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Abstract we present a detailed outline and discussion of the analysis techniques used to compare
the relevance of different energy dissipation mechanisms at collisionless shock waves. We show that
the low-frequency, quasi-static fields contribute less to ohmic energy dissipation, (—j - E), than their
high-frequency counterparts. In fact, we found that high-frequency, large-amplitude (>100 mV/m and/or

their fields, through wave-particle interactions, cause enough energy dissipation to regulate the global
structure of collisionless shocks. The purpose of this paper, part one of two, is to outline and describe in
detail the background, analysis techniques, and theoretical motivation for our new results presented in the
companion paper. The companion paper presents the results of our quantitative energy dissipation rate
estimates and discusses the implications. Together, the two manuscripts present the first study quantifying
the contribution that high-frequency waves provide, through wave-particle interactions, to the total energy
dissipation budget of collisionless shock waves.

1. Introduction

Shock waves, in their simplest form, are discontinuities that result from the balance between nonlinear wave
steepening and energy loss. The energy loss must transform the incident bulk flow kinetic energy to some
other form like random kinetic energy (i.e., heat). The initiation of a shock discontinuity from a nonlinearly
steepened wave requires that the energy dissipation be irreversible [Petschek, 1958; Fishman et al., 1960;
Shu, 1992]. In a collision-dominated neutral media like the Earth’s atmosphere, energy dissipation is accom-
plished through binary particle collisions. Similar processes can occur in ionized gases, but here Coulomb
collisions between electrons and ions replace binary particle collisions [Spitzer and Hédrm, 19531. In both neu-
tral and ionized gases, the collisions have an effect that is analogous to an effective friction or drag force
resulting in heating.

The solar wind and terrestrial bow shock are so tenuous that Coulomb collisions occur too infrequently to
significantly alter the incident bulk flow kinetic energy to produce a shock discontinuity. This led to the
prediction of a collisionless bow shock [Kellogg, 1962] that dissipated energy through other mechanisms.
Four energy dissipation mechanisms have been proposed: dispersive radiation [e.g., Tidman and Northrop,
1968; Mellott and Greenstadt, 1984; Krasnoselskikh et al., 2002; Sundkvist et al., 2012], wave-particle inter-
actions [e.g., Sagdeev, 1966; Gary, 1981], particle reflection [e.g., Edmiston and Kennel, 1984; Kennel et al.,
1985; Kennel, 1987; Bale et al., 2005; Su et al., 2012], and macroscopic quasi-static field effects [e.g., Scudder
et al., 1986a, 1986b, 1986¢]. Note that the latter two mechanisms are actually thought to be the first part
of a two-part process in dissipating necessary energy to maintain a stable shock ramp [e.g., Coroniti, 1970;
Kennel et al., 1985; Treumann, 2009]. The relative importance of each possible energy dissipation mechanism
is not well understood.

Theory [e.g., Sagdeev, 1966; Coroniti, 1970; Tidman and Krall, 1971; Wu et al., 1984; Kennel et al., 1985;

Theta_Bn, Beta
Treumann, 2009] predicts that the energy dissipation occurs in a thin spatial region (shock ramp) separat-
ing upstream from the downstream and depends strongly upon fast mode Mach number, M, the angle, 6,
between the average upstream magnetic field and the shock normal vector, i, and the ratio of particle to
WILSON ET AL. ©2014. American Geophysical Union. All Rights Reserved. 6455
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magnetic pressures called the plasma beta, 8. A collisionless shock is defined as a quasi-perpendicular or
quasi-parallel for g, > 45° or < 45°, respectively. At low M, theory suggests that the dominant mechanisms
are dispersive radiation and/or wave-particle interactions [e.g., Kennel et al., 1985]. Theory [e.g., Edmiston
and Kennel, 1984; Kennel et al., 1985] predicted that when the downstream flow speed along A ((Ugn ) gown)
was equal to the downstream ion-acoustic speed, known as the first critical Mach number or M, ;, no purely
resistive shock can exist in resistive MHD. When (U,,) qown €duals or exceeds the downstream isothermal
sound speed, known as the second critical Mach number or M, ,, particle reflection is necessary to main-
tain a stationary shock wave [e.g., Kennel et al., 1985; Kennel, 1987]. However, the relative importance of each
possible dissipation mechanism has not been quantified in observational studies.

There are multiple pathways in which energy dissipation can occur in a collisionless shock, but nearly all
end with microscopic processes involving wave-particle interactions. In the following, we will outline these
pathways. If the shock ramp dispersively radiates a magnetosonic whistler mode precursor [e.g., Tidman and
Northrop, 1968; Hoppe et al., 1981; Krauss-Varban and Omidi, 1991], the precursor can interact with the inci-
dent upstream particles directly or indirectly, in addition to carrying (wave) energy/momentum away from
the shock ramp as Poynting flux [e.g., Sundkvist et al., 2012]. The precursors can directly dissipate energy by
heating the ions perpendicular to the quasi-static magnetic field (B,) and/or accelerating the electrons par-
allel to B, [e.g., Cairns and McMillan, 2005; Wilson et al., 2012]. The precursors can indirectly dissipate energy
through the generation of higher-frequency waves by producing electron temperature anisotropy [e.g., Hull
et al., 2012] or localized current-driven instabilities [e.g., Sagdeev, 1966; Gary, 1981].

Macroscopic quasi-static electric and magnetic fields are by definition conservative [e.g., Bryant, 1999].
However, they can lead to energy dissipation through multistep processes. If we view a shock ramp in

a frame where the gradient in B, is at rest over long time scales, incident electrons and ions will experi-
ence a differential acceleration due to differences in mass and sign of their electric charge. A local charge
separation across the shock ramp arises that results in a quasi-static electric potential (A®), known as the
cross-shock potential, in order to maintain quasi-neutrality. The electrostatic electric field associated with
A® acts to accelerate electrons into the downstream and reflects a small fraction of incident ions back into
the upstream [e.g., Eastwood et al., 2007; Dimmock et al., 2012; Mitchell et al., 2012]. The combined effects
of the gradient in B, and A® result in a competition between electron mirroring, ion reflection, and direct
transmission of both species through the ramp. The shock attempts to remain stationary which requires
zero current along the shock normal vector which implies that A® « AB, [e.g., Hull et al., 1998, 2000, 2001].
We should note, however, that simulations suggest that this process is not necessarily stationary and that
the shock can cyclically reform [e.g., Hellinger et al., 2007; Yang et al., 2011; Su et al., 2012]. The reforma-
tion can occur due to an accumulation of reflected ions near the shock ramp resulting in bursts sent into
the upstream.

Note the following consequences of such a scenario: (1) the differential acceleration of incident particles
will result in currents, which add to the gradient in B, in the shock ramp; (2) Liouville mapping of elec-
tron velocity distributions predict inaccessible voids in phase space in the downstream distributions; and
(3) the reflected ions have a relative drift between the incident electrons and ions, i.e., a current. Thus, the
ramp currents [e.g., Sagdeev, 1966; Gary, 1981], voids in electron velocity distributions [e.g., Hull et al., 1998,
2000, 2001; Mitchell and Schwartz, 2014], and reflected ion currents [e.g., Scholer et al., 2003; Tsubouchi and
Lembége, 2004; Matsukiyo and Scholer, 2006; Muschietti and Lembége, 2013] are all capable of producing
instabilities that radiate electromagnetic waves.

Previous studies of the quasi-static electric fields that result in A® were often under-sampled and had mag-
nitudes typically only ~few tens of mV/m [e.g., Eastwood et al., 2007; Dimmock et al., 2012]. These studies
did not focus on or measure the high-frequency fields responsible for wave-particle interactions. However,
they often invoke these microscopic processes as a mechanism to fill in the unobserved inaccessible voids in
phase space predicted by Liouville mapping [e.g., Hull et al., 1998, 2000, 2001; Schwartz et al., 2011; Mitchell
and Schwartz, 2014]. Note that the quasi-static fields studies were often able to explain the average charac-
teristics in the downstream electron velocity distributions. However, this is not surprising if the quasi-static
fields lead to the pathways we described earlier.

For comparison, high-frequency waves have been observed to have electric fields > 200 mV/m [e.g., Wilson
et al., 2007, 2010; Mozer and Sundkvist, 2013; Breneman et al., 2013], easily exceeding quasi-static electric
field amplitudes. In addition, no observational study has quantified the effects of wave-particle interactions
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in the global energy dissipation budget of collisionless shock waves. Therefore, we will focus on the energy
dissipation produced by wave-particle interactions, through (—j - E), and compare these values to macro-
scopic energy dissipation estimates. Note that the fluctuating electric fields that cause the wave-particle
interactions act on the current. Thus, whether the fluctuating electric fields interact more efficiently with
either species is not necessarily important, so long as the interaction influences their relative drift and ulti-
mately the current. Thus, the main purpose of this study is to quantify the contribution that high-frequency
waves provide, through wave-particle interactions, to the total energy dissipation budget of collisionless
shock waves.

In this paper we describe the background, analysis techniques, and theoretical motivation for the results
presented in the companion paper by Wilson et al. [2014] (from herein called Paper II). To avoid confusion, all
figures and tables from this paper will be prefaced by “I.” and those from Paper Il by “II:".

The paper is outlined as follows: Section 2 introduces the data sets used in this study; section 3 discusses
our Rankine-Hugoniot analysis and defines the relevant coordinate bases and reference frames used in this
study; section 4 discusses our comparison between quasi-static and fluctuating electric field measurements;
section 5 discusses our method for estimating the current density; section 6 discusses how we quantifiably
compare macroscopic with microscopic energy dissipation estimates; and section 7 summarizes the conclu-
sions drawn from our analysis. In addition, we included appendices to provide the reader with more detailed
discussions of our macroscopic (Appendix A) and microscopic (Appendix B) energy dissipation estimates
and particle velocity moment (Appendix C) analysis.

2. Data Sets

In this section we introduce and describe the Time History of Events and Macroscale Interactions during
Substorms (THEMIS) data sets used to examine the 11 bow shock crossings presented herein. We selected
bow shock crossings where a single THEMIS spacecraft had both wave burst electromagnetic field data and
particle burst velocity distributions during the shock transition. Detailed discussions of Rankine-Hugoniot
analysis, critical Mach number calculations, reference frame transformations, and coordinate bases defini-
tions are presented in section 3.

Throughout this paper we use the terms “DC-coupled” and “AC-coupled,” which are determined by

an instrument response. If the instrument can respond to quasi-static fields, then we refer to that as a
DC-coupled quantity. If the instrument cannot respond to quasi-static fields, then we refer to that as an
AC-coupled quantity. The majority of the DC-coupled electromagnetic field measurements made by THEMIS
are observed at <128 samples per second (sps). However, the electric field instrument can be DC-coupled
even when sampling at ~8192 sps. Throughout this paper the following notations are used: Q,, 6Q, and
{Q)regions Where Q, is any DC-coupled quantity observed at <128 sps, 5Q is any AC-coupled quantity
observed at ~8192 sps, and (Q),gion i the average of any background parameter, Q, over the upstream or
downstream regions. Note that all 6Q quantities are reported at ~8192 sps with a single pole high-pass filter
above ~10 Hz.

We should note that the distinction between Q, and 6Q is not the same as that typically used in theoreti-
cal studies. For instance, in quasi-linear theory, one typically assumes Q= Q, + 6Q and that (Q,) =Q, and
(6Q) =0, where ( ) represents an ensemble average. The choice of which ensemble average is chosen
for physically significant reasons (e.g., choose to average over frequencies for a spectrum of waves) [e.g.,
Penrose, 1979]. Regardless, our use of Q, and 5Q are dependent upon the response of instruments, not the
assumption that (6Q) = 0. For instance, we will show examples herein and in Paper Il where (5Q) # 0.

We utilized the THEMIS fluxgate magnetometer (FGM) [Auster et al., 2008] for quasi-static (DC-coupled)
vector magnetic field measurements. The THEMIS FGM data returned three quasi-static magnetic field
components, B, ;, at ~128 sps for short durations and nearly continuous measurements at 4 sps. The FGM
results were used to define the ramp (transition) region of the shocks, the Rankine-Hugoniot analysis
(see section 3.1), and current density estimations (see section 5).

Waveform burst captures were obtained from the Search Coil Magnetometer (SCM) [Le Contel et al.,
2008; Roux et al., 2008] and the Electric Field Instrument (EFI) [Bonnell et al., 2008; Cully et al., 2008]. The
EFI(SCM) receiver returned three electric(magnetic) field components, 5£,(38,) at a nominal sample rate
of ~16,384(~8192) sps, or a Nyquist frequency of ~8192(~4096) Hz. Even when in an AC-coupled mode,
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Table I:1. Shock Parameters and Rankine-Hugoniot Solutions

Date [ Vshn | | Ushn | 6Bn

(yyyy-mm-dd) Probe  (km/s) (km/s) (deg) Mg (N down/{Niup
2009-07-13 [First crossing] B 53+2 275+2 43°+5° 3.11+0.10 6.7 + 0.6
2009-07-21 [First crossing] C 24+7 200+2 51°+6° 212 +£0.13 36+05
2009-07-23 [First crossing] @ 65 + 7 425+2 83°+3° 3.05+004 41+03
2009-07-23 [Second crossing] @ 13+£7 504+2 88°+2° 3.61+0.05 37+0.2
2009-07-23 [Third crossing] C 38+10 417+1 54°+4° 3.12+0.06 28+ 04
2009-09-05 [First crossing] C 78 +£5 270 +1 73°+3° 440+ 0.06 6.9 +0.9
2009-09-05 [Second crossing] C 120+£18 220+1 35°+2° 3.61+0.04 54+14
2009-09-05 [Third crossing] C 1+16 357 +1 56°+3°  5.30+ 0.06 62+24
2009-09-26 [First crossing] A 29+ 38 339+1 60°+9° 4.88+0.26 42+08
2011-10-24 [First crossing] E 44 + 9 361 +2 84°+5° 2.24 + 0.04 3.0+0.3
2011-10-24 [Second crossing] E 32+5 365+2 88°+2° 231+0.01 48+03

the data returned by the EFI can still be contaminated by spin-dependent photoelectron emissions and
electrostatic wake effects [Bonnell et al., 2008]. Therefore, we removed any interval that showed remnant
contamination prior to further analysis.

The THEMIS electrostatic analyzers (ESA) [McFadden et al., 2008a, 2008b] provide full 4z steradian particle
velocity distribution functions for both electrons and ions ranging from a few eV to over 25 keV every spin
period (~3 s) in burst mode. We refer to the electron and ion detectors as EESA and IESA, respectively. The
ESA particle velocity distribution functions were used to calculate the following particle velocity moments:
plasma number density, N;; bulk flow velocity, V,,; average ion temperature, T;; and average electron
temperature, T,.

3. Analysis and Methodology

In this section we describe our Rankine-Hugoniot analysis, critical Mach number estimates, reference frame
transformations, and coordinate bases used.

3.1. Rankine-Hugoniot and Critical Mach Numbers

Particle velocity moments from each instrument were used to calculate shock conservation relations, refer-
ence frame transformations, and coordinate basis rotations (see section 3.2) for the 11 THEMIS bow shock
crossings examined. Removal of secondary ion species (see Appendix C) reflected from the shock, e.g., gyrat-
ing and/or gyrophase bunched ion distributions [e.g., Gurgiolo et al., 1981; Meziane et al., 1997], is necessary
in each event to approximate the velocity moments of the undisturbed upstream solar wind.

We numerically solved the Rankine-Hugoniot relations [e.g., Vinas and Scudder, 1986; Koval and Szabo, 2008]
for each bow shock crossing in Table I:1. These equations predict the relationship between upstream (not
shocked) and downstream (shocked) bulk plasma properties. These solutions allow us to estimate the shock
normal vector (A), the upstream shock normal velocity in the spacecraft frame (V,;,,), the upstream shock
normal velocity in the shock rest frame (Uy,,,), the upstream shock normal angle (6g,,), the upstream fast
mode Mach number (M), and the shock compression ratio ((N;)gown/{N;)up)- We use these parameters to
characterize the macroscopic properties of the shock (see Appendix A).

The results of the Rankine-Hugoniot analysis can be seen in Table I:1. As one can see, two of the crossings
were classified as quasi-parallel while the rest were quasi-perpendicular and all the shocks were low-to-mid
Mach number with M, ~ 2-6.

For each crossing, we estimated four so-called critical Mach numbers, where the ratios can be seen in
Table 1:2. We estimated two critical Mach numbers, M, ; and M, ,, which are important for determining
the transition from a shock dependent upon purely resistive (i.e., wave-particle interactions) effects to one
that relies upon other mechanisms [Edmiston and Kennel, 1984; Kennel et al., 1985; Kennel, 1987]. There are
three whistler critical Mach numbers [Krasnoselskikh et al., 2002] and are defined as follows: M,, corresponds
to the maximum Mach number at which a linear whistler can phase stand with respect to the shock front;
My, is the maximum Mach number which would allow a whistler wave to carry energy into the upstream;
and M,,,, is the maximum Mach number for which a stationary shock front solution can be found, above

WILSON ET AL.

©2014. American Geophysical Union. All Rights Reserved. 6458


MARIAH
Belys

MARIAH
Skrivmaskin
V_shn

MARIAH
Belys

MARIAH
Belys

MARIAH
Belys

MARIAH
Belys

MARIAH
Belys

MARIAH
Belys

MARIAH
Belys

MARIAH
Skrivmaskin
Various critical Mach numbers

MARIAH
Belys

MARIAH
Belys

MARIAH
Belys

MARIAH
Belys

MARIAH
Belys

MARIAH
Belys

MARIAH
Belys

MARIAH
Belys


@AG U Journal of Geophysical Research: Space Physics 10.1002/2014JA019929

How did he conpute the
critical nunbers?

Table I:2. Critical Mach Number Ratios

Date (yyyy-mm-dd) Me/M, 4 Me/Mc 5 M¢/M, M /Mg, Me/Mpy,

2009-07-13 [First crossing] 300011 272+0.13 020+0.02 0.15+0.01 0.14 +0.01
2009-07-21 [First crossing] 150+0.13 1.18+0.10 0.15+0.02 0.12+0.01 0.11 +£0.01
2009-07-23 [First crossing] 252+0.08 225+0.08 124+048 095+037 0.88+0.34

2009-07-23 [Second crossing] 297 +£0.10 257 +0.10 524 +5.19 4.04+4.00 3.71+3.67
2009-07-23 [Third crossing] 262+009 235+0.09 025+0.02 0.19+0.02 0.18=+0.02
2009-09-05 [First crossing] 431+005 322+006 071+0.09 0.55+0.07 0.50+ 0.06
2009-09-05 [Second crossing]  3.51+0.05 3.13+0.15 0.20+0.00 0.16+0.00 0.14 + 0.00
2009-09-05 [Third crossing] 513+0.06 467+0.14 044+0.03 034+0.02 0.31+0.02
2009-09-26 [First crossing] 466 +033 416+030 045+0.13 035+0.10 0.32+0.09
2011-10-24 [First crossing] 204+005 167+0.08 1.00+0.75 0.77+0.58 0.71 +0.53
2011-10-24 [Second crossing] 1.74 + 0.01 131+0.03 258+148 199+ 1.14 1.83+1.05

http://ww. sp. ph.ic.ac. uk/ ~sj s/ shock_net hods. pdf

which, the wave breaks. We have examined 11 THEMIS bow shock crossings, all of which satisfy M;/M_, ;, and
M¢/M, , > 1, thus, all are supercritical.

Any collisionless shock satisfying M;/M,, , > 1 should, by definition, require particle reflection to dissipate
sufficient energy to maintain a stationary state. In all crossings examined, we observed evidence of reflected
particles (discussed in more detail in Appendix C), as predicted for M;/M_, , > 1. However, evidence of
reflected ions has been observed at subcritical shocks as well [e.g., Greenstadt and Mellott, 1987]. Given that
previous studies [e.g., Wilson et al., 2007] found increasing high-frequency electrostatic wave amplitudes
with increasing My, for a similar range of Mach numbers, shows that such waves persist even for M;/M_, , > 1.
As we discussed in section 1, reflected ions can result in unstable particle velocity distributions that drive
instabilities, which can directly or indirectly excite low- and high-frequency waves. Since reflected particles
ultimately result in microphysical wave-particle interactions, we did not focus on the energy loss specifically
due to reflected particles.

http://ww.issibern.ch/ PDF-Fil es/anal ysi s_net hods_1_1la. pdf

C.f. the 1st ISSI nulti-SC book,

chapter 10.

Vbulk is in arbitrary ref.

systen

3.2. Reference Frames and Coordinate Bases
In this section, we define the reference frames and coordinate bases used throughout this paper.

The first coordinate basis is a magnetic field-aligned coordinate (FAC) system where 2=B,; y =B, X f(gse,
where X, is the x axis of the geocentric solar ecliptic (GSE) coordinate basis; and X = (B, x ﬁgse) X B,.

Next, we define the transformation into the Normal Incidence Frame (NIF) and coordinate basis rotations
into the Normal incidence frame Coordinate Basis (NCB) [e.g., Scudder et al., 1986a]. The NCB is defined as
X=Hh;y=p;and Z=h x B, where = ((B,)gown X (B,),,)- Note that § and Z need to be normalized.

To transform from the spacecraft frame of reference (SCF) to the NIF, we define a transformation velocity
given by VWF = x (V, x f), where V, =V, - (Vi,,R). Therefore, the upstream flow velocity in the NIF and
the GSE basis is given by V" =V, - VN¥. Thus, the frame transformation velocity, AV, between SCF and NIF
is given by AV =V, - VNF =V, - [V = (Vi) | + VNV = (V h) + VN,

Since the change in velocity between any shock rest frame to the SCF satisfies || = |AV|/c <« 1 for any shock
within the heliosphere, the Lorentz transformations of the electric and magnetic fields [Jackson, 1998,

p. 558] can be given by E’' ~ (E + § x B) and B’ ~B. Therefore, we can show that the electric field

in the NIF, ENF, can be determined from the electric field observed in the SCF, E°F, and is given by

EVF =E°F + (AV x B) =E°F + [(V,,, + V') x B]. It should be noted that this reference frame transforma-
tion, (AV X B), is rarely more than a few mV/m in magnitude. For instance, for the 26 September 2009 event,
[(AV x B)| < 2.5 mV/m. Comparison with low- and high-frequency electric fields (e.g., see section 4) showed
that these convective frame-dependent electric fields were relatively insignificant.

4. Comparison BetweenE, and 6 E

In this section we present an example bow shock crossing showing the steps necessary to clean the
DC-coupled electric field data, E,. We then compare observations of E, with §E and show that 6E > E,.
In section 6 we discuss the impacts of these results in our microscopic energy dissipation rate estimates.
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Hi gh-frequency waves have spati al
scales that are small - snmaller
than the MVB scal e size?

Figure I:1 shows the steps necessary to
remove artificial signals from E,. The

large spikes in E,, (red line) in Figure I:1b
were due to shadow and wake effects
[e.g., Bonnell et al., 2008]. After these
spikes were removed, it was necessary

to remove remnant spin tones. The spin
tones remain because the data were inten-

0 Example: Cleaning and Calibrating Eo
09/05/2009

THEMIS-C

-
o

B, [DSL, nT]
[4 sps]
o

%g tionally not despun. The large spikes
e shown in Figure I:1b significantly reduce
‘ég the quality of the model spin fit results,
uf which are shown in Figure I:1d. After
_ : T Remo‘:]ed T we subtracted the model (Figure I:1d)
ga‘ o0l C 1) shadow and wake effects | from the “de-spiked” data (Figure I:1¢),
_EFE- ol /;(\ 7R\ M n(\ K\ ;(\ 7(\ ;(\ /7(\ /,(\ ::e dataltshown in Figure I:1e were
BE o\ W \WW\W \W \)/ \W \>/ \)
o X v \,/ / \/ After removing the artificial signals from
T T E, we compared the results with the

§~ d Spin Fit Model of Eo | calibrated 6E data. Figure I:2 shows the
[ § comparison in the NIF and NCB. Note that
2% 6E > E,, which we consistently observed
90-: in every bow shock crossing examined. It
w is important to note that the spiky fluc-
T tuations seen in E, (Figure I:2b) were
S found to be the under-sampled fluctua-
_Erg tions seen in SE (Figure I:2c). The majority
‘ég o0l subtracted spinfit model] of the quasi-static field amplitudes were
uf from despiked Eo attributed to magnetosonic whistler

%0 35 20 25 10 15 waves or the quasi-static fields in the

Uni.Time 16:37 16:38

shock ramps.

Figure I:1. This figure shows an example of the steps necessary to
remove artificial signals from E, for a bow shock crossing observed
by THEMIS-C on 5 September 2009 (second crossing). The data are
shown in Despun Sun-L-vectorZ or DSL coordinates, where the Z axis
is along the spin axis, Y axis is orthogonal to the spin axis and the
spacecraft-to-sun direction, and the X axis completes the right-hand
set. The panels are as follows: (a) |B,| (nT, 4 sps, FGM) and its DSL
components; (b) original level-1 E, (mV/m, 128 sps, EFI); (c) E, after
removing shadow and wake effects; (d) model spinfit to the data in
Figure I:1¢; and (e) final E, after subtracting the model in Figure I:1d.
As shown in Table I:1, this shock had M ~ 3.6 and 6g,, ~ 35°.

5. Current Density

In this section, we present how spatial
scales and current densities are estimated.
We needed the current density to esti-
mate the microscopic energy dissipation
due to the work done by the wave elec-
tric fields on the plasma per unit volume,
or wave-particle interactions (discussed in
Appendix B). The microscopic energy dissipation rate, due to wave-particle interactions (see Appendix B),
was compared to the macroscopic dissipation rate (defined in Appendix A) to determine if the waves can
regulate the shock transition alone. The quantitative results are presented in Paper Il.

5.1. Implementation

We wish to estimate the current density, j, (=V X B,/u,), which requires a spatial scale to substitute
for V. We have already determined V,, (see section 3.2) from our Rankine-Hugoniot analysis. There-
fore, we can use the sample period from the FGM instrument, At, and V,,,, using the “Taylor hypothesis,’
to calculate an associated spatial scale AX, = V,, At. It is important to note that this assumption only
works for relatively large spatial scales, and it assumes that all fluctuations are being convected at

the same speed. The high-frequency waves we are interested in have spatial scales much too small to
utilize multispacecraft observations. Therefore, we are limited to single-spacecraft observations and
our assumption of the connection between temporal and spatial scales at low frequencies near the
shock ramp.

WILSON ET AL.
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They up-sanple J to dE!

We want to calculate j, in the NIF and
NCB. On this basis, V., and thus AX,,

is along the X component. We also

know that V - B,~fi - B, = 0, where

f is the shock normal vector. If we also
assume V - jo~h - j,~ 0, then we have
Holo =V X B, ~-y0,B,, +209,B,, which we

Example showing E, << 6E
' ' 1Bl By By, B,

10

-10

B, [NCB, nT]
[128 sps]
o

— can rewrite as follows:
€
E o XYZ
& AB AB
e O S jozl[_y 43 °y]. (M
2= 100 u |7 AX, AKX,
uf Macroscopic b

T T We wish to compare the possible

100 XYZ dissipation rates due to electromag-
netic waves, |j - E| to our macroscopic
oy — il m._._.f__ lj - El p
C

estimate from entropy production,

SE [NCB, mV/m]
[8,192 sps]
o

-100 Microscopic W= ((p)up(T)yp) A8/A7. Given that we
= = % > rarely observe coherent fluctuations in B,
Uni.Time 16:37 16:38 above ~10 Hz (see discussion of whistler

mode waves in Paper Il) and that the

Figure I:2. This figure shows a comparison between E, and 5E for the L. K
Taylor hypothesis increases in uncer-

interval defined by the gray-shaded region in Figure I:1. The panels : S .
are as follows: (a) | By, | (nT, 128 sps, FGM) and its NCB components; ~ tainty with increasing frequency, we
(b) E, (mV/m, 128 sps, EFI) in the NIF and NCB; and (c) E (mV/m, smoothed our estimates of j, down to
8192 sps, EFI) in the NIF and NCB. Notice that Figures I:2b and I:2c ~10 Hz prior to using jo to estimate

have the same vertical axis scale. (_jo . 6E). Then we transform SE into the

NIF and then rotate into the NCB. Since we
assume j, ~ constant over the sample period of 5E and we want to estimate the energy dissipated by
high-frequency (210 Hz) waves affecting j,, we up-sampled j, to match the time steps for E prior to calcu-
lating (—j - E). The details of these dissipation rates are discussed in the Appendix B and the details of our
assumptions for calculating (—j - E) are in section 5.2.

We observed that the uncertainty in 5E and B, were relatively small by comparison to the parameters from
our Rankine-Hugoniot results. Therefore, we believed that the uncertainties in j, would be dominated by
uncertainties in V.

To determine the relative impact of these uncertainties, we calculated AX,, using three variances of V,,,
shown in the bottom two panels in Figure I:3. Two of the three versions of AX,, were calculated by first sub-
tracting (red lines) or adding (blue lines) the uncertainties in V,,,, to V.. The third version (green lines)
resulted from using V.. One can see, by examining the bottom two panels in Figure I:3, that j,, had rela-
tively small deviations (red or blue lines) from the third version (green lines). Therefore, we argue that our
estimates of j, will not introduce uncertainties significant enough to impede its use in estimating (—j - E).

5.2. Approximations
In this section, we present our approximations used to calculate the current density, j. Then we justify the
comparison between high-frequency electric fields and low-frequency magnetic fields.

First, we assume that j~ j, + 8j and E ~ E, + SE so that j - E can be written as

j-E= (j,+6j) - (E, + OE) (2a)
= (j, - E,) + (j, - 6E) + (3j - E,) + (6j - 5E) (2b)

where E is the measured electric field. Note that we measured and analyzed both E, and 5E.

The approximation [j - E| ~ |jo . 6E| used in our study, which requires neglecting everything on the
right-hand side of equation (2b) except the second term, was justified by our observations. The details of
these arguments are as follows:

WILSON ET AL.
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Current Density Uncertainty Estimates 1. We argue that the largest component of j
2009-09-26 [~3.34 s Window] should be well resolved as gradients in B,

S
<
3
=
O
=

Figure I:3. This figure shows an example uncertainty calculation

(i.e., FGM data at <128 sps) because
a. we assume that the largest compo-
nent of j arises from the bulk flow
relative drifts between oppositely
charged particle species;
b. these bulk drifts are responsible for

o

*
P
2
2.
£
3
7}
o0
S

=
8
151
£
8
15}
£
&0
=
&
=
&—
%
1=
&5

18 £ the large scale changes in B, in the
10 e;ﬁ shock ramp and in magnetosonic
-20 53 & whistler waves (e.g., see Figure I:3
=30 AN e and Paper Il);

T c. our observations show that the

10 majority of the largest changes in

0 B, occur at frequencies < 10 Hz
10 because we do not see the cor-
ACE responding 6B in the SCM data

pre T Vo =V ¢ 0N filtered above 10 Hz (e.g., see

10 Vo=V, -0/N"? Paper );

d. therefore, the associated current
densities should have a quasi-static
response because we can clearly

12001600 2000 2400 2800 3200 resolve the main shock structure

Time [ms] from 15:53:09 UT with <128 sps FGM data; and

e. thus, we conclude that the largest

j, INCB, uA m?]

400 800

for ji, for the same event observed by THEMIS-A on 26 September contribution to j should be well
2009 as shown in Figure II:1 in Paper Il. The top two panels show resolved in B, which we define

the magnitude of B, and its NCB components. The third(fourth)
panel shows three values of j,,). The color-coded lines show the
value of Vg, (see inset box) used to estimate AX), for equation (1).

asj,.
2. We argue that we can neglect the

The green vertical line indicates the center of the shock ramp at (jo : Eo) term on the right-hand side of
~15:53:10.080 UT. As shown in Table I:1, this shock had M; ~ 4.9 equation (2b) because we consistently
and 6, ~ 60°. observe E, < 6E and |j, - E,| < |j, - SE|

(see section 4).

3. We argue that we can neglect the (6j . Eo) and (8j - 6E) terms on the right-hand side of
equation (2b) because

Can | test this? Does the curloneter
met hod work on SCM dat a?

a. we observed that the largest components of SE are primarily composed of electrostatic waves (see
Paper II); therefore, 5E should not contribute to §j. Here we assume u,6j=V X 6B - ¢29,6E ~ V X §B.
As a figurative example, let us consider the ion-acoustic wave in Figure II:5 in Paper Il. For the inter-
val of the waveform shown, we estimate f,; ~ 590-660 Hz, we know f < f; from the dispersion rela-
tion for these modes, and we observe a wave amplitude ~ 40 mV/m (this is a peak-to-peak value,
but we will use it anyways to estimate an upper bound). To simplify the calculations, let us assume
f ~ 500 Hz and ¢~20,6E ~ c2wsE. Then the contribution to §j from this ion-acoustic wave is given
by ~ (c=2u;"w3E) < 0.001 pA m~2. Below we will show that this value is much smaller than those
contributed by the electromagnetic modes;

b. therefore (and from our first argument regarding j,), we conclude that 6j must arise from the
high-frequency electromagnetic whistler mode waves (e.g., see Figure Il:4 in Paper II);

c. typical amplitudes for whistler mode waves observed by THEMIS are 6B < 1.0 nT and previous
studies found wave numbers kp , ~ 0.2-0.8 [e.g., Wilson et al., 2013a];

d. thus, from these wave parameters and assuming p., ~ 1 km we can estimate a range of values for §j
~ kéB/u, $0.2-0.6 pA m=2;

e.in addition, one can estimate j, across a shock ramp from observations showing that shock ramps
have AB,, ~ 10-30 nT and gradient scale lengths, L, ~ 2 ¢/w, - 1 c/wy,; [e.g., Mazelle et al., 2010],
which corresponds to j, ~ AB,/(k,Lp,) ~ 0.2-12 pA m~2 (assuming c/wp, ~ 1 km);

f. these estimates combined with observations (e.g., see Figure I:3) consistently showed j, > 6j;
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Cunul ative sun? Not integral?
Note that the cunulative sumwil|l
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Cunul ativs sum net anount of work

O course, signal decreases when
aver agi ng

g. therefore, because j, > 6j and E, < 6E, we argue that |5j - E,| <|j, - 5E|;
h. we consistently observed that 6E from the whistlers was much smaller than from the electrostatic
waves and j, > §j; therefore
i. we argue that |5 - 6E| <|j, - SE]|.

These approximations allow to reduce equation (2b) to (—j - E) ~ (—jo . 5E), which supports the arguments
presented in section 5.1. Therefore, the contribution to the rate of energy dissipation per unit volume from
the electric fields is dominated by the high-frequency electrostatic waves focused on in Paper II.

Since j, varies much more slowly than SE, we can assume j, ~ constant over the typical wave periods
observed in SE. Therefore, we can up-sample j, to the SE time steps without significantly compromising
our results.

6. Macroscopic Versus Microscopic Dissipation

In this section we compare the microscopic energy dissipation rates, due to wave-particle interactions,
(=Jo - E,) with (—j, - 6E) and cumulative sum of the microscopic energy dissipation rates. To quantify
the relative impact of the wave energy dissipation rate, we compare the microscopic (e.g., wave-particle
interactions) to the macroscopic (e.g., increase in entropy) dissipation rates.

Before discussing our estimates of energy dissipation, we should point out that the electric and magnetic
field data examined in our manuscript represent a signal that has had multiple low-pass filters applied with
the intent of removing wave power above the Nyquist frequency (1/2 the sample rate). These anti-aliasing
filters ensure that the measured field value is stable during a single sample digitization interval. Therefore,
the field measurements are only instantaneous in the sense that they represent fluctuations in the true field
below the Nyquist frequency at a given time. Any wave power contained in frequencies above the Nyquist
frequency is not measured. Taking a time average of a time series is similar to performing a low-pass filter in
that it removes higher frequencies from the signal (though often not as uniformly as other low-pass filters).
If there is substantial wave power at high frequencies, an average will remove it. Thus, even though the EFI
can sample up to ~16,384 sps, this is not “instantaneous.” Though we used this term in section 5, it is used
with instrumental constraints kept in mind.

Figure I:4 shows a comparison between the energy dissipation rates due to E, and those due to 6E. The
direct estimate of the dissipation rates are shown in panel Figure I:4c, while the respective cumulative
sums are shown in Figure l:4d. Note that these are plotted on the same scale. We found that not only was
|io - 6E|> i, - E,| satisfied, the cumulative sums corroborated. The first relationship was expected, since
we consistently observed 6E > E,. The much larger cumulative sum for 6E supports our argument that
(=j - E)~ (=j, - 6E) in section 5.

The purpose of using the cumulative sum for the (—j - E) terms was to test whether the electric fields could
contribute a net amount of work to the plasma. We do this rather than imposing an arbitrary time scale
when estimating a time average. However, in Figure l:4e we show multiple time averages using a box-

car average. The number of points for each time average is shown in the box in the left-hand portion of
Figure I:4e, where the label colors correspond with the line colors. As one can see, as we increase the num-
ber of points over which we average our signal, the amplitude decreases. The decrease in amplitude is
expected because any time average of a signal acts similarly to a low-pass frequency filter, thus removing
amplitude from the signal. Therefore, the smaller amplitudes shown in Figure I:4e compared to Figure I:4c
result from the removal of power at higher frequencies, which negates the purpose of using high time
resolution measurements.

There are multiple issues with performing a time average on a time series of data. In quasi-linear theory,
when assuming a system is ergodic, the use of a time average works because the system is not expected
to deviate significantly from its expectation value, which roughly corresponds to a time average. However,
as explained by Penrose [1979], using a time average instead of an ensemble average poses serious issues
such as the following: (1) it precludes the possibility for nonequilibrium phenomena; (2) all measurements
are discrete while time averages assume infinite times; and (3) it “gives no rationale for excluding ‘excep-
tional’ motions.” For example, suppose a constant current existed spatially and temporally collocated with
a fluctuating sinusoidal electric field. Then one might expect that the time average of (—j - E) ~ 0. In other
words, the oscillating electric fields would only cause a periodic variation in the particle distributions, but
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Figure I:4. This is the same as Figure 1:2, but compares the energy
dissipation rates due to (—j, - E,) versus (=j, - 5E). The panels are
as follows: (a) | B, | (nT, 128 sps, FGM) and its NCB components; (b)
two NCB components of the current density, j, (1A m~2); (c) (=j - E)
for quasi-static macroscopic fields (red line) and fluctuating micro-
scopic fields (blue line) [uW m~3]; (d) the cumulative sum of the data

in Figure I:4c; and (e) multiple time-averages of the data in Figure l:4c.

For reference, the dark blue (N = 001) line corresponds to the original
signal (blue line) in Figure l:4c. The new effective sample rates asso-
ciated with each N are: (N = 001) = 8192 sps; (N = 008) = 1024 sps;
(N = 032) = 256 sps; and (N = 128) = 64 sps.

could not transfer a net amount of
energy/moment, through work, to the par-
ticles. Figure I:4d shows that both E, and
6E produced a net change in (—j - E) across
the shock ramp. In addition, Lapenta et al.
[2014] recently provided a useful comment
on the subject of time averages: “Average
is a dangerous concept as a hungry person
would readily testify watching some-

one eating two servings. The fact that on
average as many particles gain energy as
others loose energy does not mean that
no energy is being exchanged..”

The positive sign associated with

(=Jo - E, ), the red line, in Figure I:4d
implies that the particles are losing
energy/momentum at the expense of an
increasing electromagnetic energy den-
sity or flux. As we discussed earlier and
will discuss in Paper II, we believe that
the quasi-static fields act to differentially
decelerate the incident bulk flow, while
the high-frequency fluctuations increase
the average kinetic energy in the bulk flow
rest frame of the particles, i.e., heat.

In summary, we consistently observe the
following in every bow shock crossing
examined: 6E > E; |j, - 6E|> |j, - E,
and their respective cumulative sums. We
argue in Paper Il that wave-particle inter-
actions, due to high- frequency waves

in low-to-mid Mach number collision-
less shocks, are the dominant form of
energy dissipation.

In section 5 and Appendix B we showed
that the energy dissipation rate due to
wave-particle interactions was given by
(=J, - 6E). In Appendix B we provided a
supplemental approximation to this, given

by (—ﬂwave [ jo |2). Therefore, to quantify the relative importance of wave-particle interactions to the total
shock energy dissipation budget, we define the following unitless ratios:

|jo i 5E|
Ry = ——0o (3a)
Ty
j, - O
Ty = M (3b)
K
niaw Ijol2
Yy = ——— (39
b d
Miaw |jo|2
Zy=—— (3d)
K
where we have used equation (A2) for ¥ and equation (A3) for k.
Note, that when Ry or Yy > 1, then the microscopic electromagnetic energy dissipation exceeds the
amount of macroscopic fluid energy dissipation necessary to explain the changes in entropy across the
WILSON ET AL. ©2014. American Geophysical Union. All Rights Reserved. 6464
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Ref |l ected i ons could
gener ate waves.

shock ramp. Therefore, we focused on these ratios and show that high-frequency electromagnetic waves
play a significant role in the global energy budget of low Mach number collisionless shocks (see Paper Il for
quantitative results).

7. Discussion and Conclusions
The work presented herein can be summarized by the following points:

1. We consistently observe the following in every THEMIS bow shock crossing examined:

a.6E>E;
b. |j, - E|>|j, - E,|; and
c. the magnitude of the cumulative sum of (—j, - SE) was much larger than for (—j, - E, ).

2. We observe evidence for particle reflection in every THEMIS bow shock crossing examined (e.g., see
Appendix C for details). The reflected particles are consistent with gyrating, field-aligned beam, and inter-
mediate/diffuse ions [e.g., Paschmann et al., 1981]. The total relative density of the reflected particles
ranged from ~20 to 40%, while the beam-like ions only composed ~ 1-5%. While these relative densities
are high, there are a few important things to take note of:

a. intermediate/diffuse ions are thought to be the free energy source for shocklets and short
large-amplitude magnetic structures [e.g., Scholer et al., 2003; Tsubouchi and Lembeége, 2004], which
can locally produce j, due to the associated gradients in B,;

b. the relative drift between reflected ions and incident electrons (e.g., a current) can provide the free
energy for an instability responsible for one of the high-frequency waves of interest (discussed in
Paper Il) [e.g., Matsukiyo and Scholer, 2006; Muschietti and Lembége, 2013];

c. reflected ions, if transmitted into the downstream as a gyrating ring, could excite Alfvén ion
cyclotron waves [e.g., Davidson and Ogden, 1975] and other electromagnetic waves [e.g., Lu and
Wang, 2006; Hao et al., 2014];

d. if the reflected ions generate low-frequency waves, then they contribute to our dissipation
estimates through j,;

e. if the reflected ions generate high-frequency waves, then they contribute to our dissipation
estimates through both j, and 6E.

3. Thus, our estimates of (—jo . 5E) are still relevant because they can include effects from particle reflection
directly or indirectly.

In summary, we have shown that the high-frequency waves consistently satisfy 6 > E, and

i, - 5E| > [j, - E,|. The main purpose of this paper was to illustrate that high-frequency waves consistently
dominate their quasi-static counterparts in the amount they contribute to (—j - E). In Paper I, we show
that the magnitude of (—j - E) can greatly exceed the energy dissipation rates necessary to regulate the
macroscopic shock structure.

However, as we discuss in Paper Il, quasi-static fields are not irrelevant. They provide conditions conducive
to the growth of the high-frequency waves by differentially decelerating the incident bulk flow. Therefore,
they play an integral part in the overall dynamics of collisionless shock waves.

Appendix A: Macroscopic Energy Dissipation

In this appendix, we discuss how we quantified the energy dissipated by the shock on a macroscopic, fluid
scale. These estimates were used as a proxy for the total amount of energy the shock needs to dissipate

in order to produce the observed changes in entropy and/or kinetic energy density. We then compared
the macroscopic dissipation rates to microscopic energy dissipation due to wave-particle interactions (see
Appendix B). The quantitative results of this comparison are presented in Paper Il.

A1. Thermodynamics

On a fluid, macroscopic scale the two parameters we are concerned with are the change in entropy and
kinetic energy density across the shock. We can examine the thermodynamic equation associated with
enthalpy, or total internal energy of a system, to determine the energy dissipation associated with a change
in entropy. This equation is given by A= (pT) A3+ Cf Ap + Aw,,, where Af) = change in enthalpy density
per unit mass (e.g., J m~3), p = scalar mass density, T = scalar temperature, A% = change in specific entropy
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(e.g., J °K=" kg™"), C, = scalar speed of sound, and Aw,,, = energy density change due to work done by any
external forces. The change in specific entropy has the well known definition given by

<P>down < <p>UP )7
A3=C,/In|— | ———— A1l
. <P>up <p>down ( a)
kg
. (A1b)
m@y —1)

where P = scalar pressure, y = polytrope index or ratio of specific heats, and the subscript up(down) refers to
the initial(final) state [e.g., Gurnett and Bhattacharjee, 2005]. Note that A3 has no dependence on the mecha-
nism that irreversibly transforms energy across the shock ramp. It is only important that energy is dissipated
to produce A3 > 0.

We are concerned with quantifying the amount of energy transformed irreversibly, which relates to the
term involving A3 satisfying A3 > 0. Therefore, we define the macroscopic rate of energy dissipated per unit
volume as

A8

i (A2)

¥ = ((Pup(Tup)

where Az is the shock ramp duration. We used ¥ as our first macroscopic energy dissipation estimate. For
the 11 bow shock crossings examined, we found 2.5 x 1076 SW < 4.0 x 10~ pW m—3,

A2. Kinetic Energy Transformation
A second estimate of the macroscopic energy loss is given through a more direct term defined by the
change in kinetic energy density across the shock ramp, given by

l A ('”Ufhn)
2 AT

K

(A3)

where Uy, is the shock normal speed in the plasma frame. We know that k Az defines the amount of
free energy that has been transformed into other forms across the shock ramp. Therefore, we used k as
our second macroscopic energy dissipation rate. For the 11 bow shock crossings examined, we found
14%x10°5 <k <5.9% 1073 pW m=3.

Appendix B: Microscopic Energy Dissipation

In this appendix, we analytically define our microscopic energy dissipation due to wave-particle interac-
tions and how we compare them to our macroscopic energy dissipation estimates. We provide two different
methods for estimating the wave dissipation rate and then discuss the advantages and disadvantages

for each.

B1. Poynting’s Theorem

Recall from Poynting’s theorem that the time rate of change of the energy density of the electromagnetic fields
+ the rate of electromagnetic energy flux flowing out of a surface = the energy lost due to momentum transfer
between particles and fields. This is mathematically expressed as a continuity equation for electromagnetic
energy density, given by

0, (Ws+Wg) +V -85 = —j, - 6E (B1)

where W, = |6B|2/2u,), We =€, |5E[*/2, 5S = (6E X 6B)/u,, and p, is the permeability of free space.

As a supplemental approximation, we estimated the effective resistivity produced by wave-particle
interactions, 7,,,,e. To compare this to (—j, - 6E), we approximate 6E = (7 yaye = J,). This results in

(=Jo - 8E) % (<o M wave *Jo) ~ (~Mwave lJol?)- Note that neither SE nor j, have any functional dependence
UPON 7a.e- Thus, the limitations of the assumptions used to estimate (=7, |j,|?) have no bearing on our
estimates of (—j0 . 5E). Recall that SE and 6B were transformed into the appropriate reference frame prior to
the calculation of 6S or either dissipation rate.

In Appendix B2, we introduce the theory behind our resistivity estimates and explain the advantages and
disadvantages to using (—j,, - 5E) versus (—yave 1Jol?)-
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B2. Anomalous Resistivity

In a collisional medium, the process that prevents a nonlinearly steepened wave from breaking— energy
dissipation—is binary particle collisions. In a collisionless medium, the corresponding mechanisms originally
posed a significant problem and are still not quantifiably understood. In one of the first attempts to address
this dilemma, Vedenov [1963] derived an effective collision frequency, v,,,,., from quasi-linear theory that

is analogous to Boltzmann's collision operator. The v, describes the rate of energy/momentum transfer
between electromagnetic fields and charged particles, which can be irreversible and has a net result that

is analogous to an effective friction or drag force. The analytical form of v, depends upon the dispersion

wave
relation for the wave mode producing these so-called wave-particle interactions.

Nonlinear wave steepening in a collisionless shock wave is due to increasing currents [e.g., Tidman and
Northrop, 1968], produced by the relative drift between electrons and ions that correspond to the magnetic
ramp [e.g., Sagdeev, 1966; Gary, 1981]. Currents can be a source of free energy for instabilities that radiate
electromagnetic waves, and instability-driven waves act to reduce the free energy that drives them unstable.
Therefore, the waves resulting from current-driven instabilities will act to limit and/or reduce the currents,
which led to the original name anomalous resistivity [e.g., Sagdeev, 1966; Gary, 1981].

Our observations consistently show three types of high-frequency electrostatic waves: ion-acoustic waves
(IAWs); electrostatic solitary waves (ESWs); and waves due to the electron cyclotron drift instability (ECDI).
Recent PIC simulations [e.g., Muschietti and Lembége, 2013] have found that the ECDI and IAWs have very
similar power spectrums (ignoring the peaks due to the Bernstein modes in the ECDI). The only differences
were in the wave polarization and their respective effects on the particle distributions. The IAWs in these
simulations began to form electron phase space holes at later times as well. The theories [e.g., Vedenov,
1963; Sagdeev, 1966; Gary, 1981] originally proposed as candidates for collisionless shock energy dissipa-
tion involved resistivities due to IAWs. These theories have been indirectly supported in recent observations
[Wilson et al., 20071, which showed that the ramp region of collisionless shocks are dominated by large
amplitude IAWs. Therefore, we used the IAW solution for the effective collision frequency and corresponding
resistivity. Their analytical forms are given by

£, | 6E |?
Viaw = wpe znekBTe (BZa)
Viaw
= B2b
Niaw P (B2b)

pe
where SE is the fluctuating electric field amplitude of the wave, and v, is the effective collision frequency.

Note that equation (B2a) was derived under the assumption of a weakly turbulent plasma, which is not, in
general, accurate. One should also note that similar collision frequency estimates for other modes (e.g., the
lower hybrid drift instability) can be significantly smaller than for IAWs [e.g., Labelle and Treumann, 1988].
Recent wave observations [Wilson et al., 2007, 2010, 2012; Breneman et al., 2013] show that wave amplitudes
can be very nonlinear, and thus equations (B2a) and (B2b) may underestimate the effects of wave-particle
interactions. In additions, recent Vlasov simulations using realistic mass ratios [Petkaki et al., 2006; Petkaki
and Freeman, 2008; Yoon and Lui, 2006, 2007] have observed momentum transfers that are 2-3 orders of
magnitude larger than predicted by equation (B2b). Therefore, we used our estimates of #,,,, as a lower
bound for the effective resistivity due to wave-particle interactions.

We use two methods to estimate the energy dissipation rate due to wave-particle interactions because each
has their own advantages and disadvantages. The assumptions are slightly different for each estimate, and
therefore, the resulting uncertainties are different. Note that both estimates, (—#,,, 1j,/?) and (=j, - 6E), are
independent of each other. Thus, the limitations associated with #;,,, have no bearing on our estimate of
(—jo . 6E) because we directly estimate j, from B, and we directly measure SE. Below we outline some more
limitations for these approximations, but it is important to note that we do not believe these limitations
invalidate our results.

Some of the disadvantages of using 7;,,, |jo|2 include, but are not limited to the following: (1) the calculation
of v,,,, relies upon our assumption of a dispersion relation; (2) this estimate assumes E is parallel to j,; (3) this
estimate assumes E ~ 77 ,,, - j,; and (4) the calculation of v,,,, assumes that the fluctuations are quasi-linear

which can result in underestimates for the true momentum exchange rates [e.g., Petkaki and Freeman, 2008].

Some of the disadvantages of using |j, - SE| include, but are not limited to the following: (1) more reliant
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Not e!

RH Solns: 2009-07-13 from 08:57:00 to 09:02:30 UT
Downstream Upstream

' :

Figure I:5. The figure shows an example bow shock crossing
observed by THEMIS-B on 13 July 2009. The panels are as follows:
the magnitude of B, and its GSE components (nT, smoothed, FGM);
Vpuik in the GSE basis (km/s, IESA); N; (cm~3, IESA); T, (eV, EESA);
and T; (eV, IESA). The region shaded in blue defines the downstream
(i.e, magnetosheath) and red the upstream (i.e., solar wind).

We can estinmate J better with MVB

upon the accuracy of coordinate basis rota-
tions (e.g., from GSE to NCB); (2) only two
components of j, can be estimated which
may have more of an impact on |j, - SE|
than 7,,,, |i|’; and (3) relies upon the accu-
racy of the E/|SE|. Correspondingly, each
assumption has its respective advantages.
Therefore, we use both methods as a way to
test the validity of each.

Appendix C: Removal of
Secondary lons

In this appendix we discuss and pro-
vide examples for the removal of sec-
ondary ion populations prior to perform-
ing moment analysis on the velocity
distribution functions.

Onboard particle distribution moments
(or moments calculated from telemetered
particle distributions) can suffer from inac-
curacies due to spacecraft charging [e.g.,
Génot and Schwartz, 2004; Geach et al.,
2005; Davis et al., 2008], multiple species
[e.g., Paschmann and Daly, 1998], multi-
ple components [e.g., Wiiest et al., 20071,
and limited energy ranges (e.g., V5; 2
Vpui)- In the following we discuss how we
accounted for these potential inaccuracies
when examining moments of the velocity
distribution functions.

Figure I:5 shows an outbound bow shock
crossing observed by THEMIS-B on 13 July
2009. As shown in Table I:1, this shock had
M ~ 3.1 and 0, ~ 43°. The shock ramp

center was ~08:59:46 UT and THEMIS-B was at a GSE position of ~< +11.5, +1.0, —2.2 > R;. Shock waves,
by definition, result in an increase in N;, B,, T,, and T; on the downstream(shocked) side of the transition
region. The increase in temperature allows V, . to decrease to a subsonic value. In Figure I:5 we observed an
increase in N, B,, and T, with corresponding decrease in V, ., suggesting that this was indeed a shock cross-

ir=or

ing. However, one can immediately see that the ions appear to

be hotter (fifth panel of Figure I:5) on the

upstream(unshocked) rather than the downstream(shocked) side. Therefore, the decrease in T, across the

transition region, coupled with the potential for secondary ion
led us to examine the ion velocity moments in greater detail.

contamination (e.g., shock-reflected ions),

It is well known that the terrestrial bow shock is capable of producing multiple populations of reflected
ions [e.g., Bonifazi and Moreno, 1981a, 1981b; Fuselier et al., 1986]. Therefore, we initially assumed that
these secondary ions were responsible for some fraction of the error in the ion velocity moments. To test
whether ion beams were affecting the upstream ion velocity moments, we examined the entire ion velocity
distribution functions in three different reference frames and three different projections. To do this, we con-
verted our observations to phase(velocity) space densities, translated the data into the new reference frame,
rotated the data into physically significant coordinate basis (see discussion of Figure 1:6), and projected the
triangulated results onto the three planes comprising this new coordinate basis.

Figure 1:6 shows contours of constant phase space density projected onto three planes (top, middle, and
bottom rows) and in three reference frames (first three columns). The three reference frames are defined
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THEMIS-B IESA Burst
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Figure 1:6. An example showing an ion particle velocity distribution function, observed by IESA in burst mode, in (first to third columns) three different reference
frames projected onto (top, middle, and bottom rows) three different planes. The shock normal (red arrow) and spacecraft-to-Earth (magenta arrow) vectors

are projected onto each contour for reference. The three reference frames are defined by V, at the top of each column. (fourth column) The three different
planes defined by the shaded region in the coordinate axes. Each contour plot shows contours of constant phase space density (uniformly scaled from 1 x 10~13
to 1 x 1077 s3 cm=3 km~3, where red is high) versus velocity. The velocity axes range from +1500 km/s, and the crosshairs show the location of the origin. In
Figure I:6 (third column), a circle of constant energy defining the gyrospeed of specularly reflected ions is shown [e.g., Gosling et al., 1982].

by a velocity relative to the lab frame (roughly the SCF here) shown above the first three columns. These
columns represent the following, in order: (1) SCF; (2) level 2 velocity moment rest frame; and (3) incident
core solar wind rest frame. The third column shows the velocity distributions in our estimate of the bulk flow
rest frame, which defines our estimate of V. The field-aligned coordinate basis used to define the planes
of projection for each row are defined schematically in Figure 1:6 (fourth column), where the gray-shaded
plane defines the relevant plane for that row. The coordinate basis is dependent upon our estimate of V,
and the observed B, (i.e., FGM measurements). These distributions do not assume gyrotropy.

Figure 1:6 (third column) represents our adjusted estimates for V.. We determined the new value by plot-
ting the distributions in a manner similar to that shown in Figure I:6, starting in the reference frame defined
by the level 2 velocity moment (second column). Then we iteratively change our estimate for Vi, until the
core of the distribution is centered on the origin in all three planes, as seen in the third column. It is impor-
tant to note that every iteration, thus every change in V.. changes our field-aligned coordinate basis. As
can be seen in Figure I:6, the changes in the contour plots can be dramatic. For instance, in the SCF (first col-
umn), the secondary population is not obviously a field-aligned beam. However, in the core bulk flow rest
frame (third column), the signature of a strong field-aligned beam is obvious. We observed gyrating and
field-aligned ion beams upstream (the latter for several minutes) of this shock ramp.

More importantly, if we wish to compare our results to theory, it helps to use a physically meaningful
coordinate basis and reference frame. For instance, the third column shows a circle of constant energy

(at ~500 km/s) defining the predicted gyrospeed of specularly reflected ions for this shock [e.g., Gosling et
al., 1982, equation (6)]. We can use the incident bulk flow velocity as our injection velocity when estimating
the gyrospeed for specularly reflected ions at the bow shock because |V,;,,| < [V| for most events
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THEMIS-B IESA Burst
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Figure I:7. An example showing how we separated the incident core solar wind beam from the secondary ion populations using masks. The distribution shown is
the same as that shown in Figure 1:6, with the same format except that all columns used the same V.. The circle in each contour plot indicates the energy cutoff
used to define the masks to separate between the core solar wind beam and secondary ions. Above the first three columns an estimate of the number density is
given for the shown distributions below. Notice that N, from secondary ions (third column) is ~26% of the total N;, whereas the N, from a bi-Maxwellian fit to only
the field-aligned beam for this distribution is $2.5%.

(e.g., see Table I:1). However, the same does not apply for interplanetary shocks. The features centered on
this energy/speed are consistent with the predictions for specularly reflected ions.

Some previous studies have plotted foreshock ion velocity distributions in the SCF; however, Figure I:6 pro-
vides an example of why this can lead to confusion or a misinterpretation of the results. Note that the plane
of projection in Figure I:6 is dependent upon the definition of V.. If the estimate for V. or the plane of
projection is inaccurate, then the projected distribution can be misleading. For instance, when comparing
the results for the first plane (Figure I:6, top row), one can see that the core of the second projection looks far
more anisotropic than the core in the third projection. If one examines the bottom row of distributions, one
can see surprisingly different results between the Figure I:6 (first column) and Figure 1:6 (third column). The
apparent discrepancies are a consequence of the plotting routines, not a characteristic of the distribution.
For more examples of these types of plots, see Wilson et al. [2009, 2010, 2012].

After adjusting V., we created a mask to eliminate all secondary ion populations. We also removed ions
within a small cone around the Sun direction to reduce the effects of “UV contamination.” An example can
be observed in the third distribution of Figure 1:6 (top row) as the intense, narrow beam-like feature in the
third quadrant near ~500 km/s. We only applied these masks to those distributions with well-defined sec-
ondary ion populations. After removing the secondary ions, we recalculated the particle velocity moments.
Therefore, these recalculated velocity moments reflect only the core of the ion distribution function.

Figure I:7 shows an example application of how we use these masks to remove secondary ions and estimate
reflected ion number densities, N,. The ion velocity distribution function is the same as the one shown in
Figure I:6 and the format of the figure is the same. Figure I:7 (first column) is identical to Figure I:6 (third
column) except for the circle of constant energy/speed, which is now at ~350 km/s. The second and third
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Original Vy, and Corrected V,,, and
All Energies/Angles Used Removed Gyrating lons

[Level 2, fgl, 4 sps] 1

T T

[Level 2, fgl, 4 sps]

B| (nT)

B (nT)

L0 0£:C0:60 03 00:LS:80 WO} ¢1-,0-600C ‘d-SINHHL

3S5-ZAX

Figure 1:8. The comparison between the level 2 velocity moments (left-hand column) and our estimates after removing
the secondary ion beams (right-hand column). The panels are as follows: | B, | (nT, 4 sps, FGM); B, in the GSE basis (nT, 4
sps, FGM); N; (cm~3, IESA); T; (eV, IESA); and Vi in the GSE basis (km/s, IESA). The magnetic fields are identical in each

column. The horizontal gray lines in each panel are to help the reader compare differences between the two results.

columns show the results of our masks, where the former removes everything but the incident solar wind
core and the latter keeps only the secondary ions. Above each column are the number density estimates for
the shown velocity distribution function.

The secondary ions in Figure I:7 (third column) show features consistent with field-aligned and interme-
diate/diffuse ions [e.g., Paschmann et al., 1981]. We fit bi-Maxwellian distributions to just the field-aligned
beam and found N, ~ 0.2 cm~3, which is only ~2.4% of the total N, for this distribution. This bow shock cross-
ing (on 13 July 2009) had the highest relative and absolute values of N, with N,/(N;), ~ 1-5%. For all the
other bow shock crossings, this ratio was reduced to < 1%. If we include all the secondary ions to estimate
N,, then we find N,/N; ~ 26% for this distribution and ranging from ~20-40% for all the other bow shock
crossings. We observe a general trend that the relative and absolute values of N, decrease with increasing
distance from the shock ramp (i.e., the largest values are usually found immediately upstream in the foot).

Let us define (N,/N;) as the average relative number density of reflected ions observed upstream of any
given shock ramp. We use an average because the values can vary radically in one bow shock crossing
from distribution to distribution (e.g., from ~3% to > 40%). We find a general agreement with the-

ory in that all the events with (N, /N;) > 30% had M;/M,, , > 2.3 and M; > 3.1. We also found a general
increasing trend in (N, /N;) with increasing M, M¢/M, ;, and M¢/M_, ,. However, we observed some excep-
tions/outliers. For instance, the third crossing on 5 September 2009 has M; > 5 and M;/M, , ~ 4.7 but had
(N,/N;) < 5%. However, our immediate concern is the effect that the secondary ions have on our velocity
moment estimates.

We show an example comparison between the original level 2 velocity moments and the core only esti-
mates in Figure I:8. The time range shown is the same as in Figure I:5. The red-shaded region corresponds to
the time range of the ion velocity distribution shown in Figure I:6. The results for T; and V. show dramatic
differences, whereas N; shows only minor differences in the upstream. The most important observations
are that T; now increases across the shock ramp and that |V, | shows differences of up to ~30%. Not

only did we observe large differences in |V, |, one can see that there are significant changes in the flow
direction as well.
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There is a large amplitude magnetic fluctuations observed near ~09:02 UT, which causes a deflection of
the core V.. We observed heating of the core ions and electrons near this structure as well. A compar-
ison between the N; plots in Figure I:8 shows that the secondary ions were enhanced near this structure.
When we examined the ion distributions (e.g., see Figure I:6), we observed enhanced field-aligned and
gyrophase-bunched ions near these fluctuations, consistent with recent observations [Wilson et al., 2013b].

Upon examination of the results shown in Table I:1, one can see that a few events have (N;)goun/{N;)yp > 4-
There are many possible explanations for this, including but not limited to the following: (1) (N;),,, does not
include reflected particles; (2) the spacecraft velocity had a significant component along the shock plane; (3)
time variations due to single spacecraft observations; (4) inaccuracies in velocity moments due to Vy; 2 Vi1
(5) and others. Note that events with (N;)qon/(N;),, > 4 are only in violation of a time stationary neutral
fluid approximations. If, for instance, the bow shock was being increasingly compressed as the spacecraft
passed through the downstream region, one might expect (N;}gown/{N;)yp > 4-
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Erratum

In the originally published version of this article, the heading of section 6 contained a typographical error.
The heading has been corrected, and the current version may be considered the authoritative version
of record.
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