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Abstract

:

Pulsating auroras are usually observed with ultralow-frequency (ULF) waves in the Pc 3–5 band (period 10–600 s). These auroras are thought to result from interactions between energetic electrons and chorus waves, but their relationship with ULF waves remains an open question. In this study, we investigated this question by conducting a comparative study on two ULF wave events with pulsating auroras observed near the magnetic footprints. Conjugate observations from the Magnetospheric Multiscale mission and the Chinese Yellow River Station were used. In both events, lower-band chorus waves were observed, which were suggested to be connected with the auroral pulsations by wavelet analysis. The intensity of these waves oscillates at the period of the ULF waves, but the physics laid behind them differs by events. During the event of 22 January 2019, compressional ULF waves changed the threshold for the whistler anisotropy instability periodically, affecting the emission of chorus waves. In the event on 10 January 2016, poloidal ULF waves modulated the chorus wave generation by regulating electron temperature anisotropy through drift resonance. ULF waves in these events may originate from perturbations in the solar wind. We highlight the role of ULF waves in the solar wind–magnetosphere–ionosphere coupling, which requires further study.
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1. Introduction


How energy flows in the solar system is one of the critical questions in solar–terrestrial space physics. In the terrestrial magnetosphere, ultralow-frequency (ULF) waves in the Pc 3–5 band (period 10–600 s [1]) have been studied for decades due to their essential roles in energy transport throughout the entire system. ULF waves can originate from either external sources, such as solar wind dynamic pressure pulses, the Kelvin–Helmholtz instability and periodical waves in the solar wind, or internal sources, such as wave–particle interactions [1,2,3,4,5,6]. These widely distributed waves have periods close to time scales of particle bounce and drift motion, making it possible for them to exchange energy with particles efficiently through drift resonance [5,7,8,9,10,11,12] and drift–bounce resonance [13,14,15,16,17,18,19].



ULF waves are magnetohydrodynamic waves in the macroscale (∼10   5   km). However, they can transfer energy into smaller scales, modulating waves with higher frequencies. In the scale of ion cyclotron motion, direct evidence of ions simultaneously interacting with ULF waves and electromagnetic ion cyclotron waves has been reported [20]. In the electron scale, ULF waves can modulate the intensity of whistler-mode very low frequency (VLF) waves (e.g., chorus waves and electrostatic electron cyclotron harmonic (ECH) waves) by affecting electron density [21] and the distribution of hot electrons [22,23,24]. In addition, periodic regulation of magnetic field configurations caused by ULF waves leads to the modulated nonlinear growth of chorus waves [25].



Diffuse pulsating auroras are extensively researched because of their potential implications on wave–particle interactions. These auroras are believed to be connected with lower-band chorus waves or ECH waves, which can scatter electrons with higher (>a few keV) or lower (hundreds of eV to a few keV) energies into the loss cone [26,27,28,29]. Previous investigations have demonstrated the one-to-one correlation between precipitating electron fluxes and chorus wave elements [30]. Finer structures of pulsating auroras (e.g., multiple time-scale beats) have been examined using high-speed imaging, affirming their origins from chorus wave–electron resonant interactions [31]. Moreover, some auroral pulsations also display the periodicity at the Pc 3–5 band, which may be linked to ULF waves. Although several instances of auroral emissions modulated by chorus waves associated with compressional ULF waves have been documented [32,33], the physical connection between ULF waves (especially their transverse branches) and pulsating auroras remains unclear. In this study, we investigated the modulation of dayside pulsating auroras by ULF waves through a comparison of two events using conjugate observations from the Magnetospheric Multiscale Mission (MMS) [34] spacecraft and the Chinese Yellow River Station (YRS). We find that both compressional and transverse ULF waves can modulate the intensity of lower-band chorus waves, resulting in auroral pulsations. Additionally, we established the observational evidence chain of energy transport from the solar wind down to the ionosphere. We emphasize the role of ULF waves in this process, which warrants further investigation.




2. Instrumentation and Methods


In this study, we analyzed in situ observations from the MMS in the dayside outer magnetosphere. The MMS consists of four identical spacecraft. All the spacecraft are equatorial-orbit satellites equipped with instruments measuring particles and fields. We used electron flux data acquired by the Fly’s Eye Energetic Particle Spectrometer (FEEPS) [35] and fast plasma investigation (FPI) [36] dual electron spectrometers (DES). The ion flux and moment data were acquired by the FPI dual ion spectrometers (DIS) and the hot plasma composition analyzer (HPCA) [37]. The magnetic field, electric field, and wave power spectral density data were obtained by the flux gate magnetometers (FGM) [38], the electric field double probe (EDP) [39,40], and the digital signal processor (DSP) in the FIELDS [41] instrumentation suite, respectively. FEEPS detects energy and pitch angle-resolved electron differential fluxes from 25 keV to 650 keV with a   > 3 π   sr solid-angle coverage. FPI measures electron and ion velocity–space distribution from 10 eV to 30 keV without distinguishing ion species.HPCA measures composition-resolved ion distributions from 1 eV to 40 keV. DSP provides magnetic (BPSD) and electric (EPSD) field power spectral densities covering the frequency range of 0.2–6000 Hz and 1–8000 Hz. The temporal resolution of the used FEEPS, FPI, HPCA, FGM, EDP, and DSP data is ∼2.4 s, 4.5 s, 10 s, 62.5 ms, 31.2 ms, and 2 s, respectively. Note that we averaged data from four spacecraft to reduce noise, since the distances between spacecraft are small (tens of km) and nearly all data from them are similar.



Ground-based aurora imaging data required in this study were obtained by all-sky imagers (ASIs) at YRS. YRS is located at Ny-Ålesund, Svalbard (corrected geomagnetic latitude    76.24 ∘   , magnetic local time (MLT)   ≃ UT + 3  h  ), which is one of the few points in the Northern Hemisphere where optical observations of auroras can be made in the dayside. Three identical ASIs with narrow-band interferential filters at 557.7 nm, 630.0 nm, and 427.8 nm have been conducting continuous auroral observations in YRS since 2003. The auroral emissions at these three bands are mainly caused by electron precipitation with energies of 0.5 to a few keV, <500 eV, and >a few keV, respectively [42]. The temporal resolution of the ASI data is 10 s (exposure time: 7 s, readout time: 3 s) and the spatial resolution is ∼1 km (zenith) to ∼36 km (horizon) at an altitude of 150 km.



To estimate the footprints of MMS, we used the T01 [43,44] model and the International Geomagnetic Reference Field (IGRF) model to trace magnetic field lines. The input solar wind parameters were set based on the mean values of OMNI data 15 min before and after both events (for the 22 January 2019 event:    P  S W   = 1.26  nPa  , interplanetary magnetic field (IMF)    B y  = − 2.00  nT  , IMF    B z  = 2.20  nT   and   D s t = 1.77  nT  ; for the 10 January 2016 event:    P  S W   = 2.40  nPa  , IMF    B y  = 2.00  nT  , IMF    B z  = − 2.57  nT   and   D s t = − 6.20  nT  ). Since MMS is located in the outer magnetosphere and its footprints are located near the edge of the field of view, the magnetic field line mapping is a potential source of uncertainty. Therefore, we integrated counts between   71 ∘  –  75 ∘   latitudes to reduce the uncertainty.




3. Results


3.1. The 22 January 2019 Event


A ULF wave event was observed by MMS on 22 January 2019 (Figure 1). During this event, MMS was located at L ∼9.5 and MLT ∼10.1 h. The measured magnetic and electric fields oscillate quasi-periodically, as shown in Figure 1a–c. Note that the wave fields inthe geocentric solar ecliptic (GSE) coordinates (Figure 1b,c) are detrended with a 90 s time window. Near the magnetic footprints of MMS, pulsating diffuse auroras were observed by the 557.7 nm ASI at YRS. Figure 1g–l presents the original ASI images for two successive periods and Figure 1d shows the 90 s detrended counts (integrated between   71 ∘  –  75 ∘   latitudes in altitude-adjusted corrected geomagnetic (AACGM) coordinates). The auroral snapshots correspond to the peaks and valleys in Figure 1d. The 427.8 nm ASI also observed the pulsating aurora, while the 630.0 nm ASI did not capture relevant signals (see Video S1 in the Supporting Information). Since MMS was positioned near the equator (magnetic latitude   ∼ −  3.2 ∘   ), the GSE-z component is close to the direction parallel to background magnetic fields. According to wavelet analysis [45], we find the diffuse aurora pulsates at the same period (∼47.6 s) with the GSE-z component of magnetic fields (Figure 1e,f), which agrees with prior reports of pulsating auroras modulated by compressional ULF waves [32]. The wavelet power spectrograms of all components are shown in Figure S1 in the Supporting Information.



Pulsating auroras are thought to be connected with the pitch angle scattering of electrons by VLF waves [26,27,29,31,32]. Therefore, we next investigated the VLF wave activities during this event. Figure 2a–c shows the ULF wave fields in mean (15 min averaged) field-aligned (MFA) coordinates [5]. Accompanied with ULF waves, lower-band chorus waves with   f ∼ 0.35  f  c e     were observed (Figure 2d). Using measured quantities, we estimated the propagating time of precipitating electrons with energy around the minimum cyclotron resonant energy [46] to the emission height of auroras to be ∼2.2 s [47]. The brightness of pulsating auroras oscillates in phase with the residual chorus power (   P  r e s   =   P −  P 0    P 0    , where P is the fast Fourier transform power integrated between   0.1  f  c e    –  0.5  f  c e     and   P 0   is a 90 s running average of P [10]) after being time-shifted (Figure 2e). Interpolating the 2 s resolution wave power data to the temporal resolution of auroral imaging (10 s), we calculated the squared wavelet coherence [45] between them. The coherence at the pulsating period (47.6 s) is high (>0.80, Figure 2f), suggesting the auroral pulsation is caused by the observed chorus waves. We also derived the wavelet coherence between the residual chorus power and   B p   as shown in Figure 2g (∼0.75), which further indicates the connection between chorus emissions and compressional ULF waves.



To understand the role of ULF waves in this event, we analyzed the excitation of chorus waves. According to the linear theory of the whistler anisotropy instability [48], the threshold condition can be written as:


    T  ⊥ , e    T  ‖ , e    − 1 =   S e   β  ‖ , e   α e     



(1)




in which   T  ⊥ , e   ,   T  ‖ , e    and   β  ‖ , e    are the perpendicular temperature, the parallel temperature, and the parallel beta of electrons respectively.   S e   and   α e   are fitting parameters. Therefore, the whistler anisotropy instability depends on electron temperature anisotropy, parallel thermal pressure, and the parallel component of magnetic fields (  B p  ). As shown in Figure 3a,b, the residual chorus power has an anti-phase relationship with   B p  . We derived the specific electron temperature anisotropy for each energy channel (Figure 3c) by [49]:


    T  ⊥ , e    T  ‖ , e    − 1 =    ∫  0  π  P S D  ( E , α )   sin 3  α d α   2  ∫  0  π  P S D  ( E , α )   cos 2  α sin α d α   − 1  



(2)




where   P S D   is the electron phase space density, E is the energy channel, and  α  is the pitch angle. The calculated minimum cyclotron resonant energy [46] for   0.35  f  c e     is marked by the black dashed curve in Figure 3c. Above the minimum resonant energy, the electron temperature anisotropy is positive, with the maximum anisotropy lying in 100–400 keV. Consequently, the plasma environment can excite the whistler anisotropy instability to form chorus waves. However, the energy fluxes of 100–400 keV electrons do not oscillate with   B p  , indicating that the variation of chorus intensity is not caused by changes from the anisotropy (Figure 3d). We propose the oscillation of   B p   changes the threshold for the whistler anisotropy instability (the right-hand side of Equation (1)) quasi-periodically, leading to the modulated emission of chorus waves.




3.2. The 10 January 2016 Event


Another ULF wave event was observed by MMS on 10 January 2016 at MLT ∼10.9 h near the magnetopause (Figure 4a–c). Pulsating diffuse auroras were observed by YRS simultaneously near the magnetic footprints. Figure 4g–l shows two successive pulsation periods recorded by the 557.7 nm ASI. The 427.8 nm ASI also observed the pulsating aurora, while the 630.0 nm ASI did not (see Video S2 in Supporting Information). Considering the non-monochromaticity of waves, we used a 60 s time window to detrend data. The detrended ASI counts (integrated between AACGM   71 ∘  –  75 ∘   latitudes, Figure 4d) oscillate quasi-periodically with ULF wave fields (Figure 4b,c). The wavelet power spectrogram in Figure 4e shows the electric field GSE-y component fluctuating at ∼43.5 s. Figure 4f suggests the integrated ASI counts have two main period components. Here we only discuss the component of the shorter period, which was located at ∼43.5 s. As MMS was positioned near the local noon, GSE-y is close to the azimuthal direction (eastward). However, the power of the magnetic field GSE-z component (  B z  , close to the parallel direction) near 43.5 s is weak (see Figure S2 in the Supporting Information), indicating the physics behind it is different from that of the 22 January 2019 event.



The auroral pulsation in this event is also connected with chorus waves. Figure 5a–c gives the measured fields in MFA coordinates [5], which suggest the ULF transverse waves are dominated by their poloidal branches (the radial magnetic field   B r   and the azimuthal electric field   E a  ). Note that a significant variation is presented in   B p   around 09:24–09:26 UT, which could be caused by variations of solar wind dynamic pressure [1] or transients in the foreshock and magnetosheath [50,51]. Lower-band chorus waves are observed at ∼0.16  f  c e    (Figure 5d). Based on observations and modeled fields, we estimated the propagating time of minimum-resonant energy-precipitating electronsfrom MMS to the auroral emission height to be ∼1.2 s. The aurora brightness varies in phase with the time-shifted residual power of chorus waves (integrated between   0.1  f  c e    –  0.5  f  c e    ), as shown in Figure 5e. The mean squared wavelet coherence between the detrended counts and the residual chorus power at the pulsating period (43.5 s) is ∼0.54 (maximum: 0.79, Figure 5f), indicating the auroral pulsation results from the observed chorus waves. However, the coherence between the residual power and   B p   at 43.5 s is low most of the time (Figure 5g), which implies that the modulation of chorus intensity is irrelevant to   B p  .



The excitation of chorus waves in this event differs from that in the 22 January 2019 event. The oscillation of the residual chorus power has a shorter period than   B p   (Figure 6a,b), suggesting that the modulation of chorus intensity is irrelevant to   B p  . This is consistent with wavelet power spectrograms of the integrated counts and   B z  . Figure 6c presents the specific electron temperature anisotropy for each energy channel, with the minimum cyclotron resonance energy [46] for   0.16  f  c e     marked by the black dashed curve. The anisotropy above the minimum resonance energy is positive, which means the whistler anisotropy instability can be excited.



Zooming in on the energy range of high anisotropy (100–400 keV), we find the corresponding electron energy fluxes oscillate with   E a   quasi-periodically (Figure 6d). However, the mean squared wavelet coherence between the residual chorus power and   E a   at the pulsating period is relatively low (∼0.31). We further calculated the cross-correlation [27,32] between the residual power and residual fluxes of 100–400 keV electrons as functions of time lags, as shown in Figure 6e. The time lag for maximum cross-correlation decreases as the energy channel increases, indicating phase differences between electron fluxes of different energies.



To explain the relationship between the relatively low coherence and the phase differences mentioned above, we present 20–30 mHz band-pass filtered   E a   and electron residual fluxes in Figure 7b,c. Correlations between these oscillations and the residual chorus power (Figure 7a) can be identified. For electrons with low energies (<161.7 keV), the phase of flux oscillation is ∼90   ∘   behind   E a  . The phase relationships between residual fluxes of 334.8–388.7 keV electrons and   E a   are unstable, due to the low count rates of these energy channels. Nevertheless, ∼180   ∘   phase shifts across energy (161.7–388.7 keV) can be observed, agreeing with the characteristic signature of drift resonance between ULF waves and electrons [5,7,8].



The phase shifts induced by drift resonance also affect the modulation of electron temperature anisotropy by ULF waves. Figure 7d,f shows the pitch angle distributions of 288.7, 186.6, and 122.2 keV electrons. The calculated specific anisotropy for each channel is given by black curves superimposed on the spectrograms. The anisotropy oscillation of higher energy electrons leads that of lower energy electrons, consistent with the pattern of flux variations. We propose that chorus intensity is modulated by transverse ULF waves (  E a  ) in this event, through changing electron temperature anisotropy quasi-periodically (the left-hand side of Equation (1)). However, the phase shifts resulting from drift resonance disarrange the oscillation of anisotropy, leading to the relatively low coherence between chorus intensity and ULF wave fields.





4. Discussion


In this study, we present a comparative analysis of two events characterized by the simultaneous occurrence of ULF waves and pulsating auroras observed in the magnetosphere and at ground (Event 1: 22 January 2019; Event 2: 10 January 2016). In both events, modulated emissions of lower-band chorus waves are detected, which are suggested to be linked with the auroral pulsations. However, distinct differences arise in the excitation of chorus waves between the two events. Our findings can be summarized as follows.




	
In Event 1, we observed that the frequencies of auroral pulsations and compressional ULF waves are similar to each other, whereas in Event 2, the oscillation period of auroral pulsations is close to that of transverse ULF waves.



	
We identified that the modulation of chorus waves in Event 1 is caused by the change in the threshold for the whistler anisotropy instability induced by ULF waves. However, in Event 2, the modulation results from the variation of electron temperature anisotropy generated by ULF waves.



	
Our analysis suggests that the relatively low coherence between chorus intensity and ULF wave fields in Event 2 may be attributed to phase shifts induced by drift resonance.








Investigating possible sources of the observed ULF waves gives us information on energy transport from the solar wind to the magnetosphere. Variations of magnetic fields in Event 2 are about one order of magnitude larger than those in Event 1, indicating that the mechanisms forming ULF waves in the two events are different. During Event 1, the geomagnetic environment is quiet (mean   D s t = 1.77  nT  , mean   A E = 13.63  nT  ). The observed compressional Pc 4 (7–22 mHz [1]) waves can result from wave–particle interactions in the foreshock and bowshock [52,53,54,55]. For transverse Pc 3 (22–100 mHz [1]) waves in Event 2, we find they may be related to quasi-periodical dynamic pressure changes in the magnetosheath. As shown in Figure 8, MMS was traveling inbound across the magnetopause before Event 2 (marked by vertical red dashed lines). In the boundary layer (the magenta shaded area in Figure 8b–d), multiple magnetopause-crossings were observed. The measured ion energy spectrum changes between “solar wind-like” and “magnetosphere-like” repeatedly, with synchronous fluctuations of ion number density (  N I  ),    N  He  2 +    /  N  O +     and magnetic fields (Figure 8a–d). This pattern is consistent with the quasi-static response of the magnetopause to dynamic pressure variations in the magnetosheath [56]. We conducted wavelet analysis on the magnetic field strength during 09:11–09:16 UT to study the possible connection between the magnetopause oscillation and transverse ULF waves in Event 2 (Figure 8e,f). The peak of wavelet power locates near 87.0 s, which is twice the pulsating period in Event 2 (43.5 s). We propose a scenario in which the poloidal ULF waves in Event 2 are harmonics of field line resonances [4,57,58] induced by fast-mode waves resulting from periodical magnetopause oscillations. Note that in the inner magnetosphere, electrons cannot resonate with even-mode ULF waves by drift resonance, since the acceleration and deceleration cancel each other over a bounce period [1,9]. However, in the dayside outer magnetosphere, off-equatorial magnetic field minima caused by solar wind forcing distort particles’ orbits [59] and modify the resonance condition [60,61], making even-mode ULF wave-electron drift resonance possible [1]. Nevertheless, due to a lack of available observations in the upstream solar wind, direct evidence on the source of ULF waves in Event 2 is still insufficient.



In higher latitudes beyond the   71 ∘  –  75 ∘   latitude range, other auroral activities can also be seen (Figure 9). In Event 1, pulsating auroras were observed in th   75 ∘  –  78 ∘   latitude in the 557.7 nm-band, as shown in Figure 9a and Video S1. These pulsating auroral patches are different from those investigated above, which may result from wave–particle interactions in the outer region of the magnetosphere. The 630.0 nm ASI did not capture these auroras as well (Figure 9c). In Event 2, however, discrete auroral activities were recorded by both 557.7 nm and 630.0 nm ASIs (Video S2). The corresponding keograms (Figure 9e,g) present quasi-periodical poleward-moving signatures, consistent with the characteristics of dayside poleward-moving auroral forms [62]. These auroras are proposed as ionospheric signatures of flux transfer events, agreeing with the negative IMF   B z   mentioned in Section 2 [63,64]. The discrete auroras near the time period of this event have been investigated in a prior study due to their connections with throat auroras [65].



This research advances the current understanding of the dayside pulsating aurora formation building from previous work [26,27,31,32]. The modulated emissions of aurora-related chorus waves are discussed by utilizing the linear theory [48], which suggests both compressional and transverse ULF waves can trigger auroral pulsations. Furthermore, this study establishes a chain of observational evidence on energy transport from the solar wind to the ionosphere. We highlight the role of ULF wave–particle interactions in the coupling between the solar wind, the magnetosphere, and the ionosphere, which warrants further exploration.
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Figure 1. Overview of the 22 January 2019 event. (a–c) Field observations from MMS spacecraft. (a) The magnetic field strength measured by FGM. (b,c) 90 s detrended magnetic (b) and electric (c) field components in geocentric solar ecliptic (GSE) coordinates, derived from FGM and EDP measurements respectively. Blue, green and red curves in (b,c) show the GSE-x, y and z components, respectively. (d) 90 s detrended counts (integrated between   71 ∘  –  75 ∘   latitudes in altitude-adjusted corrected geomagnetic (AACGM) coordinates), calculated from YRS 557.7 nm ASI data. (e,f) Wavelet power spectrograms of the measured magnetic field GSE-z component (e) and integrated counts (f). White dashed lines mark the period of 47.6 s. (g–l) Auroral images obtained by YRS 557.7 nm ASI. Yellow dashed curves in (g–l) show   71 ∘   and   75 ∘   latitudes in AACGM coordinates, corresponding to the integration area in (d). White dashed curves in (g–l) mark the latitude and longitude that cross the zenith. Magenta triangles in (g–l) represent the magnetic footprints of MMS. 
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Figure 2. Observations of chorus waves in the 22 January 2019 event. (a–c) Ultralow-frequency wave fields in mean field-aligned coordinates, derived from FGM and EDP measurements. (a) The parallel magnetic field   B p  . (b) The radial magnetic field   B r   (blue curve) and azimuthal electric field   E a   (orange curve). (c) The azimuthal magnetic field   B a   (blue curve) and radial electric field   E r   (orange curve). (d) The electric field fast Fourier transform power spectrogram, obtained by DSP. White curves mark the frequencies of   0.1  f  c e     and   0.5  f  c e     (  f  c e    is the local cyclotron frequency of electrons). The magenta dashed curve indicates the frequency of   0.35  f  c e    . (e) The 90 s detrended ASI counts (same as Figure 1d) (green curve) and the 2.2 s time-shifted residual chorus power (integrated between   0.1  f  c e    –  0.5  f  c e    ) (red dashed curve). (f) The squared wavelet coherence between the detrended counts and the residual power in (e). (g) The squared wavelet coherence between the residual chorus power and   B p   in (a,e). The white dashed line marks the period of 47.6 s. 






Figure 2. Observations of chorus waves in the 22 January 2019 event. (a–c) Ultralow-frequency wave fields in mean field-aligned coordinates, derived from FGM and EDP measurements. (a) The parallel magnetic field   B p  . (b) The radial magnetic field   B r   (blue curve) and azimuthal electric field   E a   (orange curve). (c) The azimuthal magnetic field   B a   (blue curve) and radial electric field   E r   (orange curve). (d) The electric field fast Fourier transform power spectrogram, obtained by DSP. White curves mark the frequencies of   0.1  f  c e     and   0.5  f  c e     (  f  c e    is the local cyclotron frequency of electrons). The magenta dashed curve indicates the frequency of   0.35  f  c e    . (e) The 90 s detrended ASI counts (same as Figure 1d) (green curve) and the 2.2 s time-shifted residual chorus power (integrated between   0.1  f  c e    –  0.5  f  c e    ) (red dashed curve). (f) The squared wavelet coherence between the detrended counts and the residual power in (e). (g) The squared wavelet coherence between the residual chorus power and   B p   in (a,e). The white dashed line marks the period of 47.6 s.



[image: Universe 09 00258 g002]







[image: Universe 09 00258 g003 550] 





Figure 3. Observations relevant to chorus wave excitation in the 22 January 2019 event. (a) The residual chorus power (same as that in Figure 2e, but without being time-shifted). (b) The parallel magnetic field   B p  , same as Figure 2a. (c) The specific electron temperature anisotropy for each energy channel, calculated from FEEPS and FPI-DES data. The black dashed curve in (c) marks the minimum cyclotron resonant energy for   0.35  f  c e    . (d) The energy-time spectrogram for 100–400 keV electron omni-directional energy fluxes, derived from FEEPS data. 
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Figure 4. Overview of the 10 January 2016 event with the same format as Figure 1, except (e) shows the wavelet power spectrogram of the measured electric field GSE-y component. The data in (b–d) are detrended with a 60 s time window. White dashed lines in (e,f) mark the period of 43.5 s. 
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Figure 5. Observations of chorus waves in the 10 January 2016 event, with the same format as Figure 2. The magenta dashed curve in (d) marks the frequency of   0.16  f  c e    . The residual chorus power in (e) is time-shifted by 1.2 s. The white dashed line in (f,g) represents the period of 43.5 s. 
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Figure 6. Observations relevant to chorus wave excitation in the 10 January 2016 event. Panels (a–c) are in the same format as Figure 3a–c. The black dashed curve in (c) marks the minimum cyclotron resonant energy for   0.16  f  c e    . (d) The energy-time spectrogram for electron omni-directional energy fluxes between 100–400 keV, derived from FEEPS data. The superimposed white curve gives the waveform of   E a  . (e) The cross-correlation between the residual chorus power (a) and residual fluxes of six representative energy channels. The color of the curve represents the corresponding energy channel. The position of maximum correlation for each channel is marked with colored circles. 
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Figure 7. Evidence of drift resonance in the 10 January 2016 event. (a) The residual chorus power (same as Figure 6a). (b,c) 20–30 mHz band-pass filtered   E a   (b) and residual fluxes for 100–400 keV electrons (c). (d–f) Pitch angle-time spectrograms of 288.7, 186.6, and 122.2 keV electrons, superimposed with corresponding electron temperature anisotropy. Black dashed guiding curves in (c–f) mark the peaks of residual fluxes and anisotropy. 
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Figure 8. Overview of the plasma environment near the ULF wave event on 10 January 2016. (a–d) Ion and magnetic field observations between 09:03–09:33 UT. (a) The energy–time spectrogram of ion omni-directional energy fluxes, derived from FPI-DIS data. (b) The ion number density, measured by FPI-DIS. (c) The ratio between number densities of   He  2 +    and   O +  , calculated from HPCA data. (d) The magnetic field strength and components in GSE coordinates, measured by FGM. (e,f) 120 s detrended magnetic field strength (e) and the wavelet power spectrogram of the measured magnetic field strength (f) between 09:11 and 09:16 UT. Note that the y-axis of (f) is in log-scale. The yellow, magenta, and cyan shaded areas in (a–d) mark the duration when MMS was traveling in the magnetosheath, the boundary layer, and the magnetosphere, respectively. Vertical red dashed lines in (a–d) correspond to the duration of the ULF wave event (Figure 4, Figure 5, Figure 6 and Figure 7). Horizontal white dash lines in (f) mark periods of 87.0 s and 43.5 s, respectively. 
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Figure 9. YRS ASI north–south keograms along the central meridians. (a–d) Keograms between 07:20 and 07:45 UT on 22 January 2019. (a,b) 557.7 nm ASI keograms between   75 ∘  –  78 ∘   latitudes (a) and   71 ∘  –  75 ∘   latitudes (b). Panels (c,d) are in the same format as (a,b), except that they apply to the 630.0 nm ASI. (e–h) Keograms between 09:10 and 09:35 UT on 10 January 2016, with the same format as (a–d). 
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