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We present a statistical analysis of large-amplitude bipolar electrostatic structures
measured by Magnetospheric Multiscale spacecraft in the Earth’s bow shock. The
analysis is based on 371 large-amplitude bipolar structures collected in nine supercritical
quasi-perpendicular Earth’s bow shock crossings. We find that 361 of the bipolar
structures have negative electrostatic potentials, and only 10 structures (< 3%) have
positive potentials. The bipolar structures with negative potentials are interpreted in
terms of ion phase space holes produced by ion streaming instabilities, particularly
the two-stream instability between incoming and reflected ions. We obtain an upper
estimate for the amplitudes of the ion phase space holes that is in agreement with the
measurements. The bipolar structures with positive potentials could be electron phase
space holes produced by electron two-stream instabilities. We argue that the negligible
number of electron phase space holes among large-amplitude bipolar structures is due
to the electron hole transverse instability, the criterion for which is highly restrictive at
wpe/wee > 1, a parameter range typical of collisionless shocks in the heliosphere and
various astrophysical environments. Our analysis indicates that the original mechanism
of electron surfing acceleration involving electron phase space holes is not likely to be
efficient in realistic collisionless shocks.

Keywords: collisionless shocks, electrostatic turbulence, bipolar electrostatic structures, ion holes, electron
holes, surfing acceleration

1. INTRODUCTION

The Earth’s bow shock is a natural laboratory for probing plasma processes in supercritical
collisionless shocks, because the Alfvén Mach number of the solar wind flow typically exceeds
the second critical value [1]. Of vital importance in the physics of collisionless shocks are the
origin and consequences of various wave activities produced in the shock transition region
under realistic background plasma parameters [2, 3]. In particular, there is currently a lack of
a thorough understanding of the origin and consequences of electrostatic fluctuations measured
in the Earth’s bow shock [4-6], which are likely present in astrophysical shocks as well [7-9].
Numerical simulations have demonstrated that electrostatic fluctuations and coherent electrostatic
structures produced by various instabilities in a shock transition region can result in efficient
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electron acceleration (surfing and stochastic surfing mechanisms)
at high Mach numbers typical of various astrophysical shocks [8—
12] and at low Mach numbers typical of the Earth’s bow shock
[13]. However, the efficiency of those acceleration processes
in realistic collisionless shocks, where typical background
plasma parameters are hardly achievable in modern numerical
simulations, remains poorly understood. Among the critical
background plasma parameters is wpe/wc, the ratio of the
electron plasma frequency to the electron cyclotron frequency
[8], which is typically large in space and astrophysical plasmas
[14] but much smaller in numerical simulations of collisionless
shocks [3, 15]. The analysis of spacecraft measurements in the
Earth’s bow shock characterized by wpe/we ~ 100 should
advance our understanding of the origin and consequences of
electrostatic fluctuations in collisionless shocks under realistic
background plasma parameters.

Spacecraft measurements in the Earth’s bow shock showed
that electric field fluctuations above a few hundred hertz tend to
be electrostatic [5, 16, 17]. Analyses of waveform measurements
demonstrated that the electrostatic wave activity is produced
by ion-acoustic waves [4, 18-21], bipolar electrostatic structures
[22-27], electron cyclotron harmonics [6, 28], and low-hybrid
waves [29]. The ion-acoustic waves have electric field oriented
generally oblique to the magnetic field, wavelengths on the order
of a few tens of Debye lengths, and amplitudes of up to a few
hundred mV/m [4, 20, 21, 30]. The bipolar structures have similar
properties, except that their spatial scales are of only a few Debye
lengths [23, 25-27].

The bipolar structures originally measured aboard the Wind
spacecraft were interpreted in terms of electron phase space
holes [23, 24], which are coherent structures with positive
electrostatic potentials appearing in a nonlinear stage of various
electron streaming instabilities [31-33]. However, detailed
analyses of bipolar structures measured in several crossings
of the Earth’s bow shock by Cluster spacecraft [25] and
Magnetospheric Multiscale spacecraft (MMS) [26, 27] showed
that the bipolar structures had negative electrostatic potentials,
which is inconsistent with the interpretation in terms of electron
phase space holes. Wang et al. [27] have recently considered more
than one hundred bipolar structures measured in a particular
crossing of the Earth’s bow shock and provided strong arguments
that the bipolar structures are ion phase space holes produced
by the two-stream instability between incoming and reflected
ions. The ion two-stream instability was hypothesized to be
a source of electrostatic fluctuations in the Earth’s bow shock
early on by Formisano and Torbert [18], Akimoto and Winske
[34], and Fuselier et al. [35], but there have been no strong
arguments in favor of that hypothesis until the recent MMS
measurements [27].

The analysis of bipolar structures based on MMS
measurements is currently restricted to a few of the Earths
bow shock crossings [26, 27]. In this paper we present results
of a statistical analysis of bipolar structures measured by
MMS in nine crossings of the Earth’s bow shock. The analysis
provides valuable information on instabilities operating in the
Earth’s bow shock and reveals the presence, albeit in negligible
numbers, of bipolar structures with positive potentials, which

could be electron phase space holes. The rarity of electron
phase space holes among large-amplitude bipolar structures is
most likely due to the electron hole transverse instability, the
criterion for which is strongly dependent on wpe/wee [36, 37].
We discuss the implications of our results for the surfing
acceleration mechanism, which suggested that electron phase
space holes might be involved in efficient electron acceleration in
high-Mach-number collisionless shocks [10, 11].

2. MMS OBSERVATIONS

To collect a statistically representative dataset of bipolar
electrostatic structures, we considered nine crossings of the
Earth’s bow shock by MMS. The selection criteria for the bow
shock crossings were the presence of continuous measurements
in burst mode in the shock transition region, a quasi-
perpendicular configuration, and a supercritical regime of the
shock, that is, an Alfvén Mach number M, greater than 3.
The selected Earth’s bow shock crossings are listed in Table 1.
We note that shocks #6 and #8 were previously considered
by Vasko et al. [26] and Wang et al. [27], but the analysis
of Vasko et al. [26] was restricted to a few bipolar structures,
while Wang et al. [27] excluded from consideration a far-
downstream region of the shock. We used measurements taken
by the following instruments aboard the MMS: DC-coupled
magnetic field at 128 S/s (samples per second) provided by Digital
and Analogue Fluxgate Magnetometers [38], AC-coupled electric
fields at 8,192S/s provided by Axial Double Probe [39], and
Spin-Plane Double Probe [40], and electron moments at 0.03 s
cadence and ion moments at 0.15s cadence provided by the
Fast Plasma Investigation instrument [41]. The electric field was
measured by four voltage-sensitive spherical probes on 60 m
antennas in the spacecraft spin plane (almost in the ecliptic plane)
and two probes on roughly 15m axial antennas along the spin
axis (almost perpendicular to the ecliptic plane). The voltages
of the opposing probes measured with respect to the spacecraft
are used to compute the electric field and estimate the velocity
of propagation and other parameters of bipolar electrostatic
structures [26, 42]. Because the spatial scales of bipolar structures
are generally comparable to the antenna lengths, corresponding
correction factors are included to accurately estimate the electric
fields (see Vasko et al. [26] for methodological details).

Figure 1 presents an overview of the selected Earth’s bow
shock crossings. The panels display the magnetic field magnitude
and parallel electron temperature measured aboard MMS1. The
perpendicular electron temperature is almost identical to the
parallel temperature (not shown here), because in supercritical
shocks the macroscopic electron heating is essentially isotropic
[43, 44]. The other MMS located within a few tens of kilometers
of MMSI yield essentially identical overviews of the shocks.
The dates and time intervals corresponding to the shocks are
shown in the panels, while Table 1 presents estimates of the
Alfvén Mach number M, and angle 6p, between the upstream
magnetic field and the shock normal. The selected shocks are
supercritical and quasi-perpendicular, with 3 < My < 13
and 65° < 0p, < 120°. The shock normals were assumed
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TABLE 1 | Summary of parameters of the Earth’s bow shock crossings presented in Figure 1.

No. Date Time Opn My Bo Bi T; [eV] To/Ti BS(-) BS(+)
1 11092016 12:19:45 65° 8.4 238 1.1 6+1 2.7 22 0
2 11042015 07:56:15 116° 10.3 0.75 13 30+4 0.45 56 2
3 11042015 07:37:50 92.5° 11.2 0.8 1.45 30+3 0.45 35 1
4 11022017 04:26:25 119° 3.4 0.8 0.2 4+1 43 21 6
5 11022017 08:29:05 101° 4.7 16 0.6 741 2.3 24 0
6 11302015 08:43:30 86° 7 0.4 0.33 11+ 1 1.1 17 0
7 11092016 12:57:20 107° 6.4 5.5 2.7 71 1.6 28 0
8 11022017 06:04:10 o8° 5.4 2.3 0.95 7+2 2.4 146 1
9 11042015 04:57:45 100° 12.8 0.85 2.4 4243 0.3 14 0

The number of each shock crossing and the corresponding date and time are presented in the first three columns. The other columns report values of the following parameters: the
angle 9g, between the normal to a shock and the upstream magnetic field; the Alfvén Mach number M, electron and ion beta parameters Be = 8mneTe /82 and Bj = 8nneT; /B2 in the
upstream region, where ne, Te, and B are the electron density, electron, and ion temperatures, and magnetic field magnitude in the upstream region, respectively; the estimate of the
ion temperature T; by the Wind spacecraft (MMS do not accurately measure ion temperature in the solar wind); electron-to-ion temperature ratio Te/T; in the upstream region;, numbers
of bipolar structures with negative and positive electrostatic potentials, BS(—) and BS(+). We note that an ion temperature T; for a particular shock represents an averaged value over
20 min around a time instant of the shock crossing aboard MMS1. lon temperature variations around averaged values over 20 min are indicated too.

to be directed toward the upstream region and estimated using
the procedure of Vinas and Scudder [45], which is based
on considering the Rankine-Hugoniot conditions. Table 1 also
presents estimates of the ion and electron beta parameters
Bi and B, the ion temperature Tj, and the electron-to-ion
temperature ratio T,/T; in the upstream region. Because MMS
measurements of the ion temperature in the solar wind are
not accurate, we used ion temperature measurements by the
Wind spacecraft! located at the L1 Earth-Sun Lagrange point,
which is about two hundred of Earth’s radius upstream of the
Earth’s bow shock. An ion temperature estimate T; shown in
Table 1 for a particular shock represents an averaged value
over 20 min around a time instant of the shock crossing
aboard MMSI. Ion temperature variations around an averaged
value over these 20 min are also shown in Tablel and
demonstrate that the presented estimates of T; and hence S; are
rather reliable.

Figure 2 presents the electric field measured by MMS1 at
8,192S/s in shock #8. The electric field magnitude shown
in Figure 2A demonstrates that the electric field fluctuations
reach amplitudes of up to a few hundred mV/m. Figure 2B
displays the electric field in a local magnetic field-aligned
coordinate system measured over the 35 ms interval highlighted
in Figure 2A. We can see that some of the intense electric field
fluctuations correspond to bipolar electrostatic structures. The
bipolar structures are noticeable in the electric field components
both parallel and perpendicular to the local magnetic field,
thereby indicating that the electric fields of the bipolar structures
are oriented oblique to the magnetic field, typically at a
few tens of degrees [26]. We looked through the electric
fields measured aboard the four MMS in the selected Earth’s
bow shock crossings and collected a dataset of 371 bipolar
structures with electric field amplitudes exceeding 50 mV/m.

'The website https://cdaweb.gsfc.nasa.gov/ provides Wind spacecraft
measurements of plasma parameters at 1 min cadence time-shifted to the
nose of the Earth’s bow shock. A time-shift that is of the order of one hour takes
into account solar wind propagation from the Wind spacecraft to the nose of the
Earth’s bow shock.

The selection was restricted to large-amplitude bipolar structures
to make a careful analysis of these structures feasible. The
selection procedure, based on visual inspection, is subjective
and probably not exhaustive, but it is adequate enough for
collecting a representative dataset of bipolar structures. In the
resulting dataset the ratio between the maximum and minimum
values of any bipolar electric field does not exceed 2, and
for more than 95% of the structures the ratio was below
1.5, so that the selected structures may indeed be referred to
as bipolar structures. In addition to bipolar structures, large-
amplitude electric field fluctuations in the Earth’s bow shock are
produced by electrostatic wave-packets and tripolar structures
(Figure 2B). The electrostatic wave-packets and the bipolar and
tripolar structures are highly likely to be from a common
origin (produced by the same instability or instabilities), but
in this study we concentrate purely on bipolar structures.
The occurrence of the selected bipolar structures in shock
transition regions is demonstrated in Figure 1, while Table 1
gives the number of bipolar structures selected in each shock.
The number of bipolar structures can be rather different in
various shocks, but none of the parameters My, 6p,, Be, Bis
and T./T; in Table1 can explain the observed variation in
the number of bipolar structures from one shock to another.
In what follows, we explain the methodology and present
results of the statistical analysis of the selected large-amplitude
bipolar structures.

Figure 3 presents the analysis of a particular bipolar structure
measured in shock #8. We consider voltage signals induced
on voltage-sensitive probes by the electric field of the bipolar
structure. Figures 3a,b plot the voltage signals V; vs. —V, and
V3 vs. —V, measured by two pairs of opposing probes on 60 m
antennas in the spacecraft spin plane, while Figure 3¢ plots the
voltage signals V5 vs. — Vs measured by two opposing probes on
roughly 15 m antennas parallel to the spin axis. The noticeable
correlations between the voltage signals of the opposing probes
reflect the high quality of the electric field measurements [42].
Figure 3d presents components Ej; of the electric field along the
antenna directions computed using the voltage signals of the
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FIGURE 1 | Overview of nine crossings of the Earth’s bow shock obtained by Magnetospheric Multiscale spacecraft (MMS). Each panel shows the magnetic field
magnitude (black) and parallel electron temperature (green) measured aboard MMS1. The other MMS located within a few tens of kilometers of MMS1 yield essentially
identical overviews. The date, time interval, Alfvén Mach number M4, and angle g, between the upstream magnetic field and the shock normal are indicated in the
panels. The other parameters of the shocks are presented in Table 1. In each panel the time interval between two ticks is 10 s. The vertical lines indicate the
occurrence of bipolar structures with electric field amplitudes exceeding 50 mV/m. The blue and red lines correspond to bipolar structures with negative and positive
electrostatic potentials, respectively. In shocks #7 and #8 the MMS crossed the Earth’s bow shock from downstream to upstream, so the crossing is reversed in these
panels and therefore marked by R.
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opposing probes, E;j o< (V; — V})/2l;j, with correction factors
for the antenna frequency response and finite antenna length (see
Vasko et al. [26] for the methodology), where I;; = 34 = 60m
and Is¢ = 14.6 m are antenna lengths. The bipolar profiles of the
electric field components Ej; indicate that the bipolar structure
is essentially one-dimensional, while Figure 3e presents the
dominant electric field E; determined using minimum variance
analysis [46]. The profiles of the electric field components E;; and
the time delays between voltage signals measured by the opposing
probes allow us to determine the sign of the electrostatic potential
of the bipolar structure. The bipolar structure propagates from
probe 1 to probe 2, while the electric field Ej; is first negative
and then positive. This implies that the electric field Ej, has a
convergent spatial configuration and, hence, the bipolar structure
has to have a negative electrostatic potential. Similar analysis
based on the other opposing probes consistently shows that the
bipolar structure has a negative electrostatic potential.

The time delays At;; between the voltage signals of the
opposing probes are indicated in Figures 3a—c. We use the time
delays to estimate the velocity V; of the bipolar structure in
the spacecraft frame, Vi 2 = A£,/B, + A3, /B, + A3/,
and the direction k of propagation of the bipolar structure,
ki = —VsAt;/lj [the minus sign was missed in Vasko et
al. [26] but did not affect their results]. We have found that
the bipolar structure propagates with velocity V; =~ 50km/s
along vector k = (0.43,—0.21,0.88), which is within 8°
of the electric field direction. The small angle between the

electric field and the propagation direction is a strong indication
that the bipolar structure is approximately a one-dimensional
electrostatic structure. The estimated velocity allows us to
translate temporal profiles into spatial profiles. Figure 3e shows
that the spatial scale of the bipolar structure, determined as half
the distance between minimum and maximum values of the
electric field Ej, is | &~ 17 m. Figure 3e presents the electrostatic
potential of the bipolar structure, computed as ® = [ E; V,dt,
and demonstrates that the amplitude of the electrostatic potential
is ®9 ~ —3.8V. In terms of the local Debye length Ap and
electron temperature T,, we have I ~ 2Ap and e ®g ~ —0.15 T,
where e is the electron charge. This bipolar structure is similar to
previously reported bipolar structures with negative electrostatic
potentials in the Earth’s bow shock [25-27].

The extensive dataset of bipolar structures that we collected
allows us to detect bipolar structures with positive electrostatic
potentials not reported previously. Figure 4 presents the analysis
of one of these bipolar structures measured in shock #4.
The noticeable correlations between the voltage signals of the
opposing probes in Figures 4a-c indicate the high quality of
the electric field measurements. Similar bipolar profiles of the
electric field components Ej; suggest that the bipolar structure
should be approximately one-dimensional. The bipolar structure
propagates from probe 2 to probe 1, while the electric field Ej; is
first negative and then positive. This implies that the electric field
Ej, has a divergent spatial configuration and, hence, the bipolar
structure has to have a positive electrostatic potential. Analysis
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Iss = 14.6 m; the similarity of the profiles of all three components implies that the bipolar structure is approximately one-dimensional. The time delays allow us to
estimate the velocity Vs and direction of propagation of the bipolar structure as Vg2 = At2, /2, + At3, /12, + At2s /12, and kj = —Vs Aty/l;. We have found that

Vs ~ 60km/s and k ~ (0.43, —0.21, 0.88). By applying minimum variance analysis [46] to the electric fields £j, we determine the dominant bipolar electric field £,
which is presented in (e). Strong evidence for the bipolar structure being a one-dimensional structure is the small angle (of about 8°) between the electric field
direction and the direction of propagation k. The electrostatic potential shown in (€) is computed using the upsampled £; profile as & = [ £ V; dt. The lowest
horizontal axis shows the spatial distance [ Vs dt measured from the time instant when £ = 0.
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based on the other opposing probes consistently shows that the
bipolar structure has a positive electrostatic potential. Using the
time delays At;; indicated in Figures 4a—c, we have found that
the bipolar structure propagates with velocity V; 45km/s
along direction k (—0.37,0.34, —0.86). The propagation
direction is within 7° of the electric field direction, which is

~
~

a strong indication that the bipolar structure is indeed a one-
dimensional structure. Figure 4e shows that the spatial scale
of the bipolar structure is I ~ 25m and the amplitude of
the electrostatic potential is &g ~ 7 V. In terms of the local
Debye length and electron temperature, we have I &~ 4Ap and
edg ~ 0.23 T,.
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The bipolar structures presented in Figures3, 4 can be
considered perfect in that all time delays between the voltage
signals of the opposing probes could be well-determined. This
is usually not the case for structures in the collected dataset,
as demonstrated by a particular bipolar structure presented in
Figure 5. Figures 5a-c show that the time delays can be well
determined between the opposing probes in the spin plane, but
not between the opposing probes on the spin axis. In addition,
there are many bipolar structures in our dataset with time delays
that are well determined only for one pair of the opposing
probes. For bipolar structures such that at least one of the time
delays is not well determined, we need to use a method of
analysis different from the one described for bipolar structures in
Figures 3, 4. Figures 3d, 4d shows that although the time delay
between Vs and — Vg cannot be determined, the profile of the
electric field Esg is bipolar and similar to the profiles of E;; and
E34. In fact, the electric field components Ej; always have similar
bipolar profiles for the selected bipolar structures, which is a
strong indication that the bipolar structures are approximately
one-dimensional structures. Because the bipolar structures are
electrostatic, we assume the propagation direction k to be parallel
to the electric field direction determined by minimum variance
analysis. We note that minimum variance analysis yields the
electric field direction and, hence, the propagation direction k
up to a sign chosen such that the velocity V; is positive, and
so the bipolar structure propagates parallel to the electric field
direction. The velocity of propagation is estimated as V; =
—kijlij/ Atij, where ij is a pair of opposing probes with the best
determined time delay At;. Whether a bipolar structure has a
negative or a positive electrostatic potential is also determined
using that pair of probes. In cases where time delays are well
determined on two antennas, those antennas always provided
consistent results on the sign of the electrostatic potential of
a bipolar structure and similar estimates of the velocity Vi.
In particular, the bipolar structure presented in Figure5 has
a positive electrostatic potential as inferred from both pairs of
opposing probes in the spin plane and propagates with velocity
Vs ~ 85km/s. Figure5e shows that the bipolar structure
has spatial scale | ~ 20m and amplitude of the electrostatic
potential ®y ~ 3V. In terms of the local Debye length
and electron temperature, we have | ~ 2ip and e®y =~
0.12T,.

We have estimated the parameters of the selected bipolar
structures using the interferometry method based on the
antenna with the best determined time delay between voltage
signals of the opposing probes. We have found that 361 of
the bipolar structures have negative electrostatic potentials,
while the remaining 10 have positive electrostatic potentials.
In Figurel, the occurrence of the bipolar structures is
indicated along with the types of the bipolar structures,
while Table1 presents the numbers of bipolar structures
with negative and positive potentials observed in each shock.
The bipolar structures with positive potentials are observed
in shocks #2, #3, #4, and #8; four of these structures are
observed around shock ramps, while the other six occur in
far-downstream regions. None of parameters M, Opy, Beis

and T,/T; shown in Tablel could be identified as being
critical for the appearance of bipolar structures with positive
electrostatic potentials.

Figure 6 presents a summary of the parameters of the bipolar
structures. Figure 6a shows that the bipolar structures, whether
they have positive and negative potentials, propagate with
velocities from a few tens of km/s up to a few hundred km/s in the
spacecraft frame, which is much smaller than the typical electron
thermal velocity in the Earth’s bow shock. Typical amplitudes
|®g| of the bipolar structures are a few volts, though they can
be up to 30 V. Figure 6b shows that in terms of local electron
temperature, the bipolar structures typically have amplitudes of
le®g| < 0.1T,, though these can be as large as 0.5 T,. Typical
spatial scales of the bipolar structures are a few Ap, though
they can be up to about 10Ap. There is a noticeable positive
correlation between |e®|/T, and I/Ap, whose physical nature
will be clarified in the next section. Figures 6a,b demonstrate
that velocities, spatial scales and absolute amplitudes of the
bipolar structures with positive and negative potentials are
basically similar.

3. THEORETICAL INTERPRETATION

The bipolar electrostatic structures with negative potentials are
most likely ion phase space holes, which are coherent structures
formed in a nonlinear stage of various ion streaming instabilities
[31, 48-50]. Interestingly, very early numerical simulations
showed that ion streaming instabilities can potentially produce
Debye-scale electrostatic structures with negative potentials in
the Earth’s bow shock [51, 52]. In the linear stage of an
ion streaming instability, electrostatic fluctuations grow at the
expense of the energy of resonant ions. In a nonlinear stage, the
amplitude of the electrostatic fluctuations becomes sufficiently
large to trap a fraction of resonant ions into potential wells of the
electrostatic fluctuations, resulting in the formation of vortices
in the ion phase space. The merging of these vortices leads to
formation of electrostatic solitary waves called ion phase space
holes [48, 49].

Although the details of ion velocity distribution functions,
whose instability results in formation of ion phase space holes
in the Earth’s bow shock, are not known, we can estimate
the growth rates of that instability. The instability saturates
when the bounce frequency of ions trapped within electrostatic
fluctuations becomes comparable to the initial increment of the
instability [53]. Therefore, the initial increment y should be
of the order of the bounce frequency of ions trapped within
the observed bipolar structures, w, ~ l_l(e|<l>0|/mi)1/2. This
condition can be written as

vy ap (eldol\? O
CL)PI ) Te ’

where wp; is the ion plasma frequency. Adopting typical
parameters of the bipolar structures (Figure 6), we find initial
increments on the order of a fraction of the ion plasma frequency,
¥ ~ 0.1 wp;. In supercritical shocks, increments of that order can
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FIGURE 5 | The interferometry analysis for a bipolar structure with a positive electrostatic potential that was measured in shock #4 aboard MMS3. The format of this
figure is identical to that of Figure 3. The methodology used to determine the parameters of the bipolar structure is different from that for the bipolar structures in

be well determined (see section 2 for details).

in principle be provided by the two-stream instability between
incoming and reflected ions. The maximum growth rate of ion-
acoustic waves driven by that instability is reached when both
incoming and reflected ions are cold [34, 54]: Ymax/@wpi =
(3+/3/16)Y 3“rle/f3’ where oy is the fraction of incoming ions
reflected to the upstream region and has a typical value of 0.1 in

the Earth’s bow shock [47]. Equation (1) can be written as
1 \2 2
() (&)
which explains the positive correlation between the amplitude
and spatial scale of the bipolar structures noticeable in Figure 6b.

e|®o|
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FIGURE 6 | The results of the statistical analysis of 371 bipolar electrostatic structures: (A) the absolute amplitude |®o| of the electrostatic potential vs. the velocity of
propagation Vs in the spacecraft frame; (B) |e®o|/Te Vs. //Ap, Where T, and Ap are the local electron temperature and Debye length, and / is the spatial scale of a
bipolar structure. The blue and red crosses correspond to bipolar structures with negative and positive electrostatic potentials, respectively. The dashed curves in
(B) represent upper estimates of the amplitudes of ion phase space holes produced by the two-stream instability between incoming and reflected ions. The upper
estimates are given by Equation (3), with aye being the fraction of incoming ions reflected to the upstream region. The upper estimates are demonstrated for typical
values of the fraction of reflected ions in the Earth’s bow shock (e.g., Leroy et al. [47]).

Because at finite temperatures of incoming and reflected ions the
increment of the two-stream instability y is smaller than ypyax
[55], we can give the following upper estimate for the amplitudes
of the bipolar structures:

L z 3\/§aref v
AD 16 '

Figure 6b demonstrates that the amplitudes of the bipolar
structures are indeed below the upper estimate for typical
fractions oy of reflected ions.

Direct identification of the ion two-stream instability using
measurements of the ion velocity distribution function in
the Earth’s bow shock is expected to be complicated. The
observed parameters of the bipolar structures indicate that
the inverse bounce frequency wgl of trapped ions is of the
order of one millisecond. The relaxation of ion beams seeding
the formation of ion phase space holes is expected to occur
on a time scale of a few tens of inverse bounce periods
[53], while ion velocity distribution functions aboard MMS
are available at a 0.15s cadence. Therefore, the measured ion
velocity distribution functions are expected to correspond to a
marginally stable relaxed state. The fast relaxation of the ion
velocity distribution function explains the results of the stability
analysis of Goodrich et al. [56], who demonstrated that measured
ion velocity distribution functions are stable with respect to
simultaneously measured ion-acoustic waves. An alternative
approach to identifying the nature of an instability seeding
the formation of ion phase space holes is based on analysis
and comparison of the properties of these bipolar structures
to predictions of a particular instability. Wang et al. [27] have
suggested that approach and provided strong arguments in

e|®ol
T, ~

(3)

favor of the ion two-stream instability as the source of bipolar
structures with negative potentials.

The analysis in section 2 showed that in addition to bipolar
structures with negative potentials, there are bipolar structures
with positive potentials, albeit in negligible numbers. The
bipolar structures with positive potentials can be electron phase
space holes [31, 32] produced by various electron streaming
instabilities, which are expected to operate in the transition
region of the Earth’s bow shock [57, 58]. In terms of parameters,
these bipolar structures are similar to slow electron phase space
holes observed in reconnection current sheets [59, 60] and the
plasma sheet boundary layer [61] in the Earth’s magnetosphere.
The bump-on-tail instability cannot be a source of these bipolar
structures, because in that case the bipolar structures would
propagate with velocities that are a fraction of the electron
thermal velocity [57, 62]. Instabilities capable of producing
slow electron phase space holes include the electron two-stream
instability [58, 62, 63] and the Buneman instability [64, 65],
though the latter is less likely to operate under conditions
typical of the Earth’s bow shock. Whichever instability potentially
produces the bipolar structures with positive potentials, the initial
increment should be on the order of the bounce frequency of
electrons trapped within the bipolar electric field:

edy\ /2
(%)
where @y, is the electron plasma frequency. Adopting typical
parameters of the bipolar structures (Figure 6), we find initial
increments that are a fraction of the electron plasma frequency,
¥ ~ 0.1 wp,. Increments of this magnitude can in principle be
provided by the electron two-stream instability [58]. Although

the bipolar structures with positive potentials can be electron
phase space holes, we note the alternative interpretation of

vt

™ (4)
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these bipolar structures in terms of ion-acoustic solitons arising
from ion-acoustic fluctuations due to electron and ion fluid
nonlinearities [66, 67]. The detailed analysis of this alternative
interpretation is left for a separate study.

The critical result of the statistical analysis in section 2 is that
only 10 out of 371 bipolar structures, accounting for <3% of
the structures, have positive potentials and can be interpreted in
terms of electron phase space holes. Does the scarcity of bipolar
structures with positive potentials imply that electron streaming
instabilities rarely operate in the Earth’s bow shock, or that the
formation of these structures is hindered in conditions typical
of the Earth’s bow shock? We lean toward the second scenario.
According to existing simulation and theoretical studies [36, 37],
one-dimensional electron phase space holes can be stable with
respect to the transverse instability only under the condition
that the bounce frequency of trapped electrons should be smaller
than the electron cyclotron frequency, w, < @c. This stability
criterion can be written in the form of an upper estimate for
electron hole amplitudes:

2 2
D0 < e <i> . (5)
T, Wpe AD
With realistic background parameters, wpe/we ~ 100, an

electron phase space hole with the spatial scale of a few Debye
lengths can be stable with respect to the transverse instability,
provided that e®dy < 1073 T, which implies ®; < 0.01 V, where
we have assumed that by the order of magnitude T, ~ 10 eV.
Taking into account that a few Debye lengths is a few tens of
meters, we find that electron phase space holes can be stable with
respect to the transverse instability provided that the electric field
amplitude is rather small, E < 1mV/m. Electron phase space
holes with electric field amplitudes larger than about 1 mV/m
should be rarely observed in the Earth’s bow shock because of
the transverse instability. Thus, the transverse instability may
explain the observed scarcity of bipolar structures with positive
potentials among large-amplitude bipolar structures in the
Earth’s bow shock.

4. DISCUSSION AND CONCLUSION

We have presented statistical analysis of large-amplitude bipolar
electrostatic structures measured in the Earth’s bow shock by
Magnetospheric Multiscale spacecraft. We have found that over
97% of the bipolar structures in the Earth’s bow shock have
negative potentials. We have interpreted these bipolar structures
in terms of ion phase space holes and obtained an upper estimate
for the amplitude of these structures. The copious amount of
ion phase space holes in the Earths bow shock is a strong
indication that ion streaming instabilities, and in particular the
two-stream instability between incoming and reflected ions, drive
electrostatic fluctuations in the Earth’s bow shock. The statistical
analysis has also shown that <3% of the bipolar structures have
positive potentials and that these can in principle be interpreted
in terms of electron phase space holes. The observed rarity of
bipolar structures with positive potentials may be due to the

transverse instability of electron phase space holes, the criterion
for which is strongly dependent on @pe/wee.

The results presented here imply that the efficiency of the
electron surfing acceleration mechanism originally demonstrated
in 1D Particle-In-Cell simulations of high-Mach-number shocks
[10, 11] will be restricted. In the surfing acceleration mechanism,
electron phase space holes appearing in a nonlinear stage
of the Buneman instability operating in the shock transition
region facilitate prolonged trapping of electrons around the
shock ramp, resulting in efficient electron acceleration by the
motional electric field. We note that the transverse instability
of electron phase space holes is suppressed in one-dimensional
simulations, because that instability is a multi-dimensional effect
[36, 37]. In one-dimensional simulations, electron phase space
holes are generally stable over an indefinitely long time at
any wpe/wee [62, 63]. In realistic three-dimensional shocks and
under realistic background plasma parameters, @pe/wee > 1,
the transverse instability of electron phase space holes will
strongly reduce the efficiency of electron acceleration via the
original surfing acceleration mechanism. Thus, our analysis of
large-amplitude bipolar structures in the Earth’s bow shock has
demonstrated that the surfing acceleration mechanism involving
electron phase space holes is highly unlikely to be efficient in
realistic collisionless shocks. The stochastic surfing acceleration
mechanism is a prospective mechanism, though, because it does
not require the presence of coherent electrostatic structures
[9, 12].
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