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Abstract Shocks in collisionless astrophysical plasmas redistribute some of the incident flow energy into
both thermal and non-thermal energy. Quantifying the partition of that energy amongst various particle species
or their sub-populations, and electromagnetic energy, represents a fundamental goal of shock physics. It
embodies the role of the equation of state for the system. Here we apply a framework to assess all the incident
and downstream energy fluxes at a crossing of Earth's bow shock for which the upstream magnetic field was
roughly aligned with the shock normal direction. Such quasi-parallel shocks are known to be non-steady and to
produce significant populations of suprathermal particles. We quantify the evolution of all the important carriers
of energy flux through the shock region. We sub-divide the proton population into thermal, suprathermal, and
energetic components in order to investigate the shock's efficiency in energizing the nonthermal particles. While
the largest energy fluxes are found in the incident proton ram energy and downstream proton thermal enthalpy
fluxes, a significant suprathermal population pervades the regions both up- and downstream. We also evaluate
the energy fluxes attributable to fluctuations in the fluid and field parameters.

Plain Language Summary Shock waves are driven in astrophysics by explosions and supersonic
flows. Those shock waves convert much of the directed flow energy into less ordered forms. Typically,
astrophysical plasmas are so rarefied that collisions between particles are ineffective in establishing a constant
temperature amongst the electrons and ions. Consequently, some energy is concentrated in, for example, the
acceleration of cosmic ray particles to high energies. The different particle and electromagnetic field
components receive an unequal share of the energy. We investigate this problem of energy partition from a
holistic perspective by analyzing comprehensive data from state of the art spacecraft that traverse shock waves
in interplanetary space. We focus here on a shock which is intrinsically nonsteady and turbulent. Such shocks
are known to produce energetic particles. The present work adds quantitative analysis to support that knowledge
by placing those energetic particles in the context of the other energy carriers at the shock.

1. Introduction

In astrophysical plasmas, the scales over which shock waves dissipate energy are typically much smaller than the
collisional mean free path. The processes required to decelerate the incident bulk flow and re-distribute its energy
must be kinetic in nature. Those processes will have different impacts on the variety of plasma species and
electromagnetic fields present, and occur over different scales. Sub-populations of the particles will heat more
strongly than others, or may be accelerated to high energies (Kucharek et al., 2003). Fundamentally, the parti-
tioning of the incident energy, or equivalently the equation of state, represents the key unanswered question in
shock physics. Unraveling how the partition depends on shock parameters remains an important goal in, for
example, the acceleration of cosmic rays.

The Earth's magnetosphere provides an obstacle to the supersonic solar wind flow, leading to the formation of a
bow shock upstream of the Earth. This region of space has been accessible to in situ measurement by satellites
carrying increasingly sophisticated instrumentation. Much of what we know about collisionless shocks has been
gleaned from the data returned by these missions (Burgess & Scholer, 2015; Krasnoselskikh et al., 2013;
Schwartz, 2006; Schwartz et al., 2013; Scudder, Mangeney, Lacombe, Harvey, Wu, et al., 1986; Stone &
Tsurutani, 1985; Tsurutani & Stone, 1985).
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Previous work concentrated on individual processes that might operate at collisionless shocks, including the
reflection of ions (Paschmann et al., 1982; Sckopke et al., 1983; Woods, 1969), quasi-static fields (Gedalin, 2020;
Schwartz et al., 2021; Scudder, Mangeney, Lacombe, Harvey, & Aggson, 1986), micro-instabilities and turbu-
lence (Balikhin et al., 2023; Golan & Gedalin, 2025; Goodrich et al., 2018; Plank & Gingell, 2023; Scudder,
Mangeney, Lacombe, Harvey, & Aggson, 1986; Wilson et al., 2014), particle acceleration (Amano et al., 2020;
Kis et al., 2004; Kucharek et al., 2004), non-stationarity/shock reformation (Johlander et al., 2018, 2022;
Madanian et al., 2021; Raptis et al., 2022), magnetic reconnection (Gingell et al., 2019, 2020; Wang et al., 2019)
and others. Statistical studies have focused on isolated pieces of the partition problem, including the degree to
which the downstream electron temperature depends on upstream conditions (Schwartz et al., 1988), statistical
aspects of electron distribution functions at shocks in interplanetary space (Wilson et al., 2019a, 2019b, 2020), the
fraction of ions reflected for a range of Mach numbers (Leroy et al., 1982), or the energy deposited in energetic
particles (David et al., 2022; Zhou et al., 2020). Typically, Rankine-Hugoniot fluid shock jump conditions based
on the bulk shock parameters (Mach number, plasma f, shock geometry, electron to ion temperature ratio) are
often employed to supplement and support the observed quantities.

These targetted studies have taught us a great deal about the physics of collisionless shocks. However, the over-
arching energy partition problem has received less attention. In the past, the full set of accurate upstream and
downstream parameters has not been available with sufficient quality. At the Earth's bow shock, for example, the
solar wind proton ram energy provides the primary upstream energy flux. This cold, super-thermal solar wind
proton beam requires a dedicated instrument to completely resolve its internal structure. The heating due to the
reflection of protons at the shock or by other means dominates the downstream energy flux. The decimated pieces
making up the proton distributions at and downstream of the shock requires full 4z resolution over a broad range
of energies.

Other nonthermal energy fluxes, both upstream and downstream, can be found in features of the proton, electron,
a-particle and other ion species' velocity-space distribution functions. These include sub-populations of particles
accelerated to high energies. The details of the velocity space distribution functions of these particles in the solar
wind present significant hurdles. Both the AC and DC electromagnetic fields contribute to the total energy fluxes
on either side of a shock.

Crucially, examining the processes involved in the kinetic aspects of the energy partition problem through the
shock transition layer also imposes temporal resolution requirements of order 1 s or less, comparable to electron
scales, for many parameters.

In a previous paper (Schwartz et al., 2022) (hereinafter Sch22) we developed a comprehensive framework
for tracking the energy fluxes using spacecraft data. We applied that framework to two crossings of the
terrestrial bow shock under conditions in which the upstream magnetic field made a large angle with
respect to the shock normal, known as quasi-perpendicular shocks. The successful application of the
methodology was aided by the comprehensive suite of state-of-the-art plasma instrumentation onboard
NASA's Magnetospheric Multiscale Mission (MMS) (Burch et al., 2016). That success was further aided by
the fact that the quasi-perpendicular field geometry binds gyrating particles together, resulting in a relatively
steady, laminar shock structure.

Here we attempt to apply the same methodology to a quasi-parallel bow shock. Under these field geometries,
particles can more readily traverse the shock in both directions, some reaching upstream where they excite kinetic
plasma instabilities. The resulting shocks are intrinsically non-steady, with turbulence, waves, and coherent
structures called SLAMS (Schwartz, 1991; Schwartz et al., 1992). Backstreaming and energetic particles occupy
both the extended foreshock upstream and the downstream plasma. Quasi-parallel shocks are the locally
observable prototypes for cosmic ray acceleration in supernovae shocks and elsewhere (e.g., Kang & Jones, 2007;
Park et al., 2015). The non-steady fluctuations and waves offer new avenues for energy partition that we explore
below.

The next sections summarize the data and our primary analysis methods. We then present our results and provide
some discussion before drawing our final Summary and Conclusions.
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2. Data

Our primary results are drawn from the Magnetospheric Multiscale mission (MMS) (Burch et al., 2016). We also
used data from the Wind (Harten & Clark, 1995; Wilson et al., 2021) spacecraft to establish the prevailing
interplanetary conditions. THEMIS C (Angelopoulos, 2008) is upstream and much closer than Wind to MMS; we
employ that spacecraft to determine the unperturbed interplanetary magnetic field. Wind and THEMIS C data are
lagged from their locations to that of MMS by comparing magnetic field clock angles. At the dayside bow shock,
this angle is approximately preserved on passage through the shock to MMS when that spacecraft is in the
shocked magnetosheath.

The main analysis relies on MMS data from the Fast Plasma Investigation (FPI) (Pollock et al., 2016), Fluxgate
Magnetometer (FGM) (Russell et al., 2016), electric field instrumentation (Ergun et al., 2016; Lindqvist
et al., 2016; Torbert et al., 2016), Hot Particle Composition Analyzer (HPCA) (Young et al., 2016) and Energetic
Ion Spectrometer (EIS) (Mauk et al., 2016). We employed moment sums drawn from the FPI and other instrument
public L2 data files. All of our detailed analysis utilized MMS data returned in burst mode. Burst data has better
time resolution, notably FPI electron data at 30 ms and FPI ion data at 150 ms cadences, than survey data products.
Additionally, FPI burst data is free from artifacts introduced into the compression algorithms for fast survey data.
We subset the FPI ion (essentially proton) measurements into “thermal” and “suprathermal” components. We
calculate the thermal protons by integrating the proton distribution from 11 eV (removing the bottom three energy
channels to minimize the impact of counting statistics at low energies) to 4 keV. Suprathermal protons are in-
tegrated from the next energy channel at 5.3-28.3 keV. This division ensures that the suprathermal population is
relatively free of contamination by solar wind alpha particles, which are unresolved in FPI's E/q instrumentation.
Energetic Ion Spectrometer data completes the proton energy coverage from 32 to 800 keV. In Sch22 we provided
some discussion and quantitative assessment of the errors in some of the measurements and how those propagate
into the results.

For the interval we examine in detail below, MMS HPCA measurements of the solar wind alpha particle pop-
ulation suggest alpha densities of 0.5-0.6 cm™3, that is, significantly higher than those reported by Wind, by up to
a factor of 5-6. The HPCA RF proton attenuation system (Burch et al., 2016; Gomez et al., 2019; Young
et al., 2016) reduces proton contamination of the alpha channel by lowering the comparatively higher proton flux,
while allowing more massive ions to pass through the electrostatic analyzer. The proton attenuation depends on
the HPCA unit used to make the measurement. During this measurement period, the proton flux was reduced by
half for the HPCAs on MMS 1 and 2, and reduced by 90% for those on MMS 3 and 4. As a result, measurements
made with MMS 3 suffer from less proton contamination, so we use it for all our MMS measurements. Back-
streaming suprathermal alphas upstream of the shock may represent a real local enhancement of the alpha density
by comparison to the far-upstream conditions.

HPCA's energy and angular resolutions are inadequate for fully resolving the solar wind alpha distribution, which
is typically highly localized in energy and solid angle. Hot Particle Composition Analyzer has a large geometric
factor and is designed to measure broadly distributed “hot” ion distributions. The solar wind, as a relatively “cold”
ion distribution, is undersampled by HPCA. HPCA's proton attenuation and geometric factor work in opposite
directions: proton contamination, if present, leads to higher densities, while unresolved velocity-space misses a
significant fraction of the population. The magnetosheath alpha particle distributions, with their larger occupation
of phase space, are an optimum target for HPCA's geometric factor. The broadened span of the proton distribution
also makes proton attenuation more effective over a larger range. Thus, they are both well-resolved and well-
separated from the protons by HPCA.

3. Mathematical Framework
3.1. Primary Analysis

The full mathematical framework for our analysis was laid out in Sch22. Here we briefly summarize the key
ingredients.

We will work in the Normal Incidence Frame (NIF) in which the upstream velocity is antiparallel to the shock
normal vector. The full transformation to the NIF from the spacecraft frame of reference is accomplished by
subtracting the velocity
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where fo‘ is the signed velocity of the shock along the shock normal as measured in the spacecraft frame, n is the

upstream-pointing shock normal, and V*75€ is the bulk solar wind velocity measured in the spacecraft frame (see
Figure 1c and Equation 5 in Schwartz et al. (2021)).

The total energy conservation equation is

o€
—+V-F=0 2
ot @

where £ is the energy density and F the total energy flux. In a multispecies plasma the energy flux can be written:

F=ExB/u,+ ), Q ®)
species j
where

— 1 2 3 4

Q = vimjv [V d’v @)

=gq; + Q)

;.3
+p; -y +§pjuj + (6)
’ 1 2
+u]5pjuj (7

with g; in (5) being the intrinsic heatflux as measured in the species' own rest frame, u; the bulk velocity of that

species in the frame of interest (e.g., the NIF), (6) providing an expression for the enthalpy flux in terms of the
species' intrinsic pressure tensor p;, and (7) being the ram energy flux associated with the species bulk flow. Ata

steady planar shock (2) reduces to
F-n = F, = constant (8)

It is often convenient to separate the protons, for example, into thermal and suprathermal components as described
above. We consider and analyze each of these populations as a separate “species.” Note that since protons are not
tied to a unique sub-population, the proton continuity equation expressing conservation of protons would apply
only to their aggregate, not to each sub-population.

3.2. Consideration of Steady, Planar Assumptions

As the quasi-parallel shock is highly variable, with multiple apparent crossings back and forth, it is often difficult
to determine many shock parameters with total confidence. In applying the above formulation based on a steady,
planar shock we employ the variability in, for example, total energy flux as an indicator of the impact of shock
variability. At the same time, we employ the overall trends and similarities over the many crossings to determine
at least semi-quantitatively the shock partition from a larger system perspective. That bigger picture is perhaps
more interesting for extrapolating to other astrophysical environs.

In particular, the shock speed V*" cannot be precisely determined. The back and forth motion implies that the
shock never moves far from the spacecraft nor particularly fast, and we shall ignore the contribution terms
involving V*" make to energy fluxes. In any event, those contributions would oscillate in sign with every back and
forth motion, are captured by the full time series of the energy fluxes shown below, and would average out over
the longer term under steady interplanetary conditions.
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Additionally, we assume the shock normal vector n is constant, as determined from a model bow shock (Slavin &
Holzer, 1981) scaled to the location of MMS. At quasi-parallel shocks, time variability and spatial in-
homogeneities make this assumption difficult to justify in anything other than a statistical sense, although Toy
Edens et al. (2025) show that the model n’s outperform local determinations for many purposes.

Magnetic structures (SLAMS) form a key concept in macroscopic quasi-parallel shock geometry (Schwartz &
Burgess, 1991). Longmore (2005) employed single-spacecraft normal determinations at different locations
around SLAMS using multispacecraft analysis (Longmore, 2005) of the geometry of SLAMS observed by the
four Cluster spacecraft. That study revealed that the typical variability in the normal directions along the SLAMS

surface is of order ~ 20°. This variability translates to a variability in the normal component of a measured vector
flux of 6%. Interestingly, SLAMS convect systematically toward the downstream state and represent a sort of
reformation process that does not correspond to the back and forth motion discussed above.

The variability coupled with the close spacing of the MMS spacecraft (5 km here) doesn't allow us to employ any
of several other methods to determine n or Vflh (see Schwartz (1998)). To date, limited attempts have been made to
relax this assumption of constant n in shock analysis (Zank et al., 2021).

4. Overview of Quasi-Parallel Bow Shock of 31-01-2017

The first segment of the shock episode we shall analyze was previously studied by Trattner et al. (2023) in
connection with the detailed production of diffuse ions. Table 1 summarizes the solar wind conditions prevalent
on 31-01-2017 around 03:20. Most of these values are unremarkable in comparison with typical solar wind
observations. Apart from these overall shock parameters as summarized in Table 1, our detailed analysis employs
MMS data exclusively for internal consistency.

Figure 1 provides an overview of the MMS3 observations for a period of 6 hrs. The interplanetary magnetic field
remains in a quasi-parallel orientation with respect to the model shock normal at the position of MMS for much of
this period (panel (j)). Additionally (not shown), the interplanetary plasma conditions remain relatively steady,
with a small gradual increase in overall solar wind speed by 50 km/s over a 4 hr interval. Consequently, we
attribute most of the variability in the MMS observations to the inherent quasi-parallel shock processes.

A significant population of suprathermal and energetic protons can be seen in panels (a) and (b) throughout this
interval extending from the top portion (>4 keV) FPI energy range into that of EIS. Later sections will sub-divide
the proton population to study the distribution of energy into different energy bands. As is common at quasi-
parallel shocks, the spacecraft makes numerous passes from the narrow solar wind beams to broadened
magnetosheath-like distributions. For convenience, we shall use “upstream” or “solar wind” or “unshocked” to
refer to the narrow beam regions and “downstream” or “shocked” to refer to the intervals of broadened, heated
distributions. As is often the case for quasi-parallel shocks, this nomenclature is more qualitative than a clear
identification of shock crossing from, for example, unshocked to shocked states.

5. Energy Fluxes

We now apply the methodology developed in Sch22 and summarized in Section 3. We use the MMS burst data
that is available for the interval shown in Figure 1 to evaluate the normal components of the Poynting flux, heat
fluxes, enthalpy fluxes, and ram energy fluxes in the NIF frame, neglecting Vflh as discussed above. The full
resolution result is shown in Figure Al in the Appendix. Here, Figure 2 shows those full resolution fluxes
smoothed with a 20s sliding window.

Figure 1. Overview of MMS3 observations taken in survey mode on 31-01-2017. Proton differential energy flux from MMS Energetic Ion Spectrometer (a) and Fast
Plasma Investigation (b) instruments together with the electron differential energy flux (c). Magnetic field magnitude (d) and components (e, f) Densities of the proton
thermal population (black), electrons (pink) and alpha particles (green). The magnitude (g) and components (h) of the bulk velocity of thermal protons (11 eV—4 keV).
Temperatures (i) of those thermal protons (black), parallel and perpendicular electron temperatures (pink) and alpha particles (green). The reported elevated alpha
temperature suggests that the upstream alphas are contaminated by backstreaming particles, or that the solar wind alpha beam is not properly resolved, or both. Panel
(j) shows the expected shock geometry 0, based on the lagged THEMIS C magnetic field data, confirming that the interplanetary conditions remain quasi-parallel, well

below 45°, for several hours.
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Table 1

Solar Wind Conditions on 31-01-2017

Parameter

Value

Comments

MMS Position
Wind Position
THEMIS C Position

(9.69, —6.63, 1.06)
(221.6, 100.0, —2.4)
(48.0, 34.5, —1.3)

R, GSE @ 03:20 UT
R, GSE @ 01:30 UT
R. GSE @ 02:40 UT

Wind lag to MMS 1 hr 26 min Using clock angle
THEMIS C lag to MMS 22 min Using clock angle
Wind interval (post-lag) 03:12-03:30 Most parameters
THEMIS C interval (post-lag) 03:03-03:48

Magnetic field B (10.2, —4.7,2.2) nT GSE from THEMIS C
Proton density n, 6.11 cm™3

Alpha density 7, 0.105 cm™3

Electron density n, 6.32 cm™ from charge neutrality
Proton velocity V, (=504.6, —=31.2, —28) km/s GSE

Proton temperature 7, 18.4 eV

Alpha particle temperature 7, 76.1 eV

Electron temperature 7, 19 eV

Model shock normal vector n (0.932, —0.358, 0.057) GSE using Slavin and Holzer (1981)
Angle between B and n 9°

Proton plasma beta 3, 0.344

Alpha plasma beta 3, 0.024

Electron plasma beta f3, 0.368

Total plasma beta 0.737

Alfvén Mach number V4 4.7

Fast Magnetosonic Mach number M, 4.6

Despite the significant fluctuations which survive the smoothing, Figure 2 reveals several mainly unsurprising
features. The thermal protons carry the lion's share of the energy flux (panel (h)) and that is an interchange (see
also panel (i)) between the ram energy (panel (d)) and enthalpy flux (panel (e)). The alphas make substantial
contributions to the ram and enthalpy fluxes, followed by the suprathermal protons. Curiously, both thermal and
suprathermal protons have intrinsic heatfluxes persistently directed upstream (i.e., below the dashed line in panel
(f)). These heatfluxes are perhaps best interpreted as distortions or multi-component influences of the
nonequilibrium particle phase space distributions. In what follows, we include these fluxes in our discussion of
the roles played by the different populations.

We focus on the interval from 03:10 to 03:35 previously studied by Trattner et al. (2023) in Figure 3. At this scale,
the exchange between ram and enthalpy fluxes is clear (see panel (i) around 03:20) together with the dominant
role in the exchange played by the thermal protons (panels (d) and (e)). The crossing at 03:21, just after the shaded
interval, provides a clean but representative characterization of the different flux carriers. By inspection from the
panels at this time (see also Figure 6), we observe:

1. Roughly 70% of the total ~1000pW/m? energy flux is incident in the form of thermal proton ram energy.

2. The remainder is nearly equally split between alpha-particle ram energy and incident thermal proton enthalpy
flux.

3. Two thirds of that upstream thermal proton enthalpy flux is offset by the thermal proton heat flux carrying
energy back upstream.

4. Downstream, 20% of the total energy flux remains in thermal proton ram energy with another 5% in alpha ram
energy.
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Figure 2. Normal components of the various contributions to the energy fluxes in the Normal Incidence Frame shock rest frame (assuming fo' = 0), smoothed with a
20s sliding window. Panels (a—c) show the fast survey ion differential energy flux and bulk velocity of the thermal protons. The remaining panels use intervals for which
burst mode data was available. Panels (d—f) show the ram, enthalpy and intrinsic heat energy fluxes for the electrons (green), thermal protons (black), suprathermal
protons (red) and alpha particles (blue). Panel (g) shows the normal Poynting flux. In panel (h) we collect the particle fluxes by species, while panel (i) collects the fluxes
by type together with (gold) the total energy flux. With the exception of panel (i), all flux panels have the same total range of values. Additionally, since the main
incident fluxes are oppositely directed to the outward-pointing shock normal, we have inverted the direction of the flux panels so that fluxes above the dashed zero lines
are directed from the upstream, unshocked state, to the downstream.
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5. Nearly half the downstream energy flux is carried by thermal proton enthalpy flux, with a further 36% equally
divided amongst the enthalpy fluxes of the suprathermal protons, alphas, and electrons.

6. Those enthalpy fluxes are somewhat offset by the upstream-directed thermal and suprathermal heat fluxes
which together carry 21% of the net total energy flux back toward the upstream region.

7. The downstream Poynting flux carries ~ 10% of the total energy flux.

Comparing these remarks with the two quasi-perpendicular shocks studied in Sch22 (see, e.g., Figures 1, 4i, and 4j
of that paper) reveals that this quasi-parallel shock has incident and downstream energy fluxes distributed in a
more complex way. Less of the incident energy flux is in simple ram energy (85% here vs. 94%) with upstream
enthalpy and heat fluxes contributing both more flux and competing upstream-directed fluxes. The alpha particles
also play a larger role here.

Downstream, this quasi-parallel shock converts a similar amount of energy flux into thermal (47%) and supra-
thermal (12%) protons compared to 61% in the quasi-perpendicular case. Much more ram energy survives (24% in
total vs. <10%). The downstream also shows competing upstream-directed heat fluxes that are absent in the quasi-
perpendicular case. The shocks in Sch22 are slightly higher in Mach number (~6 there vs. 4.6 here).

The shaded interval in Figure 3 shows a particularly dramatic departure from constant total energy flux (gold trace
in (i)). The drop to essentially zero ram pressure could be the result of significant shock motion relative to the
spacecraft frame. Although multi-spacecraft timing techniques are difficult to apply here, we have attempted to
determine the motion of individual “crossings” during this interval by imposing proton flux continuity. This
addresses part of the time dependence of the shock motion, although not its orientation, provided that the un-
derlying temporal change is longer than the individual crossing and that the corresponding upstream and
downstream conditions have settled into a new quasi-steady state.

For a given crossing, we apply a least squares analysis of the normal proton flux conservation equation
n,(u, — V") = const to determine the unknown shock motion V3". The fluctuations and probably real unsteady
motion can render the result inaccurate, to the extent that the solutions for some of the crossings even have the
wrong sense of motion by comparison to the observed crossing traversal. The shaded crossing yields a rather large
value of V¥ ~ + 160 km/s.

We have recalculated the energy fluxes for the shaded interval using this shock motion to estimate the fluxes in the
shock rest frame. The results are shown in the set of panels to the right in Figure 3. Panels (d’)—(h’) have been
rescaled to accommodate the larger energy fluxes, but they all cover the same total range. There is still a sig-
nificant but reduced lack of constancy in the total energy flux (gold trace in panel (i’)) but now all the enthalpy
fluxes (panel (e’)) rise together toward the downstream. Even this dramatic attempt to explore the time variations
of the shock does not drastically alter the relative partition of energy seen in the spacecraft frame fluxes in Panels
(d—i). Panel (a’) also shows the improvement in background at low energies in the FPI burst data products
compared to the fast survey data used to set continuous context. We use burst data for all our flux calculations and
proton partial moments.

6. Suprathermal and Energetic Particles

Figure 4 compares the FPI thermal (<4 keV) and suprathermal (4—32 keV) ion (assumed to be dominated by
protons) sub-populations together with the EIS energetic (31-80 keV) protons. In the absence of a velocity
moment from EIS, we have calculated the enthalpy flux (panel (e)) of the energetic protons by combining their
assumed isotropic pressure (blue in panel (d)) with the bulk velocity (panel (b)) of the suprathermal protons. We
have calculated the energetic proton contributions from the full resolution data, and show in Figure 4 smoothed
versions that remove the spintone inherent in the original data. We also show a smoothed version of the
suprathermal proton normal velocity (panel (b)).

Perhaps the most noteworthy aspect of Figure 4 is the near constancy of both the suprathermal and energetic
proton densities and their pressures despite the four distinct shock-like transitions shown in the figure. The
systematic velocity variations still give rise to some changes in enthalpy flux for these components, but it is less
pronounced and, of course, smaller in magnitude compared to the thermal component. The picture here is of an
extended region bathed in a sea of suprathermal and energetic protons, for which the location relative to a shock-
like transition makes little impact.
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Figure 3. Energy fluxes for the period 03:10 to 03:35, in the same format as Figure 2. The left set of panels are just an expanded version of the same fluxes in Figure 2 as
measured in the spacecraft frame. The right set of panels recalculate those energy fluxes for the shaded interval by moving into a local shock rest frame. The ranges for
panels (d’-h’) are all the same, but expanded relative to those in panels (d-h).

7. Energy Fluxes Carried by Fluctuations

In Sch22 we developed an approach to calculate energy fluxes associated with fluctuations in both plasma and
field parameters. Large-amplitude fluctuations and wave fields are a universal feature of quasi-parallel shocks.
The approach is straightforward. First, up to now we have employed full resolution measurements of all the
plasma and field parameters X; (i.e., p;. u]f, pj» q; for all the species j together with E and B) to calculate the normal
component of the various energy fluxes derived in Section 3, that is, F;, (X;,X>, ... ) . These will include any fluxes
associated with parameter fluctuations up to the sampling frequency of the instrumentation. Fluctuation contri-

butions arise due to the nonlinear nature of the expressions for the different energy fluxes.

The fluxes with fluctuation contributions removed can be calculated by first smoothing the underlying data
parameters X;. This smoothing is simply a running averaging process, which we can denote as (..),. We then
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Figure 4. Relative contributions of the different proton sub-populations. (a) Fast Plasma Investigation (FPI) ion differential
energy flux spectrogram for context. (b) Normal component of the bulk velocity of the suprathermal (4-32 keV) protons
from FPI. Densities (c) and pressures (d) of the three sub-populations. Panel (e) shows the normal component of the enthalpy
fluxes carried by these sub-populations in the spacecraft frame. Light gray (c) or blue (d) traces are the full resolution
products, on which smoothed dark traces are overlain.
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calculate the energy fluxes F; ((X De{X2)p - ) using those smoothed parameters. The difference between these
two calculations of fluxes provides the fluxes carried by fluctuations, that is,

Flenations = F (X1, Xg, ) = By (X1 (X2) ) )

This process is cleaner than expanding all the expressions for the F;,’s in terms of unsmoothed and smoothed
parameters, for example, by writing 6X; = X; — (X;), and then trying to collect the nonlinear terms in the
different F,’s.

In Figures 2 and 3, we have shown smoothed versions of F,(X;,X,,...). Since those F, are smoothed after
calculating the fluxes, they retain the systematic contributions from any fluctuations present in the data.

Figure 5 shows that relatively little energy is carried by fluctuations in particle moments. The ram energy flux
(panel (b)) shows the largest and most frequent deviations, with the fluxes from the full resolution data being
larger in magnitude by up to 100 pW/m?. These differences all occur in downstream or indeterminate regions
(e.g., near 03:13:30). The ram energy is the flux that is of highest multiplicative order, which may be responsible
for the enhanced sensitivity to fluctuations. The proton enthalpy fluxes (panels (c) and (d)) show smaller dif-
ferences, with one or two for which the fluxes from pre-smoothed parameters are actually larger than the
smoothed F,( fullres) (e.g., also at 03:13:30 and at 03:17:00). Other fluxes not shown in the figure show smaller
differences than those shown.

Although the energy fluxes associated with the particle populations have minor contributions from fluctuations,
that is not the case for the Poynting flux shown in Figure 5e. Pre-smoothing the field data with a 20 s window
leaves almost zero Poynting flux. The highly variable Poynting flux (light blue trace) has a persistent (dark blue
trace), downstream-directed energy flux in the downstream regions of ~10% of the total energy flux. That flux is
therefore carried by fluctuations in the fields on scales shorter than 20s, up to the magnetic field sampling fre-
quency of 128 Hz. Wilson et al. (2014) reported large (up to 2000 pW/m?) Poynting fluxes associated with high
frequency (>10 Hz) waves localized to regions of sharp magnetic gradients. These waves exchange energy with
the particle populations as part of the detailed shock dissipation mechanisms. The net energy exchange will appear
here in the macroscopic particle energy fluxes, with the residual Poynting flux representing a real component of
the total energy flux in the downstream regions.

8. Summary

From Figures 3 and 4 we can extract typical values of all the normal fluxes in the upstream and downstream
regions. Given the variability from one transition crossing to another, and the fluctuations within each crossing,
these are crude estimates that serve to order and compare the relative contributions. Figures 6a and 6b provides a
summary of these fluxes based on the relatively simple transition at 03:21. In Panels (c) and (d) we have recast the
results for the quasi-perpendicular shock on 05-03-2019 studied in detail in Sch22.

Some key observations emerge from Figure 6:

1. Roughly half of the total energy flux in the shocked regions is carried by the enthalpy flux of the thermal
(<4 keV) protons. A fifth of the total is carried mainly by residual proton ram energy with a further 5% in
residual alpha particle ram energy.

2. The total proton enthalpy flux upstream (downstream) is offset 50% (34%) by upstream-directed proton heat
fluxes. These may be best interpreted as manifestations of distortions in phase space density distributions
present both up- and downstream.

3. The suprathermal (4-32 keV) and energetic (31-80 keV) protons show little variation in density across the
extended region (Figure 4) and only small variations in the enthalpy flux they carry.

4. The suprathermal protons represent 1% of the total population, and carry 12% of the total downstream proton
enthalpy plus heat fluxes.

5. Only a small number of more energetic (32-80 keV) protons are present, but these carry 9% of the total
downstream proton enthalpy plus heat fluxes.
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Figure 5. Energy fluxes with/without fluctuations, for the same interval as in Figure 3. Fast Plasma Investigation differential
energy flux spectrogram (a) for context. Subsequent panels show a subset of energy fluxes calculated from the full resolution
data (light blue), 20s smoothed versions of those full fluxes (dark blue) as shown in previous figures, and fluxes calculated
from 20s smoothed parameter values (pink). Shown are the ram (b) and enthalpy (c) fluxes carried by the thermal protons, the
enthalpy flux (d) carried by the suprathermal protons, and (e) the Poynting flux. All flux panels span the same range of
values, with inverted scales as in previous figures.
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Figure 6. Energy fluxes in pW/m? by type and carrier. The top panels show (a) tabulated values and (b) stacked bar charts for
the quasi-parallel shock studied here evaluated near 03:21. The bottom panels show in the same format values from the quasi-
perpendicular shock studied in Sch22 for comparison.
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6. In terms of the net shock energy flux of ~1030pW/m?, the suprathermal net contribution is 5% and the en-
ergetic particles contribute 4%, so the total nonthermal protons carry 9% of the downstream energy flux. This is
consistent with the fraction reported by David et al. (2022) at interplanetary shocks.

7. The Poynting flux carries 10% of the total downstream energy flux. That flux is entirely related to fluctuations
with periods less than 20 s. This is different from the quasi-perpendicular case where there is a quasi-static
Poynting flux.

In the quasi-perpendicular case of Sch22 (see, e.g., Figure 3 of that paper recast and extended where possible here in
Figure 6d) a significant amount (60%) of the proton enthalpy flux is carried by the 20% of protons residing outside
of the core population, delineated in Sch22 by a region in 3D velocity space. However, that non-core population
reached energies that only marginally exceeded the incident bulk flow energy. Here, the quasi-parallel shock
accelerates a small number of protons to much higher energies, such that 21% of the combined proton enthalpy and
heat flux is carried by just 1% of the protons.

The two cases also display differences in the input and residual ram energy. In the quasi-perpendicular shock,
93% of the incident energy flux was carried as ram energy, and only 9% of the downstream energy flux
remained as ram energy. Here, the quasi-parallel case has 85% of its incident energy flux as ram energy, with
more significant contributions from the enthalpy and heat fluxes due mainly to the shock-related suprathermal
particles. In the downstream region, 25% of the total energy flux remains as ram energy. Part of this difference
may be due to the higher Mach number in the quasi-perpendicular case studied in Sch22 (5.6 compared to 4.6
in this work). However, the one-fluid (y = 5/3) Rankine Hugoniot jump conditions predict that the ratio of
downstream to upstream ram energy for both cases is 0.25. This prediction is not far off the observational value
(0.29) here, but the quasi-perpendicular case leaves only one tenth of the ram energy surviving into the
downstream region. Further examples will be needed to establish whether this difference is systematic, and, if
so, why.

The time series of energy fluxes shown in several of the figures here highlights the variability of both the plasma
parameters and resulting energy fluxes. Once fluctuations shorter than 20 s have been removed, most of the
energy fluxes show clear trends across shock-like transitions despite variations of 10%-30% or more. The total
energy flux is somewhat less variable, suggesting that there are intrinsic variations in the way that energy is
partitioned. Importantly, none of those variations re-order the different energy fluxes, so there remains a clear
ranking in terms of size. Further examples are needed to explore the quantitative ranking of, for example, energy
being partitioned into energetic particles, as a function of upstream conditions.

9. Conclusions

Collisionless shocks partition the incident energy in ways that have only recently begun to be addressed in a
meaningful way (David et al., 2022; Schwartz et al., 2022). It impacts not only the main heating of, for example,
protons and electrons, but also the generation of turbulence, the acceleration of sub-populations of particles, and
the kinetics of the minor species. Here we have applied a framework for organizing the various energy fluxes to
the case of a shock at which the upstream magnetic field is nearly parallel to the shock normal. Unlike the
relatively stable, more laminar quasi-perpendicular shock, particle transport along the field yields a highly tur-
bulent, non-steady and extended transition often accompanied by suprathermal and more highly energized
particles.

We were able to evaluate the ram, enthalpy, and heat fluxes associated with thermal, suprathermal and energetic
protons together with the alpha particle and electron contributions and the Poynting flux using high quality in situ
data at the Earth's bow shock measured by MMS. During the quasi-parallel interval presented in this paper, the
suprathermal (4-32 keV) and energetic (>32 keV) protons form a sea of particles that vary only a little across
transitions that otherwise look like shock crossings. Nonetheless, those variations are sufficient to result in a
significant take up of energy flux in the downstream regions, accounting for nearly 10% of the overall shock
energy flux. We should note that we have concentrated here on relatively local, clear transitions. The plasma
upstream of those transitions already contain products of shock processes including suprathermal ions. We have
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not addressed the full transition from pristine solar wind far upstream to far downstream, that is, treating the
extended foreshock region as part of the shock, although the parameter values in Table 1 correspond to those
pristine conditions.

We also studied fluctuations in the plasma parameters and the extent to which those fluctuations represented
additional contributions to the energy flux on either side of the shock. We found some evidence for some impact
on the ram energy fluxes. Additionally, the systematic Poynting flux is carried by fluctuations with periods less
than 20s; there is no significant Poynting flux associated with the DC electric and magnetic fields. Taken together,
the fluctuations carry 10%-20% of the total energy flux in the downstream regions. This energy flux would be
ignored in studies that average the plasma and field parameters over intervals representative of the upstream and
downstream states.

Qualitatively, parameters at quasi-parallel shocks are highly variable. Interestingly, we found that after removing
fluctuations in energy fluxes shorter than 20 s the resulting energy fluxes showed systematic trends across shock-
like transitions. The residual fluctuations in those energy fluxes, while large, did not change the relative size of the
contributions of the dominant energy carriers.

The present work complements the statistical study of energetic particles at interplanetary shocks by David
et al. (2022) which focussed on the jump in fluxes averaged either side of rapidly propagating shocks, and on very
energetic particles in the downstream region. Our more detailed observations by MMS probe the variability of the
nearly standing terrestrial bow shock under turbulent, quasi-parallel conditions. While David et al. (2022) find
that shocks of all field orientations are associated with energetic particles, that is not the case at the bow shock.
The difference probably lies in the large time and length scales available to interplanetary shocks. Thus studying
the terrestrial bow shock sheds complementary light on, for example, stages in the production of energetic
particles.

Studies of quasi-parallel shocks present significant challenges, both due to their observational complexity and the
underlying physics. Our methodology assumed, for example, that the shock normal was constant and prescribed
by an empirical bow shock model. The fluctuating fields, non-steady shock motion, and finite-sized structures
remain to be characterized with sufficient clarity to enable spacecraft observations to be cast into that more
complicated time-dependent nonplanar environment. Additionally, resolving the narrow solar wind proton and
alpha beams while also covering the full 4z velocity space needed for the shocked magnetosheath plasma
downstream of the Earth's bow shock is challenging. Future missions could address some of these limitations by
targetted instrumentation in near-Earth space (Goodrich et al., 2023). Traveling interplanetary shocks (e.g., David
et al. (2022)) have the advantage that the shocked state still has a relatively narrow solar wind beam, but the
challenge is to resolve it fast enough and with sufficient resolution.
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Appendix A: Details

Figure A1 shows the full resolution version of Figure 2.
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Figure Al. Same as Figure 2 from main paper but with unsmoothed energy fluxes calculated from the full resolution data.
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