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Super-Alfvénic jets, with kinetic energy densities significantly exceeding that of the solar wind,
are commonly generated downstream of Earth’s bow shock under both high and low beta plasma

conditions. In this study, we present theoretical evidence that these enhanced kinetic energy flows
are driven by firehose-unstable fluctuations and compressive heating within collisionless plasma
environments. Using a fluid formalism that incorporates pressure anisotropy, we estimate that the
downstream flow of a collisionless plasma shock can be accelerated by a factor of 2 to 4 following the
compression and saturation of firehose instability. By analyzing quasi-parallel magnetosheath jets
observed in situ by the Magnetospheric Multiscale (MMS) mission, we find that approximately 11%
of plasma measurements within these jets exhibit firehose-unstable fluctuations. Our_findings offer
an explanation for the distinctive generation of fast downstream flows in both low (3 < 1) and high

(8 > 1) beta plasmas, and provide new evidence that kinetic processes are crucial for accurately

describing the formation and evolution of magnetosheath jets.

I. INTRODUCTION

Shocks are ubiquitous in astrophysical plasma environ-
ments and serve as some of the most efficient sites for
particle acceleration in the universe. These shocks are
generated whenever supersonic and super-Alfvénic stel-
lar flows collide with obstacles such as planetary or in-
terstellar magnetic fields. During such interactions, the
kinetic energy density of the stellar wind is converted
into thermal and magnetic energy, resulting in a com-
pressed and heated plasma, and an increase in entropy
[1]. However, this conventional understanding of astro-
physical shocks has been challenged in recent decades by
the discovery of a puzzling phenomenon: magnetosheath
jets [2H5]. These jets, first observed in situ downstream
of Earth’s bow shock [6], have been shown to exhibit
flow velocities that are comparable to those of the up-
stream flow [7]. This paradox raises a fundamental ques-
tion in fundamental plasma physics: How can a super-
sonic and super-Alfvénic flow cross a shock, decelerate,
and heat the plasma, yet emerge with increased kinetic
energy density? Resolving this apparent contradiction is
crucial for advancing our understanding of shock dynam-
ics in astrophysical plasmas, with significant implications
for particle acceleration processes [8], particularly since
the efficiency of diffusive shock acceleration is dependent
on the difference between upstream and downstream flow
velocities [9HIT].

Since the discovery of magnetosheath jets, several
mechanisms have been suggested to explain their gener-
ation. Hietala and Plaschke [12] suggested a mechanism
in which a localised ripple in the bow shock could lead
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to the refraction and penetration of the plasma without
dissipation, such that the flow downstream of the shock
is effectively comparable to the flow upstream. Archer
et al. [B] suggested that jets are caused by solar wind
pressure pulses or rotational discontinuities that can en-
hance kinetic energy density downstream of the shock.
Karlsson et al. [13] associated the formation of jet with
transient coherent structures observed upstream of the
Earth’s bow shock known as short large-amplitude mag-
netic structures (SLAMS). SLAMS are steepened fore-
shock fluctuations with thermal and magnetic field en-
ergy sometimes several multiples of the kinetic energy
density in the solar wind. More recently, Raptis et al.
[14] have shown direct observations of downstream super-
magnetosonic jets generated directly from the evolution
of upstream fluctuations and the shock reformation cy-
cle, thus suggesting a mechanism that relies on kinetic
scale instabilities.

Statistical studies of spacecraft data by Plaschke et al.
[15] and Raptis et al. [I6] found evidence for both the
bow shock ripple mechanism suggested by Hietala and
Plaschke [12] and the SLAMS mechanism of Karlsson
et al. [13]. However, from an observational perspective
the problem with trying to prove these theories based on
observations is that the spacecraft are seldom, if ever, in a
suitable array such that both the production mechanism
and the resulting jet can simultaneously be identified un-
ambiguously. This task is now made much more difficult
by the recent recognition that the majority of jets are
much smaller in scale than previously reported [17], and
that jets are more likely to form at kinetic scales [18].

Moreover, from a theoretical perspective, whether one
aims to quantify the contribution to jets’ formation from
the ripple mechanism of Hietala and Plaschke [12] or from
the mechanisms suggested by Karlsson et al. [13] or Rap-
tis et al. [I4], all rely on the presence of kinetic structures
and instabilities, such as SLAMS, either to deform the
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bow shock surface, or to release their thermal and mag-
netic field energy into kinetic energy. Every suggested
mechanism therefore relies on the presence of kinetic scale
structures, but the energetic contribution of kinetic pro-
cesses in the generation of jets has yet to be quantified
analytically [19]. Thus, the origin of magnetosheath jets
remains to this day an open question in parts because the
energy sources at kinetic and fluid scales have not been
determined and quantified [20].

In this communication, we identify for the first time
the mechanisms at the interface of fluid and kinetic pro-
cesses that can generate magnetosheath jets. By em-
ploying the Chew-Goldberger-Low (CGL) fluid formal-
ism, which integrates kinetic effects such as pressure
anisotropy [21], we uncover multiple contributing mech-
anisms to the enhanced kinetic energy density at macro-
scopic scales. Our theoretical approach enables us to
precisely isolate the influence of kinetic processes and
determine the plasma conditions under which alternative
mechanisms may dominate.

The article is organised as follow. In Section 2, we
present the theoretical model based on the CGL equa-
tions and focus on two sources for jets generation: (1)
firehose unstable plasma and (2) compressive and rarefied
plasmas for low and higher beta plasma environment, re-
spectively. In Section 3, we provide initial observational
verification to our theoretical analysis by using measure-
ments from Magnetospheric Multiscale (MMS) mission
[22] downstream of Earth’s bow shock to determine if
the plasma inside of jets is firehose unstable. In Section
4, we summarise our results by arguing that any study of
jets’ formation would require the incorporation of kinetic
processes.

II. THEORETICAL METHODOLOGY
A. Macroscopic dynamics due to kinetic processes

We consider the simplest set of equations for describ-
ing a macroscopic plasma that incorporates kinetic ef-
fects. In this formalism, the plasma is fully ionized,
and the pressure tensor is gyrotropic. However, pres-
sure anisotropy—where the pressure parallel and perpen-
dicular to the local magnetic field lines differ—can be
generated, sustained, and dynamically tracked. This ap-
proximation is valid for motions occurring on spatial and
temporal scales significantly larger than those associated
with ion gyromotion. For jets much larger than Larmor
scales, this low-frequency, long-wavelength limit provides
a solid foundation for analytically estimating the impact
of kinetic processes on macroscopic quantities such as
density and mean flow. It leads to the following macro-
scopic equations for the magnetic field and the first three
moments of the plasma distribution function [211 23H25],

op B

Jdu B2
p<at+uVu> = -V <pL+8ﬂ_)

2
+ V- {bb <Ap+B>} ,
47

B Y« (uxB) (1)

ot

——+V-(pru)+p,V-u = p,bb : Vu-2v.Ap
— V-(¢q.b) —q.V Db,

%+V~(pHu)—&—V-(qu)—quV-b = —2p;bb : Vu-+2v.Ap.
The equations are written in Gauss units, u and B are
the ion flow velocity and magnetic field. The unit vector
b = B/B denotes the background field direction. The
ion mass density is denoted as p and the ion collision
frequency v.. The components of the pressure tensor p,
and p [26] are parallel and perpendicular to the mag-
netic field and summed over the ion and electron species.
Similarly with the heat fluxes ¢, and ¢. We define de-
parture from isotropy with the parameter:
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If the heat fluxes are not negligible, they need to be
solved kinetically or require the use of a closure scheme
[27, 28]. In the following, we focus on the impact of pres-
sure anisotropies on macroscopic plasma properties and
discuss the necessity to account for heat fluxes as well
as pressure anisotropies in the conclusion. Our aim, is
to use Equation sets (1) to determine the conditions un-
der which kinetic energy in the plasma can be enhanced
at levels comparable to or greater than the Alfvén speed

Va = Bo//4mp.

B. Quantifying enhancement of kinetic energy

The equation set can be used to determine what
mechanisms can produce enhancements in the kinetic en-
ergy density Ej:

2
By = %dV. (3)

v

For closed and bounded volumes, the equation set
conserves energy, i.e., the sum of kinetic energy E}, mag-
netic energy E, = [, B*/87dV and thermal energy
Ey, = fv (pL +pH/2) dV is constant. For a collisionless
plasma (v, = 0) with negligible heat fluxes (¢, = ¢ = 0),
the kinetic energy evolves as:
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The evolution of the kinetic energy is controlled by five
terms annotated on the right-hand side of Equation (4).

The first term annotated as @ in the surface integral
determines the rate at which kinetic energy penetrates
across the surface. The second and third terms anno-
tated as and determine the rate at which pres-
sure and magnetic stresses do work on the boundary
[29]. The fourth term @ quantifies the impact of com-
pressive heating in terms of the parallel plasma beta
B = 87rpH/BQ. Note how the effect of compression re-

verses for B = 1. The fifth term @ describes the growth
of kinetic energy density when the magnetic field ampli-
T, 2

tude B grows, and when the coefficient 1 — T~ B is

positive. These latter two conditions are met for a kinet-
ically dominated firehose unstable plasma [30H32].

Equation (4) is instructive on multiple counts. It
highlights the contribution of pressure and temperature
anisotropy on kinetic energy growth, but also allows us to
revisit known mechanisms. For instance, the explanation
for jets due to solar wind penetration of a shock surface
perturbed by coherent structures suggested by Hietala
and Plaschke [I2] is contained in the first term of the
surface integral

[33]. Similarly, mechanisms assuming that enhanced
density and thermal pressures in the solar wind drive
jets at the shock boundary [5, 34] can be assimilated to
the pressure stress term in Equation (4).

However, in the following we ignore the surface terms
in Equation (4) and focus instead on quantifying the ef-
fects of compression and firehose unstable plasma in en-
hancing kinetic energy far from the boundaries and for
a small volume 9V [35]. For these instances, the contri-
butions from the surface integral in Equation vanish
and the evolution of the kinetic energy can be written as:

dEy

Consequently, the kinetic energy can grow (decrease) for
the following cases.

e Case 1 For an incompressible plasma V - u =
dlnp/dt = 0, a positive (negative) correlation be-
tween dIn B/dt and (1 — Ty /T —2/f)) can result
in transfer of thermal to (from) kinetic energy. This
coeflicient is positive during the growth of firehose
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instabilities, that is when (1 — T /T} —2/8;) > 0
and dln B/dt > 0. When the plasma reaches fire-
hose marginal stability and/or when the magnetic
field amplitude saturates, the kinetic energy growth
ceases.

e Case 2 For a firehose stable, but compressible
plasma, kinetic energy density can grow for pos-
itive (negative) correlations between, V - u and

1
(1-%)
sion (V -u < 0) results in kinetic energy density
enhancement, whereas for high 3 (>)1, rarefaction
(V -u > 0) can lead to such an enhancement.

. Hence for low plasma (< 1), compres-

In the following we prescribe background flow properties
to determine the conditions under which the kinetic en-
ergy can grow to levels consistent with jets’ observations.

C. Enhancement in kinetic energy density due to
adiabatic compression and rarefaction

We are interested with the case of a pure compressible
background flow ug devoid of shear and its associated im-
pact upon the kinetic energy for a firehose stable plasma.
We write the mean flow as Ug; = Aijxj = )\(t)éijmj,
with the diagonal matrix A;; written in terms of the
Kronecker delta d;; and a time-varying compression rate
A(t) = L/L. If the compression is anisotropic we can
define A, (t) = L, /L, and A (t) = LH/LH and write the

matrix A;; as:

AL 00
Ayj=10 AL 0
0 0 X

r equivalently A = A (I —bb) + A\ bb. Using the set
of Equations with zero heat fluxes in the collisionless
limit, it is easy show that the background flow quantities
evolve as follow:
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We note that the above solutions are consistent with
the Chew-Goldberd-Low invariants p, /pB and p;B*/p?
[21] for compression (L, () < L, j(0)) and rarefaction
(L, (t) > Ly (0)). We now assume an incompressible
perturbation V-uj; = 0 and compute the rate of change
of kinetic energy density for the low Mach number regime
[36]. Under these assumptions the rate of change of ki-
netic energy density can be written as:
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For the sake of simplicity, we also set LH = 0 and assume

a compression evolving linearly in time, i.e., L, (t) =
L, (0) — Upt with U, > 0. Equation can then be

written as:
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The kinetic energy density normalized by the magnetic

energy density, i.e., By = 87E)/B(0)?, during compres-
sion of the plasma, can be obtained from integration of

the above expression:
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Ex(t) = En(0) =

We now make the following change of variables 7 —
|Up|t' /Lo and L(t') — L(t")/Lo = 1 — 7. The resulting
integral can then be written as:
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We can therefore compute the resulting enhancement

in kinetic energy density as a function of the initial
value of 3 and time. In Figure 1, we show the ki-

Ey(t) — Ei(0) =

X

netic energy Ej evolution as a function of time 7 for
density compressions of p(t)/p(0) < 2. The lower the
initial plasma beta the higher the enhancement in ki-
netic energy density. We note that this enhancement
in kinetic energy density is physically consistent with
the study of Lavraud et al. [37] for kinetic energy den-
sity reaching values of the order of the magnetic energy
for low plasma beta. For plasma conditions typical of
the Earth’s magnetosheath in proximity to the magne-
topause boundary, kinetic energy density initially in par-
tition with magnetic energy density, i.e., Ex(0) = 1, can
be amplified into super-Alfvénic flows u of the order of
5By /+/8mp =~ 3.5V4(0) =~ 2V4 ~ 300 — 400 km/s. How-
ever, this adiabatic compression follows the CGL rela-
tions and results in a growth of the plasma beta towards
B =~ 1. When the plasma beta reaches a value of 1 due to
compression the growth stops and reverses. Such a com-
pressive mechanism can therefore explain transient en-
hancement of kinetic energy density in low plasma beta.

As noted in the previous section, rarefaction (V-u > 0)
for a high plasma beta 3 > 1 can also result in enhanced
kinetic energy density. Assuming once more an adiabatic
flow that expands linearly, as per L (t) = L, (0) + Ut
with Uy > 0 and LH = 0, we can compute the rate of
change of kinetic energy density. Using Equation
we find:

N — B1(0 1 1 1
e - B0 = A2 1 g+ [ -

with the solution plotted for various values of initial
plasma beta in Figure 2. The kinetic energy density
grows monotonically, but as the plasma beta reduces to
B == 1, the kinetic energy density saturates. As 7> 1,
the normalised kinetic energy density saturates at a value
of By ~ % — % Thus, for even moderate plasma beta
values of 10 which are commonly found in the magne-
tosheath [38], the kinetic energy density can grow by a
factor of 2 to 3 with respect to the magnetic field energy
density and result in super-Alfvénic flows. We therefore
close this secton by pointing out that compressed and
rarefied plasma can both be associated with adiabatic
enhancement in the kinetic energy density. And as a re-
sult of compression for low plasma beta and rarefaction
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FIG. 1. Kinetic energy density normalized by the mag-
netic field energy density as a function of normalised time
7 = |Up|t/Lo for a compressible flow. Curves are plotted
for $)(0) varying between 0.02 and 0.1. Larger kinetic en-
ergy densities are reached for lower initial 3 value. The case
study presented by [37] corresponds to such instance of ki-
netic energy density enhancement for low 8 < 1. This figure
indicates that the resulting flow can become super-Alfvénic
with values of the order of 2-3 times the Alfvén speed.
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FIG. 2. Kinetic energy density normalized by the magnetic
field energy demnsity as a function of normalised time 7 =
|Up|t/Lo for an expanding flow. Curves are plotted for j)(0)
varying between 2 and 12. Larger kinetic energy densities are
reached for higher 8 value. This figure indicates that high
plasma beta rarefied flows can become super-Alfvénic with
values of the order of 2-3 times the Alfvén speed.

in high beta plasma, the resulting plasma beta param-
eter reaches values of 3 ~ 1, which is consistent with
observation of jets [16].

D. Enhancement in kinetic energy due to firehose
unstable plasma

Plasma environments downstream of astrophysical
shocks are fertile grounds for the growth of pressure-
driven instabilities. In the effectively collisionless mag-
netosheath of the Earth one can think of at least three
different mechanisms to sustain pressure anisotropies:
(1) locally at the shock transition due to compression
and anisotropic ion heating; (2) in the inner magne-
tosheath by (mesoscale) turbulent fluctuations and (3)
closer to magnetopause boundary by large-scale field in-
homogeneities. In the following we assume that the
pressure anisotropy is driven at the shock boundary,
since jets are observed immediately downstream of the
Earth’s bow shock. To estimate the scale of the pressure
anisotropy downstream of collisionless plasma shock we
assume the applicability of the Rankine-Hugoniot equa-
tion. With the Rankine-Hugoniot relations, one can esti-
mate the associated temperature or pressure anisotropy
as a function of Mach number for parameters consistent
with the Earth’s quasi-parallel shock. The estimated val-
ues for the firehose instability criteria downstream of
the Earth’s bow shock are shown in Figures 5 of the
Appendix. We here infer from the Rankine-Hugoniot
conditions that quasi-parallel shocks (6p, < 30° and
4 < M4 < 20) can seed downstream plasmas with tem-
perature anisotropies 7' /Tj ~ 0.1 — 0.5 and firehose in-
stability criteria [Ag +2/8)| ~ 0.1 — 1[39].

In the instance where the plasma experiences adiabatic
compression, we can use equations , and
to determine when the stability criteria for the parallel
firehose (k1 = 0) is violated:
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It is clear from the above equation that even if the
plasma is initially stable to firehose instability, compres-
sion drives the plasma to the firehose unstable thresh-
old. Similarly, an initially firehose unstable plasma can
be made stable by rarefaction, and in the process trig-
ger the mirror instability. Using the parameter regime
of the previous section (L = 0, 3(0) ~ 0.1 — 1) and
T, (0)/T)(0) = 0.75 — 0.95, Equation provides us
with a density compression of order 3/2 to 4 and a time
7 ~ 1/2 for the firehose instability to be triggered. Thus,
firehose instability can be sustained through locally in-
duced compressive fluctuations commonly found in the
turbulent magnetosheath [40].

In order to quantify the amplification of the perturbed
flow du, arising from the triggering of the firehose in-
stability, either through adiabatic compression or non-
adiabatic heating at the shock, we use the asymptotic
theory of Rosin et al. [41] derived for the case where the
instability could be driven by shear and compression of
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the mean flow. In the absence of collisions, the anisotropy
for the parallel firehose evolves according to:

: BT

A(t) :A(O)+3/ dt'y(t') + B;,
0 0
where + is the drive rate [42] bringing the anisotropy to
unstable levels, and the bar above the perturbed nor-
malized magnetic energy denotes an average over fast
time-scales. Saturation occurs when A(t) ~ —2/8| af-
ter magnetic field fluctuations locally reduce the plasma
beta. Using the asymptotic construction of Rosin et al.
[41], we integrate the firchose equations for the perturbed
flow velocity:
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and the perturbed magnetic field:
0 (0B
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In the above vy,; stands as the ion thermal velocity, and
Q; as the ion gyrofrequency. We set 3; = 10, v/Q; =
103 and integrate for a single mode of scale kp; = 0.1
for a time Q;t = 102, i.e., before one collision time.
Figure (3) shows the amplitude of the normalized per-
turbed flow for three initial pressure anisotropies A(0) =
[-0.1,—0.3, —0.5] consistent with Rankine-Huogoniot es-
timates. We note that for A(0) = —0.1 the flow perturba-
tion is modest with du /ug < 1073. On the other hand,
for |A(0)] > 0.3, appreciable flow perturbation of the
order of du /ug ~ 0.1 — 1 are found. Such flow enhance-
ments associated with large temperature anisotropies
would therefore appear as kinetic scale jets in the magne-
tosheath. However, it should be kept in mind that when
perturbation becomes comparable to the background, the
asymptotic theory of Rosin et al. [4I] formally breaks
down and additional theoretical and numerical work is
needed to probe the contribution of shocked plasmas far
from marginal stability. Nonetheless, our results provide
evidence that firehose fluctuations can produce enhance-
ment in kinetic energy density downstream of shocks.

III. INITIAL OBSERVATIONAL SUPPORT

A. Dataset

To evaluate the theoretical approach described above
regarding the firehose unstable plasma and provide an
initial observational validation, we used measurements
from the Magnetospheric Multiscale (MMS) mission [22].
MMS is particularly well-suited for this type of analy-
sis, as it can provide sub-second resolution particle mo-
ments and distributions in burst mode, allowing us to
obtain measurements that are comparable to the maxi-
mum growth rates of the instabilities [24] 43]. We em-
ployed the Fluxgate Magnetometer (FGM) instrument

104
10715
10724

|44

Uy 1031
10744
1075+

10% 102 101 102 10" 102 108
Qt
— A=—05—"—A=-03 —A=-0.1
FIG. 3. Evolution of the perturbed flow associated with

a firehose instability for three initial pressure anisotropies
A(0) = [-0.1,—-0.3,—0.5]. The time is normalised by the
Larmor frequency. It takes ¢ ~ 100/Q ~ 16 Larmor periods
T = 27/ for the flow to become comparable to the back-
ground flow.

with a time resolution of 0.0625 seconds [44]. For ion
particle moments, we used the Fast Plasma Investigation
(FPI) instrument, which provides particle moments in
burst time resolution of 0.15 seconds [45].

B. Jet Observations & Calculations

To evaluate jets downstream of the Earth’s bow shock,
we used an expanded dataset from Raptis et al. [16].
Specifically, we selected a subset of a magnetosheath jet
list formed out of five years of in situ MMS observations
(05/2015 - 06/2015). In this dataset, jets are defined us-
ing the typical criterion of in situ studies, where a jet
must have a dynamic pressure (Puy,, = pu?), where u;
is the ion velocity, exceeding twice the background mag-
netosheath value [B [16, 34, 46]. This criterion can be
expressed as:

Pjet > 2(Pnsn)20 min, (17)

where (Prsh)20min represents a moving average win-
dow of 20 minutes across the magnetosheath time se-
ries observations. Jets are initially found using the low-
resolution measurements of MMS (”fast” mode - 4.5 sec-
onds) and then characterised as a separate subset which
contains burst mode data. More information regarding
the dataset and its open access availability can be found
in the associated open-access dataset [47].



For our analysis, we selected a suitable set consisting
of 85 quasi-parallel magnetosheath jets observed near the
Earth’s bow shock, for which burst data were available
throughout the entire duration of the jet observation (i.e.,
all points that satisfy Equation )7 resulting in about
16300 data points. Using ion moments from the FPI
instrument and resampled magnetic field data to match
the resolution of the particle instrument, we calculated
the temperature anisotropy (7'L /T ) and j3.

Figure 4 presents all jet-associated observations in a
scatter plot, along with the thresholds for oblique firehose
and mirror instability [48]. As demonstrated, approxi-
mately ~ 11% of data points within jet observations are
considered firehose unstable, with the majority of jets
(60%) exhibiting at least two data points that are un-
stable. Expanding these statistics to jets throughout the
whole quasi-parallel magnetosheath yields similar results.
It should be noted that this observational test ought to
be treated as a lower threshold and as preliminary evi-
dence that the presented theoretical framework in terms
of firehose-unstable generation is applicable to multiple
cases of magnetosheath jets. A more in-depth analysis is
required for the following reasons. (1) Jets are expected
to reach marginal stability as they get convected away
from the shock transition layer and propagate into the
magnetosheath. This dependence on the magnetosheath
location can be quantified in a more detailed observa-
tional study. And (2), when the firehose instability is
triggered far from marginal stability levels, which takes
place when T /T < 1 and 3 > 1, the resulting fluc-
tuations can push the plasma well above the stability
threshold [49]. Thus, some of the fluctuations in Figure
4 that are above the marginal stability level could also
have originated from firehose unstable sources. However,
in order to quantify this effect, one needs to run numer-
ical simulations of pressure-driven instabilities far from
marginal stability that can account for the oblique fire-
hose (k; # 0) at inertial and Larmor scales and the fluid
firehose at macroscopic scales. Future observational ef-
forts should focus on case and statistical studies of mea-
surements taken exceptionally close to the shock transi-
tion layer, with an evaluation of the stability criteria that
accounts for large departure from marginal stability.

IV. CONCLUSION

Magnetosheath jets, characterized by enhanced kinetic
energy density, are frequently generated downstream of
Earth’s bow shock [2H4]. Decades after the first obser-
vation of jets, the underlying mechanisms driving their
formation and the role of kinetic processes remain an
unresolved issue. In this report, we have used a macro-
scopic plasma model that incorporates kinetic processes
to determine the plasma conditions under which kinetic
energy density can be amplified.

We have shown that for § < 1, plasma compression
results in enhancement in kinetic energy density. This
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FIG. 4. MMS observations of quasi-parallel magnetosheath
jets close to the bow shock using high resolution burst mea-
surement as shown in temperature anisotropy ('L /7)) versus
loga2(B)) scatter plot. Instability thresholds for oblique fire-
hose instability (lower red dotted line) and the mirror insta-
bility threshold (top dotted black line) are shown [48]. Each
mark represents one data point of 0.15s resolution. The non-
transparent points are below the firehose instability threshold

(~ 11%).

instance corresponds to the case previously presented by
Lavraud et al. [37] in which abnormally low beta plasma
(8 ~ 0.1) downstream of the shock results from the
interaction of a magnetic cloud with the Earth’s mag-
netosheath. As the plasma is being compressed near
the boundary, flows of the order of a few Alfvén speed
u ~ 2V, ~ 300 — 400 km/s are generated. While these
values are below the flow of the order of 900 km/s ob-
served by Lavraud et al. [37], it is computed for modest
adiabatic compression of the order of dp/p < 2, and do
not take into account boundary effects found in Equation
(1)

In high plasmas beta, two mechanisms can lead to en-
hanced kinetic energy density. In the case of plasma ex-
pansion, flows become super-Alfvénic under typical mag-
neotsheath plasma beta conditions of 3 ~ 10 [38]. For
firehose-unstable plasmas with S > 1, which are more
likely to occur downstream of the quasi-parallel shock
[50], it was shown, using the asymptotic model of Rosin
et al. [41] that kinetic energy can grow to levels com-
parable to the background flow, and therefore results in
doubling the flow speed. Similarly, as for the case with
B < 1, the resulting flows triggered by firehose insta-
bilities are below the largest observed values. However,
larger pressure anisotropies should result in larger energy
deposition in the kinetic energy density and in magnetic
fluctuations, but such theoretical and numerical study
currently lies beyond our current understanding of fire-
hose instability [51].

Similar to the ripple mechanism proposed by Hietala
and Plaschke [12], the high plasma beta mechanism as-



sociated with firehose instability discussed in this re-
port aligns with the conditions that favor jet forma-
tion, specifically that high-speed jets predominantly oc-
cur downstream of the quasi-parallel shock when the in-
terplanetery magnetic field and the normal vector of the
shock have small angles (6p, < 45). However, the fire-
hose mechanism offers an additional advantage by ex-
plaining multiple jet properties that taken in combina-
tion are inconsistent with the ripple scenario. For ex-
ample, Raptis et al. [I6] found that quasi-parallel jets
have lower plasma beta compared to the surrounding
magnetosheath plasma, while Plaschke et al. [T5] demon-
strated (see Figure 9) that jets are more isotropic than
the surrounding magnetosheath plasma. A plasma that
is warmer than the solar wind but exhibits a lower beta
parameter and reduced anisotropy compared to the sur-
rounding magnetosheath is consistent with the saturation
of firehose fluctuations downstream of the quasi-parallel
shock.

Finally, another kinetic source that can sustain en-
hanced kinetic energy density—or equivalently, trigger
pressure anisotropies leading to jet formation—is heat
fluxes. Observational studies have shown for decades
that strong field-aligned heat flux persists across the en-
tire magnetosheath, from the magnetopause to the bow
shock [52], making the production of heat flux instabil-
ities in the high plasma beta magnetosheath plausible
[24] [41]. With recent observational evidence indicating
that jets occur on smaller scales than previously reported
[1I°7, 18], our results provide new justification for the inclu-
sion of kinetic processes in understanding the generation
and evolution of magnetosheath jets. Future research
should explore the role of heat fluxes, boundary stresses,
and the specific conditions under which plasma compres-
sion and instabilities combine to produce super-Alfvénic
jets.
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Appendix A: Rankine-Hugoniot Estimate of
Temperature Anisotropy

In order to estimate the shock conditions required
to sustain firehose unstable plasmas, we solve the
Rankine-Hugoniot equations that incorporate tempera-
ture anisotropies for the shock-angle 6p,,, the angle be-
tween the interplanetary magnetic field and the shock
normal. The Rankine-Hugoniot relations in the shock
frame are given by Liu et al. [53] and since the equa-
tions are undetermined, we need to fix one parameter
to solve them. We follow the approach of Liu et al.
[53] and fix the ratio of downstream to upstream den-
sity r = pa/p1. The numerical solutions are shown in
Figure 5 for the temperature anisotropy and Figure 6 for
the firehose instability criteria. We note that according
to the Rankine-Hugoniot relations, the firehose instabil-
ity criterion is larger for high Mach number quasi-parallel
shocks, but that when the Mach number is less than 6,
firehose unstable plasma can be generated for both quasi-
parallel and quasi-perpendicular shocks.
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