frequency electrostatic waves yield
largest values of D. However, the dominant net energy exchange contribution is from the LH whistlers. In the
foot spatially temporally coherent net energy exchange from the plasma to whistlers is observed, whereas deeper
in the ramp net wave energy dissipation to the plasma is observed exhibiting significant space-time variability.
These results are consistent with the modified two stream instability driven by the relative drift between
reflected ions and electrons as the mechanism for wave growth in the foot. Owing to strong electron heating,
whistler energy dissipation in the ramp is attributed to Landau damping, which out-competes the destabilizing
effect of the reflected ion and electron drift.

1. Introduction

Studies indicate that whistler waves at lower-hybrid (LH) frequencies and below play an essential role within
high-Mach number supercritical fast mode shock layers (e.g., Bale et al., 2005; Balikhin et al., 1997; Dimmock
etal.,2013; Hull et al., 2012; Hull et al., 2020; Krasnosel'skikh et al., 1991; Krasnoselskikh et al., 2013; Sundkvist
et al.,2012; Wilson et al., 2014a, Wilson et al., 2014a, Wilson, 2016). Under high-Mach number conditions, such
low-frequency (LF) whistlers, being much more intense, are associated with large amplitude magnetic fields (6B/
B, ~0.1 — 1.0) and sizable currents that significantly affect shock internal structure and thus can have significant
ramifications to shock energy transport and dissipation processes. The intense whistler magnetic fields add
sizable short spatial scale nonmonotonic variations within the shock foot and ramp that can induce perpendicular
anisotropies in electron distributions that lead to secondary high-frequency (HF) whistler waves (f ~0.1-0.5 f..,
with £, being the electron cyclotron frequency) (Hull et al., 2012, 2020). Additionally, the current densities the LF
whistlers carry dominate the shock macroscale current densities (by factors up to 40-50), providing a free energy
source for other wave modes, such as large amplitude electrostatic (ES) waves, which also modify the shock
structure and can influence plasma transport (e.g., Hull et al., 2020; Wilson et al., 2014a; Wilson et al., 2014b).
With the currents and electric fields they carry, the whistlers can transfer their energy to the plasma and vice versa
(Hull et al., 2020; Wilson et al., 2014a, 2014b). The recent study by Hull et al. (2020) of a high Mach number
quasiperpendicular shock crossing by the MMS mission revealed that whistler-associated energy exchange de-
pends on location within the layer, with conversion of plasma energy to wave energy found to occur in the foot
while exhibiting dissipation of wave energy into the plasma in the ramp. They suggested that these results indicate
that whistler waves generated in the foot are carried to the ramp where they are dissipated into plasma energi-
zation. However, Hull et al. (2020) did not report wave Poynting fluxes to confirm this notion. Whistlers near the
LH frequency were observed to have upstream directed Poynting fluxes in the rest frame of two high-Mach
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number quasiperpendicular shocks in the study by Sundkvist et al. (2012). They suggested that the whistlers play a
role in energy repartitioning, with energy being dissipated through wave-particle interactions, presumably up-
stream of the shock front, seemingly in contradiction with the conclusions of Hull et al. (2020). Note, energy
exchange rates D = J - E (with J and E being the current density and electric field) were not quantified in
Sundkvist et al. (2012) and it is unknown whether the properties are similar or differ from those reported by Hull
et al. (2020). Though significant progress has been made, more work is needed to better understand the role
whistler waves play in the relationship between energy transport and conversion processes, and their dependency
on scales as a function of location within the layers of high Mach number quasiperpendicular shocks.

In this study, we revisit the Earth bow shock event reported in the study by Hull et al. (2020). This study is
complementary in that we further assess the properties of the whistler waves, and examine the nature of Poynting
fluxes these waves carry and their relation to energy exchange/dissipation within the layer, including their de-
pendencies on scale and spatial-temporal properties. Whistler waves at shocks occur in the frequency range
between the ion cyclotron frequency and the electron cyclotron frequency (f;; < f < f..)- In this study, attention is
primarily focused on LF whistler waves that occur at spacecraft frame frequencies near and below the LH fre-
quency. To dynamically characterize the properties of the LF whistler waves, we utilize interferometry (Labelle &
Kintner, 1989). Our approach differs from that used by Dimmock et al. (2013), who employed dual spacecraft
interferometry combined with minimum variance analysis to determine phase velocities, wave vectors, and hence
the dispersion relation of LF whistler waves upstream of a quasiperpendicular shock. Here, we applied a wavelet-
based interferometry method to measurements from all four MMS spacecraft. This approach is enabled by the
long-duration, high-time resolution fields sampled on four closely spaced (~11-18 km) spacecraft. In addition to
providing accurate determinations of phase velocities and rest frame frequencies, this approach also yields ac-
curate estimates of wavelengths/scales of the waves. Using this information, we quantify, for the first time, the
scale dependency of the Poynting fluxes and energy conversion rates over the frequencies spanning the LF
whistler fluctuations. These results provide novel insight into the energy transport and exchange processes
associated with these waves within the shock layer.

2. Instrumentation, Experimental Data Set, and Methodology

This study used magnetic field observations from the MMS fluxgate magnetometer (FGM) and search-coil
magnetometer (SCM) instruments (Le Contel et al., 2016; Russell et al., 2016). These instruments provide
magnetic field measurements at a rate of 128 and 8,192 S/s, respectively. We also used electric field measure-
ments sampled at a rate of 8,192 S/s from the axial and spin plane double-probe electric field instruments (ADP
and SPD) on MMS (Ergun et al., 2016; Lindqvist et al., 2016). In addition, we used electron and ion measure-
ments sampled at rates of ~33 and ~6.7 S/s from the fast plasma investigation (FPI) on MMS (Pollock
et al., 2016).

To characterize the waves and determine the scale dependency of associated Poynting fluxes and energy con-
version rates, we used interferometry (e.g., Labelle & Kintner, 1989). With this method, the wave vectors and
phase velocities are spectrally determined and hence we obtain the wavelengths/spatial scales. To quantify these
parameters, a Morlet wavelet-based cross-spectral analysis technique (Eriksson, 1998; Torrence & Compo, 1998;
Torrence & Webster, 1999) is employed to determine the coherency R;/%(t) and phase difference (¢;,(¢), with
a # p=1—4)of magnetic field fluctuations as a function of frequency f, and time between all possible spacecraft
pairs (six unique pairs for MMS). Here, we used the Torrence and Webster (1999) formulation for wavelet
coherence at a given frequency and time defined as:

<>

<[P ><[P, () P> M

R0 =

where the wavelet cross-spectral density is given by \P;’ﬂ (1) = ‘I‘Z(t)‘Pf*(t) with W and ‘I’f denoting the Morlet
wavelet transform of time series of one magnetic field component measured by the a and f spacecraft pair. The
symbol * denotes the complex conjugate and the brackets < > represent an average over time and wavelet scale s,,.

Note, the scale s, is related to Fourier frequency by the expression f;l =4nzs,/ (wo +4/2+ &} ) = s, (Torrence

& Compo, 1998), with the non-dimensional frequency being set to w, = 2z by design (Eriksson, 1998).
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The phase difference is given by the relation:

<P (1)>}

RI<UT (1)) @

¢hs() = tan”

where 7 and R denote the imaginary and real parts, respectively. Given the phase differences, the wave unit
vectors and phase velocities are determined using a four spacecraft least squares method (Harvey, 1998). This
method, which depends on the relative spacecraft positions and signal time delays, is based on minimizing the
function:

4
EDIDI MR AELA ”

a=1 p=1

where k” and V, are the wave unit vector and phase velocity of sufficiently coherent waves at a given frequency f,,
lop =1, — 15 = DL/ (27rfy) is the time delay of the signal at frequency f, between the a and f spacecraft, and r,, 4
is the position vector of the a, § spacecraft. Minimization of Equation 3 for a given frequency f, and time yields

the following expression:

1 4 4 ~
my = 3_2[ D00ty G — ) | G 4)
a=1 p=1

where m] is the Ith component of vector m” = K/ V, and R,gl is the inverse of the volumetric tensor given by:

1 4
Ra=7 D Faklat 5)
{

a=

The wave unit vector is thus given by K =m/ |m*| and the phase velocity is V, = 1/im"l. For additional details on
how these expressions are derived, we refer the reader to Section 12.2.2 of Harvey (1998).

The wavelet-based approach used here is a natural extension of the method described by Harvey (1998) to
spectrally decomposed field components, enabling a global determination of the properties of the waves. The
Morlet wavelet transform is used because it more accurately resolves the intermittent behavior of the wave
fields with spacecraft frame frequency. This method provides high-quality estimates of k" and V, provided that
the wavelet decomposed signals are sufficiently similar on all four spacecraft and the delay times are well
resolved from the sampling period 7. The quality of the estimates of k" and V, is evaluated ex post facto using
two criteria. One criterion used is the requirement that the delay times on at least five baselines satisfy the
conditional #,5 > 3TNyq = 67T, where Tyyq = 27T, is the Nyquist period. From experience in comparing wave
vectors determined via the Harvey method and minimum variance applied to pass-filtered time domain data
(e.g., Hull et al., 2020), this requirement is a necessary, but not sufficient, constraint in discriminating good
determinations from unresolved timings that can produce unphysical results. A valid result is obtainable even
when the delay time approaches the Nyquist limit on one baseline (tantamount to being nearly perpendicular to
the baseline), owing to the fact that the MMS tetrahedron is not degenerate (e.g., the spacecraft do not lie in a
plane) and has similar baseline lengths in the region of interest. For signals at frequencies < tens of Hz sampled
in SCM burst data, 7,5 ~ tens to hundreds of 7| are usually obtained on at least five baselines. In addition, a
coherency threshold of 0.5 is imposed for all baseline pairs to ensure that the signals are sufficiently “similar”.
These combined criteria effectively alleviate issues from weak or uncorrelated signals and multiple modes in a
given bin. Given V,, the characteristic wavelengths are just 1, = V,/f,, which can be used to transform
quantities from frequency space to wavelength (or wave number) space. Note, V, and f, are defined with respect
to the spacecraft frame. The phase speed in the plasma rest frame is obtained from the expression
Voo =V, — Ucm~l:ly, where U, is the center of mass bulk velocity. Similarly, the rest frame frequency is

obtainable from £, = f, — U, -K'/4,.
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3. Observations

The shock event of interest is an inbound crossing (upstream to downstream) of Earth's bow shock at 0805 UT on
04 November 2015 by MMS. This shock was featured in the recent study by Hull et al. (2020), who showed that
the electromagnetic fluctuations from a few Hz and above within the foot and ramp have characteristics of
whistler waves. However, they did not address the spatial-temporal nature of Poynting fluxes and energy con-
version rates, nor dependencies on scale. The shock is quasiperpendicular, with the angle between the shock
normal and upstream asymptotic magnetic field determined to be 6,,,; = 82° = 2°. The normal is given by
i = [0.9867,0.1615, —0.01916] in GSE coordinates and the upstream magnetic field vector is By = [-2.195,
7.194, —1.482]. The event occurred under high solar wind flow and dynamic pressure conditions, with the up-
stream velocity along the normal in the shock rest frame being U, ~ 735 km/s and dynamic solar wind pressure
Pgw ~ 7 nPa, respectively. The upstream fast mode and Alfvén Mach numbers are high, with values estimated at
M~ 6.7 and M, ~ 10, respectively. For additional details on the shock characteristic parameters and their
determination, we refer the reader to the paper by Hull et al. (2020).

3.1. Wave Characteristics Based on Interferometry

In this study, we dynamically assessed the properties of the LF whistler waves in the shock using interferometry
based on the Morlet wavelet cross-spectral analysis discussed above in Section 2. The interferometric results for
this shock crossing are shown in Figure 1. For context, Figure 1a shows an overview of the magnetic field
magnitude spanning the upstream to downstream side of the shock. The field was boxcar averaged using a 12 s
window to reveal the shock macroscale structure. Figures 1b—1d display the magnetic field amplitude, normalized
magnetic field (from merged FGM and SCM data) power spectral densities (PSDs), and magnetic field polari-
zation from MMSI1 in the zoomed in region of the foot and ramp, respectively. The magnetic field PSDs were
dynamically determined from time series data using a Morlet wavelet transformation. The Morlet wavelet is an
ideal choice because the PSDs with proper normalization are comparable to Fourier-derived PSDs (Eriks-
son, 1998). To make apparent structure at higher frequencies, the PSDs were rescaled by multiplying them by
frequency. Within a constant factor, the rescaled PSDs denote the relative contribution to the total integrated
power. Namely, P°?(z) = AxY[PSD (f, 1)f], where Ax = Afifis a constant by design. The normalized magnetic
field PSDs reveal the presence of broad frequency band electromagnetic fluctuations spanning from a fraction of a
Hz up to a few 10-100s of Hz depending on location in the interval. Bursts of activity appear to be collocated with
gross enhancements in the magnetic field substructure (green curve) in Figure 1b. The most intense contributions
to power at any given location are from fluctuations near and below the LH frequency, which is indicated by the
middle white curve in Figures 1c—1j. These LF waves were identified as whistler waves in the study by Hull
et al. (2020) using a combination of timing and hodogram analysis applied to some examples of finite pass-band-
filtered waveforms. The LF whistlers exhibit right-hand polarized magnetic signatures (red), which are most
apparent near the beginning of the interval to 0805:50 UT in Figure 1d. After this, the polarization becomes less
discernible, which appears to be associated with mixed modes within a given frequency bin. Though not the focus
of this study, HF whistler waves are also observed and manifested as the right-hand polarization signatures at a
few 100 Hz frequencies. According to Hull et al. (2020), the HF whistlers arise from preferential perpendicular
anisotropies induced in electron distributions via their interaction with the intense non-monotonic magnetic fields
of the LF whistlers.

To dynamically determine the properties of the LF whistlers in the interval, cross-spectral analysis was applied to
all possible spacecraft pairs of the magnetic field vector x component in GSE coordinates to determine the phase
differences between coherent fluctuations. This information is subsequently used to determine the wave vectors,
phase velocities, and scales. Figure 1e shows the wavelet coherencies (Torrence & Webster, 1999) as a function of
frequency and time of signals measured by the MMS1 and MMS3 spacecraft determined from Equation 1. The
results indicate that magnetic fluctuations observed by the two spacecraft at frequencies up to several tens of Hz in
the first half and up to ~10 Hz in the second half of the layer generally covary and thus have well-defined/
consistent phase relationship in the interval (i.e., coherencies >0.6 indicated in yellow to red in Figure 1le). This
range of frequencies encompasses quite well the LF whistlers that are the focus of this paper. With some ex-
ceptions, the coherencies at higher frequencies vary significantly at reduced levels (<0.5), indicating that the
magnetic fluctuations at these frequencies are generally incoherent, as they exhibit space-time variability within
the short spacecraft separations. Similar coherency results were obtained from the other baseline comparisons
(not shown).
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Figure 1. (a) Overview of magnetic field amplitude from MMSI1. In zoomed in interval are shown the (b) magnetic field
amplitude sampled at 128 S/s (black) and 1s boxcar averaged (green), (c) magnetic field power spectral densities, and
(d) polarization spectra from MMS1, (e) coherency between magnetic fields measured by MMS1 and MMS3, (f) phase
velocities in the spacecraft frame, (g) angle between the wave unit vector k and magnetic field, (h) angle between k and shock
normal 1, (i) phase velocities in shock frame along the upstream directed shock normal, and (j) wavelengths. Red (blue) in
(d) corresponds to right-hand (left-hand) polarized waves. The white curves in (c)—(j) indicate the ion cyclotron (f,;), lower-
hybrid (f,,), and electron cyclotron (f,.) frequencies, respectively.
The phase velocities in the spacecraft frame Vg determined by the Harvey (1998) method are shown in Figure 1f.
Using the coherencies above 0.5 as a guide, the spacecraft frame phase velocities associated with coherent LF
whistlers are found to increase with increasing frequency, with values ranging from ~100 km/s at a few Hz to
~1,000 km/s at a few 10s of Hz, which yield a median of 320 km/s over the full interval. Figure 1g shows the
angle between the wave vector and the background magnetic field 6,,. Note, whistler waves can impact the
direction of the background magnetic field. Thus, for spectral quantities organized by the field in this paper (e.g.,
0., or polarization), the background magnetic field (based on merged FGM and SCM data) is frequency
HULL ET AL. 5of 24

85UBD17 SUOWILIOD 91810 8|qeoljdde auyy Aq peusenob ake oIl VO ‘SN Jo Sa|nJ 10} ARIgITaUIUO AB]IA UO (SUONIPUOD-PUE-SWIBIALIOY A8 I ARe1q 1 pUTIUO//SANY) SUONIPUOD PUe SWLB | 8U} 89S [7202/70/0E] U0 Akeiqiaulluo A8|IM ‘oueld aUeIY0D AQ 0E9TE0VIEZOZ/620T OT/I0P/W00 A8 1M Azl jputuo'sgndnfe//sdny wouy pepeojumod ' ‘vzZ0e ‘Z0v669Te



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2023JA031630

dependent and is determined for each frequency f via boxcar smoothing of time series data using a 10/f window.
Though there are some exceptions, the LF whistler wave vectors are preferentially oriented at oblique angles with
respect to the background magnetic field with values for ,, generally ranging from ~110°-135° with a peak
value at 123°. Figure 1h demonstrates that the LF whistler wave vectors projected along the normal are generally
directed upstream at angles ranging from 6, ~30°-80°, with a median of 52° in the interval. The wave vectors
have a slight preferential inclination toward the magnetic coplanarity plane (plane containing the shock normal
and asymptotic magnetic field), with peak and median angles found to be 35° and 41°, respectively (not shown).
The phase velocities along the normal in the shock rest frame are generally upstream directed, with values ranging
from ~200 to ~1,400 km/s with a median of ~500 km/s (see Figure 1i). Interestingly, an exception occurs at
spacecraft frame frequencies < 1 Hz, where the whistlers are more quasiparallel to the magnetic field. These
whistlers are shown to have phase velocities that are directed downstream toward the shock ramp. Figure 1j
depicts wavelengths, which for the LF whistler waves, range from a few tens of km at spacecraft frame fre-
quencies of a few tens of Hz to nearly 1,000 km at a few Hz, with a median value of A = 120 km. Normalized to the
ion inertial length this range of scales spans 4/4; ~0.3-8, respectively, with a median of A/1; ~2. The rest frame
frequencies of the LF whistler waves range from f, ~0.7 — 40 Hz, with a mean of 5.2 Hz. These values correspond
to normalized frequencies f,/f;, of 0.04—6.3 with a mean of 0.5, and f./f,; of 1.7-270 with a mean of 21. This
demonstrates that the LF whistlers are predominantly in the LH whistler regime. These results are consistent with
and dramatically extend the results of Hull et al. (2020).

3.2. Energy Conversion Rates

Hull et al. (2020) examined energy conversion rates in the shock normal incidence frame (NIF) associated with
whistler waves at and below 30 Hz from one MMS spacecraft. The results indicated that energy was being
exchanged from the plasma to wave energy in the foot, while dissipation of wave energy to the plasma occurred in
the second half of the foot/ramp region. Here, we extend the frequency range from f < 30 Hz (Hull et al., 2020,
case) to f < 4 kHz to assess low and high frequency contributions to conversion rates in the plasma rest frame
defined as D, = J-E,. The E, is the plasma frame electric field determined from spacecraft frame measurements
using the relation E. = Eg¢ + U, X B, where U, is the center of mass bulk velocity. We also explore the spatial-
temporal variability of D, based on measurements taken at the four individual spacecraft. Figure 2 shows
quantified conversion rates in the plasma rest frame for the same interval shown in Figure 6 of Hull et al. (2020).
This interval covers the foot and ramp region up to the magnetic overshoot (see Figure 2a).

Figure 2d shows E,; in GSE coordinates observed by MMS1, which exhibits spiky signatures with large am-
plitudes reaching over 100 mV/m in the layer. These spiky electric fields are due to electrostatic (ES) waves,
which appear as the broadband signatures at frequencies near and above 100 Hz in the dynamic normalized PSDs
of E,; shown in Figure 2c. These high-frequency (HF) ES waves have no magnetic field counterpart in the
normalized magnetic field PSDs shown in Figure 2b. Also apparent in Figure 2c are whistler associated electric
fields, which are the signatures at frequencies up to tens to few hundred Hz depending on location that covary with
their magnetic field PSD counterparts in Figure 2b. Figure 2e shows the current density magnitudes J,,,,; and
Jmoma from MMST1 (red) and MMS4 (black) determined from electron and ion moments. Current densities in the
foot peak at 0.5-1 pA/m?, while deeper in the layer values range from 1 to 3 pA/m?, with some instances reaching
4-6 pA/m?. Multipoint comparisons indicate that the current densities agree quite well in the foot showing little
differences among the two spacecraft. Deeper in the layer, notable differences are often observed indicating
space-time variability.

Figures 2f and 2g show values for D, from all four spacecraft at frequencies f < 4 kHz and f < 30 Hz, respectively.
The values for D, for a given spacecraft were determined from currents estimated from moments and E, low-
pass-filtered at 30 Hz and the ~4 kHz Nyquist limit, respectively. The current densities were interpolated to
the electric field time tags prior to computing D,. The multipoint comparisons in Figures 2f and 2g reveal that the
D, in the two frequency ranges are bursty and patchy in nature, with significant spatial and temporal variations
within the interval. The amplitudes increase with increasing penetration into the shock layer, due to the inten-
sification of the electric fields and currents. The values for D, determined over the full frequency range
(f <4 kHz) are dramatically higher by factors of 10-100 than those for frequencies f < 30 Hz. This is because the
quantities at f < 30 Hz generally contain the effects of relatively low-frequency whistlers, whereas those at
f <4 kHz also include the effects of the large amplitude HF ES waves (see Figures 2c and 2d). Also, Figure 2g
shows that the energy conversion rates have a negative bias in the first half of the interval but transition to a more
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Figure 2. (a) Magnetic field amplitude, normalized power spectral densities of the (b) magnetic field and (c) plasma frame
electric field, (d) electric field vector in plasma frame, (¢) magnitude of current densities from MMS1 and MMS4, energy
conversion rates in the plasma rest frame D, at frequencies (f) f < 4 kHz and (g) f < 30 Hz from all four spacecraft, the
cumulative sum of D, for fields at (h) f < 4 kHz and (i) f < 30 Hz, and (j) energy conversion rate dynamic spectra D,; from
MMSI. The white curves in (b) and (c) indicate the ion cyclotron (f,;), lower-hybrid (f},,), and electron cyclotron (f.)
frequencies, respectively.
or less positive bias in the second half. Note, negative values for D, indicate energy extraction from the plasma to
the waves, while positive values indicate wave energy dissipation to the plasma. This behavior is unclear in
Figure 2f, which exhibits relatively more balanced oscillations.
To examine the spatial and temporal behavior of the net amount of energy exchanged per unit volume per unit
time, Figures 2h and 2i display the cumulative sum of D, for all four spacecraft at f < 4 kHz and f < 30 Hz,
respectively. Note, the cumulative sum is the running total of a time sequence of a given quantity. Given a time
sequence of conversion rates for a specific spacecraft in array form [D,,, D,,5, Do, ...], the camulative sum is
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just [Dy,1, Doy + Dojpy Doy + Doy + D, p3,...]. Though there are some differences, comparisons reveal that the
cumulative sums of D, in the two frequency ranges have the same basic shape. Namely, the sums in the two
ranges decrease by similar amounts in the first half of the interval, while the sums increase by similar amounts in
the second half with increasing penetration into the ramp region just before the shock overshoot region. The
similar shapes indicate that the dominant net energy exchange contributions are between the LF waves
(f < 30 Hz) and the plasma, with the HF ES waves providing negligible/net zero total contribution from indi-
vidual packets in the interval. This latter behavior is likely owing to the symmetric oscillatory nature of the HF ES
waves about the mean field in the interval. Additionally, the net decrease in the cumulative sums in the first half of
the interval indicates a net energy exchange from the plasma to the waves. The cumulative sums in this interval
show little differences from spacecraft to spacecraft, suggesting that the LF whistler wave production here is
reasonably coherent. Consistent with this result, the wave magnetic field coherencies from all spacecraft pairs are
generally 20.6 at frequencies extending to tens of Hz in this interval (as exemplified in Figure le). This inter-
pretation is further supported by the close agreement in the current densities from multiple spacecraft (Figure 2e)
and the dominant, well-defined, right-hand polarization signatures (Figure 1d) exhibited in this region. The net
increase in the cumulative sums in the second half of the interval demonstrates that a net amount of LF wave
energy gets dissipated into the plasma there. In contrast to the first half results, departures of up to 40%-50% in the
net energy dissipation into the plasma is observed among spacecraft comparisons. The differences are indicative
of spatial and temporal variations in the waves within the short spatial separations of the MMS spacecraft in that
region. This is signified by the reduced coherencies (<0.5) of waves near and above 10 Hz frequencies in that
region mentioned above in Section 3.1. The departures arise from changes in the rate of energy accumulation (i.e.,
changing slopes) among the spacecraft. There are some instances within the second half of the interval where
sudden localized (~0.1-0.15 s) increases or decreases interrupt the gross increase in the cumulative sums. Ex-
amination of Figure 2a reveals that the localized steps coincide with sharp enhancements in the magnetic field.
Figure 2d shows that these are associated with enhanced current densities that exhibit significant spatial and/or
temporal differences among MMS spacecraft measurements. Detailed inspection of electric and magnetic field
power spectra, polarization, and pass-filtered waveform observations (not shown) in the vicinity of the steps
indicate that these steps appear to be due to the superposed effects of enhanced broadband whistler activity at
frequencies spanning from roughly 5-10 Hz to 20-30 Hz depending on location. These intense whistlers are
associated with large amplitude electric fields reaching roughly 30-70 mV/m over the frequencies spanned by
these waves (not shown), with one example reaching 100 mV/m (first step on MMS1 at ~0805:53.104 UT).
Given that their signatures vary from spacecraft to spacecraft, the wavelengths are not well-determined from the
four spacecraft interferometry approach but are expected to be < 11-18 km (or < 0.2-0.32,). Finally, we report
that the cumulative sums of D, from all four spacecraft plateau in the interval spanning the shock overshoot and
undershoot regions (not shown), thereby indicating that the primary region of net dissipation of wave energy to
the plasma is localized in the ramp.

Figure 2j shows the dynamic energy conversion rate spectra in the plasma rest frame D,; from MMS]1 in the fre-
quency range from 0.3 to 15 Hz. The spectra were determined using the expression Dy = %R{jmom - E: (O}
(Hull et al., 2020; Swanson, 1989). Here, the dot product is performed in frequency space with Morlet wavelet
transformed components of the current density jmom 1(f) and the complex conjugate of wavelet transformed
components of the plasma frame electric field l:fi 1(f) from MMS1. The symbol R denotes the real part. Implicit in
D, is that it represents an average over the wave period resulting in the 1/2 multiplicative factor. The red in
Figure 2j indicates negative values for D,; corresponding to energy exchange from the plasma to the waves. The
blue indicates positive values, which signify energy exchanged from the LF waves to the plasma. The results show
that values for D, are preferentially negative (red) over the range of frequencies depicted in 2j from the beginning
of the interval to about 0805:40 UT. After this interval, localized patches of positive values (blue) for D, are found
to be intermixed with negative values. The trends in the dynamic spectra of D, are similar to the dynamic spectra of
energy conversion rates quantified in the shock NIF Dy = %R{jmoml - E;IF] ( f)} presented in the study by
Hull et al. (2020). This indicates that the conversion rates are not significantly altered by differences in the plasma
rest frame and shock rest frame transformations for this event, which is not guaranteed owing to the frame
dependence of the electric field.

Figure 3 depicts the distribution of conversion rates as a function of scales for fluctuations at f < a few 10s of Hz in
the foot and ramp region. Note, the four spacecraft interferometry method determines scales that are effectively
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Figure 3. (a) Magnetic field magnitude. The black curve indicates burst-sampled observations from FGM, while the green
indicates 1 s boxcar averages. Also shown are occurrence distributions of (b, h) wavelengths 4 and (e, k) wavelengths
normalized by the ion inertial length 4/; color coded according to relative contributions associated with positive (blue) and
negative (red) values of energy conversion rate spectral densities D, in plasma frame, distributions of energy conversion rate
spectral density amplitudes |D,| in the plasma frame as a function of (c, i) 4 and (£, 1) Al2;, and probability distributions of
positive values for D, as a function of (d, j) |D°| and 4 and (g, m) |l~)°| and A/4, for the (b—g) first half and (h-m) the second half of
the interval depicted in (a). The solid black lines in (c) and (i) indicate results of a regression analysis applied to the data.

defined at the tetrahedron barycenter. Thus, to assess how they depend on scale we use energy conversion rate
spectral densities defined at the barycenter given by D, = %R{jcur] N - Ech f )} . jcur] is the wavelet transform of
the current density determined via the curlometer method (Dunlop et al., 1988) applied to magnetic field mea-
surements and EzBC is the complex conjugate of the wavelet transform of the electric field in the plasma frame

defined at the tetrahedron barycenter (Chanteur, 1998). We use jcurl here since the times match those of the
interferometry results and the values extend to higher frequencies than their moment counterpart, which facilitate
the comparisons. Additionally, the curlometer current density time series data are generally in reasonably good
agreement (typically 26%) with the barycenter averages of moment determined current densities throughout the
interval of interest (not shown). The statistical distributions were compiled over the two intervals indicated in
Figure 3a, which encompass the foot and ramp region just before the magnetic overshoot. The division of the layer
into these two intervals was motivated by the behavior of the conversion rate cumulative sums discussed above.
Namely, the division roughly bisects the center of the plateau between decreasing and increasing slopes in
Figure 2i. The first half encompasses the upstream part of the foot, while the second half encompasses the rest of
the foot and ramp regions, respectively. The occurrence distributions of wavelengths A associated with the two
intervals are given in Figures 3b and 3h, respectively. The distributions are based on values of 4 determined from

HULL ET AL.

9 of 24

B5UBDI7 SUOWILLIOD) BAIERID) 3|qedlidde au Ag peusenob ke il YO ‘SN J0 Sa|nI 10} ARIg1TaUIUO A3]IM UO (SUOIIPUOD-PUe-SWRILOD A8 | 1M AReIq 1 BUTIUO//SARY) SUORIPUOD PUe SWB L 38U} 885 [7202/70/0€] U0 A%iqiT aulluo Aoj1m ‘@oueld aUeIy0D AQ 0E9TEOVLEZ0Z/620T OT/I0p/W0D Ao 1M Azl fouuosgndnfe//sdny wouy pepeo|umod ‘G ‘720e ‘20v669Te



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2023JA031630

the cross-spectral analysis that satisfy the coherency and time-delay criteria discussed above. To place the scales
into physical parameter context, the occurrence distribution of wavelength scales normalized by their corre-
sponding local ion inertial length values (4/4,) are also depicted in Figures 3e and 3k, respectively. The red and
blue represent the relative occurrence contributions associated with negative and positive values of D,, respec-
tively (i.e., total occurrence at a given bin is the sum of the two). Comparisons reveal dramatic differences among
the scale occurrence distributions in the two intervals. In the first half, the distribution is enhanced at A
~50 = 20 km (Figure 3b) corresponding to fluctuations at sub-ion inertial length scales (4/4; ~0.65 + 0.35 in
Figure 3e). In contrast, the second half is marked by a double-peaked scale distribution with enhancements at
~75 £ 25 km and ~200 + 80 km, respectively (see Figure 3h). Owing to enhanced densities in the interval, these
peaks correspond to normalized scales of ~ A/4; ~ 1.3 £ 0.6 and ~ 1/4; ~4.0 * 1.5, respectively (see Figure 3k).
Note, the lower limit of the scale distributions in both regions is artificial in that it reflects the lack of coherent
whistler signals being resolved by all four spacecraft, which are at ~11-18 km separations in this interval. On the
other hand, the upper range of the scale distribution in each region is physically limited by the intrinsic thickness
of the shock foot-ramp region.

The distribution of energy conversion rate spectral density amplitudes |D, | as a function of 4 and A/, are depicted
in Figures 3c and 3f for the first half and in Figures 3i and 31 for the second half of the interval. To statistically
assess the direction of energy exchange, we also show the probability distributions of positive values of D, as a
function of |D,| and A (Figures 3d and 3j) and as a function of |D,| and A/4; (Figures 3g and 3m) in the two
intervals. Note, percentages above 50% within a given bin indicate preferential positive values for D, (cyan to
blue), corresponding to wave energy dissipation into the plasma. Values below 50% indicate preferential negative
values for D, (yellow to red), corresponding to energy extraction from the plasma to the waves.

In the first half of the interval, the values for |D,| are relatively small reaching ~10™* yW/(m*Hz) in Figures 3¢
and 3f. The dominant contributions to the 2D distribution come from the fluctuations at ~30-100 km wavelength
scales (or 4/4; ~0.3 — 1.0). The |D,| values in this range exhibit a sharp increase with increasing scale from ~10~°
to ~10™* uW/(m*Hz). Important contributions also come from samples at longer wavelengths (e.g., yellow to
orange in Figure 3c at A > 100 km). However, in this range the |D,| values show a slower decrease with increasing
scale. The solid black lines in Figure 3c indicate the results of a log space linear regression analysis applied to the
data in the wavelength ranges 4 < 100 km and 4 > 100 km. The analysis resulted in the power law relations

~ foot ~ foot

[D,”| = 10719332 for 2 < 100 km and |D," | = 107*427%28 for 2 > 100 km, respectively. Figures 3d and 3g
demonstrate that the important contributions over the full range of scales are generally associated with energy
exchange from the plasma to the waves (yellow to red). This is also exhibited in the occurrence distributions
shown Figures 3b and 3e, which demonstrate the predominance of negative conversion rate contributions (red),
with little contributions associated with positive values (blue). An exception occurs at the largest scales, which
exhibit some evidence of energy dissipation to the plasma (cyan to blue in Figures 3d and 3g). However, these are
associated with reduced occurrences as demonstrated in Figures 3b and 3e.

In the second half of the layer, the 2D histograms shown in Figures 3h and 3i reveal strong increases in |D,| across
all scales, with the most dramatic increase occurring at wavelengths above 100 km. The enhanced |D, | values are
due to intensified current densities (and also electric fields). In contrast to the first half counterparts, the 2D
histograms in the second half reveal that |13°| is positively correlated with 4 and A/4; at all scales, with linear
correlation coefficients for both comparisons determined at » = 0.55. Regression analysis resulted in the power
law scaling relation |D,, | = 10742 (black line in Figure 3i). The probability distributions in Figures 3j and
3m indicate that energy is being preferentially exchanged from the waves to the plasma (cyan to blue) at larger
scales (4 2 100 km or A/4; 2 2). Dissipation of energy occurs at shorter scales but it is unclear whether it
dominates. This is clarified in Figures 3h and 3k, which show that preferential dissipation of wave energy (more
blue than red) is exhibited at scales 4 > 120 km or A/4; 2 2 (encompassing the second peak), whereas at the shorter
scales (first peak) the energy conversion is more balanced (equal blue and red levels).

3.3. Poynting Fluxes

Whistler waves can, through Poynting flux, carry energy to different parts of the shock layer, where it can be
dissipated into plasma heating. Figure 4 shows Poynting fluxes observed by MMS1 within the foot and ramp
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Figure 4. Observations from MMS1. Shows (a) Magnetic field magnitude, (b) magnetic field vector in the shock nst
coordinates, (c) normalized magnetic field power spectral densities, (d) Poynting fluxes S, at f < 30 Hz in the plasma rest

frame, (e) spectra of |§°1 |, and the spectra of the angle between §°1 and (f) the shock normal #, (g) 8, (h) t and (i) the
background magnetic field, respectively. The ion cyclotron (f;), lower-hybrid ( f;;,), and electron cyclotron ( f,.) frequencies are
indicated by the white curves in (c) and black curves in (e)—(i), respectively.

region of the 04 November 2015 0805 UT shock crossing. Figure 4d displays the time series of Poynting fluxes at
frequencies <30 Hz in the plasma rest frame transformed into a shock geometry-based nst coordinate system
defined by the orthonormal basis unit vectors: i, which is along the upstream directed shock normal, §, which is
parallel to the shock surface transverse to the magnetic coplanarity plane, and , which is in the coplanarity plane
parallel to the shock surface. For this event, fi =[0.9867,0.1615, —0.01916] is nearly along GSE-x,

= [-0.0267,0.2773,0.9604] is nearly along GSE-z, and t = [0.1604, —0.9471,0.2779] is nearly antiparallel to
GSE-y (from Hull et al., 2020). The plasma frame Poynting flux vector estimated from MMS1 time series ob-
servations is defined as S,; = E,; X B,/y,. The electric and magnetic fields were low-pass filtered at 30 Hz before
computing S,;.

To examine contributions as a function of frequency, Figure 4e shows the dynamic frequency spectra of plasma
frame Poynting flux spectral density amplitudes |§°1| from MMSI1. The plasma frame Poynting flux vector

spectral densities were determined from the expression 501 = R{Eol( f)x ﬁ?( f)}/ (2;40) (LeDoc, 1998; Swan-
son, 1989). The cross product is performed in frequency space via Morlet wavelet transformed components of the

HULL ET AL.

11 of 24

85UBD17 SUOWILIOD 91810 8|qeoljdde auyy Aq peusenob ake oIl VO ‘SN Jo Sa|nJ 10} ARIgITaUIUO AB]IA UO (SUONIPUOD-PUE-SWIBIALIOY A8 I ARe1q 1 pUTIUO//SANY) SUONIPUOD PUe SWLB | 8U} 89S [7202/70/0E] U0 Akeiqiaulluo A8|IM ‘oueld aUeIY0D AQ 0E9TE0VIEZOZ/620T OT/I0P/W00 A8 1M Azl jputuo'sgndnfe//sdny wouy pepeojumod ' ‘vzZ0e ‘Z0v669Te



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2023JA031630

plasma frame electric field vector E,l and the complex conjugate of wavelet transformed components of the

magnetic field vector ﬁ? sampled by MMS1. Though we are focused on fluctuations below 30 Hz, the spectra
were quantified and shown for frequencies up to the 4 kHz Nyquist limit of the burst sampled fields for contextual
purposes. To get a sense of the direction of energy transport relative to the shock geometry, Figures 4f—4h displays
dynamic spectra of the angles between the plasma rest frame Poynting flux vector §01 and the unit vectors A, §,
and t, respectively. Finally, the dynamic spectra of the angles between the plasma frame Poynting flux vector and
the background magnetic field B, (dynamically determined for each f) are given in Figure 4i. For context, the
magnetic field amplitude and vector components in nst coordinates from MMS]1 are shown in Figures 4a and 4b.
In the shock nst coordinates, the largest component is B,;, with the other two components being generally smaller,
which is characteristic of a quasiperpendicular shock. Hull et al. (2020, Figure Ald) demonstrated that the
magnetic field along the normal at shock macro-scales is approximately constant. On the upstream asymptotic
side, the magnetic field vector points into the shock, since the component along the upstream directed normal is
negative (By; ~ —1 nT). Here, it is apparent that the superposed whistler activity results in significant excursions
from constancy, owing to their large amplitudes. This underscores the importance of defining the background
field as a function frequency when organizing spectral data by the field. In addition to these quantities, the
normalized magnetic field PSD is also provided for context in Figure 4c.

Similar to the behavior of energy conversion rates discussed in Section 3.2, Figure 4d reveals that the Poynting
fluxes are bursty in nature with intensities increasing with increasing penetration into the layer. The amplitudes
range from a few tenths to a few hundredths of mW/m?. Figure 4e indicates that Poynting fluxes arise from
fluctuations extending over a broad frequency range from sub-hertz to several hundred Hz, which span the

frequencies of whistler waves within the layer. The |§°1| are largest at lower frequencies with values reaching
21072 mW/m*Hz and diminishing significantly to $10™> mW/m>Hz at several 10-100s of Hz. Figures 4g and 4h
reveal that the plasma frame Poynting fluxes at frequencies 21 Hz are primarily oriented along the shock surface,
being preferentially oriented within the coplanarity plane (along ) indicated by the darker blue in Figure 4h from
0805:24-0805:42 UT and subsequently transitioning to the out-of-coplanarity direction (along §) indicated by
darker blue in Figure 4g. As a consequence of being aligned along the shock surface, the plasma frame Poynting
fluxes are nearly antiparallel to B, (see Figure 4i). The plasma frame Poynting fluxes are generally quasi-
perpendicular with respect to the shock normal but have a slight upstream tendency as indicated by the cyan in
Figure 4f.

To assess the ability of associated whistler waves to transport energy to different parts of the shock and hence their
impact, it is important to examine Poynting flux behavior in a relevant shock frame of reference. Figure 5 displays
Poynting fluxes from MMS1 transformed into the NIF in the same format as Figure 4. The NIF is the shock rest
frame of reference in which the upstream bulk velocity is aligned along the shock normal. The Poynting flux
vector in this frame estimated from time series observations is defined as Syp; = Enrp X B1/g. The electric field
in the NIF is derived from its spacecraft frame counterpart via the relation Exjr; = Egc; + (vgal + Vip) X By,
where vyp = i X (Vgw X 1), v, is the relative velocity along the shock normal, and Vg, the solar wind velocity.
The components of Sy, at frequencies <30 Hz in nst coordinates is shown in Figure 5d.

The NIF Poynting flux vector spectral density from MMS1 is given by the relation §NIF1 = R{ENIFI X ﬁ?}/ (2/40).

The magnitudes |§NIF1| versus frequency are shown in Figure 5e, which are very similar to their plasma frame
counterparts shown in Figure 4e. Figures 5g and 5h reveal that the NIF Poynting fluxes at > 1 Hz frequencies
remain primarily along the shock surface, with orientations that are similar to their plasma frame counterparts.
Namely, the Poynting fluxes are preferentially inclined within the coplanarity plane along t from 0805:24-
0805:42 UT (dark blue in Figure 5h) but are preferentially in the out-of-coplanarity direction § afterward (dark
blue in Figure 5g). Though the Poynting fluxes projected along the shock surface rotate with increasing pene-
tration into the layer, they remain quasi-antiparallel to the magnetic field (red in Figure 5i). In contrast to the
plasma frame, Figure 5f indicates that the NIF Poynting fluxes at ~10 Hz and below are quasiperpendicular to the
shock normal with a downstream directed preference (yellow to orange). This is also indicated in Figure 5d, which
shows the NIF Poynting fluxes along the normal are generally smaller than the other two components and have a
notable negative bias. There is evidence of the NIF Poynting fluxes along the normal at higher frequencies
alternating between slightly upstream (cyan) and sightly downstream (yellow) orientations (more so in the second
half of Figure 5f).
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Figure 5. Observations from MMS1. Shows (a) Magnetic field magnitude, (b) magnetic field vector in the shock nst

coordinates, (c) normalized magnetic field power spectral densities, (d) Poynting fluxes Sy, at f < 30 Hz in the shock rest

frame, (e) spectrograms of |§NIF1 |, and spectrograms of the angle between §NIF1 and (f) the shock normal 1, (g) §, (h) tand
(i) the background magnetic field, respectively. The ion cyclotron (f;), lower-hybrid (f;;,), and electron cyclotron (f..)
frequencies are indicated by the white curves in (c) and black curves in (e)—(i), respectively.

To examine the spatial and temporal nature of wave energy transport, Figure 6 displays the cumulative sums of the
Poynting fluxes below 30 Hz measured by each of the MMS spacecraft in the foot and ramp region of the shock.
Figures 6b—6d show the cumulative sums of S,,,, S., and S,,, which are Poynting fluxes below 30 Hz in the plasma
frame projected along 1, §, and f, respectively. The net increase or decrease (i.e., positive or negative slope) in
these values provides essential information on the overall preferred directionality of energy flow associated with
the fluctuations below 30 Hz in the interval. In the first half of the interval, there is a strong positive increase in the
cumulative sums of S,,, with much smaller increases in the sums of S,,, and S,,. This confirms that the transport of
energy in the plasma frame is predominantly parallel to the shock surface within the coplanarity plane antiparallel
to the magnetic field and with a slight upstream directed preference surmised above. Consistent with the coherent
nature of the LF whistlers, the observed increases in the cumulative sums of S,,,, S,,, and S, in this region are also
roughly the same for all four spacecraft. With increasing penetration deeper into the ramp, the energy transport is
still primarily parallel to the shock surface but transitions to being primarily in the out-of-coplanarity direction §
(second half of the interval in Figure 6¢). The cumulative sums of S, plateau and eventually decrease near the end
of the interval in Figure 6d indicating a reversal in the direction of energy flow along f. Similar to what was found
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Figure 6. (a) Magnetic field magnitude measured by MMS|1, the cumulative sums of plasma frame Poynting fluxes projected
along (b) , (c) §, and (d) f, and the cumulative sums of shock NIF Poynting fluxes projected along (e) #, (f) §, and (g) f. The
cyan line in (b)—(g) indicates where the cumulative sums are zero. To make the trends more visible, panel (b) has a reduced y-
axis range relative to (¢)—(g).
for energy conversion rates, the sums of S, and S,, do exhibit departures among spacecraft comparisons in the
ramp that arise from gross differences in slopes with some superposed localized steps. Departures are most
notable in the sums of S, in the second half (Figure 6b), owing to the much smaller amplitudes relative to the
other two components. Despite the variability, the cumulative sums of S, exhibit a slight increasing trend in
MMS1, MMS3, and MMS4 data; however, the trend for MMS?2 is unclear. The variability in the cumulative sums
of S,,, S.s and S, deeper in the ramp is related to that found in energy conversion rate sums described above in
Section 3.2 and is consequent to spatial and temporal variations in the whistler wave electric and magnetic fields
within the short spatial separations of the MMS spacecraft.
To assess their behavior relative to a shock rest frame, Figures 6e—6g show the cumulative sums of Syg,., Snigss
and Sy, which are Poynting fluxes below 30 Hz in the shock NIF projected along f, §, and t, respectively. In this
frame, we still see that the energy transport is predominantly parallel to the shock surface. This transport of energy
is within the coplanarity plane along € in the first half of the layer (Figure 6g) but later is dominantly in the out-of-
coplanarity direction (Figure 6f), as was observed in the plasma rest frame case. However, the cuamulative sums of
Snir, have the opposite sign to their plasma frame counterparts, indicating that the gross energy flow and thus
group velocities have a downstream directed sense in the shock NIF.
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To examine dependencies on scales, Figure 7 shows distributions of Poynting flux spectral densities as a function
of wavelengths for coherent fluctuations at a few tens of Hertz and below. Note, Poynting flux spectral densities in
both the rest frame and NIF were determined using wavelet transformed electric and magnetic fields defined

at the tetrahedron barycenter for these comparisons. Specifically, §° = R{EOBCxEEC}/ (2/40) and

§NIF = R{Eﬁfp X E;C }/ (2/40) . The statistical distributions were again compiled over the two intervals indicated
in Figure 7a. For context, the occurrence distributions of A associated with the two intervals are given in
Figures 7b and 7n, respectively. The corresponding occurrence distributions of A/4; are depicted in Figures 7h and
7t, respectively. The color code indicates the relative occurrence contributions associated with positive (blue) and

negative (red) values of S, corresponding to upstream and downstream directed sense, respectively.

The distribution of plasma rest frame Poynting flux spectral density amplitudes |§0| versus 4 and A/4; are given in
Figures 7c and 7i for the first half and in Figures 70 and 7u for the second half of the interval. Also shown are the
probability distributions of positive rest frame Poynting fluxes projected along the shock normal 3, as a function
of |§0| versus 4 (Figures 7d and 7p) and as a function of |§0| and A/4; (Figures 7j and 7v) in the two intervals. Note,
percentages above 50% within a given bin indicate values for S, that are preferentially positive (cyan to blue),
signifying preferential upstream directed energy transport in the plasma frame. Values below 50% indicate
preferential negative values for S, (yellow to red), signifying energy transport that is preferentially directed
downstream.

The scale dependence of Poynting fluxes associated with LF whistler fluctuations shows similar behavior as the
energy conversion rate dependencies previously discussed. Particularly, in the first half of the interval, values for

|§0| at A ~30-100 km (or A/A; ~0.3 — 1.0) increase with increasing scale, peaking at ~1-2 X 107> mW/(m?Hz).

~f
Regression analysis applied to this wavelength range yielded the power law scaling relation |S:m| = 10794231
(black line in Figure 7c). At longer wavelengths (4 > 100 km or A/4; > 1.0), values for |§0| are reduced from peak

amplitudes, however, the trend is unclear owing to changing slopes. Values for |§0| in the second half of the
interval are significantly enhanced (reaching ~1-3 x 1072 mW/(m*Hz)) and found to be positively correlated
with A and A/4; at all scales, with coefficients of » = 0.59 and r = 0.58 for comparisons shown in Figures 70 and 7u,

respectively. Regression analysis applied to the full wavelength range yielded the power law scaling relation
~ramp

IS,
Figures 7j and 7v) statistically demonstrate that the Poynting fluxes across the resolved scales in both intervals are
preferentially directed upstream in the plasma frame. This is further clarified in Figures 7b and 7n (also in

| = 10743217 (black line in Figure 70). The probability distributions shown in Figures 7d and 7p (also in

Figures 7h and 7t), where the largest occurrence contributions across most scales are associated with upstream
directed Poynting fluxes in the plasma frame (indicated in blue) in both intervals.

To examine dependencies in the NIF, the occurrence distribution of 4 and A/4; color coded according to relative
contributions associated with positive (blue) and negative (red) values of Sy, are given in Figures 7e and 7k in
the first half and Figures 7q and 7w in the second have of the interval, respectively. Additionally, the distributions
of the NIF Poynting flux spectral density amplitudes |§NIF| as a function of A and A/4; are shown for the first
(Figures 7f and 71) and second (Figures 7r and 7x) halves of the interval, respectively. The corresponding
probability distributions of the Poynting flux spectral densities projected along the shock normal Sy, as a

function of |§NIF| and A are depicted in Figures 7g and 7s and as a function of |§NIF| and A/4; in Figures 7m and 7y.

The scale dependencies of |§NIF| in the two intervals (Figures 7f, 71, 7r, and 7x) do not show any marked dif-
ferences from the plasma rest frame counterpart (Figures 7c, 7i, 70, and 7u). Regression analysis yielded similar

power law relations |§:$| = 1075232 at A~ 0.3 — 1.04,and [Syp | = 10742"8 over the full wavelength range in
the first and second half of the interval, respectively (black lines in Figures 7f and 7r). This indicates that the frame
transformation did not significantly affect the scaling relations. However, the probability distributions in the NIF
statistically show the opposite trend. Namely, the NIF Poynting fluxes projected along the normal in both in-
tervals have a preferential downstream directed sense across all resolved scales indicated by the predominance of
yellow to red in Figures 7g, 7m, 7s, and 7y. These results are complemented by the occurrence distributions versus
A (Figures 7e and 7q) and A/4; (Figures 7k and 7w), which show that the relative contributions associated with
downstream directed Poynting fluxes in the NIF (indicated by red) generally predominate their upstream directed
counterpart (indicated by blue) in both intervals.
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4. Discussion

Our results underscore the importance of examining Poynting fluxes in the plasma frame as an additional means
for discriminating source mechanisms of the carrier whistler waves. A favored instability candidate for whistlers
near lower-hybrid frequencies at quasiperpendicular shocks is the modified two-stream instability (MTSI; also
known as the kinetic cross-field streaming instability Wu et al., 1983). The predominantly upstream-directed
nature of the plasma rest frame Poynting fluxes discounts the MTSI-slow drift mechanism (MTSI-SD, also
referred to as MTSI1 by Matsukiyo & Scholer, 2006) as the source for the LH whistler waves within the foot and
ramp region of the shock. The MTSI-SD mechanism, which derives its free energy source from the relatively slow
drift between incoming solar wind ions and electrons, is expected to have downstream directed Poynting fluxes in
the plasma frame. Moreover, the MTSI-SD mechanism excites whistlers near LH frequencies with wavelengths
several times the electron inertial length and that propagate (in the plasma frame) toward the ramp nearly
perpendicular to the background magnetic field, which is at odds with the interferometry results reported in
Section 3.1. On the other hand, the upstream-directed nature is consistent with the MTSI-fast drift (FD) mech-
anism, which derives its free energy source from the relatively fast drift between the reflected ions and electrons
(also referred to as MTSI2 by Matsukiyo & Scholer, 2006). For a detailed demonstration of the Poynting flux and
group velocity expectations for the MTSI-FD case in the plasma and shock frames that are consistent with the
observations, see Appendix A. This mechanism is further supported by the results reported by Hull et al. (2020),
who demonstrated that the wave vectors are oriented toward the reflected ion beam in such a way as to satisfy the
Cerenkov resonance condition in this shock event. The recent study by Lalti et al. (2022) demonstrated this to also
be the case at moderate fast mode Mach number quasiperpendicular shocks, supporting the MTSI-FD as the
mechanism for that generation of LH whistlers observed at those shocks. Note, upstream-directed Poynting fluxes
are also consistent with the dispersive radiation mechanisms as the source of the associated carrier whistler waves
(Sundkvist et al., 2012). However, the obliquity of the wave vectors with respect to the shock normal (i.e., not
inclined toward the normal), their connectivity with the reflected ion beam demonstrated in Hull et al. (2020), and
associated energy conversion rate trends (i.e., generation in upstream part of the foot and absorption in the ramp)
discount this as the mechanism for the LF whistlers reported herein.

Our results differ significantly from the results of Sundkvist et al. (2012) who reported on the properties of
Poynting fluxes at two quasiperpendicular shocks encountered by the Cluster spacecraft. First, the peak NIF
Poynting flux spectral densities reported in Figure Se are much larger (by one to two orders of magnitude) than
those reported by Sundkvist et al. (2012). Second, they reported Poynting flux spectral densities that are pref-
erentially oriented along the shock surface but with an upstream sense in the NIF, which is opposite to our results.
These differences are not fully understood but may be due to differing upstream solar wind conditions, such as the
fast mode Mach number or the dynamic pressure. Our shock event is characterized by M~ 6.7 and Pgy, ~ 7 nPa.
Both events reported by Sundkvist et al. (2012) are associated with low values for the solar wind dynamic pressure
(obtained from OMNIWEB), with Pgy ~ 2.4 nPa and Pgy, ~ 1.9 nPa for the first and second event, respectively.
The M,was not reported for the first event, but it is expected to be lower than ours given that M, ~ 5.5. The second
event was reported to have M~ 5 (according to Lobzin et al., 2007), with M, ~ 11. These comparisons imply that
energy reconfiguration may be fundamentally different, with radiation upstream of the shock occurring under
lower fast mode Mach number/solar wind dynamic pressure conditions, but with transport and accumulation of
energy toward and within the ramp in high Mach number/solar wind dynamic conditions. Verification of this
scenario will require the analysis of additional events, which is outside the scope of this paper.

A natural explanation for the conversion rate dependence on location that is revealed in these observations is
provided by the characteristics of the MTSI-FD. The excited LF whistlers result from a competition between their
destabilizing by the reflected ion beam and their Landau damping by the electrons (Muschietti & Lem-
bege, 2017b). The damping is effected by the parallel component of the wave electric field and depends on the
number of electrons in Cerenkov resonance with the wave @ = kv|. This damping increases with a rising electron

Figure 7. (a) Magnetic field magnitude. Also shows occurrence distributions of (b, e, n, and q) 4 and (h, k, t and w) 1/4; color coded according to relative contributions
associated with positive (blue) and negative (red) values of (b, h, n, and t) S, and (e, k, q, and w) Sxp,, respectively, distributions of |§0| as a function of (c, 0) A and (i, u)
M2, the probability distributions of positive values of S, as a function of (d, p) |§(,| and A and (j, v) |§(‘| and A/4,, distributions of |§NIF| as a function of (f, r) A and (1, x) A/4,,

the probability distributions of positive values of Swirn as a function of (g,s) |§NIF| and A and as a function of (m, y) |§NIF| and A/2; for the (b—m) first half and (n—y) the
second half of the combined foot/ramp region depicted in (a). The solid black lines in (c), (f), (0), and (r) indicate results of a regression analysis applied to the data.
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temperature (Muschietti & Lembege, 2017b, Figure 5). Using parameter values appropriate for the observations,
kA; =10, 8, = 120°, we find that the Landau damping of whistlers with w/k;; = 800 km/s increases by a factor of
two where the electron temperature 7, rises from 20 to 60 eV. In the upstream section of the foot, the electrons are
relatively cold (median temperature ~20 eV), so that the instability can take place and energy gets transferred to
the waves. On the other hand, closer to the ramp T, increases substantially, whereas the relative drift IV, de-
creases, the specular reflection point being reached in the ramp. In our case, electron heating is relatively strong,
with the electron temperature reaching 7, ~ 140 eV at the magnetic overshoot. As a result of these effects, energy
conversion goes in the other direction. Namely, wave energy gets dissipated into plasma heating, specifically
electron heating. The observations of Poynting fluxes in the NIF demonstrate energy transport is aligned along the
surface, with smaller downstream directed sense, suggesting that the group propagation of the spectrum of wave
packets is back toward the layer but mostly along its surfaces.

The interaction of the packets with increasing magnetic field and density gradients may result in accumulation and
ducting along the surface, owing to reflection analogous to ducting in the magnetosphere. This can have the effect
of increasing the interaction scale to be much longer than the layer's width. This suggests the following scenario.
Whistler waves are excited in the upstream section of the foot. However, owing to the high solar wind velocity,
the waves are unable to group propagate upstream or stand in the flow in a frame fixed with respect to the shock.
The broad spectrum of wave packets are slowly carried back toward the ramp where they pile up and interfere
with each other creating the wave mix observed, and the energy they carry gets dissipated into electron heating.
Moreover, the expectation that the Landau damping effect first eliminates the shorter wavelengths is consistent
with the observed trend of larger normalized wavelength scales being observed deeper in the ramp.

5. Summary and Conclusions

In this study, we utilized multipoint measurements from MMS within the foot and ramp of a high Mach number
quasiperpendicular shock to analyze the properties of intense whistler waves near lower hybrid frequencies and
below, the Poynting fluxes these waves carry, and associated energy conversion rates, including their spatial-
temporal behavior and dependencies on scale. We employed a four spacecraft wavelet-based interferometry
technique to dynamically determine the coherency and characteristic parameters of these LF whistlers. In addition
to providing accurate determinations of the phase speeds and rest frame frequencies, this approach also yielded
accurate estimates of wavelengths. We used this information to determine, for the first time, the scale distribution
and hence the scale dependency of the Poynting fluxes and energy conversion rates associated with the LF
whistler wave fluctuations.

The cross-spectral analysis results indicate that the whistlers at frequencies up to several tens of Hz in the first half
and up to ~10 Hz in the second half of the layer are generally “coherent”. With some exceptions, the whistlers at
higher frequencies are generally found to be “incoherent” owing to significant spatial-temporal variability of
these waves within the ~11-18 km separations of the MMS spacecraft. The wave vectors of coherent LF whistler
waves are oblique to the background magnetic field, with phase velocities along the normal in the shock NIF rest
frame ranging from ~200-1,400 km/s (i.e., not phase standing). The wave vectors are typically oblique to the
shock normal (median 6,,, = 54°), with a preferential inclination toward the magnetic coplanarity plane (median
angular departure of 41°). The rest frame frequencies of the LF whistler waves range from f, ~ 0.7 —
40 Hz = 0.04-6.3 f;;, = 1.7 — 270f but are typically on the order of the lower-hybrid frequency (mean of
5.2 Hz = 0.5f};, = 21f,;). The wavelengths range from a few tens to a few hundred km (corresponding to A ~0.3—
8.0 4; or A ~13-343 1,). In the upstream half of the combined foot and ramp region, the scale distribution is
dominated by whistlers at sub-ion inertial length scales (1 ~0.65 £ 0.354;). In contrast, ion scale whistlers
dominate deeper in the layer yielding a double peaked scale distribution with peak enhancements at scales of 4
~1.3 £ 0.64; and 4 ~4.0 = 1.54;, respectively.

The whistler associated Poynting fluxes are bursty in nature with intensities increasing with increasing pene-
tration into the layer, with values ranging from a few hundredths to tenths of mW/m?. The Poynting fluxes were
primarily aligned quasiparallel to the shock surface, and antiparallel to the background magnetic field. In the foot,
the Poynting fluxes were oriented within the coplanarity plane, while deeper in the ramp they were oriented
preferentially in the out-of-coplanarity direction. The Poynting fluxes have a much smaller component along the
shock normal, which, in the plasma rest frame, had a preferential upstream-directed sense across all resolved
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spatial scales. However, in the shock NIF, a preferential downstream-directed sense across all resolved spatial
scales was observed.

Energy exchange rates per unit volume D, were computed in the plasma rest frame in two frequency ranges for all
four spacecraft. Values over the full range of frequencies (<4,000 kHz) are typically on the order of a few
hundredths of #W/m?, with some examples reaching a few tenths of xW/m®. Similar to the Poynting fluxes, the D,
were bursty/patchy with values increasing with increasing penetration into the layer. The largest values of D, are
associated with ES waves at 100 Hz to 8 kHz frequencies, with important contributions from signals at ~30 Hz
and below, which are attributed to the intense LF whistlers in the foot and into the ramp. Though the largest values
of D, are associated with ES waves, the cumulative sums of D, through the layer indicate that the dominant net
energy exchange contribution is from the LF whistler waves, with the HF ES waves providing negligible/net zero
total contribution from individual packets in the interval. This latter behavior is owing to the symmetric oscil-
latory nature of the HF ES waves about the mean field in the interval.

Values for D, at frequencies <30 Hz are preferentially negative in the foot, while in the ramp region they are
preferentially positive. In the former region, the dominant contributions are from the sub-ion inertial length
whistler waves with important non-negligible contributions from ion inertial scale whistlers. These contributions
yielded a net amount of energy exchanged from the plasma to the whistlers indicating that the foot is a source
region of the LF whistlers. In the ramp region, the largest values for D, at frequencies <30 Hz are associated with
whistler waves with ion inertial length scales, with exception at a few intermittent localized steps where large
amplitude whistlers at sub-ion scales dominate. These contributions yield net energy dissipation from the waves
to the plasma.

The Poynting flux and energy conversion rate spectral densities were found to have a similar qualitative power
law dependence on scale. The spectral densities were found to increase with increasing scale (at and below the ion
inertial length scale in the upstream half and at all scales deeper in the layer). The correlated data were used to
quantify empirical scaling relationships, which provide important basis for comparison with theoretical models
and simulations of energy transport and conversion at collisionless shocks.

Multi-spacecraft data comparisons revealed that the spatial and temporal properties of the LF whistler asso-
ciated Poynting fluxes and energy conversion rates depend on location within the layer. This is exemplified by
the cumulative sums of these quantities, which show little differences among the spacecraft measurements in
the first half of the layer, while significant space-time variability is observed deeper in the ramp. The former
indicates that whistler wave production and associated energy transport are coherent there. The latter is
attributable to the reduced coherency of the whistler waves above ~10 Hz in that region. This may be
consequent to the spectrum of wave packets, unable to “group stand” against the flow, being blown back to the
ramp, where they pile up and interfere with each other as they interact with the increasing magnetic field and
density gradients. In some intermittent instances deeper in the ramp, the interaction process results in a
localized spectrum of large amplitude whistler waves, which induce sharp localized changes or steps in net
energy conversion and transport.

The results reported here (e.g., the characteristic spatial scales, and upstream-directed oblique wave vectors and
plasma frame Poynting fluxes) are consistent with the MTSI-FD source mechanism of the LF whistler waves
observed at the shock as suggested by Hull et al. (2020). These results combined with those of Hull et al. (2020)
provide a more comprehensive understanding of the important role played by LF whistlers in energy reconfi-
guration at this high Mach number collisionless shock with ramifications to electron heating. The scenario
suggested by these combined results is that LF whistler waves generated in the shock foot region (via the MTSI-
FD) transport energy predominately along the shock surface and slightly toward the shock ramp in the shock
normal incidence frame, where wave energy accumulates and is dissipated via Landau damping into electron
heating.

Appendix A: On the Direction of the Poynting Flux for LF Whistlers

Our model plasma in the foot is characterized by a double anisotropy: one defined by the direction of the
background magnetic field By, the other by the drift of the reflected ion beam V,,. Let ¥ = (B, V},) be the plane
that is defined by these two directions. Theoretically, ¥ contains the wave vectors of the most unstable whistlers
destabilized by the reflected beam. Also, detailed measurements of the waves during the 04 November 2015
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quasiperpendicular shock crossing show their vectors to lie close to the ¥ plane (Hull et al., 2020, Section 3.5). Let
us consider a whistler with a wave vector k in the plane ¥, making an angle 6,, with B,. We define an orthonormal
coordinate system associated with the wave by (L, T, T,) where L is parallel to k, 7, is perpendicular to ¥, and T,
is within ¥ and completes the system. See Figure Al.

Y plane in CM frame

Figure A1l. Illustration of the orientation of the wave vector k, background magnetic field B, and velocities of the incoming
solar wind ion core V and reflected ion beam V, in the ¥ plane in the center of mass frame (This Figure was originally
published in the work by Muschietti and Lembege (2017b) under the Creative Commons Attribution 3.0 License (https://
creativecommons.org/licenses/by/3.0/)).

The Poynting vector reads

1
S=—<EXB>, (A1)
Ho

where the averaging indicated by the brackets has to be done over some periodicity in the fields. In the coordinate
system (L, T}, T,), and working in the center of mass frame, S has the following components

1
Sy = ;<ET1BT2 — EpnBri>
0

1
STI = __<ELBT2> (A2)
Ho
1
ST2 = __<ELBT1 >.
Ho

The properties of beam-driven oblique whistlers were studied using pseudo-oblique full particle PIC simulations,
where the propagation angle 0,, is predetermined by the setup to one spatial direction (Muschietti &
Lembege, 2016, 2017a). Due to the complex polarization of the wave, which includes a longitudinal component
E,;, the Poynting vector is not parallel to k. It was also shown that < E; B;,, > averages to zero whereas < E; By >
does not. In fact, for 6, < 7/2 the relative phases between E, and By, are such that < E; B, > is negative, hence
S > 0. As a result, the Poynting vector also lies within ¥ and makes an angle to B, smaller than 6,

A convenient coordinate system for the plane ¥ is to take z along B, x along the part of the drift perpendicular to
B, and y perpendicular to ¥ unchanged from 71 (see Figure Al). In these coordinates S becomes

S,
S,

SL sin@kb - STZ COSH[(},

St (A3)

S, = S cosOyy, + Sy sinby,
From simulations of whistler waves, one knows that the component S, averages to zero, S, = Sz = 0. So we are
left with estimating which part is parallel (S.) and perpendicular (S,) to By. If one further assumes that the di-
rection of the Poynting vector parallels the group speed, the relative values of Sy, and S; in Equation A3 can be
evaluated as:
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1 dw Jw
Sr/S; = —— ——/—. A4
12/SL kaak,,/ak (A4)

In order to compute this ratio, we use the dispersion relation of LF whistler waves w(k, 8,,) in Muschietti and
Lembege (2017b, Equation 1). In the limit (kc/ (ope)2 < 1, we obtain

ow 1 + 20826y, (kA;)?

v, 1/2

L = 3.
ok (1 + cos26y, (kﬂ,-)2)

(A5)
1 ow cosBy, sindy, (ki)

Y h
g k 00y, (1 + cos?6y, (kfli)z)l/2

where 4; = c/w,,; and V, is the Alfvén velocity. Hence the ratio reads

S _ (k) sin(26y,) (A6)
S 2+ 4kA,)* cos26y,

Thus, the parallel component S, and the magnitude S of the Poynting vector can be written in terms of S, as:
k2;)*sin6,
S|l =S, = cosakb<1 +M)S
1+ 2(kA;)" cos?0y,
(A7)

. 4 qin2
S = 1 + (kﬂ,l) sin (2 Hkb) .
(2 + 4(kA;)* cos20,,)

This again shows the peculiar characteristic of oblique whistlers. Their group speed points closer to the back-
ground magnetic field By, than the direction of their phase speed. To give a sense of the relative size of S} to S, let
us consider the 10 Hz whistler event that occurred 0805:35.397 UT listed in Table 2 of Hull et al. (2020), which is
associated with k4, = 11.6 and an angle between k and B,, of 8, = 119°. Using these values in Equation A7 one
finds §; = —1.26 S, and S = 1.34 S;. Therefore the angle of S versus B, 6, = 161°, which makes S more anti-
parallel to B, than the k vector. It is also in nice agreement with the data displayed in Figure 4i of the present
paper.

In order to set the wave directions in the macro context, one should use GSE coordinates. Within these coordinates
the plane ¥ can have varied orientations due to the rotation of B, and the change of V within the foot. The
problem is intrinsically three-dimensional and needs be examined on a case by case basis. Figure A2 shows the
relative orientations of various directions of interest determined at time 805:35.397 UT. At this foot location the
plane ¥ makes a 45° angle with the shock normal. As for the reflected beam velocity Vy, (in red), it points 45.5° off
the normal (in orange) and 15° off the motional electric field (in blue). Note that V}, is expected to parallel the
normal close to the reflection point and to gyrate while accelerated by the motional electric field further upstream
in the foot (e.g., Paschmann et al., 1982; Schwartz et al., 1983; Madanian et al., 2021, and references therein).

Our goal here is to assess the characteristic directions of the Poynting flux. Particularly, we wish to evaluate the
sign of the Poynting flux along the shock normal and determine whether the wave energy is transported away
from or toward the ramp. Recall that we work at this point in the center of mass frame (CM). Later on we will shift
to the shock frame. Formally we can write

5 =545 0m

—, A8
ox ‘oz (A8)

where n is the unit vector in the shock normal direction.

Substituting S, and S_ from Equation A3 one obtains after using Equation A6
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Figure A2. Three-dimensional illustration of unit vectors of interest in the center of mass frame (red dot) in GSE coordinates
at time 0805:35.397 UT, which is in the first half of the layer. The background magnetic field ﬁo is indicated by solid black
arrow, the incoming solar wind ion core velocity Vc by green arrow, the reflected ion beam velocity Vb by the red arrow, the
motional electric field E, by the blue arrow, and the shock normal fi by the orange arrow. The direction of the reflected beam
velocity vector points 45.5° off of fi and 15° of K.

St
= v X
1+ 2(kA;)" cos?6y,

(A9)
{Z—n sinHkb(l + (kA;)? cos20kb) + g—ncosﬂk,, [1 + (kl,-)z(l + COS29kb)]}.
X Z

For a reflected beam dn/dx > 0. So the first term in the second line is positive. The second term is also positive
since for the situation where By, points toward the shock the product dn/dz cos 6, > 0. Hence S,, has the sign of S,
which is clearly a positive quantity.

As a numerical example, we consider the situation depicted in Figure A2 together with values for the 805:35.397
UT event from Tables 1 and 2 of Hull et al. (2020). The angle between the beam velocity and the shock normal is
45.5°, hence on/ox = 0.701. The angle between B, and the shock normal is 95.7°, hence dn/dz = —0.099. Also, we
use kA; = 11.6 and 6, = 119° to evaluate Equation A9. One obtains S, = +0.437 S; > 0. Although smaller than
ISyl =126 §,, it is a positive value indicating an upstream direction.

So far, we have worked in the center of mass frame (CM). What happens to S,, when seen in the shock frame? One
way to assess the effect of the frame transformation is to evaluate the change in group velocity between the two
frames. In the CM frame the group velocity of the wave along the normal can be computed from Equation A5 as

Voo On |
& — —”smek,,\/ 1+ (kA;)* (1 + cos(260,,))/2
ox

Va
on 2 N
+a—cosekb[1 + (k4) (3 + cos(2¢9kb))/2]/ 1+ (kA;)" cos20y,.
Z

Seen in the shock frame, the normal component of the group velocity is simply V,, + Vcy -n, where the CM

(A10)

frame moves with speed V¢ versus the shock frame. V), -n is a negative quantity and if its module is larger
than V,,,, the normal component evaluated in the shock frame is negative and so is the normal component of the

Poynting flux.

Using again values relevant to our event (k4; = 11.6, 8, = 119°, dn/dx = 0.701, dn/oz = —0.099) one obtains
Vgn
of the Poynting flux to be negative unlike in the CM frame. The whistler wave packets are slowly convected back

toward the ramp at a speed on the order of the Alfvén speed. This provides them with a rather long “residency

= +4.9 V,. Since the flow along the normal is on the order of 5 — 6V, we can expect the normal component
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