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Abstract 27 

Using multipoint Magnetospheric Multiscale (MMS) observations in an unusual string-of-pearls 28 
configuration, we examine in detail observations of the reformation of a fast magnetosonic shock 29 
observed on the upstream edge of a foreshock transient structure upstream of Earth’s bow shock. 30 
The four MMS spacecraft were separated by several hundred km, comparable to suprathermal ion 31 
gyro-radius scales or several ion inertial lengths. At least half of the shock reformation cycle was 32 
observed, with a new shock ramp rising up out of the “foot” region of the original shock ramp. 33 
Using the multipoint observations, we convert the observed time-series data into distance along 34 
the shock normal in the shock’s rest frame. That conversion allows for a unique study of the 35 
relative spatial scales of the shock’s various features, including the shock’s growth rate, and how 36 
they evolve during the reformation cycle. Analysis indicates that: the growth rate increases during 37 
reformation, electron-scale physics play an important role in the shock reformation, and energy 38 
conversion processes also undergo the same cyclical periodicity as reformation. Strong, thin 39 
electron-kinetic-scale current sheets and large-amplitude electrostatic and electromagnetic waves 40 
are reported. Evidence is also presented of nonlinear wave decay from electromagnetic whistler-41 
mode “lion roars” to electrostatic solitary waves in the downstream plasma regime. Results 42 
highlight the critical cross-scale coupling between electron-kinetic- and ion-kinetic-scale 43 
processes and details of the nature of nonstationarity, shock-front reformation at collisionless, fast 44 
magnetosonic shocks.  45 



 

1. Introduction 46 
Collisionless, fast-magnetosonic shocks are ubiquitous features of space plasma 47 

throughout the Universe [e.g., Kozarev et al., 2011; Ghavamian et al., 2013; Masters et al., 2013; 48 
Cohen et al., 2018]. At magnetohydrodynamic (MHD) scales, incident super-fast-magnetosonic 49 
plasma slows and deflects across a shock transition region in a manner generally consistent with 50 
the Rankine-Hugoniot jump conditions [e.g., Viñas and Scudder, 1986]. Above a critical Mach 51 
number, a significant fraction of incident ions must be reflected by the shock front and return back 52 
upstream, contributing to the partitioning of energy by the shock and enabling upstream 53 
information of the shock itself to propagate throughout the quasi-parallel (i.e., the angle between 54 
the incident magnetic field and shock normal direction is less than ~45 deg) foreshock region [e.g., 55 
Eastwood et al., 2005]. Finer-scale (i.e., ion and electron kinetic scales) physics are clearly also 56 
significant considering the formation of ion-scale structures, such as the magnetic “foot” and 57 
“overshoot” on either side of the ramp of supercritical shocks [e.g., Gosling and Robson, 1985], 58 
and ion- and electron-kinetic-scale wave modes present around the shock ramp and in both the 59 
upstream and downstream regimes [e.g., Wilson et al., 2007; Wilson et al., 2012; Breuillard et al., 60 
2018a-JGR; Chen et al., 2018-PRL; Goodrich et al., 2019].  61 

By their nature, collisionless shocks convert the energy necessary to slow and divert super-62 
fast-magnetosonic flows across a transition region that is much shorter than the collisional mean-63 
free path of particles in the plasma. There is still much debate over the principal physical 64 
mechanisms responsible for the bulk deceleration and heating of plasma across the shock [e.g., 65 
Wilson et al., 2014a]. Recent results from simulations and observations at Earth’s bow shock have 66 
highlighted the importance of energy dissipation and heating via ion-kinetic coupling between the 67 
incident plasma and reflected ion populations [Caprioli and Spitkovsky, 2014a; 2014b; Goodrich 68 
et al., 2019] and via electron-kinetic-scale physics such as energy dissipation in large-amplitude, 69 
electron-scale electrostatic waves [Wilson et al., 2014b; Goodrich et al., 2018], whistler-mode 70 
turbulence [Hull et al., 2020-JGR], and reconnection along thin, intense, electron-scale current 71 
sheets [Gingell et al., 2019; Liu et al., 2020]. Upstream of quasi-parallel supercritical shocks, large-72 
scale transient structures can form in the ion foreshock due to reflected ions kinetic interactions 73 
with the turbulent and discontinuous incident plasma [e.g., Omidi et al., 2010; Turner et al., 2018; 74 
Schwartz et al., 2018]. Often, new fast magnetosonic shocks form on the upstream sides of 75 
foreshock transient structures as they expand explosively into the surrounding solar wind and 76 
foreshock plasmas [e.g., Thomsen et al., 1988; Liu et al., 2016]. 77 

State-of-the-art simulations remain computationally limited and not yet capable of 78 
capturing both true electron-to-ion mass ratios and electron plasma to cyclotron frequency ratios 79 
in three-dimensions (and thus coupling between those populations is not necessarily accurate). 80 
Meanwhile observations are most often limited by single-point observations, resulting in 81 
spatiotemporal ambiguity, and/or inadequate temporal resolution. Furthermore, theory and 82 
observations [e.g., Morse et al., 1971; Krasnoselskikh et al., 2002; Sundberg et al., 2017; Dimmock 83 
et al., 2019; Madanian et al., 2020] indicate that supercritical shocks undergo periodic reformation, 84 
also known as nonstationarity, which further complicates discerning details in single-point 85 
observations of well-formed shocks. In this study, we examined fortuitous multipoint observations 86 
during a single cycle of shock reformation on the upstream edge of a foreshock transient using 87 
NASA’s Magnetospheric Multiscale (MMS) mission upstream of Earth’s bow shock. 88 
 89 
2. Data and Observations 90 



 

 Data from NASA’s MMS mission [Burch et al., 2016a] are utilized for this study. MMS 91 
consists of four spacecraft that are identically instrumented to study electron-kinetic scale physics 92 
of magnetic reconnection [e.g., Burch et al., 2016b; Torbert et al., 2018]. Typically, the four MMS 93 
spacecraft are held in a tight tetrahedron configuration, with inter-satellite separations of ~10 to 94 
100 km. However, during a ~1-month period in 2019, the spacecraft were realigned into a “string-95 
of-pearls” configuration, in which they were separated by up to several 100 km along a common 96 
orbit to study turbulence in the solar wind at ion kinetic scales. While in both the tetrahedron and 97 
string-of-pearls configurations, MMS are ideal for disambiguating spatiotemporal features in 98 
dynamic space plasmas. Here, we use data from the fluxgate [Russell et al., 2016] and search-coil 99 
[Le Contel et al., 2016] magnetometers, ion and electron plasma distributions and moments 100 
[Pollock et al., 2016], and electric fields [Ergun et al., 2016; Lindqvist et al., 2016]. With this 101 
uncommon MMS configuration, we examined in detail a foreshock transient event reported in 102 
Turner et al. [2020], which showcased an intriguing evolution of a fast magnetosonic shock.  103 

Figure 1 shows data from the event. Panels a) – g) show data from MMS-1, highlighting 104 
the foreshock transient. The transient, associated with the deflection of ion velocity between 105 
04:38:45 and 04:39:28 UT in Fig. 1d, was originally classified by Turner et al. [2020] as a 106 
foreshock bubble [e.g., Omidi et al., 2010; Turner et al., 2013], but upon a more detailed 107 
investigation for this study, the event may be a hot flow anomaly [e.g., Schwartz et al., 2000]. 108 
Evidence supporting this diagnosis consists of the orientation of the associated solar wind 109 
discontinuity (normal direction, n = [0.69, -0.51, -0.52]GSE), which would have already intersected 110 
Earth’s bow shock (located < 0.5 RE from MMS at the time), and the orientation of the foreshock 111 
transient. More detail on this ion foreshock transient is provided in the next section and supporting 112 
material. For the interest of this study, it is irrelevant whether this transient structure was a 113 
foreshock bubble or hot flow anomaly, since here we are only concerned with the compression 114 
region and formation of a fast magnetosonic shock on the transient’s upstream edge. 115 

 116 

Figure 1: See caption text below 



 

Figure 1h) – k) shows magnetic fields observed by all four MMS spacecraft between 117 
04:39:15 and 04:39:33 UT. MMS-3 was the first to pass through the compression region 118 
(characterized by the enhanced magnetic field strength and plasma densities) on the upstream side 119 
of the foreshock transient, followed next by MMS-4, -1, and finally -2. The four spacecraft 120 
observed notable similarities and differences in the structure. All four spacecraft observed large-121 
amplitude waves throughout the compression region; for example, the distinct peaks in |B| and 122 
corresponding oscillations in the B-field components observed by MMS-3 between 04:39:19 - :24 123 
UT are also evident at the other three spacecraft. However, the differences between the four 124 
spacecraft observations at the sharp ramp in magnetic field strength (and density) separating the 125 
compression region from the upstream solar wind (e.g., around 04:39:24 at MMS-3) are of interest 126 
considering nonstationarity of fast magnetosonic shocks [e.g., Dimmock et al., 2019]. A new 127 
compression signature, first observed by MMS-3 at 04:39:24 UT then at MMS-4, -1, and -2 at 128 
04:39:26, :27, and :28 UT, respectively, increases in amplitude and duration on the upstream edge. 129 
That was the feature that we focused on in detail for this study. 130 
 131 
3. Analysis and Results 132 
 To properly analyze a shock structure, its orientation and speed must first be established. 133 
Using coplanarity analysis [Schwartz et al., 1998] with observations of the ramps in |B| observed 134 
by all four MMS spacecraft (see supporting material), a boundary normal was estimated as [0.54, 135 
-0.38, -0.74] ± [0.10, 0.10, 0.10] in GSE coordinates. Comparing that normal direction to the 136 
upstream B-field, [1.94, 1.16, 0.30]GSE nT, the foreshock transient’s shock was in a quasi-137 
perpendicular geometry with θBN = 80 degrees. From the multipoint crossing and shock normal, 138 
the velocity of the shock in the spacecraft frame was [-33.5, 23.5, 45.7] ± [2.1, -1.5, -2.9] km/s in 139 
GSE, which transforms to [207.5, -1.1, -20.5]GSE km/s in the solar wind rest frame (using the 140 
average upstream solar wind velocity of [-241.0, 24.6, 66.2]GSE km/s in the spacecraft frame). From 141 
the four-point observations, the shock speed was increasing with an acceleration of ~3 km/s2, 142 
which is consistent with the explosive nature of foreshock transients [e.g., Turner et al., 2020]. The 143 
propagation speed in the solar wind frame is consistent with this structure being a fast 144 
magnetosonic shock, since the estimated Mach numbers for that propagation speed were MAlfvén = 145 
9.9 and Mfast = 4.2. Note that MMS was ~5 RE duskward of the subsolar point of the bow shock at 146 
this time, and the nominal orientation of the bow shock surface adjacent to MMS was [0.97, 0.19, 147 
0.13]GSE based on the Fairfield [1971] model. From the bow shock crossings around the time of 148 
interest (not shown), MMS’s location was in the upstream region of a quasi-parallel oriented bow 149 
shock (note, not the foreshock transient’s shock) and estimated at within 0.5 RE of the bow shock 150 
when the foreshock transient was observed. 151 
 Figure 2a shows the relative orientation of the four MMS spacecraft at 04:39:25UT. MMS-152 
2 was located closest to Earth, while MMS-3 was furthest sunward. The four spacecraft were 153 
stretched out along the same trajectory with separations ranging from 152 km (MMS-1 to -4) to 154 
723 km (MMS-2 to -3). Those separation scales were comparable to the thermal (and 155 
suprathermal) proton gyroradii in the magnetic fields observed around the features of interest: a 2 156 
eV (50 eV) proton with pitch angle of 90-degrees had gyro-radius, rcp, of 41, 19, and 10 km (204, 157 
93, and 49 km) in the 5, 11, and 21 nT B-fields around the “foot”, “ramp”, and “overshoot” features 158 
shown around S = 200, 0, and -50 km in Figure 2b, respectively. The corresponding proton gyro-159 
periods were 13, 6, and 3 seconds, respectively.  With the spacecraft locations projected onto the 160 
shock surface, the maximum separation was 686 km along the shock surface, comparable to the 161 



 

suprathermal rcp in the “foot”. These are relevant scales to consider for the following analysis and 162 
interpretation.  163 

With the shock orientation and speed established, it is possible to convert the time series 164 
observed by each MMS spacecraft into a spatial sequence, and considering the geometry of the 165 
spacecraft in the system, it is possible to interpret the nature of the observed spatiotemporal 166 
structure. Details for the conversion to spatial sequence are included in the supporting material. 167 
Results of this conversion for |B|, density, and current density from MMS are shown in Figure 2, 168 
where the distances have been normalized to an origin aligning the features to the initial ramp 169 
observed by MMS-3. When distances are not normalized to align the common features, the motion 170 
of the trailing edge of the foreshock transient, estimated at ~120 km/s along the shock normal 171 
direction (relative to the initial ramp at MMS-3), shifts the features further to the right for each 172 
subsequent spacecraft crossing after MMS-3 (see supporting material). Figure 2b shows that each 173 
MMS spacecraft observed similar structure during the crossing and highlights the spatiotemporal 174 
evolution of the feature at 10 < S < 70 km that rises up and expands to greater S over time (see 175 
also Fig. 1h-1k). We refer to that feature at 10 < S < 70 km as the “new shock ramp” structure. 176 
With the conversion shown in Figure 2, the original shock ramp was located at S ~ 0 km for all 177 
four spacecraft. Key details in Figure 2c-2f include i) large-amplitude B-field waves (note anti-178 
correlation between |B| and density) at S < 10 km observed by all four spacecraft; ii) the largely 179 
correlated |B| and density in the new shock ramp structure observed by all four spacecraft; iii) the 180 
~4x jump in magnitudes of density and |B| in the new shock ramp compared to the upstream 181 
conditions at S ~ 250 km observed by MMS-1 and -2; iv) oscillations in |B| at 30 < S < 160 km 182 
observed by MMS-4, -1, and -2; and v) sharp, narrow current density structures concentrated 183 
primarily along the sharpest gradients in |B| and density and strongest at S = 0 km.  184 

 185 

Figure 2: See caption text below 



 

 Using the tangential component of the magnetic field at the overshoots and the shock speed 186 
(see also the supporting material), we found a shock growth rate of 1.63 nT/s (0.026 nT/km) for 187 
the old shock, and 2.55 nT/s (0.041 nT/km) for the reforming shock.  A faster growth rate of the 188 
new, reforming shock is largely driven by nonlinear steepened waves.  These rates have important 189 
implications in constraining numerical simulations, most of which tend to overestimate 190 
reformation rates.  191 

The large-amplitude waves observed on the downstream side (S < 0 km) had wavelengths 192 
along S comparable to the suprathermal rcp in this frame, and they intensified in amplitude closer 193 
to S = 0 km. Around S = 0 ± 10 km, the waves were on electron scales (< 1 ion inertial length, di) 194 
and associated with the intense and thin current layer. Approximately 1 rcp (thermal) upstream of 195 
that current layer, around S = 30 km, was where the new shock ramp actually formed. The new 196 
shock ramp structure rose up out of the “foot” structure observed by MMS-3 between 10 < S < 197 
200 km, corresponding to within a few thermal rcp upstream of the steepened, electron-scale waves 198 
and intense current layer. The new shock ramp itself was observed by MMS-4 first at a scale of ~1 199 
di and then growing to ~2 di along S by MMS-2. Once the new shock ramp formed, at MMS-1 and 200 
-2 in particular, new or intensified electron-scale compressional waves were observed between 0 201 
< S < 30 km, and large-amplitude whistler precursor waves [e.g., Wilson et al., 2012] were 202 
observed by MMS-4, -1, and -2 just upstream of the new shock ramp at 30 < S < 160 km. Note 203 
those whistler precursors were not observed by MMS-3. The whistler precursor waves were 204 
limited to within ~1 di upstream of the new shock ramp and exhibited wavelengths ~20 km (i.e., < 205 
1 di) along S in this frame.  206 
 207 

Figure 3 provides an overview of the electromagnetic and electrostatic waves and reflected 208 
ions observed by MMS during this event. Ion acoustic waves were present upstream of the shock 209 
observed by all four s/c (-1 and -4 not shown in Fig. 3) after ~04:39:29UT, at which point MMS-210 

Figure 3: See caption text below 



 

3 was too far upstream to determine whether the waves were also present before the new shock 211 
ramp formed. Strong broadband electrostatic fluctuations, corresponding to electron-scale 212 
nonlinear waves/structures, were observed by all four spacecraft, mostly at gradients in B 213 
throughout the downstream regime, particularly near the boundaries at the new shock ramp and 214 
edge of the HFA core (~04:29:19UT at MMS-3). The nonlinear waves/structures did not occur 215 
simultaneously with the intense, electron-scale current sheets in the downstream regime. The 216 
electrostatic nonlinear waves/structures at MMS-3 extended further upstream corresponding with 217 
the “foot” structure, whereas for MMS-4, -1, and -2, the fluctuations were limited to approximately 218 
the same range in the upstream as the whistler precursors, i.e., within ~1 di of the new shock ramp. 219 
In the region of the new shock ramp, the amplitude of the electrostatic nonlinear waves/structures 220 
was smallest at MMS-3 and largest at MMS-2. The largest amplitude electrostatic 221 
waves/structures, >100 mV/m, likely corresponded to very short wavelengths (< 200 m, i.e., less 222 
than the tip-to-tip boom length of the spin-plane electric field instruments), which is consistent 223 
with observed wavelengths in the shock frame of ~80 – 100 m. Those >100 mV/m waves were 224 
only observed in the downstream region, S < 0 km, by MMS-3 and -4, not by -1 and -2. 225 
Electromagnetic “lion roars” [e.g., Giagkiozis et al., 2018] were observed in the downstream 226 
regime by all four spacecraft, though the amplitude of those whistler mode waves increased 227 
significantly after the formation of the new shock ramp; MMS-3 observed lion roars with 228 
amplitudes < 100 pT (e.g., around 04:39:20.8UT in Fig. 3c), while MMS-2 observed lion roars at 229 
amplitudes > 500 pT (e.g., around 04:39:25.1UT in Fig. 3i). Most interestingly, only at MMS-2 230 
were the lion roars also associated with electrostatic solitary waves (ESWs), examples of which 231 
are shown in Figure 4, which is important since such nonlinear wave decay represents a distinctly 232 
irreversible energy dissipation process [e.g., Kellogg et al., 2011]. In the shock frame, those ESWs 233 
had wavelengths on the order of 100 – 120 m along S, approximately one quarter of the lion roars’ 234 
wavelengths at ~460 m along S. One possibility is that the ESWs result from nonlinear wave decay, 235 
but with these observations alone, it is impossible to rule out simultaneous, coincidental 236 
occurrence. We simply note this here for interest and leave detailed analysis for future studies. 237 

 238 
 Figure 3 also shows ion 239 
velocity spectra plotted vs. the 240 
shock normal (Vn) and tangential 241 
(Vt2) velocity components [e.g., 242 
Madanian et al., 2020]. The incident 243 
solar wind beam is the high-density 244 
population at Vn and Vt2 < 0. The Vt2 245 
distributions clearly show the 246 
energy dispersion effect of ions 247 
accelerating and reflecting at the 248 
shock ramp: the peak in Vt2 > 0 ions 249 
corresponds to higher energy (larger 250 
Vt2) ions completing a half-gyration 251 
(after reflection from the ramp in 252 
|B|) at increasingly greater distances 253 
upstream of the shock. This was true 254 
for all four spacecraft (see Fig. 3f and 3l for MMS-3 and -2, respectively), indicating that the shock 255 
continues to reflect and accelerate suprathermal ions throughout the reformation process. Note also 256 

Figure 4: See caption text below 



 

the differences in Vn from MMS-3 (more intense suprathermal ions at Vn > 0 around 04:39:30UT, 257 
corresponding to ~1 suprathermal rcp from the original shock ramp, in Fig. 3f) to MMS-2 (more 258 
intense suprathermal ions at Vn < 0 around 04:39:35UT, corresponding to ~1 suprathermal rcp from 259 
the new shock ramp, in Fig. 3k), which are possibly cyclical differences coinciding with the 260 
different observed phases of the shock reformation cycle. Those distributions include a 261 
superposition of ions reflected from the transient structure’s shock and the main bow shock plus 262 
the incident solar wind, and generation of upstream, ion-scale waves can be associated with any 263 
of these populations plus interactions between them. 264 
 265 
4. Summary and Conclusion 266 

At 04:39 UT on 30 Jan 2019, MMS was fortuitously positioned to capture what was likely 267 
at least half of the reformation cycle of a fast magnetosonic shock on the upstream edge of a 268 
transient structure in the quasi-parallel foreshock upstream of Earth’s bow shock. This unique case 269 
study offered an opportunity to study the spatiotemporal nature of early shock development in 270 
microscopic detail. Calculated shock growth rates indicated that the new shock ramp grew faster 271 
(2.55 nT/s) than the old shock ramp (1.63 nT/s). As the new shock ramp formed from the “foot” 272 
of the pre-existing shock, several additional distinct differences were observed down to electron 273 
kinetic scales, including intensification of electron-scale waves, nonlinear waves/structures, and 274 
intense current sheets. It was at those electron kinetic scales (< ~1 di) that the new shock ramp first 275 
formed before expanding back up into the ion scales (> ~1 di).  Prior to the shock ramp reforming, 276 
the steepened, large-amplitude ion-scale wavefronts were also affecting electrons, resulting in the 277 
growth of electrostatic and electromagnetic wave modes and thin, intense current layers. However, 278 
once the new shock ramp was properly established, as exemplified by MMS-2, both the 279 
electrostatic and electromagnetic waves amplified significantly at the new shock ramp and in the 280 
downstream region.  The most intense current layer was observed along the original shock ramp 281 
(around S = 0 km), and the new shock ramp and overshoot formed immediately upstream and 282 
downstream of that intense, electron-scale current layer, respectively. Only after the new shock 283 
ramp formed were whistler precursors in the upstream region and potentially dissipative nonlinear 284 
wave decay in the downstream region (e.g., Fig. 4) observed. All combined, the results indicate 285 
that a shock’s energy conversion and dissipation processes may also undergo the same cyclical 286 
periodicity as reformation of the shock front. 287 

This special case exemplifies the genuine cross-scale coupling that occurs between the ion- 288 
and electron-kinetic physics at collisionless, fast magnetosonic shocks. The ions, with their large 289 
gyro-radii, enable information transfer “very far” (with respect to electron scales) into both the 290 
upstream and downstream regimes, but the key physics for energy dissipation and heating occur 291 
at least in some relevant part at electron scales via thin, intense, electron-scale current sheets and 292 
large-amplitude, nonlinear electrostatic fluctuations and electromagnetic (e.g., whistler precursors 293 
just upstream and lion roars throughout the downstream) waves. Throughout the reformation cycle, 294 
the enhanced |B| at the ramp, overshoot, and downstream reflects a significant fraction of incident 295 
solar wind ions back into the upstream regime, resulting in the development of the diamagnetic 296 
“foot”-like structure, out of which the new shock ramp formed. During the reformation process 297 
before the new ramp forms, ion-scale waves steepen and compress in what will ultimately become 298 
the new downstream regime. Critically, the compression of the waves reaches electron-kinetic 299 
scales, where strong energy transfer then begins along thin, intense current sheets and in the large-300 
amplitude, electron-kinetic-scale waves. The compressed waves and current-sheet energy transfer 301 
at electron-scales culminate in the formation of a new shock ramp, with correlated |B| and density, 302 



 

out of the pre-existing “foot”-like structure upstream of the most-intense, thin current layer. Once 303 
formed, the new shock ramp and “foot” region continue converting energy of the incident ion and 304 
electron populations via whistler-mode precursor and electrostatic fluctuations within a few di 305 
upstream of the shock ramp, dissipative wave-mode-coupling downstream of the ramp, and along 306 
thin current layers that may also be reconnecting [e.g., Gingell et al., 2019; Liu et al., 2020]. As 307 
we know from many observations of foreshock transient shocks, the extent of the shocked plasma 308 
then must expand rapidly back up to ion-kinetic and ultimately MHD scales. 309 
 310 
 311 
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Figures 325 
 326 
Figure 1: Overview of the event observed by MMS. a) – g) show data from the foreshock 327 
transient observed by MMS-1 on 30 Jan 2019, including: a) magnetic field vector in GSE 328 
coordinates (XYZ in blue, green, and red, respectively) and magnitude (black); b) ion 329 
omnidirectional energy-flux (color, units eV/cm2-s-sr-eV); c) electron density; d) ion velocity 330 
vector in GSE coordinates (XYZ in blue, green, and red, respectively) and magnitude (black); e) 331 
proton gyro-radius (color) as a function of energy and time; f) proton gyro-frequency; g) ion 332 
inertial length. h) – k) show magnetic field vectors and magnitudes from all four MMS 333 
spacecraft zoomed in on the feature of interest in this study. 334 
 335 
Figure 2: a) MMS formation in GSE coordinates centered on MMS-1 location, which was at 336 
[14.5, 5.1, 2.5] RE in GSE at this time. b) Magnetic field magnitudes from all four MMS 337 
spacecraft (-1: black, -2: red, -3: green, and -4: blue) plotted along the shock normal direction, S. 338 
c) – f) show B-field magnitudes, plasma density, and current density from MMS-3 (c), -4 (d), -1 339 
(e), and -2 (f). B-fields are shown in the respective spacecraft colors, while density and current 340 
density are shown in magenta and light blue, respectively. Note that current density is 341 
unavailable for MMS-4. The original ramp location is indicated with the green arrow in c), while 342 
the new shock ramp locations are indicated with the corresponding colored arrows for MMS-4, -343 
1, and -2 in d), e), and f), respectively. On panel c), examples of thermal (2 eV, dark red) and 344 
suprathermal (50 eV, purple) proton gyro-radii are shown on the upstream (S > 0) and 345 
downstream (S < 0) regimes, as are examples of the ion inertial length scales (orange) in the 346 
upstream regime. Example ion inertial length scales are also shown in the upstream and 347 
downstream regimes in f). 348 



 

 349 
Figure 3: Summary of waves and derived data from MMS-3 (a – f) and -2 (g – l). For each 350 
spacecraft, the following data are plotted: a) and g) show B-field magnitude (for ease of 351 
comparison with other figures); b) and h) show low-frequency Bwave (dBi = Bi - <Bi>) from the 352 
fluxgate magnetometer data in GSE coordinates (dB-XYZ in blue, green, red, respectively) and 353 
d|B| in black; c) and i) high-frequency Bwave from the search-coil magnetometer data in GSE 354 
coordinates; d) and j) high-frequency Ewave data from the axial and spin-plane double probe data; 355 
e) and k) ion velocity distributions along the shock normal direction in the shock rest frame; f) 356 
and l) ion velocity distributions along a vector perpendicular to the shock normal direction in the 357 
shock rest frame, highlighting the incident solar wind beam and reflected ion gyration. Note, 358 
several of the corresponding plots for MMS-2 and -3 are on different Y-scales, so horizontal 359 
dashed lines have been put at the same fixed values on both for ease of comparison. 360 
 361 
Figure 4: Example of possible nonlinear wave decay on electron-kinetic-scales.  From top to 362 
bottom, the three panels show top: magnetic field vector in GSE (XYZ in blue, green, and red) 363 
and magnitude (black); mid: Bwave in GSE coordinates from the search-coil magnetometer; bot: 364 
Ewave in GSE coordinates from the electric field double probes. The middle panel shows 365 
approximately two wavelengths from an electromagnetic whistler-mode “lion roar” observed by 366 
MMS-2 in the downstream plasma regime, while the bottom panel shows three, large-amplitude 367 
electrostatic solitary waves. 368 
 369 
 370 
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