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Abstract The drift‐bounce resonance between ultralow‐frequency (ULF) waves and charged particles is an
efficient way to transfer energy. In this study, we report the excitation of ULF waves through drift‐bounce
resonance with protons in the magnetic dip for the first time. On 4 September 2015, Van Allen probe B observed
ULF signals with a frequency of ∼10 mHz inside the magnetic dip during substorms at the dusk side. The ULF
waves are further diagnosed as second harmonic poloidal waves. The 54–67 keV protons in the magnetic dip
exhibit oscillations with the same period as ULF waves, providing evidence for drift‐bounce resonance.
Through finite Larmor radius effects, we determined that the ULF waves propagate eastward with an azimuthal
wave number in the range of 237–277. The ULF waves are excited with free energy related to the enhanced
proton phase space density in the magnetic dip.

Plain Language Summary During substorms, energetic particles are injected from the magnetotail
to the inner magnetosphere. The magnetic dip, generated by the diamagnetic motion of the injected particles,
may further influence the particles therein. On 4 September 2015, Van Allen probe B encountered a magnetic
dip at dusk during a substorm event. Inside the magnetic dip, the fields oscillate quasi‐periodically, and the
protons of 54–67 keV show corresponding perturbations, which reveal drift‐bounce resonance between protons
in the magnetic dip and ULFwaves.We found the waves propagate eastward with a short azimuthal wavelength.
Further investigation determined for the first time that the ring current protons inside the magnetic dip provide
free energy for the ULF wave generation through drift‐bounce resonance.

1. Introduction
During substorms, particles are injected from the magnetotail. In the source region, sudden enhancements of
fluxes in different energies are detected by satellites, which are known as dispersionless injections (Birn
et al., 1997; Motoba et al., 2021; Zhuang et al., 2023). Subsequently, these particles drift around the earth,
displaying dispersive features. Driven by injections of ring current ions, magnetic dips which are characterized by
a localized magnetic field depression in the inner magnetosphere would be formed due to pressure balance
(Ebihara et al., 2008; He et al., 2017; Xiong et al., 2017; Yin et al., 2021; Zhu et al., 2021; Zhuang et al., 2023).
Magnetic dips would further have an impact on the particles therein. For example, if the magnetic field depression
reaches a sufficient depth, a local minimum in the radial profile of the field strength would be formed, which
reverses the radially inward gradient of the background dipole field. As a result, drifting ions moving perpen-
dicular to the magnetic gradient would become trapped in the magnetic dip and maintain the dispersionless
structure of ion injections on the front side (Yin et al., 2021). In such cases, even beyond the injection region, at
duskside or even at noon, satellites occasionally observe signatures of dispersionless flux enhancements (He
et al., 2017; Yin et al., 2021). The magnetic dip would also cause a decrease in relativistic electron fluxes and
modulate their pitch angle distributions (e.g., Chen et al., 2022; Xiong et al., 2017). Additionally, the magnetic
dips are also favorable for electromagnetic ion cyclotron (EMIC) wave excitation. The relationship between the
magnetic dip and EMIC waves has been extensively discussed (He et al., 2017; Huang et al., 2021; Yan
et al., 2023; Yin et al., 2022; Zhao et al., 2023) as increasing anisotropy tends to excite EMIC waves (Yin
et al., 2022; Yue et al., 2019). However, the wave‐particle interactions between particles in the magnetic dip and
the ULF waves have not yet been discussed in detail.
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The ULF waves, whose frequencies are in the range of 1 mHz − 1 Hz, play a crucial role in energy transport
through wave‐particle interactions. Drift‐bounce resonance is one of the efficient ways to exchange energy be-
tween particles and ULF waves (Li et al., 2024; Liu et al., 2020; Ren et al., 2016; Yang et al., 2011; Zhu
et al., 2020; Zong et al., 2017). According to Southwood and Kivelson (1981), drift‐bounce resonance occurs
when the following condition is satisfied:

ω − mωd = Nωb (1)

whereω is the wave angular frequency, m is the azimuthal wave number,ωd is the particle's bounce‐averaged drift
frequency, ωb is the particle's bounce frequency, and N is an integer that represents the number of azimuthal
wavelengths the particles drift across within a bounce cycle in the wave rest frame. According to Southwood
et al. (1969) and Southwood and Hughes (1983), the energy transfer direction between particles and ULF waves
depends on the sign of

df
dW

=
∂f
∂W

⃒
⃒
⃒
⃒
μres,L

+
dL
dW

∂f
∂L

⃒
⃒
⃒
⃒
μres,Wres

(2)

where f is the phase space density, μres is the magnetic moment of resonant particles, L is the McIlwain's L shell
parameter (McIlwain, 1961), and Wres is the resonant energy. If df

dW is positive, particles provide a free energy
source, leading to the excitation of waves; Conversely, if dfdW is negative, waves are damped, while particles gain
energy.

ULF waves can be excited through various means, either externally or internally. External sources such as the
Kelvin–Helmholtz (K–H) instability (Claudepierre et al., 2008) and solar wind dynamic pressure pulses or
interplanetary shocks (Hao et al., 2014; Li et al., 2022; Xie et al., 2023; Zhang et al., 2020; Zong, 2022; Zong
et al., 2009, 2012) can trigger ULF waves. Alternatively, ULF waves may be internally driven by ring current
particles (Glassmeier et al., 1999; Hughes et al., 1978; Min et al., 2017; Ozeke & Mann, 2008; Takahashi
et al., 2018; Yamamoto et al., 2019). Regarding internal sources, the presence of a positive energy gradient can
lead to the excitation of ULF waves. For instance, Glassmeier et al. (1999), Liu et al. (2013), and Takahashi
et al. (2018) found that protons with a bump‐on‐tail structure were responsible for exciting the ULF waves.
Additionally, a density gradient resulting in a positive dL

dW
∂f
∂L can also contribute to the excitation of ULF waves

(Min et al., 2017; Yamamoto et al., 2019). For example, Min et al. (2017) pointed out that westward second
harmonic poloidal ULF waves with high m number mode are likely driven by an inward radial gradient of ring
current protons in the plume region. However, there is currently no reported evidence of the excitation of ULF
waves through drift‐bounce resonance with protons in the magnetic dip.

In this study, we report observations from Van Allen probes confirming the excitation of eastward second har-
monic ULF waves with high azimuthal wave number through drift‐bounce resonance with protons in a magnetic
dip. The overview of the event, the properties of the waves, and the drift‐bounce resonance with protons in the
magnetic dip are presented in Section 2.1. The determination of the wave propagation direction and the estimation
of azimuthal wave number through finite Larmor radius effects are discussed in Section 2.2. The energy transfer
between the protons and the ULF waves is calculated in Section 2.3. Section 3 discusses our findings and outlines
the main conclusions. Our study conclusively supports the excitation mechanism of ULF waves related to the
enhanced proton phase space density in the magnetic dip.

2. Results
2.1. Overview

In this study, we use proton flux measured by the Radiation Belt Storm Probes Ion Composition Experiment
(RBSPICE) instrument (Mitchell et al., 2013), along with electromagnetic field data from the Electric Field and
Waves (EFW) instrument (Wygant et al., 2013), and the Electric and Magnetic Field Instrument Suite and In-
tegrated Science (EMFISIS) instrument (Kletzing et al., 2013) on board Van Allen Probes (Mauk et al., 2013),
which are also known as Radiation Belt Storm Probes (RBSP). On 4 September 2015, RBSP‐B encountered a
magnetic dip at dusk side during a substorm with the maximum value of SuperMAG electrojet index (SMEmax)
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∼1,000 nT. There is no sudden solar wind dynamic pressure pulse before this event. Unfortunately, RBSP‐A was
in the inner radiation belt during this time and thus missed this event. Figure 1a shows the detrended magnetic
field derived by subtracting a background field. Here, the background field is derived from the sum of the field
strength in the International Geomagnetic Reference Field (IGRF) model (Thébault et al., 2015) and a 30‐min
running average of the difference between the magnetic field measured by Van Allen Probes and the field
strength in the IGRF model (Yin et al., 2022). As shown, the total magnetic field decreases by approximately
13 nT. Within the magnetic dip, the fields oscillate quasi‐periodically. Figures 1b and 1c illustrate magnetic and
electric field oscillations in the magnetic mean field‐aligned (MFA) coordinates, respectively. The MFA coor-
dinate system is defined as follows: the parallel component (ep) is the direction of the magnetic field, the
azimuthal component (eϕ) is defined as eϕ= ep×R, whereR is the spacecraft position vector relative to the center
of the Earth, and radial component (er) is given by er = eϕ × ep. As shown, the radial magnetic component (Br)
displays more significant fluctuations than the azimuthal component (Figure 1b), and the azimuthal electric field's
(Eϕ) amplitude is greater than the radial one (Figure 1c). These observations suggest that poloidal mode ULF
wave (Figure 1d) is dominant. In addition, a cross‐wavelet analysis (Grinsted et al., 2004) shows Eϕ leads Br by
90° (Figure 1e). Given that RBSP‐B was positioned in the northern hemisphere, these findings indicate that the
observed waves are even harmonic waves (e.g., Liu et al., 2013; Singer et al., 1982). Furthermore, a closer ex-
amination through continuous wavelet power spectra of Br (Figure 1f) and Eϕ (Figure 1g) reveals that the period
of these poloidal ULF waves approximately falls within the range of Pc4 waves (45–150 s), estimated to be
around ∼100 s. This observation corresponds well with the theoretical eigenperiod for second harmonic poloidal
ULF waves derived from the model by Rankin et al. (2020), thereby providing evidence that these ULF waves are
second harmonic waves. In conclusion, the ULF waves observed in this event can be characterized as Pc4 second
harmonic poloidal waves.

Figure 2 shows the proton flux observations during this event in association with field variations given in
Figure 2a. Figure 2b shows the energy‐time spectrograms of omnidirectional differential proton fluxes measured
by RBSPICE, which exhibit overall enhancement and quasi‐periodic oscillations. In particular, the pitch angle‐
time spectrograms for 54 and 67 keV protons (Figures 2d and 2e) reveal a series of distinct curved stripes, which is
more pronounced for 54 keV protons (Figure 2d). However, no clear stripes are visible for protons in 44 keV
(Figures 2c) and 81 keV (Figure 2f). To illustrate the flux oscillations more clearly, Figure 2h displays omni-
directional residual flux (jres =

j − j0
j0
,where j represents the observed flux and j0 is a 10‐min running average of j).

Additionally, Figures 2i and 2j illustrate the residual fluxes of 54 and 67 keV protons. The fluxes oscillate quasi‐
periodically with the same period as the magnetic and electric fields. Notably, the peaks of the electric field in
Figure 2g (marked by dashed vertical lines) correspond to the intensification of the omnidirectional flux and each
stripe around 90° in the pitch angle‐time spectrograms for 54 and 67 keV protons. Figure 2i shows 180° phase
shifts across 40°/140°, suggesting that the resonant pitch angle of 54 keV protons is 40°/140° as expected from the
Southwood and Kivelson (1981) theory. The symmetric and anti‐symmetric stripes with respect to the 90° pitch
angle are signatures of interaction with fundamental and second harmonic ULF waves, respectively. Here, the
stripes are asymmetric with respect to the 90° pitch angle, which is a characteristic signature of protons interacting
with second harmonic ULF waves, combined with energy and pitch angle mixing. This asymmetry shown in
Figures 2i and 2j can be explained by the bounce phase difference between the northward and southward protons
as they encounter RBSP‐B in the northern hemisphere.

2.2. Estimation of Azimuthal Wave Number

The ULF wave signals are only detected by RBSP‐B.Without the facilitation from other nearby satellites, we thus
determine the wave propagation direction and the azimuthal wave number (m) through finite Larmor radius
effects (Kivelson & Southwood, 1983; Lin et al., 1988; Su et al., 1977) which occur when the characteristic length
of the waves is on a comparable scale to the Larmor radius of the particles, resulting in flux oscillations with a
phase difference observable between back‐to‐back particle detectors. This effect has been successfully employed
to calculate the azimuthal wave number m (e.g., Min et al., 2017; Takahashi et al., 2018; Yamamoto et al., 2018),
with the result consistent with those obtained through two‐point measurements (Takahashi et al., 2018).

In Figures 3a and 3b, the local 90° pitch angle proton fluxes are organized in the gyrocenter direction relative to
the spacecraft and time. The r− ϕ plane of theMFA coordinates is perpendicular to the ambient magnetic fields. eϕ
represents the azimuthal direction with +ϕ pointing eastward, and er is the radial direction with +r pointing
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Figure 1.
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outward. Regarding the measurements in the r− ϕ plane that are due to the left‐handed gyro‐motion of protons
with respect to a magnetic field along + z, we converted the measured particle direction to the gyrocenter di-
rection. For instance, the fluxes in the +ϕ gyrocenter direction correspond to those measured by the +r direction
particle detector (particle velocities in the − r direction), as illustrated in Figure 9a of Takahashi et al. (2018). As
shown in Figures 3a and 3b, there is a phase delay between oscillations in the +ϕ and − ϕ gyrocenter direction.
The fluxes in the − ϕ direction lead the phase in oscillation, indicating that the wave is propagating in the +ϕ
direction (eastward) because protons whose gyrocenters are located westward of the spacecraft are affected by the
waves first. Besides, the fluxes in the +r gyrocenter direction are greater than those in the − r direction, indicating
an outward gradient of phase space densities (PSD).

Furthermore, we determine the value of m using fluxes in the ϕ direction. Su et al. (1977) obtained the first‐order
perturbed particle distribution function associated with the waves in a nonuniform magnetic field, subsequently
deriving the flux oscillations. If the spacecraft spin period is much shorter than the wave period, and under the
assumption of eastward propagating waves, the particle flux oscillations (δj) at a distance of Larmor radius (ρG)
from the spacecraft due to the waves can be described by the following equation (Kivelson & Southwood, 1983;
Min et al., 2017; Su et al., 1977; Yamamoto et al., 2019):

δj∝ exp[i(k · rG − ωt)] = exp[i(2πek ·
rG
λϕ
− ωt)] (3)

where k is the wave vector (|k| = 2π
λϕ
, where λϕ represents azimuthal wavelength), rG is a position vector of the

guiding center from the spacecraft projected on the plane perpendicular to the ambient magnetic field (|rG| = ρG),
ek is a unit vector of wave propagation direction, and ω is wave angular frequency. From Equation 3, the phase
difference of the flux oscillations between the flux of the eastward guiding center (+ϕ) and that of the westward
guiding center (− ϕ) can be expressed by

|δθ| = |δθeast − δθwest| =
2π · 2ρG

λϕ
(4)

in which

λϕ =
2πRC
|m| (5)

where RC is the projection to the magnetic equatorial plane of the radial distance between the center of the Earth
and the position of the spacecraft. Combining Equations 4 and 5, the m can be obtained by:

|m| =
RC
2ρG

|δθ| (6)

Besides, the phase delay (|δθ|) could be derived through the time delay (τ) between fluxes in the +ϕ and − ϕ
directions, which is expressed by:

|δθ| = ωτ = 2πfτ (7)

where f is wave frequency. Therefore, m can be expressed by the following equation:

Figure 1. The waves observed by RBSP‐B on 4 September 2015 inside a magnetic dip. From top to bottom are (a) variations of the total magnetic field strength, (b) radial
(red) and azimuthal (black) components of the magnetic field in the MFA coordinates, (c) azimuthal (red) and radial (black) component of the electric field in the MFA
coordinates, (d) the radial magnetic component Br (black) and the azimuthal component of electric field Eϕ (blue), (e) phase difference between Br and Eϕ, and the
horizontal dashed line denotes − 90° (f)–(g) Continuous wavelet power spectrum of radial magnetic field (f) and azimuthal electric field (g). The horizontal dashed lines
in (f) and (g) denote the period of 100s.
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Figure 2. The wave‐particle interactions during this event. From top to bottom are (a) variations of the total magnetic field
strength, (b) energy spectrum of omnidirectional differential proton fluxes measured by RBSPICE, (c)–(f) pitch‐angle
distributions of proton fluxes from 44 to 81 keV measured by RBSPICE, (g) the radial magnetic component Br (black) and
the azimuthal component of electric field Eϕ (blue), (h) the energy spectrum of residual omnidirectional differential proton
flux, (i) pitch‐angle distributions of residual proton fluxes in 54 keV (j) pitch‐angle distributions of residual proton fluxes in
67 keV. The vertical dashed lines indicate the maximum of Eϕ in (g) as well as each curved stripe in (i) and (j).
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|m| =
πfτRC
ρG

(8)

Figures 3c and 3d show the residual fluxes of local 90° pitch angle protons both in the+ϕ (depicted in red) and − ϕ
(shown in black) directions with an 8–11 mHz band‐pass filter. Employing cross‐correlation analysis on these
residual fluxes in opposite directions, we determined the τ for 54 and 67 keV proton residual fluxes are 32.0 and
41.4 s, respectively. The correlation coefficients for 54 and 67 keV protons are 0.98 and 0.99, respectively.
Besides, the distance from Earth's center to the spacecraft (Rsc) is 4.64 RE, the spacecraft latitude (λsc) is around
9.35°, and the wave frequency is estimated to be 10 mHz. By adopting these parameters in Equation 8, we derive
the m value from the 54 and 67 keV proton observations to be 237 and 277, respectively. Thus, we determine the
range of m value is 237–277.

2.3. The Excitation of ULF Waves

As shown in Figure 2, the resonant signatures are only seen at 54 and 67 keV, with the oscillations appearing more
pronounced for protons at 54 keV. Therefore, we calculate the energy exchange between ULF waves and 54 keV
protons. Besides, since the satellite is near the equator, there is only a 3° difference between the local resonant
pitch angle and the equatorial resonant pitch angle, which is less than the observed pitch angle width. Thus, we use
the local resonant pitch angle to represent the equatorial resonant pitch angle approximately.

Figure 3. (a)–(b) Local 90° pitch angle proton fluxes in 54 keV (a) and 67 keV (b) as a function of the gyrocenter direction and
time (c)–(d) The residual proton fluxes in the gyrocenter directions of+ϕ (red) and − ϕ (black) at 54 keV (c) and 67 keV (d).
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To determine whether waves are excited or damped through the drift‐bounce resonance, we calculated each term
in Equation 2. The averaged magnetic moment (μres) for 40° and 140° pitch angle protons at 54 keV is∼0.08 keV/
nT. As depicted in Figures 4a and 4b, the energy gradients of PSD for both 40° and 140° pitch angle of 54 keV
protons are negative, which stabilizes the plasma. Figures 4c and 4d reveal that the phase space density in the
outward radial direction (+r, black line) is greater than the value in the inward direction (‐r, red line). The distance
between the two directions is twice as much as the Larmor radius of 54 keV protons. According to Southwood
et al. (1969), we can obtain the ratio between changes in L and W for resonant particles as follows:

dL
dW

=
mL2

qBEωR2E
(9)

where m is the azimuthal wave number, L is the L shell, q is the electric charge of the particle, and BE is the
magnitude of equatorial magnetic field on the surface of the Earth. We use the parameter m = 237 (the minimum
value of the m range) and ω = 0.0628 rad/s. By multiplying dL

dW and
∂f
∂L, we obtained the minimum value of the

second term in Equation 2 for 54 keV protons, which is shown in Figures 4e and 4f. Combining the positive dLdW
∂f
∂L

and the negative energy gradient, we determined that dfdW is indeed positive, which indicates the ULF waves are
excited by the protons inside the magnetic dip.

3. Summary and Discussion
In this study, we have analyzed an observational event, which provides evidence for the excitation of ULF waves
by energetic protons inside a magnetic dip. On 4 September 2015, RBSP‐B encountered a magnetic dip during a
strong substorm with an SMEmax index of approximately 1,000 nT. It was also in the main phase of a weak storm

Figure 4. (a)–(b) The 54 keV proton phase space density (PSD) energy gradient for resonant pitch angles of 40° (a) and 140° (b) (c)–(d) The 54 keV proton phase space
density with an outward gyrocenter (black) and an inward gyrocenter (red) for 40° (c) and 140° (d) resonant pitch angles (e)–(f) The radial gradient of 54 keV proton
phase space density for 40° (e) and 140° (f) resonant pitch angles. (g)–(h) df/dW for 54 keV protons for resonant pitch angles of 40° (g) and 140° (h).
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with a minimum SYM‐H index of ∼− 50 nT, and there was no solar wind dynamic pressure enhancement before
this event. ULF signals were detected inside the magnetic dip. Unfortunately, RBSP‐A was in the inner belt and
thus missed the event. Besides, no other satellite observed similar ULF signals, and the ground magnetometers
didn't detect these waves because of ionospheric screening effects (Hughes & Southwood, 1976). Further
investigation shows that the ULF waves are second harmonic poloidal waves with a period of ∼100 s. The quasi‐
periodic oscillations of omniflux and a series of curved stripes in pitch angle‐time spectrograms with the same
period of ULF waves for 54 and 67 keV protons reveal the drift‐bounce resonance between protons and ULF
waves, and the oscillations appear more pronounced for protons at 54 keV. The 180° phase shifts across 40°/140°
in observation further indicates the resonant pitch angle is 40°/140°.

Since there is only one satellite observation, the propagation direction of the ULF waves is obtained through finite
Larmor radius effects. The protons whose gyrocenters are located westward of the spacecraft are affected by the
waves first, indicating that the wave is propagating eastward. The range of the azimuthal wave number (m) is
derived through the phase delay between fluxes in the +ϕ and ‒ϕ directions. For 54 and 67 keV protons, the
obtained m values are 237 and 277, respectively. It's worth noting that the interpolation of residual fluxes into 0.1‐
s intervals introduced a degree of error into the time delay calculations.

The energy transfer direction is derived by determining the sign of dfdW. For 54 keV protons with the resonant pitch
angle of 40°/140°, the energy gradient of PSD is negative while dL

dW
∂f
∂L is positive. Combining the two terms, we

derive that the df
dW> 0, which indicates that the ULF waves are excited through drift‐bounce resonance with

energetic protons in the magnetic dip.

In our study, the drift‐bounce resonance is restricted in the magnetic dip. Here, we attempt to give a possible
explanation about the effect of magnetic dip on the drift‐bounce resonance. During substorms, injections lead to
simultaneous enhancements in phase space density across different energies, and the diamagnetic motion of
injected particles produces a magnetic dip. After that, these particles drift around the Earth, displaying dispersive
features. The magnetic dip, in turn, can slow the drift speed of the protons down by altering the radial gradient of
the magnetic fields. The slower drift speed tends to group protons of 10s keV (major energy range to significantly
contribute plasma pressure) together, enhancing the local phase space density and providing free energy to excite
ULF waves in the magnetic dip. In our case, the drift‐bounce resonance occurs in 17.8–17.9 MLT, which is
outside the dispersionless injection region. If the effect of the magnetic dip is not considered, assuming a dipole
field, the protons with different energies and pitch angles would separate each other following the drift speed of
ωd = − 6WL

qBER2E
(0.35 + 0.15 sin αeq) (Hamlin et al., 1961). Here, W is the particle's energy, L is the L shell, BE is

the equatorial magnetic field on Earth's surface, RE is Earth's radius, and αeq is the particle's equatorial pitch angle.
For example, the drift speed of 54 keV protons of 40° pitch angle is 7.4 MLT/hr. However, in the presence of the
magnetic dip, the formula of drift speed in the dipole fields is no longer applicable. Despite this, the drift speed for
resonant protons can be obtained through the drift‐bounce resonance condition ω − mωd = Nωb. We have
obtained the frequency (ω) is 10 mHz, and the m number is in the range of 237–277 for the observed ULF waves
through finite Larmor radius effects. Since the observed second harmonic ULF waves propagate eastward, N = 1.

The bounce frequency can be calculated using the formulaωb = π
̅̅̅̅̅̅̅̅̅̅
2W/M

√

2LRE (1.30 − 0.56 sin αeq)
(Hamlin et al., 1961), where

W is the particle's energy, M is the particle mass, L is the L shell, RE is Earth's radius, and αeq is the particle's
equatorial pitch angle. With the parameters above, the drift speed for the resonant 54 keV protons with a 40° pitch
angle in the magnetic dip is found to be 5.9–6.9 MLT/hr, which is lower than their drift speed (7.4 MLT/hr) in
dipole fields. Similarly, the drift speed for the resonant 67 keV protons with a 40° pitch angle in the magnetic dip
is 7.0–8.2 MLT/hr, compared to 9.2 MLT/hr in dipole fields. As a result, protons in the magnetic dip drift more
slowly and tend to group together, enhancing the local phase space density and providing free energy to excite
ULF waves in the magnetic dip.

Our study provides a clear observation of internally driven ULF waves through drift‐bounce resonance. Previous
studies have also mentioned ring current protons could excite ULF waves through drift‐bounce resonance (Min
et al., 2017; Yamamoto et al., 2019), but none of them are related to the magnetic dip structure. Our study
proposes for the first time that the magnetic dip provides a new source to generate ULF waves. We summarize the
key findings as follows.
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1. During a substorm (SMEmax ∼ 1000 nT), RBSP‐B encountered a magnetic dip at the dusk side. Inside the
magnetic dip, the fields oscillate quasi‐periodically, and the protons from 54 to 67 keV exhibit drift‐bounce
resonance with ULF waves.

2. The ULF waves are diagnosed as Pc 4 second harmonic poloidal waves.
3. Through finite Larmor radius effects, the ULF waves are found to propagate eastward with the azimuthal wave
number of 237–277.

4. The sign of df/dW is positive. Thus, we determine that drift‐bounce resonance excites eastward second
harmonic poloidal ULF waves with a high m number. The excitation of ULF waves is related to the
enhancement of energetic proton phase space densities in the magnetic dip.

Data Availability Statement
We acknowledge the use of Van Allen Probes data, such as ToFxEH (https://cdaweb.gsfc.nasa.gov/pub/data/
rbsp/rbspb/l3/rbspice/tofxeh/) and PAP_ToFxEH (https://cdaweb.gsfc.nasa.gov/pub/data/rbsp/rbspb/l3/rbspice/
pap_tofxeh/) RBSPICE particle flux data; level 3 EMFISIS data from https://emfisis.physics.uiowa.edu/data/
index, level 2 EMF data available at http://www.space.umn.edu/rbspefw‐data/.
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Erratum
The originally published version of this article contained typographical errors. In Equation 2, the first expression
“ddf” should be changed to df. In item 2 of the list at the end of Section 3, “s harmonic” should be changed to
“second harmonic.” The errors have been corrected, and this may be considered the authoritative version of record.
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