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1 Summary

A collisionless shock is a self-regulatory structure. The main condition of a col-
lisionless shock sustainability is that a fast and stable transfer of the mass, mo-
mentum, and energy are transferred from upstream to downstream. By ”fast”
we mean that the transition occurs at scales substantially small than the typical
MHD scales. By ”stable” we mean that there are no major disruptions of the
particle, momentum, and energy fluxes, except those caused by the changes of the
ambient conditions. With the increase of the Mach number, the shock structure
evolves to ensure that the fluxes are constant with proper spatial and temporal
averaging. The fluxes are carried mainly by ions, so that there is an intimate
two-way relation of the ion motion and distributions and the shock structure. In
this way, with the increase of the Mach number a strong shock overshoot devel-
ops, followed by an undershoot and possibly more magnetic oscillations. At even
higher Mach number shocks become rippled, and subsequently probably reforming
and turbulent. The last two stages were beyond the scope of the present study.
In the ramp-overshoot and rippled shocks ion reflection plays the most important
role. Therefore, studies of the structure of high Mach number shocks cannot be
separated from studies of ion reflection. We have shown that ion reflection is non-
specular and their turning distances are smaller than it was thought (Balikhin &
Gedalin, 2022). We elucidated the role of the overshoot in ion reflection (Gedalin
et al., 2023a) and the stabilizing effect of the reflected ions (Gedalin & Sharma,
2023; Sharma & Gedalin, 2023, submitted). We established the relation of the
non-gyrotropic (Gedalin, 2022) and gyrotropic-anisotropic (Gedalin et al., 2022)
ion distributions to the shock structure. We proposed a model of the shock rip-
pling and analyzed implications for waves and particle distributions (Gedalin &
Ganushkina, 2022). Non-locality of ion reflection has been analyzed in detail and
was proposed as a mechanism of rippling onset (Gedalin, 2023, submitted). Ion
dynamics in high-Mach number shocks was studied numerically (Gedalin et al.,
2023b, accepted) and observationally (Dimmock et al., 2023, submitted), while
comparing planar and rippled shock models.

2 Introduction

A collisionless shock is a self-regulatory structure. The main condition of a col-
lisionless shock sustainability is that a fast and stable transfer of the mass, mo-
mentum, and energy are transferred from upstream to downstream. By ”fast” we
mean that the transition occurs at scales substantially small than the typical MHD
scales. By ”stable” we mean that there are no major disruptions of the particle,
momentum, and energy fluxes, except those caused by the changes of the ambient
conditions. With the increase of the Mach number, the shock structure evolves
to ensure that the fluxes are constant with proper spatial and temporal averag-
ing. The fluxes are carried mainly by ions, so that there is an intimate two-way
relation of the ion motion and distributions and the shock structure. Low-Mach
number shocks have at most weak overshoots and otherwise a monotonic magnetic
field increase across the shock transition. Directly transmitted ions are capable of
ensuring constant fluxes throughout a planar stationary structure. The magnetic
overshoot is produced due to the deceleration of the directly transmitted ions and
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the necessity to balance the decrease of the plasma pressure by the corresponding
increase of the magnetic pressure. With the increase of the Mach number the
overshoot becomes larger and starts reflecting ions. The ion reflection is essen-
tially non-specular, produced by the electrostatic and magnetic forces together.
For quasi-perpendicular shocks most or almost all reflected ions gyrate in the up-
stream, producing a foot, and return back to the shock to cross it again and form
the population of reflected-transmitted ions. These ions have substantially higher
gyration velocities than the directly transmitted ions, thus contributing signifi-
cantly to the downstream ion pressure even if their density is low. Too strong or
too weak reflection would cause pressure imbalance and disrupt the shock. As long
as the ramp-overshoot structure is capable of ensuring of just the right amount
of reflected ions, the shock can remain nearly planar and stationary. Once this is
not longer possible, a shock must develop a new structure, which would remain
stable, at least on average. Apparently, this happens via development a rippled
time-dependent shock front. Understanding physics of high-Mach number shocks
requires understanding the ion motion and distributions in the ramp-overshoot
and in the rippled structures, and the influence of these ion distributions on the
field profile.

3 Results

This is the most ambitious and effort consuming part of the study. Understanding
the structure of high-Mach number shocks is like combining parts of a puzzle in
one complete picture, while these puzzles have to be identified and solved. Below
is the description of the parts of the whole.

3.1 Non-specularly reflected ions and foot formation

Ions are reflected by the combined effect of the electrostatic cross-shock field and
the increasing magnetic field in the ramp and overshoot. Upon being reflected
they gyrate ahead of the ramp and form a foot. The foot length is closely related
to the turning distance of these ions. Figure 1 shows histograms of the turning
distancesof reflected ions in the foot for θBn = 70◦, β = 0.3, and for three values
of the cross-shock potential s = 0.4, 0.5, 0.6. The efficiency of reflection and the
turning distance decrease rapidly with the decrease of the potential. The widely
used expression (Gosling & Thomsen, 1985) overestimates the foot length by a
factor of two.

3.2 Role of overshoot

The pressure balance reads

pxx +
B2

2M2
= const (1)

where pxx = m
∫

v2xf(v)d
3
v is normalized on the upstream dynamic pressure

numV 2

u and the magnetic field is normalized on the upstream magnetic field Bu.
The downstream pressure of the directly transmitted ions is determined by the
deceleration and later gyration. Since the cross-shock potential scales as M2, the
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Figure 1: Histograms of the turning distances of the reflected ions in the foot for
θBn = 70◦, β = 0.3, and three values of the cross-shock potential s = 0.4, 0.5, 0.6.
The red line marks the position of the upstream edge of the foot according to
Gosling & Thomsen (1985).

deceleration does not depend directly on the Mach number. The gyration depends
on the downstream magnetic field which is limited the classical Rankine-Hugoniot
relations at B = 4. Yet, the pressure balance requires that the downstream
magnetic field scale as M2. Thus, at sufficiently high Mach numbers the directly
transmitted ions alone cannot ensure pressure balance. Reflected-transmitted ions
significantly increase the downstream pxx and thus cannot restore the pressure bal-
ance. Overshoot enhances ion reflection, as shown in Figure 2.
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Figure 2: Top left: reduced 1D distribution f(x, vx), together with the magnetic
profile, no overshoot. Top right: 2D reduced distribution f(vx, vy) integrated over
the slab 1.5 < x < 1.6, no overshoot. Bottom left: reduced 1D distribution
f(x, vx), together with the magnetic profile, with overshoot. Bottom right: 2D
reduced distribution f(vx, vy) integrated over the slab 1.5 < x < 1.6, with over-
shoot.

Thus, the main effect is ion reflection which is absent or too weak without an
overshoot. Without reflected ions the downstream distribution is under-heated,
non-gyrotropy relaxation is slow, and eventual anisotropy is very strong. An
overshoot enhances ion reflection and, therefore, ion heating.

3.3 Stabilizing effect of the reflected-transmitted ions

Using numerical tracing (Gedalin & Sharma, 2023, submitted) and analytical ap-
proach (Sharma & Gedalin, 2023, submitted), we have shown that the reflected
ions are accelerated along the shock normal at their re-crossing the shock. Their
total pressure pxx increases, which requires a compensatory decrease of the mag-
netic pressure. This contribution is opposite to the contribution of the directly
transmitted ions and has a stabilizing effect. ”Imagine now that the overshoot
spontaneously grows a little. This would decrease the pressure of the directly
transmitted ions and the ions which are being reflected. Without the reflected-
transmitted ions this would cause further increase of the overshoot, as prescribed
by the pressure balance. However, the increase of the overshoot would increase the
number of reflected ions and, accordingly, the pressure of the reflected-transmitted
ions. The latter increases from the beginning of the ramp through the overshoot,
thus outplaying the decrease of the pressure of the directly transmitted ions across
the same region and limiting the spontaneous overshoot growth. If the over-
shoot spontaneously decreases, the pressure of the directly-transmitted ions goes
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up and the pressure of the reflected-transmitted ions goes down. Therefore, the
reflected-transmitted ions play a stabilizing effect, ensuring that a balance could
be achieved, where any spontaneous change of the overshoot strength would result
in the corresponding change of the total pressure of all ion populations together
in such a way to act against the spontaneous overshoot variation, thus making the
shock structure stable. ”

Figure 3: Left: reduced distribution function f(x, vx) of the reflected ions from
their turning points up to the maximum of the overshoot. Right: their total
pressure pxx.

3.4 Relation of the ion distributions to the shock structure

Combining theory with the test particle analysis the relation between the Mach
number, overshoot maximum, and cross-shock potential is established, and is fur-
ther related to the downstream magnetic field (Gedalin, 2022).

-6 -4 -2 0 2 4 6 8 10 12
0

0.05

0.1

0.15

0.2

0.25

0.3

Figure 4: Left: The normalized model magnetic field (black curve), the magnetic
field derived from the pressure balance (blue curve), and the reduced distribution
function (log scale), for M = 4.3, θ = 60◦, and Bd/Bu = 3, with overshoot and
undershoot added. Right: Three eigenvalues of the temperature tensor and the
total temperature (green).

The postshock non-gyrotropic distributions relax to gyrotropic-anisotropic dis-
tributions. Further relaxation to the isotropic shape may be slow. During this
relaxation the magnetic field also changes (Gedalin et al., 2022).
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Figure 5: Left: Top: the magnetic field magnitude, normalized to the upstream
magnetic field magnitude. Middle: the three eigenvalues of the ion temperature
tensor, normalized to the upstream ion temperature. Bottom: the three eigen-
values of the electron temperature tensor, normalized on the upstream electron
temperature. The smallest eigenvalue is in blue, the largest one is in black. The
measurements are done in the burst mode. Right: Various parameters as functions
of the Alfvénic Mach number M for A = 1 (black curves), A = 0.5 (red curves),
and A = 0.1 (blue curves). Top left: the magnetic compression R = Bd/Bu.
Top right: the normalized downstream pressure Πxx = pd,xx/ρuV

2

u . Bottom left:
the density compression N = nd/nu. Bottom right: the ratio of the magnetic
compression to the density compression R/N . The shock angle is θu = 60◦ and
β = 0.5.

3.5 An analytical model of rippling and implications

A first analytical model of the fields in a rippled shock front has been pro-
posed (Gedalin & Ganushkina, 2022). Implications for upstream whistler wave-
trains and postshock distributions have been analyzed. In addition, a gallery of
patterns of the magnetic field, which would be observed by a single spacecraft, is
produced. The internal document RipplingPatterns.pdf is attached.

3.6 Ion dynamics in non-rippled vs rippled shocks

Ion dynamics and distributions in rippled shocks have been analyzed with test
particle analysis in quasi-perpendicular shocks (Gedalin et al., 2023b, submitted)
and in an Solo Orbiter observed quasi-parallel shock (Dimmock et al., 2023, sub-
mitted).
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Figure 6: Top:The two-dimensional surface of the magnetic field magnitude for
the rippled shock. Y is in the direction or rippling propagation. The global shock
normal is along x. The local shock normal is determined by the steepest gradient
of the magnetic field magnitude, depends on Y , and differs from the global normal.
The maximum overshoot magnetic field also depends on Y . Bottom left: Reduced
distribution function f(x, vx) for the case without rippling. The black line shows
the magnetic field magnitude. All distinct ion populations are indicated on the
top panel: a) the directly transmitted ions cross the shock and proceed further
downstream, b) the reflected ions are seen just ahead of the shock transition, c)
the reflected-transmitted ions are the reflected ions which cross the shock again
and proceed further downstream. Ion phase space holes are the regions where the
phase space density is very low and even approaches zero. Non-gyrotropy of the
downstream distribution persists well into the downstream region. Bottom right:
Reduced distribution function f(x, vx) for the case with rippling. The black ribbon
shows the magnetic field magnitude as observed by ions crossing the shock in
different positions. The directly transmitted, reflected, and reflected-transmitted
ions are clearly seen but ion phase space holes are filled with ions. Gyrotropization
of the downstream distribution occurs within one ion convective gyroradius. The
most important change is the appearance of the backstreaming ions.

The test particle analysis of a quasi-perpendicular shock (Gedalin et al., 2023b)
revealed that rippling may produce backstreaming ions which are not present in
a planar shock.

Observations of an oblique, marginally quasi-parallel, θBn, shock (Dimmock et
al., 2023, submitted) have found backstreaming ions.
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Fig. 6. Evolution of ion VDFs across the shock. Panel (a) shows a reduced distribution of phase space density along the shock normal whereas

plotted in panel (b) is the magnetic field in shock coordinates. The bottom panels are ion VDFs in the n̂ - t1 plane (c-i) and B̂k - B̂?, at various

locations from upstream to downstream of the shock front. Note that B̂k refers to Bu. Noticeable is an ion population (in all the VDFs) separate
from the solar wind beam.

Further test particle analysis have shown that in this case there is little differ-
ence between rippled and non-rippled profiles.

(a)

(b)

Planar shock

Non-planar shock

Fig. 9. Both panels show test particle analysis for a shock with equiv-
alent parameters to the one observed by SolO. The difference between
panels (a) and (b) are that the analysis was performed for a planar and
non-planar shock, respectively.

The backstreaming ion distribution is more diffuse for a rippled shock, and the
number of these particles is a little larger.
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3.7 Nonlocal reflection

Reflected ions move along the shock front, and the distance between the reflection
point and the re-entry point. Until now only the shift in the direction perpen-
dicular to the coplanarity plane was of interest, since it is related to the foot
formation. However, the distance and the direction of the shift depend on the
shock angle (Gedalin, 2023, submitted). This nonlocality of the ion reflection

Figure 7: y and z-coordinates of the ions crossing the red line position for θBn = 60◦

and three different values of s = 0.3, 0.4, 0.5. The value of the cross-shock potential
affects the dispersion of the positions but only weakly affects the position of the
maximum.

may be related to the rippling development since the reflected ions can carry
perturbations along the shock front. The estimated wavelength and speed of the
ripples are consistent with those found earlier in simulations (Burgess et al., 2026).
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