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Abstract Using the high-time-resolution data from the Magnetospheric Multiscale mission, precursor
waves upstream of foreshock transient (FT) shocks are statistically investigated using the four-spacecraft timing
method. The wave frequencies and wave vectors determined in the plasma rest frame (PRF) are shown to follow
the cold plasma dispersion relation for whistler waves. Combining with the feature of the right-hand polarization
in the PRF, the precursors are identified as whistler-mode waves around the lower hybrid frequency. The
occurrence of whistler precursors is independent of the Alfvén Mach number and the FT shock normal angle.
More importantly, all the whistler precursors have group velocities pointing upstream in the shock frame,
suggesting the dispersive radiation to be a possible generation mechanism. The study improves the
understanding of not only the whistler precursors but also the overall FT shock dynamics.

Plain Language Summary The characteristics of the precursor waves upstream of foreshock
transient (FT) shocks are determined in the plasma rest frame using the multi-point measurements from the
Magnetospheric Multiscale mission with appropriate separation scales. The statistical results demonstrate for
the first time that the precursors upstream of FT shocks are lower hybrid frequency whistler-mode waves. The
presence or absence of large amplitude whistler precursors does not depend on the FT shock normal angle and
the Alfvén Mach number. These results have important implications on the nature of the whistler precursors and
the dynamics of the FT shocks.

1. Introduction

Whistler precursors were widely observed within or upstream of planetary bow shocks (Brain et al., 2002;
Fairfield & Behannon, 1976; Lalti et al., 2022; Orlowski & Russell, 1991; Orlowski et al., 1992; Russell, 2007;
Smith et al., 1991; Sulaiman et al., 2017; Y. Wang et al., 2023), interplanetary shocks (Wilson et al., 2017, 2021),
and near lunar crustal magnetic sources (Halekas et al., 2006; Harada & Halekas, 2016). They are believed to be
an essential part of collisionless shocks (Balogh & Treumann, 2013; Kennel et al., 1985; Wilson, 2016) and may
be driven by plasma instabilities (Matsukiyo & Scholer, 2006; Scudder et al., 1986; Wilson et al., 2012) or
radiated from shock ramps (Balikhin et al., 1997; Krasnoselskikh et al., 2002; Sundkvist et al., 2012). Previous
theories and simulations suggest that whistler precursors lie on the same dispersion relation branch as fast
magnetosonic/whistler waves. These waves are expected to be right-hand polarized electromagnetic waves in the
where @

frequency range of o K 0 K @ ®, and o, are the proton cyclotron, wave, and electron cyclotron

ce’ ci»
(angular) frequencies, respectively. Whistler precursors have various effects in shock dynamics, such as modi-
fying shock transitions (Scholer & Burgess, 2007; Scholer et al., 2003), transferring energy between ions and
electrons (Hull et al., 2020; Muschietti & Lembege, 2017), and redistributing electrons to drive instabilities (Z. Y.

Liu et al., 2021; Yao et al., 2021). They have also been shown to accelerate, scatter, and/or heat electrons (Hull
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et al., 2012, 2020; Oka et al., 2019; Wilson et al., 2012). In addition, whistler precursors have been observed
upstream of the foreshock transient (FT) shocks in the Earth's foreshock (e.g., Turner et al., 2020, 2021). The
foreshock is filled with back-streaming ions from the Earth's bow shock (Eastwood, Balogh, et al., 2005; East-
wood, Lucek, et al., 2005). Interactions between the back-streaming ions and a solar wind (SW) discontinuity can
generate an FT with a core of low magnetic field magnitude and plasma density, which is bounded by
compressional boundaries (Lin, 1997; Omidi et al., 2010; Schwartz et al., 1985; Turner et al., 2013; Zhang
et al., 2022). If the expansion of plasma in an FT core is supermagnetosonic, the upstream compressional
boundary can steepen into a secondary shock, that is, an FT shock (An et al., 2020; T. Z. Liu et al., 2020).

Whistler precursors are observed by spacecraft flying through local plasmas. The corresponding Doppler shift
obscures the true identity of these waves and makes it challenging to unequivocally determine their properties in
the plasma rest frame (PRF) from observations. Due to the spatial-temporal ambiguity, wavelengths (and the
corresponding phase speeds, etc.) cannot be reliably calculated using measurements from a single satellite without
making assumptions (Sonnerup & Scheible, 1998). As for observations from dual spacecraft, wavelengths can be
obtained only when the wave propagation directions (represented as k) have been determined (e.g., by the
minimum variance analysis) in some special conditions (Eastwood, Balogh, et al., 2005; Eastwood, Lucek,
et al., 2005; Mellott & Greenstadt, 1984). Measurements from four spacecraft with appropriate separations are
needed in order to accurately calculate the wavelengths (Krasnoselskikh et al., 2013; Mazelle et al., 2010). Thanks
to the Magnetospheric Multiscale (MMS) constellation mission with small inter-spacecraft separations of tens of
kilometers, the four-spacecraft timing method has been successfully applied to determine the wave vectors and
phase speeds of electromagnetic waves around the lower hybrid frequency (Hull et al., 2020; Lalti et al., 2022).
With unambiguous wave vectors and SW velocities, the corresponding Doppler shifts can be corrected so that the
wave frequencies in the PRF can be determined. Finally, the wave dispersion relation as well as their polarization
properties in the PRF can be obtained to unequivocally reveal the wave identity.

The properties of precursor waves (PWs) upstream of FT shocks are crucial to confirm their possible generation
mechanisms. Up to now, it is uncertain whether the properties of FT shock precursors are different from the ones
observed at planetary bow shocks and interplanetary shocks. The upstream plasma velocities for FT shocks are
much smaller than that of planetary bow shocks (T. Z. Liu et al., 2016; Turner et al., 2020, 2021). This results in
smaller Mach numbers for FT shocks. It is still unclear in what Mach number and shock normal angle ranges (the
angle between the shock normal and the upstream magnetic field) the precursors tend to occur for FT shocks. A
statistical study of FT shock precursors and their relationship with the FT shock parameters is needed to gain
insights on the above unsettled questions. The present study surveys the MMS observations to statistically
examine the PWs observed upstream of FT shocks. The four-spacecraft timing method is employed to extract the
wave phase speeds and the wave vectors, etc., in the PRF. The correlation between the precursor occurrence and
the FT shock parameters is also explored. The rest of the paper is organized as follows. Section 2 describes the
spacecraft data used and how the FT shock precursor events have been selected. Wave properties in both the
spacecraft frame (SCF) and the PRF are analyzed in Section 3. Section 4 presents the relationship between the
precursors and their corresponding FT shock parameters. Section 5 discusses possible generation mechanisms of
the PWs upstream of FT shocks. Finally, the conclusions are summarized in Section 6.

2. Data and Event Selection

The high-time-resolution data from the MMS mission (Burch et al., 2016) were used to conduct this study. The
ion and electron data are from the fast plasma investigation (FPI) instrument (Pollock et al., 2016) with temporal
resolutions of 0.15 and 0.03 s, respectively. Magnetic field data with a sampling rate of 128 Hz are from the
fluxgate magnetometer (FGM) (Russell et al., 2016). The AC magnetic field data with a sampling rate of 8,192 Hz
are from the search-coil magnetometer instrument (SCM) (Le Contel et al., 2016). The Geocentric Solar Ecliptic
(GSE) coordinate system is used throughout this study.

Initially, the selection criteria of FT's summarized by Vu et al. (2022) were used and 207 FTs were selected using
MMS data from 2015 to 2022. Whether these FTs are foreshock bubbles or hot flow anomalies is irrelevant for
the purposes of this study, hence we do not identify or differentiate them. Next, FT shocks associated with the
207 selected FTs were identified following similar criteria as in Davis et al. (2021) that include the ratios of
downstream to upstream magnetic field (Bqoun/Byp) and ion density (Nyown/Nyp), the change in the velocity
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magnitude (IAVI = IV, — V,l), and the presence of a compressional sheath. In particular, if the outer
discontinuity on the trailing edge of an FT satisfies

Bgown/Bup 2 1.5,
Ndown/Nup =15,

|AV| = |Vdown - Vup| > 20 km S,71

and is accompanied by a compressional sheath, it is identified as an FT shock. The downstream-to-upstream ion
temperature ratio is not considered because the SW ion temperatures measured are unreliable due to the insuf-
ficient resolving capacity for the narrow distribution of SW ions (e.g., see Wilson et al., 2022). The above
identification criteria yield 46 FT shocks. The fluctuations on the ramp or foot of these FT shocks are then
recognized as PWs if the ratio of the maximum peak-to-peak wave amplitude to the ambient magnetic field at the
start of each event, 6B/B,,, is larger than 0.01. Out of the identified 46 FT shocks, 36 of them exhibit PWs.

An example event is shown in Figure 1. Around 04:19 UT on 10 December 2018, MMS observed an FT as shown
in Figures 1a—1d. The FT is characterized by a core of low magnetic field magnitude and plasma density sur-
rounded by compressional boundaries. It has a shock on its trailing boundary at 04:20:02 UT. Figures 1a and 1b
display the complex FT shock including large-amplitude PWs (Turner et al., 2020; Wilson, 2016). The char-
acteristics of this FT shock and the associated fluctuations meet the selection criteria described above, therefore,
this FT shock case with PWs is included in our database.

3. Properties of PWs

In order to obtain the properties of the FT shock PWs in the PRF, the cross-correlation analysis was performed on
measurements from the four MMS spacecraft (Hull et al., 2020; S. Wang et al., 2020). The MMS magnetic field
measurements during intervals of interest were first band-pass filtered in the frequency range of 0.5-6 Hz, which
eliminates the 3-s ultralow frequency signals and covers the spectral peaks of the PWs. In this study, an interval
would be rejected if the cross-correlation coefficient of any spacecraft pair is less than 0.8, because the relevant
magnetic field time series are then not adequately correlated. Note that the analysis is for the Y component of the
wave magnetic field (B,,) only, because it has the largest amplitude (and therefore, the best signal-to-noise ratio)
among the three B,, components for most cases. Together with the spacecraft separation information, the time lags

obtained from the cross-correlation analysis served as inputs for calculating kand phase speeds in the SCF (v;%f .

These calculations were performed using the four-spacecraft timing analysis method, as described in previous
studies (Schwartz, 1998; Shi et al., 2019). Finally, a reference frame transformation was applied based on the SW
velocity (v,,) to calculate the wave phase speeds in the PRF

prf __  scf _
Vph = Vph

Vew - K. (1)
The present study relies on the level-2 velocity moments measured by the FPI instrument to get v,,. Although the
level-2 data contain the contribution of possible back-streaming ions (Wilson et al., 2014) and may cause v, to
deviate from its exact value, the careful removal of the back-streaming ion contamination in v, is challenging.

In Figures le and 1f, the PWs upstream of the FT shock are evident. Figure 1g further shows the spectrogram of
the magnetic field. The PWs shown in Figure 1f were found to have a vi“)?f of 353 km/s and k = [-1, —0.04,0. 05].
Given that the background magnetic field during the interval is [2.7, —0.9, 2.6] nT, the wave normal angle (6,p) is
48°. In addition, the corresponding phase speed in the PRF is —268 km/s, representing a sunward-propagating
wave. Finally, the wavelength is frame-independent and can be obtained directly from measurements in the
SCF: 2= V;?f/ fset = 88 km, where the frequency in the SCF (f,) is 4.0 Hz. Thus, the PRF frequency

Jort = Jaef — Vsw f = —3.0Hz. Note that the wave frequency becomes negative in the PRF from being positive in
the SCF, because the wave phase velocity is less than the v, along the wave vector. The sign change of the wave
frequency indicates that the wave propagating sunward in the PRF is convected earthward by the SW flow and the
wave polarization reverses between the PRF and the SCF.
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Figure 1. Overview of an FT with PWs at its upstream shock observed by MMS|1. (a) Magnetic field components in the GSE coordinates (X, ¥, and Z in blue, cyan, and
magenta, respectively) and total magnitude (black) from the FGM instrument. (b) lon omni-directional differential energy flux. (c) Ion (magenta) and electron (cyan)
number densities. (d) Ion velocity components in the GSE coordinates (X, Y, and Z in blue, cyan, and magenta, respectively). Panels (e) and (f) are the zoom-in of the FT
shock showing the three magnetic field components in the GSE coordinates from the FGM and SCM instruments, respectively. The black curve in panel (e) represents
the total magnetic field magnitude as in (a). (g) Spectrogram of the wave magnetic field from the SCM instrument. (h—j) ,, planarity and ellipticity determined using
the SVD method. In (g)—(j), the white curve indicates the local lower hybrid frequency. Note that the bins corresponding to the waves of power spectrum density below
3 x 1072 nT%Hz in () have been removed in (h)—(j) to highlight the results of strong waves.

Since the timing method involves the assumption that k remains constant regardless of frequency or that the
waves are narrow-band, the singular value decomposition (SVD) method (Santolik et al., 2003) has also been
used to determine k for cross validation. The SVD method can give k, planarity, and ellipticity at different
frequencies and different times under the plane wave assumption. For the waves shown in Figure 1f, Figures 1h—
1j display the 6,8, planarity, and ellipticity calculated using the SVD method. The 6, s of the PWs are around
50°, and their power-weighted average gives a 6, of 54°, consistent with the k determined by the timing method.
In addition, Figure 1i shows that the planarity of the PWs is close to 1, suggesting plane waves. Figure 1j shows
that the ellipticity is close to —1, indicating left-hand, circularly polarized waves (in the SCF). However, as
discussed above, the waves are right-hand polarized in the PRF after the large Doppler shift.
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Figure 2. Properties of the 22 FT shock precursor-wave events analyzed using the timing method: (a) the distribution of wave frequencies in the SCF (red circles) and the
PRF (gray dots) against 6,,,, (b) comparison of 6,s determined by the SVD and timing methods, (c) distribution of phase speeds (normalized by the local V,) against
frequencies (normalized by w,;,) in the PRF, (d) distribution of frequencies (normalized by w), cosf,p) in the PRF against wavenumbers (normalized to the 4;). The
vertical orange bars in (b) denote uncertainties of the ;s from the SVD method. The blue line in (d) represents the cold plasma whistler dispersion relation of
Equation 4. The two events far off the dispersion relation curve are highlighted in red and explained in the text.

Among the 36 FT shock precursors found, 22 events have cross-correlation coefficients greater than 0.8 in the B,,
data. Applying the four-spacecraft timing analysis to the 22 precursors, their frequencies, wave vectors, phase
speeds, and polarizations were obtained. Figure 2a displays the distribution of their frequencies in the SCF and the
PRF against 6, the angle between the wave vector and the background SW velocity direction. The 6,, values are
small (<45°), implying strong Doppler shifts between the SCF and the plasma rest (solar wind) frame (Fair-
field, 1974; Russell, 2007). For all the PWs analyzed here, their frequencies have different signs in the two
reference frames. They are left-handed in the SCF but have a right-hand polarization in the PRF due to the strong
Doppler shifts.

The 6,55 of all the 22 precursors from the timing analysis as well as the SVD method are compared in Figure 2b.
Note that the 6,5s from the SVD method shown here are the power-weighted averages across different
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frequencies. The two sets of 6, gs are consistent with each other, demonstrating the good performance of the four-
spacecraft timing method in analyzing the PWs around the lower hybrid frequency. Figure 2b also shows that the
precursors propagate obliquely with 6,5 varying between 5° and 80°.

Figure 2c displays the phase speeds and the frequencies of the 22 events in the PRF. The phase speeds are between
1.1 and 7.3 V,, and the frequencies vary from 0.2 to 1.2w,;,, where V/, is the local Alfvén speed and @, is the lower
hybrid frequency. Figure 2d presents the distribution of the frequencies in the PRF against the wavenumbers. The
frequencies are normalized by wy, cosfyg, and the wavenumbers are normalized to the proton inertial length
(4; = cloy,
measurement uncertainty in the ion density within the SW, the calculation of 4; uses the local electron density

where c is the light speed and w,; represents the proton plasma frequency). Owing to the larger

measured by the FPI instrument, assuming quasi-neutrality. As elucidated by Wilson et al. (2022), both the ion
and electron densities from the FPI instrument can be underestimated. However, this should not significantly
affect the inertial length calculated because it is inversely proportional to the square root of the plasma density.
The cold plasma dispersion relation for whistler waves in the frequency range of v < ® < @, can be simplified
to (Stringer, 1963; Verkhoglyadova et al., 2010):

w k%g cos Oy
s @)

Dce 1+ k°7;
where 4, = c/w,,. is the electron inertial length. Since kA, <1 as shown in Figure 2d, Equation 2 can be further
simplified to

2= 1227 cos Oy 3)

WDce

Finally, when the frequency and wavenumber are normalized as in Figure 2d, one gets

. [mg2
w—\/;pk. )

> Jk=ka ;» and m,, and m, are the proton mass and electron mass, respectively. Equation 4 yields

)
o, cos by
the blue dashed curve shown in Figure 2d. The observed PWs nicely follow the blue curve except for two cases
highlighted in red. The case labeled as “1” was observed around 14:41 UT on 1 December 2017, and the wave
properties are affected by the significant reflected ions from its corresponding FT shock. The precursor case
labeled as “2” was observed around 20:27 UT on 5 March 2021, whose wavelength is about 37 km, smaller than
twice of the spacecraft separation (27 km). Hence, the timing analysis result may have been affected by aliasing
(Lalti et al., 2022). Thus, the good agreement of the PW's with the cold plasma whistler dispersion relation clearly

Here @ =

demonstrates that the waves are whistler-mode waves.

4. The Relationship Between Whistler Precursors and FT Shock Parameters

To explore the relationship between the whistler precursors and the FT shock parameters, the normal directions
and propagation speeds of FT shocks in the SCF were calculated using the timing method. The coplanarity es-
timate (Equation 10.17 from Schwartz, 1998) was also used to determine the FT shock normal directions (7). If
the difference of the FT 7 given by the two methods were within 30°, the FT shock case is to be further analyzed.
Finally, a total of 29 cases were selected out of the 46 FT shocks identified as described in Section 2. The shock
normal angle (f,) was calculated for each case using the 7 given by the timing method and the average upstream
magnetic field (during an interval of 5-10 s with the least fluctuations). As the FT shocks propagate sunward in
the SW flow, their Alfvén Mach numbers (M) are calculated from the upstream v, in the FT shock frame. The
relationship between 6, and M, of the 29 cases is given in Figure 3a. The FT shocks are distributed in the M,
range of 27 and 0y, range of 20°-90°. There are 21 quasi-perpendicular (6, > 45°) shocks and 8 quasi-parallel
(g, < 45°) shocks. Also, the 29 cases selected all have 6, > 20°. The reason is likely that the fronts of shocks
with small g, often undergo significant reformation so their normal directions (and speeds) determined by the
timing method and the coplanarity estimate are both not reliable and do not agree with each other within 30°.
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Figure 3. (a) g, against M, of the 29 FT shock cases selected. The solid dots and empty circles represent the FT shocks with and without whistler precursors,
respectively. The horizontal dashed line denotes 6, = 45°. Panels (b—d) show the properties of those 22 whistler-precursor cases. (b) The amplitudes of whistler

precursors versus M, of the FT shocks. The red dots denote 6B/B,

while the blue dots denote 5B/B,,,. The horizontal dashed line represents the amplitude of 0.1.

ramp?

(c) by, versus M ,. The horizontal dashed line denotes 6, , of 45°. (d) The relative velocities (A V) between the whistler precursors and their corresponding FT shocks. The

horizontal dashed line denotes AV = 0.

Thus, these cases are not included in the analysis. Another possible reason is that nearly all FTs act to generate
local quasi-perpendicular regions (e.g., see references in Wilson (2016)).

Among the 29 FT shocks analyzed, 22 cases have whistler precursors. The 8 quasi-parallel shocks analyzed all
have precursors, while precursors are observed upstream of 14 out of the 21 quasi-perpendicular shocks
(Figure 3a). The relationship between the whistler precursors and the corresponding FT shock parameters is
further demonstrated in Figures 3b—3d. Figure 3b displays the whistler-precursor amplitudes versus M, of the
corresponding FT shocks. Here, the red and blue dots represent the precursor amplitudes normalized to the
amplitudes of the FT shock ramps (B,,,,) and the average background magnetic field magnitudes during the
precursor intervals (B,,,), respectively. The amplitude of a FT shock ramp is defined as the difference between the
maximum magnetic magnitude value of the ramp and the average magnetic field magnitude in the upstream
region of the FT shock. The whistler precursors have amplitudes comparable to the amplitudes of the
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corresponding FT shock ramps (0. 1<B‘3—B <1). The 6B/B,,, values distribute in the range of 0.1-3, and there is a
ramp

weak trend that §B/B,, increase with the increase of M. The precursor-wave amplitudes are fairly large as the two
types of normalized amplitudes both exceed the typical approximate threshold for the separation of linear and

nonlinear oscillations (i.e., 6B/B ~ 0.1) (Yoon et al., 2014). Figure 3c shows the angles between f and the FT
shock normal directions (6,,) versus M,. Most whistler precursors propagate at angles smaller than 45° with
respect to the FT shock normal directions.

To examine whether the PWs propagate away from or toward the FT shocks, the relative velocities of the pre-
cursors to their corresponding FT shocks have been calculated and shown in Figure 3d. For the precursors to
propagate upstream of the FT shocks, their group velocities (ng) need to be greater than the SW velocity v;er

srf

along the FT shock normal direction, i.e., AV, = vP'f cos 8., — vZ{fl cos 6, >0, where v,

or gr.n
the FT shock frame, 6, , represents the angle between the group velocity and the FT shock normal direction, and

0., is the angle between v, and the FT shock normal direction. The group velocity in the PRF can be calculated as

is the upstream v, in

v = ]vglhf](Zic — tan 6,50) from Equation 4, where 8 stands for the direction perpendicular to k in the plane

containing k and the background magnetic field. The gray dots in Figure 3d show that all cases have AV > 0, so

the precursors mostly propagate away from their corresponding FT shocks. The relative velocities between the FT

shock fronts and the precursor-wave fronts are also analyzed by calculating AV, = vg;f cos O, — V7. Here Vo

is the FT shock velocity in the upstream SW plasma frame and a finite precursor-wave front size has been
assumed. As shown by the diamonds in Figure 3d, 11 precursor cases have upstream-directed phase velocities
(AV, > 0), and 11 have downstream-directed phase velocities (AV, < 0) with respect to their corresponding FT
shocks.

5. Discussions

The precursor-wave properties and the relationship between the PWs and their corresponding FT shock pa-
rameters presented above can help to understand the possible precursor-wave generation mechanisms. At least
three possible mechanisms have been proposed for the generation of lower hybrid frequency whistler precursors
upstream of collisionless shocks, which are dispersive radiation (Kennel et al., 1985), slow-drift modified two-
stream instability (MTSI) (e.g., Muschietti & Lembege, 2017), and fast-drift MTSI (Hull et al., 2020).

Whistler precursors may be an essential part of a collisionless shock, with the dispersive shock serving as the
source of the waves (Dimmock et al., 2019; Kennel et al., 1985; Krasnoselskikh et al., 2002; Sundkvist
et al., 2012). The transition of a dispersive shock with a periodic oscillating electric current drives waves at
different frequencies, including whistler precursors (Tidman & Northrop, 1968). The precursors propagate
parallel or oblique to the shock normal and with group velocities in the upstream direction (Mellott & Green-
stadt, 1984; Tidman & Northrop, 1968; Wilson et al., 2017), carrying energy away from the shock ramp to balance
the nonlinear shock steepening process (Sundkvist et al., 2012). The whistler precursors usually have large
amplitudes comparable to the shock ramp amplitudes, and the shock ramp can be considered as the last and largest
amplitude cycle in a whistler-precursor train (Wilson, 2016). For subcritical shocks, whistler precursors are
expected to be radiated from the shock ramps for nearly all shock normal angles (Kennel et al., 1985). For su-
percritical shocks, whistler precursors are expected to stand upstream of quasi-perpendicular shocks (e.g.,
Balikhin et al., 1997; Krasnoselskikh et al., 1991; Oka et al., 2019). For supercritical quasi-parallel shocks,
whistler precursors can be radiated dispersively from the ramp when a shock reformation cycle is completed
(Scholer et al., 2003). In Figure 3a, the 8 quasi-parallel shocks and 14 out of the 21 quasi-perpendicular shocks
analyzed have precursors. In addition, the whistler precursors have amplitudes comparable to the amplitudes of
their corresponding FT shock ramps (Figure 3b), suggesting that they perhaps underwent nonlinear steepening
(Yoon et al., 2014). The precursors propagate parallel or oblique to their corresponding FT shock normals with 6,
mostly smaller than 45° (Figure 3c). Similar features of whistler precursors upstream of interplanetary shocks
were also reported (Wilson et al., 2017). More importantly, the PWs have upstream-directed group velocities and
propagate away from the FT shocks (Figure 3d). These observed features are mostly consistent with the dispersive
radiation mechanism (Kennel et al., 1985; Krasnoselskikh et al., 2002).

For supercritical quasi-perpendicular shocks, the slow-drift MTSI, an instability driven by the unmagnetized
incoming SW ions and the magnetized electrons in the foot, can generate whistlers at quasi-perpendicular
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propagation and with wavelengths of several 4, (Gary et al., 1987; Muschietti & Lembege, 2017). The precursors
observed upstream of the FT shocks propagate oblique to the background magnetic field (5°< 6 <80° in
Figure 2b) and have wavelengths on the order of 4, (Figure 2d), inconsistent with the slow-drift MTSI. In addition,
whistler precursors are suggested to arise through the fast-drift MTSI driven by the relative drift between the
unmagnetized reflected ions and the magnetized electrons in the foot (Hull et al., 2020). The resultant whistler
precursors are expected to have phase velocities pointing upstream as they need to Landau resonate with the
reflected ions from the shocks (Gary et al., 1987; Wu et al., 1983). The AV, results of the wave phase velocities in
Figure 3d do not support the fast-drift MTSI generation mechanism. Furthermore, for all FT shocks with pre-
cursors, the upstream electron beta is found to be larger than 0.5. This value is likely too large to allow the fast-
drift MTSI to grow (Gary et al., 1987; Wu et al., 1983).

6. Conclusions

In this study, we perform the first statistical survey of the PWs upstream of FT shocks observed by MMS. The
frequencies and wavenumbers of the PWs in the PRF are around the lower hybrid frequency and the ion inertial
length, respectively. They are found to follow the cold plasma whistler-wave dispersion relation. Together with
the feature of the right-hand polarization of the PWs in the PRF, they are identified as whistler-mode waves. In
addition, the FT shocks have a wide range of g, of 20°-90° and moderate M, of 2—7 compared with inter-
planetary shocks and planetary bow shocks. The statistical results show that the occurrence of whistler precursors
upstream of the FT shocks is insensitive to their M, and 0g,. Interestingly, in the FT shock frame, most of the
precursors have group velocities pointing upstream, have large amplitudes, and propagate with 8,, < 45°. These
observational features suggest that the precursors are likely generated through the dispersive radiation
mechanism.

Data Availability Statement

The Space Physics Data Facility was used for access to ion data from MMS 1 (Gershman et al., 2022a), electron
data from MMS 1 (Gershman et al., 2022b), FGM data from MMS 1 (Russell et al., 2022) and SCM data from
four MMS spacecraft (Le Contel et al., 2022a, 2022b, 2022c¢, 2022d), respectively.
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