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Collisionless Shocks: Contemporary State After Three

Quarters of a Century of Research

M. Gedalin1 , M. Balikhin2,†, and V. Krasnoselskikh3

1Department of Physics, Ben‐Gurion University of the Negev, Beer‐Sheva, Israel, 2ACSE, University of Sheffield,
Sheffield, UK, 3LPC2E/CNRS, Orleans, France

Abstract The collisionless shock research started in the late 1950s. Since then, plenty of data have been
accumulated due to the large number of missions in the heliosphere, providing in situ measurements of the fields
and particles. The quality of these measurements has vastly improved, especially in the last two decades. Much
more data is available for analysis than is already analyzed. Theoretical studies received a push in 1966, when it
was shown that shocks are formed due to the interplay between the nonlinear steepening and dispersive
broadening of the magnetic field profile. At present, it is a common point of view that shocks are essentially
shaped by the kinetics of ions. So far, we achieved a good semi‐quantitative understanding of the ion heating in
low‐Mach number shocks and the relation of this process to the magnetic profile, and a qualitative
understanding of the ion reflection and the nature of the well‐structured magnetic field. Rippled and
nonstationary quasi‐perpendicular shocks have been observed, and theory is being developed.

Plain Language Summary Collisionless shocks are one of the most ubiquitous phenomena in space
plasmas. They are found in the solar system and in far astrophysical objects. They are extremely efficient
accelerators of charged particles. Understanding the structure of these shocks, in particular, how the increasing
magnetic field behaves at the shock front, is important for understanding the whole spectrum of the processes at
shocks and in space plasmas, in general. Astrophysical shocks can be observed only remotely, by
electromagnetic radiation coming from the heated and accelerated particles. In the solar system, the
electromagnetic fields and charged particles are directly measured by a number of missions. These in situ
observations allowed us to substantially advance our knowledge of the shock physics. Shocks are characterized
by their Mach number, which reaches the values of tens in the heliosphere, but may be around a thousand in
astrophysical shocks. At present, we understand quite well the structure and processes at low Mach numbers,
and only qualitatively the behavior of high Mach number shocks. The theory of the interaction of the fields and
particles at such shocks is under active development.

1. Fundamental Processes in Space Plasmas and the Role of Collisionless Shocks

Collisionless shocks are one of the most ubiquitous phenomena in space plasmas. They are found in the laboratory
setups (see, e.g., Schaeffer et al., 2015), at scales of 10−1−101 cm. Most of the shocks have been observed in the
heliosphere at scales ∼10−1−102 AU. The most famous collisionless shocks reside in supernova remnants (SNR)
and scales of several pc (Vink, 2004). The largest collisionless shocks are the galaxy cluster shocks (de Gasperin
et al., 2022; Markevitch & Vikhlinin, 2007), having sizes of ∼106 pc.

A collisionless shock is, albeit not a unique one, one of the most prominent space plasma systems built due to the
strongly nonlinear interaction between the charged particles and the electromagnetic fields. One of the most
important signatures of a shock is that there is a continuous flow of mass, momentum, and energy across the shock
transition, accompanied by entropy production. The manifestation of the conservation laws, requiring the equality
of the fluxes in the upstream region, from which the plasma flows into the shock, and the downstream region, into
which the plasma proceeds after having been processed (modified) by the shock, are the so‐called Rankine‐
Hugoniot relations, establishing the connection between the upstream and downstream shock parameters.

The major role of the above‐mentioned collisionless shocks, as viewed in the shock frame, is the redistribution of
the energy of the directed flow into the energy of heated ions and electrons, the energy of the enhanced magnetic
field, and the energy of a small fraction of particles accelerated to high energies. Cosmic rays with energies up to

1015 eV are widely believed to be produced by the galactic SNR shocks (Marcowith et al., 2016). Higher energies,
up to 1018 eV and possibly above, probably can be achieved by further acceleration at galaxy cluster shocks
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(Ptuskin et al., 2009). The acceleration efficiency of the collisionless shocks is the main reason for unfading
interest in shock physics.

A collisionless shock is a profoundly multiscale structure. The electron distribution is affected by the fields at
spatial scales substantially smaller than the shock transition width. The ion distributions and the magnetic profile
are modified at the scale of the shock transition, while particle acceleration occurs at a much larger scale via the
diffusive shock acceleration (DSA) mechanism (Axford et al., 1977; Blandford & Eichler, 1987; Blandford &
Ostriker, 1978; Drury, 1983; Krymskii, 1977; Toptyghin, 1980). While the smallest scale fields are related to the
electron dynamics, the magnetic profile of the shock front, often referred to as the shock structure, is formed by
interaction of the macroscopic magnetic and electric field with the thermal and weakly superthermal ions.
Although the spatial scale at which DSAworks is much larger than the scale of the shock structure, the latter plays
an important role in establishing the connection (matching) between the upstream and downstream distributions
of accelerated particles and thus determining the energy spectrum of the distribution of these particles.

2. Historical Remarks

A shock is originally a hydrodynamical (HD) concept, where it is a planar, standing discontinuity through which a
fluid flows and at which the velocity drops, while the density and temperature increase. The concept was
generalized in magnetohydrodynamics (MHD), where the magnetic field change also occurs while the tangential
component of the electric field is continuous (de Hoffmann & Teller, 1950). In HD, a shock occurs when the
velocity along the shock normal drops from a supersonic velocity in the upstream region (plasma flows into the
discontinuity) to a subsonic velocity (plasma flows out of the discontinuity). In MHD, there are three charac-
teristic speeds of propagating waves and two types of shocks: fast shocks, in which the velocity drops from above
the fast magnetosonic speed to below it, and the magnetic field increases, and slow shocks, in which the velocity
crosses the slow magnetosonic speed and the magnetic field decreases. The present review addresses fast shocks.

The beginning of the collisionless shock studies occurred in an explosive way. Thomas Gold predicted in 1955
that the space between the Sun and Earth must be filled with plasma and that shocks should be able to propagate in
this plasma. Shortly after that, the existence of the solar wind and its features were theoretically predicted
(Parker, 1958). Almost immediately, a collisionless shock was produced in a lab experiment (Patrick, 1959), and
the first theoretical works on the shock structure were published (Adlam & Allen, 1958; Davis et al., 1958;
Gardner et al., 1958; Sagdeev, 1958). On the basis of rhe plasma and magnetic field measurements in 1961–1962,
the existence of the Earth bow shock was predicted (Axford, 1962; Kellogg, 1962). This shock was observed
shortly (Ness et al., 1964), together with more lab produced shocks (Paul et al., 1965).

AnMHD shock is a zero‐width discontinuity at which the magnetic field jumps. In observed shocks, the magnetic
field increase occurs continuously at a finite spatial length shock transition region. In a collisional shock
dominated by Coulomb collisions, the magnetic profile would always be monotonic. The vast majority of shocks
in space occur in plasmas where the mean free path of Coulomb collisions greatly exceeds the width of the shock
transition. The magnetic field profile of a collisionless shock is not necessarily monotonic, and one of the central
problems of the shock physics has always been explanation of the shock structure and the mechanism of its
formation (Davis et al., 1958; Fishman et al., 1960; Marshall, 1956; Sagdeev, 1966; Sen, 1956; Tidman, 1958).

2.1. Early Models

The theoretical approach to the studies of the shock structure was initiated by the two‐fluid analysis of a nonlinear
magnetosonic wave, propagating perpendicularly to the ambient magnetic field (Adlam & Allen, 1958; Davis
et al., 1958; Gardner et al., 1958; Sagdeev, 1958). The approach was further developed to elucidate the interplay
between the nonlinear steepening and dispersive broadening of a large‐amplitude magnetosonic wave (Sag-

deev, 1966). It was shown that this wave is negatively dispersive, ω = kvF (1 − k2l2d), and described by a
pseudopotential‐type differential equation, which admits a soliton solution. The soliton width is determined by the
dispersive length ld, which is the electron inertia length for the perpendicular propagation. If a weak dissipation is
present, instead of a soliton, we expect to get a shock‐like solution with large downstream magnetic oscillations.
The spatial period of the oscillations is determined by the dispersive length, while the much larger spatial size on
which the oscillations damp is determined by the dissipation. It was suggested that there is a maximum Mach
number of a nonlinear soliton, beyond which ions begin to be reflected, causing effective dissipation

Reviews of Geophysics 10.1029/2025RG000893

GEDALIN ET AL. 2 of 27

 1
9
4
4
9
2
0
8
, 2

0
2
6
, 3

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u
p
u
b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
2
9
/2

0
2
5
R

G
0
0
0
8
9
3
 b

y
 N

IC
E

, N
atio

n
al In

stitu
te fo

r H
ealth

 an
d
 C

are E
x
cellen

ce, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [2

0
/0

7
/2

0
2
6
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o
n
s L

icen
se



(Sagdeev, 1966, 1979; Sagdeev & Kennel, 1991). This approach remains in the basis of the modern theoretical
studies magnetized collisionless shocks.

The approach was further extended onto positively dispersive oblique magnetosonic waves where an upstream
precursor develops (Kennel & Sagdeev, 1967). At the same time, MHD with various dissipation mechanisms
(resistivity, heat conduction, viscosity) was analyzed (Coroniti, 1970; Kennel, 1988). The concept of the first
critical Mach number emerged, above which resistivity and heat conduction are unable to maintain a stable shock.

Analytical studies of planar stationary structures within the two‐fluid approach with resistivity included allowed
establishing the relation between the two tangential components of the magnetic field and the spatial scale of the
precursor oscillations and the ramp width (see, e.g. Gedalin, Kushinsky, & Balikhin, 2015, and references
therein). At the ramp and behind it, ion kinetics becomes essential. The equations of ion motion in the shock fields
are not integrable. Further theoretical studies have been performed using test particle analysis in a model shock
front. These studies revealed the role of the kinematic collisionless relaxation (Balikhin et al., 2008; Geda-
lin, 2019b, 2019c; Gedalin, Friedman, & Balikhin, 2015) and the relation of the downstreammagnetic oscillations
to the quasi‐periodic variations of pressure of the non‐gyrotropic ion distribution. The test particle analyses are
not self‐consistent. Self‐consistent simulations evolved from 1D hybrid simulations to 2D PIC simulations.
Simulations would require a separate long review and are not covered here.

2.2. Observations

The progress in shock observations has been more impressive than the progress in the theory of the shock
structure. A large number of missions have investigated and are investigating the Earth bow shock: from IMP 1
and Vela 4 to dual ISEE 1/ISEE 2 and AMPTE‐UKS/AMPTE‐IRM to multi‐spacecraft Cluster, THEMIS, and
MMS. A number of missions have observed shocks at inner and outer planets: MESSENGER at Mercury, Venus
Express at Venus, MAVEN at Mars, Cassini at Saturn. Interplanetary shocks have been observed by Wind,
STEREO, and Artemis at 1 AU. The termination shock was crossed by Voyager. Near Sun shocks are being
observed by the Solar Orbiter and Parker Solar Probe. The above list is incomplete and is brought to show that
much more data has been and is being accumulated than can be analyzed at the same rate. The quality of mea-
surements, especially the temporal resolution, is constantly improving, so that often the already available vast
amount of data remains untouched while the new data is preferred. Yet, important steps in the shock studies were
done using very early observations. The laminar profiles of low‐Mach number low‐β shocks (Greenstadt
et al., 1975), as well as complex magnetic profiles of high‐Mach number high‐β shocks (Formisano et al., 1975)
were revealed by exploring OGO 5 observations with the resolution 0.144 s/sample. The dual spacecraft ISEE 1
and 2 measured 6 magnetic field vectors per second and full ion and electron distributions every 3 s. Availability
of two spacecraft simultaneous measurements allowed statistical analysis of the widths of laminar shocks
(Russell, Hoppe, Livesey, Gosling, & Bame, 1982). The high resolution of the particle measurements spurred
studies of ion gyration and reflection in the shock front (Paschmann et al., 1982) and provided detailed infor-
mation about the evolution of the ion distribution across the shock (Sckopke et al., 1983). A “typical” profile of a
high‐Mach number shock was deduced from ISEE observations (Scudder et al., 1986). ISEE lifetime was sub-
stantially larger than that of OGO and IMP 1/Explorer 18, so that statistical analyses of the shock features, like the
overshoot strength (Livesey et al., 1982) or the ramp width (Newbury et al., 1998) could be performed.

2.3. First Multipoint Measurements: Waves or Macroscopic Fields

Four‐spacecraft observations (ISEE 1, 2, 3, and IMP 8) have been used for the determination of the interplanetary
shock normals (Russell & Alexander, 1984; Russell et al., 1983) long ago. Similarly, multipoint observations
were used for the analysis of waves upstream of interplanetary shocks (Russell, 1988; Russell et al., 1987). The
multi‐spacecraft missions with small separations, Cluster, THEMIS, and MMS, allowed determination of the
shock normal and speed using multipoint measurements at the terrestrial bow shock. Rippling (Gingell
et al., 2017; Hanson et al., 2019; Johlander et al., 2016; Lobzin et al., 2008; Lowe & Burgess, 2003) and
reformation (Dimmock et al., 2019; Lefebvre et al., 2009; Liu et al., 2021; Lobzin et al., 2007; Turner et al., 2021)
are often identified by multipoint measurements.
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2.4. Contemporary Observations

Table 1 summarizes the capabilities of various contemporary missions. At collisionless shocks, the magnetic
field, the electric field, and the velocity distributions of various species are measured by the spacecraft. Not all
spacecraft measure all fields or particle distributions. All measurements are performed in the spacecraft frame,
and every variable is measured as a function of time. Deducing spatial dependence requires the knowledge of the
spacecraft velocity relative to the shock, at the very least. The better the temporal resolution of the measurements,
the more information is collected. High sampling rates alone, however, do not ensure that detailed information is
obtained. The effective resolution (not the nominal one) also depends on the physical scales of the shock features
and the shock speed in the spacecraft frame. The latter is low for the nearly standing Earth bow shock and high for
traveling interplanetary shocks. The Earth bow shock is typically a high‐Mach number,MA > 5, shock (Gedalin
et al., 2021; Scudder et al., 1986). Interplanetary shocks are typically low‐Mach number, MA ≲ 3, shocks
(Neugebauer, 2013), although high‐Mach number shocks have been recently observed closer to the Sun (Dim-
mock et al., 2023; Jebaraj, Agapitov, Krasnoselskikh, et al., 2024).

3. Shock Structure: Current State of Art

3.1. Conservation Laws

Whatever happens in the shock transition, the general conservation laws must be maintained. In what follows, we
restrict ourselves to the majority of the heliospheric shocks, where the radiation losses are negligible, the
interaction with neutrals (charge exchange) is negligible (except for the termination shock), and the composition
changes are negligible. In these shocks, the mass conservation means conservation of the number of particles of
each species separately. The momentum conservation and the energy conservation include all species and the
magnetic field as well, the latter as the electromagnetic stress tensor and Poynting vector. In non‐relativistic
shocks, the displacement current and the electric field energy are also negligible when integrated or averaged
over typical electron temporal and spatial scales, because the shock structure refers to the ion scales. In addition,
the induction equation must be valid throughout. In order to make the further discussion more specific, we shall
define the coordinates so that the normal n̂ to the MHD shock discontinuity is along the x‐axis, n̂ = x̂. We shall
work in the shock frame where the plasma flows and the shock stands. The Normal Incidence Frame (NIF) is the
frame in which the upstream (x < 0 far from the shock, subscript u) flow velocity is along the shock normal,
Vu = Vu x̂. The other coordinates are chosen so that in the upstream region (assumed uniform), the magnetic field

is Bu = Bu (cosθBn, 0, sinθBn). The angle θBn = B̂u n̂ is referred to as the shock angle and is one of the main
shock parameters. Shocks are called quasi‐perpendicular, if |90° − θBn| < 45°, and quasi‐parallel otherwise.
Note that this definition is more general than the one typically used, to take into account that cosθBn is not
necessarily positive, that is, while the shock normal points toward downstream, the magnetic field vector may

Table 1

Time‐Resolution of the Fields and Full Distribution Measurements

Mission Magnetic field Electric field Plasma

Wind: MFI (Lepping et al., 1995), SWE (Ogilvie et al., 1995) 11 or 22 Hz No 1 s

ACE: MAG (Smith et al., 1998), SWEPAM (McComas et al., 1998) 3–6 Hz No 64 s

STEREO: IMPACT (Luhmann et al., 2008; Acuña et al., 2008),
PLASTIC (Galvin et al., 2008)

32 Hz No 1 min

Cluster: FGM (Balogh et al., 2001), EFW (Gustafsson et al., 2001),
CIS (Rème et al., 2001)

22 Hz (67 Hz in burst mode) 450 Hz (burst mode) 4 s

THEMIS: FGM (Auster et al., 2008), EFI (Bonnell et al., 2008),
ESA (McFadden et al., 2008)

64 Hz DC up to 4 kHz 3 s

MMS: FGM (Russell et al., 2016), SPD‐ADP (Ergun et al., 2016;
Lindqvist et al., 2016), FPI (Pollock et al., 2016)

128 Hz (survey), 8,192 Hz (burst) up to 16,384 Hz 30 ms

SOLO: MAG (Horbury et al., 2020), RPW (Maksimovic et al., 2020),
SWA (Owen et al., 2020)

16–128 Hz <10 kHz 3 s, 0.125 s (burst)

PSP: FIELDS (Bale et al., 2016; Malaspina et al., 2016), SWEAP (Kasper et al., 2016) 128 Hz DC to 60 kHz ∼1 s
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point toward upstream. Shocks with 80° > |90° − θBn| > 10° are often referred to as oblique shocks, while those
with |90° − θBn| < 10° are nearly‐perpendicular, and those with |90° − θBn| > 80° are nearly‐parallel. The
coplanarity theorem states that in the uniform downstream region (x > 0 far from the shock, subscript d), the
magnetic field is Bd = Bd (cosθd, 0, sinθd). The ratio Bd/Bu will be referred to as the magnetic compression
ratio, and the electrodynamics imposes the constraint Bu cosθBn = Bd cosθd. The downstream plasma velocity is
also in the x − z plane, Vd = (Vdx, 0,Vdz). With this choice of the coordinates and NIF, the electric field is

Eu = −Vu × Bu

c
= (0, VuBu sinθBn

c
, 0) = Ed = −Vd × Bd

c
(1)

In the standard approach, the fluxes of the conserved quantities in both uniform asymptotic regions, upstream and
downstream, must be equal:

nsVx = const (2)

∑
s

(nsms)Vx = const (3)

∑
s

(nsmsV2x + ps) + B28π = const (4)

∑
s

nsmsVxVs⊥ − BxB⊥

4π
= const (5)

(∑
s

(1
2
nsmsV

2
x + ϵs + ps) + B24π)Vx − Vx(V ⋅B)4π

= const (6)

Here ns is the number density of species s, ms is the mass of the particle of species s, and ps and ϵs are the kinetic
pressure (assumed isotropic) and the energy density, respectively, of species s. The velocity Vx is assumed to be
the same for all species. The upstream and downstream plasma are quasineutral and without currents:

∑
s

nsqs = 0, ∑
s

nsqsV = 0 (7)

where qs is the charge of the particle of species s, and all species are moving together in the asymptotic regions.
Equations 1–6, usually written in terms of single fluid parameters, such as ρ = ∑snsms, constitute the system of
the Rankine‐Hugoniot relations (RH) (see, e.g. Kennel et al., 1985) used for the derivation of the downstream
plasma and magnetic field parameters from the upstream plasma parameters. The latter are the shock angle θBn,

the Alfvénic Mach number MA = Vu/ vA, where v2A = B2u/4πρu, and β = 8π∑spsu/B
2
u. The Alfvénic Mach

number is often replaced with the fast magnetosonic Mach number MF = Vu/ vF, where

vF

vA
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
2
(1 + βγ/2 + ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(1 + βγ/2)2 − 2βγcos2 θBn
√ )

√
(8)

γ being the adiabatic index. The fast speed and fast Mach number depend on the assumed equation of state, so in
what follows we shall use the Alfvénic Mach number unless stated otherwise.

If a shock is planar and stationary the fluxes of mass, momentum, and energy must be constant throughout the
shock and not only in the asymptotic upstream and downstream regions. At the shock crossing ion distributions
become non‐gyrotropic (Gedalin, 1996b; Li et al., 1995), and the above fluxes should be replaced with the
moments of the distribution function f (r, t,v), as follows:
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n(r, t) = ∫ f (r, t,v)d3v (9)

n(r, t)V(r, t) = ∫ vf (r, t,v)d3v (10)

Pij(r, t) = m∫ vivj f (r, t,v)d3v = pij + Πij (11)

pij = m∫(vi − Vi) (vj − Vj) f (r, t,v)d3v, Πij = nmViVj, (12)

ϵ(r, t) = m
2
∫ (v − V)2f (r, t,v)d3v (13)

Qijk = m∫(vi − Vi) (vj − Vj) (vk − Vk) f (r, t,v)d3v (14)

The expressions (9–14) are written here in the most general way, for any spatially and temporally dependent
distribution function of any species. Here Pij is the total pressure, which includes the dynamic pressure Πij and the

kinetic pressure pij, and Qijk is the heat flux. Then, in the most general form, the momentum and energy con-

servation have the form:

∂

∂t
(∑
s

nsmsVs,i) + ∂

∂xj
(∑
s

Ps,ij +
B2δij − 2BiBj

8π
) = 0 (15)

∂

∂t
((∑

s

1
2
nsmsV

2
s + ϵs) + B

2

8π
) + ∂

∂xj
(∑
s

(Ps,ijVs,i + Qs,iij) +
c

4π
ϵjklEkBl) = 0 (16)

At present, non‐gyrotropy of the electron distribution, if any, cannot be resolved by observations at heliospheric
shocks. If a shock is nearly planar and stationary, the time derivatives may be neglected and only the spatial
derivative along the shock normal, ∂/∂x, is of importance, so that the above differential relations reduce to
algebraic constraints, similar to the standard RH but with non‐gyrotropic ion pressure. For a rippled or just time‐
dependent shock, proper spatial and temporal averaging has to be done to arrive at a physically meaningful
generalization of RH (Gedalin & Ganushkina, 2022). The presence of large‐amplitude small‐scale variations of
the plasma density and velocity, and of the magnetic field, leads to an even more complicated form of the
conservation laws for the properly averaged variables (Gedalin, 2023b, 2023c; Terasawa et al., 2007). In

particular, the rms magnetic field
̅̅̅̅̅̅̅̅̅
〈B2〉

√
may appear by an order of magnitude larger than the mean magnetic field

magnitude |〈B〉| (Golan & Gedalin, 2025).

3.2. Subcritical Shocks

It is widely accepted to categorize all shocks as either subcritical or supercritical. There are at least three different
critical Mach numbers (Kennel, 1987; Kennel et al., 1985). The first critical Mach numberMc1 corresponds to the
maximumMach number above which resistivity alone cannot maintain the shock profile, and is determined by the
condition that the downstream sound speed begins to exceed the downstream velocity along the shock normal.
The whistler critical Mach number Mcw is determined by the maximum Mach number at which the upstream
whistler can stand in the shock frame. Lastly, the second critical Mach numberMc2 is defined by the requirement
that there will be a sufficient number of reflected ions. It is said to be determined by the condition that the
downstream ion thermal speed begins to exceed the downstream velocity along the shock normal (Leroy
et al., 1982). For θBn = 60° and β = 0.5, the critical Mach numbers are estimated as Mc1 ≈ 2, Mcw ≈ 6, and
Mc2 ≈ 3 (Kennel et al., 1985). In the range of Mach numbers below Mc1, the shocks are “dissipative.” In the
range betweenMc1 andMcw the shocks are “dispersive.” AboveMc2, the shocks are dominated by reflected ions.
Note that dispersive shocks may be reflection‐dominated, according to this nomenclature. The critical Mach
numbers are model‐dependent since they are defined within one‐fluid or two‐fluid approaches, which contain
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model equations of state. A more meaningful physical definition of criticality
would be that reflected ions play an important role in supercritical shocks but
are unimportant in subcritical shocks. This definition would not allow the
calculation of the critical Mach number, and it does not even mean that there
is a sharp transition from the subcritical regime to the supercritical regime.
Indeed, ion reflection is not “switched on” abruptly when one or more shock
parameters cross any threshold. Yet, it is possible to evaluate the reflected ion
contribution to the pressure tensor.

Figure 1 schematically shows the expectations for the magnetic profile of a
subcritical shock, in the dissipative and dispersive regimes. The whistler
precursor in the right panel may be grossly exaggerated. The main conclusion
of the early studies was that the main magnetic field jump, ramp, is followed
by the asymptotic downstream magnetic field, at least for low β (Farris
et al., 1993). The overshoot, that is, the post‐ramp increase of the magnetic
field above the far downstream value, was widely believed to be produced by
the reflected ions in supercritical shocks. The ramp width is expected to be of

the order of the ion inertial length, c/ωpi, where ωpi =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4πnue2/mp

√
.

Figure 2 shows profiles of observed subcritical shocks. The top left panel shows the magnetic profile of an
interplanetary shock crossed by THEMIS C on 30 March 2011 at 08:09:40 UTC. The shock parameters are
MA ≈ 1.25, θBn ≈ 70°, and β ≈ 0.08 (Pope et al., 2018). The profile has an apparently standing whistler
precursor, an overshoot, and downstream magnetic oscillations.

The bottom left panel is a rare example of a subcritical terrestrial bow shock crossed by MMS 1 on 24 April 2023
at 04:15:25 UTC. The parameters areMA ≈ 1.5, θBn ≈ 68°, and β ≈ 0.035 (Graham & Khotyaintsev, 2025).
The precursor is barely seen. The overshoot and downstream oscillations are present here as well.

Figure 1. A schematic view of the magnetic field profile of a subcritical
shock. (Left) A dissipative shock, M < Mc1. (Right) A dispersive
shock, Mc1 < M < Mcw,Mc2.

Figure 2. Four subcritical shocks. See details in the text.
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The Mercury bow shock crossing by Messenger (top right) has θBn ≈ 70°. There is a data gap in the plasma
measurements, and the Mach number cannot be determined directly. However, the low magnetic compression
Bd/Bu ≈ 1.47 indicates MA < 2. There is a standing precursor, while the overshoot is almost absent.

The bottom right panel shows an interplanetary shock with a very low magnetic compression of Bd/Bu ≈ 1.2
and the Mach number ofMa ≈ 1.1. The shock angle θBn ≈ 67°. In the upstream region intermittent wavetrains
are present, similar to the theoretically predicted time‐dependent bursts (Granit & Gedalin, 2018).

The presence of an overshoot and downstreammagnetic oscillations in very low‐Mach‐number shocks was earlier
shown in observations at the Venusian bow shock (Balikhin et al., 2008). It has also been shown that subcritical
quasi‐parallel shocks do not differ quantitatively from quasi‐perpendicular shocks (Balikhin et al., 2023).

The upstream part of the magnetic profile of a subcritical shock is well described within the two‐fluid approach
(Gedalin, 1998; Gedalin, Kushinsky, & Balikhin, 2015). The stationary one‐dimensional equations in the
approximation of quasineutrality and massless electrons read (Krall & Trivelpiece, 1973):

miv∂xvi = eE + e
c
vi × B − x̂∂xpi − ν(vi − ve) (17)

0 = −eE − e
c
ve × B − x̂∂xpe − ν(ve − vi) (18)

x̂ × ∂xB = 4π
c
ne(vi − ve), (19)

nv = J = const, E⊥ = const, Bx = const (20)

Note that dissipation is necessary for the damping of the upstream precursor. In the above equations ν describes
the friction between ions and electrons. This friction results in the resistivity η = ν/ nue

2. The wavelength and the
damping length of the whistler precursor are determined by the dispersive and dissipative lengths

lw = c cos θBn
MAωpi

, ld =
c2η

4πVu
(21)

The profiles predicted by the above equations are shown in Figure 3. The two‐fluid approach cannot properly
describe the ramp and downstream since ion kinetics plays an important role there. Yet, the two‐fluid theory does
provide an estimate of the ramp width in low‐Mach number shocks with insignificant ion reflection, as well as the
relation between the main magnetic field Bz and the noncoplanar magnetic field By.

To summarize, the upstream whistler precursor is the common feature of subcritical shocks, although the am-
plitudes vary from comparable to the main magnetic field jump to barely noticeable (Wilson et al., 2017). The
upstream region of subcritical shocks is not contaminated by reflected ions, and therefore, the theoretical
dispersive‐dissipative two‐fluid approach is appropriate. While the whistler dispersion is natural in a collisionless
plasma, the mechanism of dissipation is not clear at present. The ramp width is typically of the order of the
upstream ion convective gyroradius Vu/Ωu, Ωu = eBu/mpc, or smaller. The magnetic moment conservation is

not consistent with the entropy generation inside the shock transition (Gedalin, 2020a), which means that ion
motion inside the shock transition is essentially non‐adiabatic. This behavior precludes efficient usage of fluid
approaches since the relation between the moments of the distribution function is unknown, unless we are able to
solve the non‐integrable equations of motion in the one‐dimensional stationary fields of the shock front.

3.3. Quasi‐Perpendicular Supercritical Shock

In supercritical shocks, reflected ions play an important role. The magnetic profiles of these shocks are more
structured and complicated. From the observations of the terrestrial quasi‐perpendicular bow shock, a “typical”
shock profile was proposed (Scudder et al., 1986), shown schematically in Figure 4. The shock structure includes:
(a) the wide foot ahead of the main transition, of the order of 0.5(Vu/Ωu) (Balikhin & Gedalin, 2022; Gosling &
Thomsen, 1985; Leroy et al., 1982; Paschmann et al., 1982; Woods, 1969, 1971), (b) the ramp, at which the main
magnetic field jump occurs, with the width <c/ωpi (Hobara et al., 2010; Newbury et al., 1997, 1998), (c) the
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overshoot, following the ramp, where the magnetic field exceeds the asymptotic downstream value (Livesey
et al., 1982; Masters et al., 2013; Mellott & Livesey, 1987; Russell, Hoppe, & Livesey, 1982; Tatrallyay
et al., 1984, 1997), and (d) the undershoot, following the overshoot, where the magnetic field is below the
asymptotic downstream value. The undershoot may be followed by further magnetic oscillations (Sagdeev, 1966).
The foot is explained as the increase of the magnetic field due to the current of the reflected‐gyrating ions. The
overshoot was also thought to be due to the reflected ions until is was shown that overshoots are present in
subcritical shocks too (Balikhin et al., 2008). The downstream magnetic oscillations, including the overshoot,
were found to be due to the kinematic collisionless relaxation (Balikhin et al., 2008; Gedalin, 2015, 2019b, 2019c;
Gedalin, Friedman, & Balikhin, 2015; Ofman et al., 2009; Pope, 2020; Pope et al., 2019).

The shock used to derive the “typical” structure had MA = 7.7 and was
claimed to be nearly planar and stationary. The “typical” profile is relevant to
the Earth bow shock with the Mach numbers typically in the range
5 < MA < 10, and is only a schematic representation of the features
commonly observed in supercritical quasi‐perpendicular shocks. The range of
Mach numbers at supercritical heliospheric shocks is much larger,
2≲MA ≲ 75 (Neugebauer, 2013; Neugebauer & Giacalone, 2005; Sulaiman
et al., 2015, 2016). The magnetic structure may be quite complicated even at
low Mach numbers, MA ∼ 3. Figure 5 shows two supercritical shocks with
similar Mach numbers and angles. There is no foot as a monotonic increase of
the magnetic field ahead of the ramp. Instead, there is a kind of precursor
consisting of large‐amplitude oscillations of the magnetic field, with some
gradual increase of the average field. The precursor, the ramp, the overshoot,
and the downstream magnetic oscillations are the common features of su-
percritical shocks.

A shock, for example, a planetary bow shock, is formed between two regions
with different boundary conditions. Specifically, the asymptotic magnetic

Figure 3. (Top row) θBn = 70°. (Bottom row) θBn = 20°. (Left column) The two tangential components as functions of
position. (Middle column) The predicted hodogram of the tangential magnetic field. (Right column) The hodograms of two
observed shocks, the top one is quasiperpendicular and the bottom one is quasiparallel.

Figure 4. A sketch of the structured magnetic profile of a “typical”
supercritical quasi‐perpendicular shock. The approximate boundaries of the
indicated regions are marked by vertical lines.
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fields on both sides are different. According to MHD, such a profile should steepen until it becomes a discon-
tinuity. When the scale of a steepened ramp becomes smaller than the typical MHD scale, the dispersive effects
(the whistler dispersion) come into play. The ramp generates a whistler ahead of it and does not steepen any longer
(Krasnoselskikh et al., 2002, 2013; Lobzin et al., 2007). In this approach, the wavelength of the upstream phase‐
standing whistler should determine the width of the ramp. Such an estimate gives a correct qualitative dependence
of the ramp width upon theMach number and angle. However, it may be considered only as qualitative, as the ions
become demagnetized inside the shock front, so that the standard dispersion relations are not valid anymore inside
the shock transition. There is yet no quantitative theory explaining the ramp width and the adjacent precursor. The
latter may be very different in different shocks, sometimes seemingly evolving into a series or sub‐ramps.

The downstream oscillations are better understood. The theory of kinematic collisionless relaxation explains these
oscillations in subcritical and supercritical shocks as well (Balikhin et al., 2008; Gedalin, 2019a, 2019b, 2019c;
Gedalin, Friedman, & Balikhin, 2015; Ofman et al., 2009). The ion dynamics is discussed in Section 4.

Finally, non‐planarity and time‐dependence become progressively more important at higher Mach numbers.
Analysis and interpretation of the shock profile features depend on the ability to represent the components of the
fields in NIF. The first task is to determine the shock normal from the observations. Assuming one can reasonably
identify the asymptotic, approximately uniform, upstream and downstream regions, the following mean values
are calculated:

B = 〈B〉, n = 〈n〉, 〈n〉, V
(sp) = 〈V〉 (22)

where 〈…〉 in fact means averaging over time in the spacecraft frame, the averaging is done over the upstream and
downstream regions (time intervals) separately, and superscript (sp) emphasizes the dependence of the velocity on
the reference frame. The average quantities are used to determine the shock coordinates, (x,y, z) in our notation,
from the coplanarity theorem (de Hoffmann & Teller, 1950; Schwartz, 1998). The magnetic coplanarity gives

ẑ = ΔB

|ΔB| , B = Bd − Bu, m̂ = Bu × ΔB

|Bu × ΔB| (23)

n̂ = m̂ × ẑ, x̂ = n̂ sign(V(sp)
u ⋅ n̂), ŷ = ẑ × x̂ (24)

The mixed coplanarity gives

ẑ = ΔB

|ΔB| , ŷ = ΔV × ΔB

|ΔV × ΔB| , x̂ = ŷ × ẑ, ΔV = V
(sp)
d − V

(sp)
u (25)

The shock angle is then obtained from

cos θBn =
x̂ ⋅Bu
|Bu|

(26)

Figure 5. (Left panel) MA ≈ 3.1, θBn ≈ 69°. (Right panel) MA ≈ 3.2, θBn ≈ 64°.
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The mixed coplanarity Equation 25 requires reliable measurements of the
velocity. Both ion and electron measured velocities may be used and may give
different results, depending on the quality of measurements. Yet another
method is to use the model normal for planetary shocks (see, e.g., Farris &
Russell, 1994). The determination of the shock speed Vsh and the Mach
number requires reliable measurements of the density:

Vsh =

⃒⃒⃒
⃒⃒⃒
⃒
x̂ ⋅ (ndV(sp)

d − nuV(sp)
u )

nd − nu

⃒⃒⃒
⃒⃒⃒
⃒ (27)

Vu =
x̂ ⋅ (V

(sp)
u − V

(sp)
d )

1 − nu/nd
(28)

vA = Bu̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4πnump

√ , MA = Vu
vA

(29)

where ion or electron characteristics may be used. Ideally, the asymptotic densities and velocities of both species
should be equal. Often, the cold solar wind is not well caught by the spacecraft equipment. Nevertheless, for
subcritical shocks, usually the determination is good enough to accept the parameters as a viable approximation.
In particular, the magnetic coplanarity is successful in most cases. For supercritical shocks, the proper identifi-
cation of the upstream and downstream regions becomes more difficult because of the large magnetic oscillations.
The mixed coplanarity normal and the model normal were shown to be in better agreement than all other methods
(Gedalin et al., 2022), therefore, it is common to use the model shock normal for the shock angle determination.

Deviations from planarity become progressively stronger with the increase of the Mach number. Figure 6 presents
the three components of the supercritical shock, shown in Figure 5, left panel. The magnetic coplanarity (24) was
used. The normal component Bx, which is expected to be constant throughout the shock, if it were planar, strongly
deviates from the upstream value inside the ramp. Variations of this component persist in the downstream region.
These deviations from planarity are widely believed to be an indication of rippling (Gingell et al., 2017; Johlander
et al., 2016, 2018; Lobzin et al., 2008; Lowe & Burgess, 2003; Moullard et al., 2006; Ofman & Gedalin, 2013).
Rippling of quasi‐perpendicular shocks is apparently related to the reflected ions gyrating in the foot. It was
suggested that rippling develops in the foot due to an instability of these ions (Burgess & Scholer, 2007). Others
claim rippling is a surface wave running in the overshoot (Johlander et al., 2018, 2023). It was also suggested that
rippling is caused by amplification of non‐local ion reflection (Gedalin, 2023a). An analytical model was pro-
posed for rippling as a propagating surface wave localized in the ramp‐overshoot region (Gedalin & Ganush-
kina, 2022) and further generalized to account for oblique propagation into the downstream region (Gedalin &
Roytershteyn, 2024). Figure 7 illustrates a rippled shock for the model of a surface wave ∝cos(kzz − ωt)
localized around the ramp. In this model, ω = 0.5Ωu and λ = 2π/ kz = 4(Vu/Ωu). The amplitude of the rippling
is 0.3D, where D = c/ωpi is the ramp width. The top left panel shows the 2D surface of |B| in an arbitrary
moment t. The bottom left panel illustrates the 2D pattern of the fields. The magnetic and electric fields are
mutually consistent via the induction equation. The top right panel shows the magnetic field measured by the
spacecraft moving across the shock with different vx (measured in units of Vu) and vy = vz = 0. The bottom right
panel shows the magnetic field measured by the spacecraft moving across the shock with different vz and
vx = 0.02Vu, vy = 0. In single spacecraft observations, it is easy to misinterpret the profile. Multi‐spacecraft

measurements with small spacecraft separations would show almost identical profiles. If these profiles look
like the first three in Figure 7, bottom right, the most plausible interpretation is that a rippled shock is slowly
crossed, especially if a sequence of similar loops and holes in the ion phase space in the downstream region is
observed (Johlander et al., 2018). (see Figure 8).

Rippling means spatial inhomogeneity and time dependence in NIF. If ripples propagate at approximately
constant speed along the shock front, as is usually assumed, then in the reference frame, moving with the ripples,
the shock structure is essentially time independent. Another kind of temporal evolution of the shock profile is
reformation, predicted by theory and numerical simulations (Galeev et al., 1988; Krasnoselskikh, 1985;

Figure 6. Three components of the supercritical shock, shown in Figure 5,
left panel.
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Krasnoselskikh et al., 2002, 2013; Lembège & Savoini, 1992). In this regime, the ramp disappears and appears
again, in a quasi‐periodic or irregular manner, without a regular spatial pattern. Direct observations of the initial
stages of steepening, leading to reformation, are rare (Dimmock et al., 2019). Most interpretations are indirect
(Lefebvre et al., 2009; Liu et al., 2021; Lobzin et al., 2007; Mazelle et al., 2010; Tiu et al., 2011; Turner
et al., 2021). Some of these interpretations refer to upstream structures detached from the main shock transition
(Turner et al., 2021), so that the relation to the shock is questionable. Some other interpretations compare single‐
spacecraft measurements with 1D simulations (Tiu et al., 2011), suppressing rippling. The most convincing multi‐
spacecraft interpretations reveal the magnetic field behavior and ion reflection, corresponding to different stages
of the profile steepening and relaxation after the shock front overturning (reformation) (Galeev et al., 1988;
Krasnoselskikh, 1985; Krasnoselskikh et al., 2002), but it may be also explained by time‐dependent rippling

(Lefebvre et al., 2009; Liu et al., 2021; Lobzin et al., 2007; Mazelle
et al., 2010), especially if ripples are not a monochromatic surface wave but a
wavepacket of such waves.

To summarize, a quasi‐perpendicular supercritical shock front has a narrow
ramp, a large overshoot, downstream magnetic oscillations, a precursor, and
often has a foot. The whole structure becomes non‐planar and time‐dependent
at higher Mach numbers, typically as rippling. Reformation is also an option,
although observationally, a strongly rippled shock can be misinterpreted as a
reforming one.

3.4. Quasi‐Parallel Supercritical Shocks

The accepted point of view at present is that quasi‐parallel shocks differ
qualitatively from quasi‐perpendicular shocks. Figure 9 shows the magnetic
field magnitude of a quasi‐parallel, θBn ≈ 30°, shock.

In contrast with quasi‐perpendicular shocks, no well‐defined structure is
clearly identified. The downstream magnetic field fluctuations look rather
random. Such observations lead to the concept of a “patchwork” of large‐

Figure 7. (Top left) The surface |B|(x, z) of a rippled shock. (Bottom left) 2D patterns of B and E. (Top right) |B|(t) as
measured by spacecraft crossing the shock with different vx. (Bottom right) |B|(t) as measured by spacecraft crossing the
shock with different vz.

Figure 8. A sequence of similar loops and holes in the ion phase space in the
downstream region.
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amplitude magnetic structures growing upstream of the shocks, drifting to-
ward the shock, and converging there to form a shock transition and a
downstream region lacking a structure (Burgess et al., 2005; Schwartz &
Burgess, 1991). The distribution of the cosθBn of the observed terrestrial bow
shock crossings is nearly uniform (see, e.g. Gedalin et al., 2021), with a drop
for θBn ≈ 0. The latter is because of the difficulties in identifying nearly
parallel shocks. The structure of the quasi‐parallel part of the Earth bow shock
may be contaminated by large‐amplitude upstream waves generated due to
ions reflected from other parts of the shock. Interplanetary shocks are typi-
cally low‐Mach‐number supercritical shocks. Recently, observations in the
vicinity of the Sun provided new information about how quasi‐parallel shocks
are built. Figure 10 shows the shock observed by Solar Orbiter on 30 October
2021 at 22:02:10 UT (Dimmock et al., 2023). The shock normal used in the
plots was determined using magnetic coplanarity. The shock is not planar, but
the variations of Bx are not shown here. The right column shows that the field
inside the shock transition is well‐structured, and the transition is sharp. A
similar sharp transition at a quasi‐parallel shocks was observed recently by
the Parker Solar Probe (Jebaraj, Agapitov, Krasnoselskikh, et al., 2024). The

shock front width was of on order of an ion inertial length, the shock became locally quasiperpendicular with a
large overshoot in the transition region, and no upstream large‐amplitude structures were observed, in contrast
with the standard interpretation of a quasi‐parallel shock as formed by merging of the upstream structures drifting
toward the shock (Burgess & Scholer, 2013). A study of the structure of the MMS observed quasi‐parallel shocks

is currently underway. It was recently shown that in the downstream region of these shocks 〈(B − 〈B〉)2〉 is
comparable with 〈B〉2 and even can be much larger (Golan & Gedalin, 2025). Solar Orbiter and Parker Solar
Probe measure shocks in an environment different from that of planetary bow shocks or interplanetary shocks at 1

Figure 9. The magnetic field magnitude of a quasi‐parallel, θBn ≈ 30°,
shock.

Figure 10. (Top left) The magnetic field magnitude. (Bottom left) Three magnetic field components in the spacecraft
coordinates. (Top right) The tangential components (By,Bz) along the spacecraft trajectory. The normal was determined
using magnetic coplanarity. (Bottom right) The hodogram of the tangential components in the shock transition.
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AU. This allows us to test the theory developed mainly due to the observations at the Earth's bow shock, and
understand what is common for various environments, and what modifications should be made to extend our
current knowledge to a broader class of space plasma systems. In particular, in the near‐Sun region, shocks
produced by coronal mass ejections are observed near the site of their generation. One such shock has already
been shown to accelerate particles up to the energies where electrons start to emit synchrotron radiation (Jebaraj,
Agapitov, Gedalin, et al., 2024). So far, this is the only observation of shock‐induced synchrotron emission in the
heliosphere. Solar Orbiter shocks were observed at various heliocentric distances, which also gives information
on the shock parameters evolution.

4. Plasma Processes at Shocks

4.1. Plasma Thermalization

Thermalization of species in a collisionless plasma is a result of the particle dynamics in the electromagnetic
fields. The charged particle motion is affected by the macroscopic and microscopic fields inside the shock front.
The macroscopic fields are the fields that were discussed in the previous section. These fields may be spatially
inhomogeneous and/or time‐dependent. The scales of the spatial inhomogeneity along the shock front can be as
small as the electron inertial length c/ωpe (Hobara et al., 2010; Newbury & Russell, 1996; Newbury et al., 1998).

The rippling scales are larger (Gedalin & Ganushkina, 2022; Gingell et al., 2017; Johlander et al., 2016, 2018;
Lobzin et al., 2008; Lowe&Burgess, 2003; Ofman &Gedalin, 2013; Omidi et al., 2021). The time‐dependence of
these fields is related to the propagating ripples, to reformation (Hellinger, 2002; Lefebvre et al., 2009; Lem-
bège & Savoini, 1992; Liu et al., 2021; Lobzin et al., 2007; Mazelle et al., 2010; Tiu et al., 2011; Turner
et al., 2021; Yuan et al., 2009), or to oscillations of the shock ramp, that may be an intrinsic feature of all shocks
(Granit & Gedalin, 2018). Microscopic fields are those that have much smaller spatial and temporal scales, like
the Debye‐scale electric fields inside and around the ramp (Kamaletdinov et al., 2022, 2024; Vasko et al., 2018,
2020; Wang et al., 2020, 2021), or the short‐wavelength whistler wavetrains (Wilson et al., 2017). In a colli-
sionless plasma, the entropy phase‐space density −f ln f does not change along the trajectory, since the Vlasov
equation is equivalent to df /dt = 0 along the path. In a closed system, the exact entropy would be conserved. The
problem of irreversibility in collisionless systems is well‐known in relation to the Landau damping (Mouhot &
Villani, 2011). In this case, the information is constantly transferred to smaller and smaller scales in the velocity
space. While the exact entropy is conserved, the coarse‐grained entropy increases. A shock is an open system.
Thermalization, in the thermodynamic sense, should be accompanied by an increase in the entropy of the flow
crossing the shock, as required by the Rankine‐Hugoniot. Recently, an analysis of the electron entropy change
across the shock front led to the conclusion that anomalous resistivity is insignificant (Agapitov et al., 2023). The
major entropy increase was due to ions. It was suggested that gyrophase mixing may play the role of coarse‐
graining and that entropy increases when a proper averaging is performed (Gedalin, Friedman, & Bali-
khin, 2015). At present, there are no theoretical estimates of the coarse‐grained entropy in shocks. Small‐scale
fluctuations may play the role of collisions in smoothing the fine‐scale inhomogeneities in the velocity. The
microphysics of irreversibility is still an open question.

4.2. Ion Heating

In a more general way, heating refers to the increase in the spread in the velocity space. This spread may not be
isotropic and not even gyrotropic, that is Tij = pij/n (see Equation 12) is a tensor. The ion non‐gyrotropy was

observed at the Earth's bow shock (Li et al., 1995) and explained theoretically (Gedalin & Zilbersher, 1995) as a
result of ion gyration starting at the shock crossing. Ions are not sensitive to small‐scale fields (Gedalin, 2020b).
Ion heating is illustrated in Figure 11. The ions are traced across the shock by solving the equations of motion.

v̇ = q

m
(E + 1

c
v × B) (30)

in a model shock profile

Bz = Bu sinθBn(R + 1
2

+ R − 1
2

tanh
x

D
) (31)
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By = lw
dBz

dx
, Ex = −kE

dBz

dx
(32)

where lw is given in Equation 21, Bx = Bu cosθBn, Ey = VuBu sinθBn/c,

Ez = 0, and the coefficient kE is determined from the cross‐shock potential

−∫∞

−∞

eExdx = s(mpV2u/2) (33)

The Mach number MA, the shock angle θBn, the normalized cross‐shock po-
tential s, the magnetic compression of the main magnetic component R, and
the ramp width D are variable parameters of the model. The equations of
motion are solved in a normalized form. The cross‐shock electric field of the
model has a smooth profile, being a spatial averaging of the observed spiky
field. We do not give the parameters for ion tracing in Figure 11 since it is for
illustrative purposes only. It shows that each ion starts gyrating behind the

ramp. Each ion has its own gyration speed and its own velocity along the downstream magnetic field, which
causes gradual gyrophase mixing (Balikhin et al., 2008; Gedalin, 2015, 2020b; Gedalin, Friedman, & Bali-
khin, 2015; Ofman et al., 2009). The read strips roughly indicate the width of the distribution function in vx at
several positions. This width is the measure of the temperature at the position of a stripe. The larger the width, the
higher the temperature. For each ion, entering the shock transition layer at x = 0 with the velocity (v0x,v0y,v0z)
and crossing it without stopping, the velocities (v f x,v f y,v f z) at the downstream edge of the ramp x = Dr are

(Gedalin, 1997).

v2f x = v20x +
2q
m
∫Dr

0
Exdx +

2q
mc

∫Dr

0
(vyBz − vzBx) dx (34)

v f y =
q

m
∫Dr

0
(Ey
vx

− Bz
c
) dx (35)

v f z =
q

mc
∫Dr

0
(By − Bxvz

vx
) dx (36)

In general, the ion motion across the ramp is affected by both the electrostatic deceleration and magnetic
deflection. The role of the magnetic deflection will be discussed later. For our present purposes, it is sufficient to
consider the approximation Dr → 0, keeping ϕ = −∫Exdx finite. In this approximation, the velocity of the ion
upon crossing the ramp, in the downstream fields Bd = Bu (cosθBn, 0,R sinθBn), Ed = (0,VuBu sinθBn/c, 0), is

v f = ( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
v20x − 2eϕ/mp

√
,v0y,v0z). The ion will drift with the speed Vd ≈ Vu (Bu/Bd), move along the magnetic

field with the velocity v‖ ≈ v0z + v f x cosθBn (Bu/Bd), and gyrate around the magnetic field with the speed
v⊥ ≈ v f x − Vd. Both v‖ and v⊥ depend on the initial velocities, which means that different ions move along the

magnetic field with different velocities and have different gyroradii. This dependence on the initial conditions
causes gradual gyrophase mixing. The amount of the heating is determined by v⊥, which is approximately given

by
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
V2u − 2eϕ/mp

√
− Vd. Thus, conversion of the energy of the directed flow into thermal energy occurs due to

collisionless ion motion in the macroscopic fields of the shock front. If fluctuations are present, their role is in
smoothing the distribution function, but the energy transfer is determined by the global magnetic field change and
cross‐shock potential. The latter reduces the heating of the directly transmitted ions. Heating due to wave‐particle
interaction is a multi‐step process, which requires first exciting waves to reasonable amplitudes, thus taking
energy from ions, and afterward returning a part of this energy to these ions. The efficiency of this process is low.
Adiabatic heating due to the magnetic compression is incompatible with the entropy increase in shocks (Geda-
lin, 2020a). Figure 12 illustrates observations of the evolution of the reduced distribution function f (x,vx) across a
shock where directly transmitted ions dominate ion heating. This shock is the same as in Figure 2, bottom left. The
gyration of the whole ion distribution and collisionless relaxation are seen in the core.

Figure 11. Velocities vx of several ions crossing a shock front. The red lines
roughly indicate the width of the distribution.
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4.3. Ion Reflection

In higher‐Mach‐number shocks, ion reflection becomes progressively more
important. An ion is reflected if vx = 0 somewhere behind the entry to the
ramp, x = 0 in Equations 34–36, and the ion starts crossing the ramp again
backwards. The reflection point may be inside the ramp or behind the ramp.
The initial reflection model, the so‐called specular reflection, suggested that
ions are reflected by the cross‐shock potential at the very entry to the ramp
(Woods, 1969, 1971). Although numerous simulations and observations
(Burgess et al., 1989; Gosling et al., 1982; Leroy, 1984; Leroy et al., 1982;
Paschmann et al., 1981; Phillips & Robson, 1972; Sckopke et al., 1983, 1990)
have clearly shown that ions penetrate the ramp and some even behind before
being reflected, so that the magnetic deflection cannot be ignored, ion
reflection is still erroneously referred to as “specular reflection,” even though
the estimate of the spatial size of the foot, based on this approach, is grossly
incorrect (Balikhin & Gedalin, 2022; Gosling & Thomsen, 1985). Careful
analyses of the ion motion in the macroscopic fields of the shock front have

revealed the importance of the magnetic deflection and the two modes of the reflection: (a) the electrostatic mode,
in which the effective cross‐shock potential due to the electrostatic force and the magnetic force reverses the
velocity of an ion inside the ramp, and (b) the magnetic mode, in which an ion crosses the ramp, gyrates behind the
ramp, and comes back to the ramp due to the large gyration speed (Gedalin, 1996a, 2016; Sharma & Geda-
lin, 2023). For the electrostatic mode, higher cross‐shock potentials are favorable. For the magnetic mode, lower
cross‐shock potentials are favorable. The fate of a reflected ion depends on the shock geometry and the initial
velocity of the ion. In quasi‐perpendicular shocks, θBn ≳ 60°, all or almost all ions moving backward inside the
ramp eventually cross the shock toward downstream. If such an ion crosses the ramp completely and appears in
the upstream region, it is a reflected‐transmitted ion. If such an ion does not cross the ramp completely backward
and reverses its motion toward downstream inside the ramp, it is a quasi‐reflected ion. In oblique shocks,
θBn ≲ 60°, some reflected ions do not cross the shock toward downstream again but escape into the upstream
region, constituting a distribution of backstreaming ions. In quasi‐parallel shocks, θBn ≲ 30°, all or almost all
reflected ions are backstreaming ions, while the number of reflected‐transmitted ions is small or even negligible.
Though the mechanism of reflection is the same in quasi‐perpendicular and quasi‐parallel shocks, the effect of the
reflected ions is quite different: in quasi‐perpendicular shocks, they affect the downstream region, in quasi‐
parallel shocks, they affect the upstream region. In all cases, the initial velocities of the ions, which are re-
flected, are coming from the tail of the distribution of the incident ions, so that higher upstream vT/Vu are
favorable. In all cases, the reflected ions acquire superthermal energies during the reflection process, if viewed in
NIF. The variety of ion trajectories is illustrated by Figure 13. Figure 14 illustrates ion reflection at quasi‐
perpendicular shocks. The shock is taken from the SHARP database (Ganushkina et al., 2024; Lalti, Kho-
tyaintsev, Dimmock, et al., 2022) and has the parameters MA ≈ 5, θBn ≈ 70°. The reflected‐transmitted ions
are present ahead of the ramp and cause deceleration of the flow. Behind the ramp, the gyroradii of the reflected‐
transmitted ions differ substantially from the gyroradii of the directly transmitted ions, so that their distribution
exhibits different periodicity in the downstream region.

Figure 15 illustrates ion reflection at quasi‐parallel shocks. The shock is also taken from the SHARP database and
has the parameters MA ≈ 8, θBn ≈ 4°. The reflected‐backstreaming ions appear upstream in the form of
bunches, indicating significant gyrating velocities. The downstream intermittency of the fields and the distri-
bution may be due to the time dependence of the shock front.

The reflected‐transmitted ions have gyration velocities vr⊥ ∼ (1.5−2)Vu. These ions are superthermal. Even if
their contribution to the downstream density nrd is small, the contribution to the downstream temperature and
kinetic pressure ∼nrdv2r⊥ may be large and even dominant.

Figure 16 compares the ion distributions in the above‐presented shocks, using slices in the x − y plane. In the
quasi‐perpendicular shock, reflected‐transmitted ions appear just ahead of the ramp. In the downstream region,
both distributions of the transmitted ions (directly transmitted and reflected‐transmitted) gyrate in a rather
coherent way, and mixing occurs gradually. In the quasi‐parallel shock, there appear reflected‐backstreaming ions
well ahead of the shock transition. The downstream distribution consists mainly of directly‐transmitted ions and

Figure 12. The reduced distribution function f (x,vx) across a shock where
directly transmitted ions dominate ion heating.
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an irregular weak halo of superthermal ions, probably generated due to the time dependence of the shock front.
Note that locally quasi‐parallel shocks are quasi‐perpendicular in the transition region.

At non‐planar and time‐dependent shocks, rippled or reforming, ion dynamics is similarly affected by the
macroscopic fields, which are spatially and temporally inhomogeneous at the ion scales, namely, the ion inertial
length or ion convective gyroradius and ion gyroperiod. The ion equations of motion are even farther from being
integrable and treatable analytically, yet the basic processes are the same, only less regular. For example, ion
reflection may become bursty, seen as bunches in Figure 17.

In summary, ion heating at the collisionless shock front occurs promptly due to the conversion of the directed flow
energy into the energy of ion gyration. The process of conversion is non‐local and may be spatially and temporally
dependent. The role of small‐scale fluctuations is further smoothing of the ion distribution function, which
typically may have regions of low phase‐space density, the so‐called ion holes Johlander et al. (2016).

Various populations of backstreaming ions have been observed upstream of the Earth's bow shock, even at large
distances from it: (a) field‐aligned ion beams (Kucharek et al., 2004; Meziane, Wilber, Mazelle, LeQuéau,
et al., 2004; Meziane, Wilber, Mazelle, Parks, & Hamza, 2004; Oka et al., 2005; Thomsen et al., 1983), (b)
gyrophase‐bunched ion beams (Mazelle, 2003; Meziane et al., 1997, 2001; Meziane, Wilber, Mazelle, LeQuéau,
et al., 2004), and (c) diffuse ion population (Kis et al., 2004; Kucharek & Scholer, 1991; Moebius et al., 1987;
Paschmann et al., 1981; Trattner et al., 2023). The latter contribute to the seed population of the shock accelerated
ions (see, e.g., Trattner et al., 2023).

4.4. Electron Heating

Electron heating is more sensitive to small‐scale fields. Our view on electron
heating in shocks evolved from the turbulent heating (Galeev, 1984) to the
heating due to the laminar cross‐shock potential and magnetic compression
(Feldman et al., 1982; C. C. Goodrich & Scudder, 1984; Schwartz et al., 1987,
1988; Thomsen et al., 1985, 1987) to non‐adiabatic heating of demagnetized
electrons in the cross‐shock potential (Balikhin & Gedalin, 1994; Balikhin
et al., 1993) and back to the heating by turbulence which is not an ensemble of
waves with random phases but a series of coherent small‐scale electrostatic
structures (Gedalin, 2020b, 2024; K. A. Goodrich et al., 2018; Kamaletdinov
et al., 2022, 2024; Vasko et al., 2018, 2020; Wang et al., 2020). Electron
heating occurs at the expense of the energy of the directed flow of incident
ions. The main part of the difference between the energies of the incident and
the decelerated downstream flows goes into ion heating. The rest is distrib-
uted among electron heating, particle acceleration, and magnetic field
enhancement. Thus, the energy flow into electron heating is a multi‐step
process, which includes the generation of electrostatic fields as an

Figure 13. Some ion trajectories in a simplified model of an oblique shock front.

Figure 14. Reflected‐transmitted ions in the foot and downstream of a quasi‐
perpendicular shock.
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intermediate stage. It is expected that the overall cross‐shock potential de-
termines the amount of heating. The current view is that this potential is not
due to a smooth macroscopic electrostatic field inside the shock front but is
just an integrated ϕ = −∫Exdx, where Ex is built of many small‐scale
spikes, such that −∫Exdx across each spike is small, while the total eϕ is a
non‐negligible part of mpV

2
u/2. Derivation of the cross‐shock potential from

observations is a difficult task, and the errors are large, up to unphysical
values (Dimmock et al., 2012). Observations of electron heating at supernova
remnant (SNR) shocks hint at the dependence of the post‐shock electron

temperature on the Mach number as Te/ (mpV2u/2) ∼ 1/M2
A (Ghavamian

et al., 2007, 2013; Rakowski et al., 2008; Raymond et al., 2023), although the
errors are large and it is not excluded that there exists a lower limit on

Te/ (mpV2u/2) ∼ 1/M2
A, as suggested by a recent study at the Earth's bow

shock (Gedalin et al., 2023). Since the distribution of the incident ion energy
into channels other than ion heating is not well understood yet, a detailed
explanation of the mechanism of the electron heating and of the available

electron share is still a task in progress.

4.5. Particle Acceleration

A small number of ions and electrons are accelerated by shocks to energies far exceeding the thermal energies of
the heated populations. The two major modes of shock acceleration are Shock Drift Acceleration (SDA) and
DSA. In SDA (Webb et al., 1983), a charged particle remains in the vicinity of the shock front for a long time
while drifting along the shock front in the direction of the motional electric field and thus acquiring energy. The
primary challenge is to keep a particle trapped and prevent escaping upstream or proceeding downstream. The
mechanism is efficient in quasi‐perpendicular shocks. Variants of SDA include multiple reflection (Zank
et al., 1996), surfing (Lee et al., 1996), meandering of the downstream magnetic field lines (Decker &

Figure 15. Reflected‐backstreaming ions in the upstream of a quasi‐parallel
shock.

Figure 16. (Top row) Ion distributions in the quasi‐perpendicular shock in Figure 14. (Bottom row) Ion distributions in the
quasi‐parallel shock in Figure 15. (Left column) The downstream region. (Middle column) The transition region. (Right
column) The upstream region. Acronyms: DTI, directly transmitted ions; RTI, reflected‐transmitted ions; RBI, reflected‐
backstreaming ions; SW, solar wind.
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Vlahos, 1985), large‐amplitude upstream fluctuations of the magnetic field
(Giacalone & Jokipii, 2006), or additional turbulent scattering inside the
shock front (Katou & Amano, 2019).

The prevailing view is that SDA is limited, and acceleration to high energies
occurs within the DSA (Axford et al., 1977; Bell, 1978; Blandford & Eich-
ler, 1987; Blandford & Ostriker, 1978; Drury, 1983; Krymskii, 1977; Top-
tyghin, 1980). In DSA, charged particles acquire energy due from the flow
compression due to the shock transition by means of multiple front crossings
and scattering on magnetic fluctuations in the upstream and downstream re-
gions far from the shock transition (Jokipii, 1966a, 1966b; Skilling, 1975a,
1975b, 1975c). In the plasma flow frame, the particles, initially moving away
from the shock, reverse their motion and are convected by the flow to cross
the shock again and again. Energization occurs due to the difference between
the upstream and downstream flow speeds. The role of the shock is to ensure
these speeds are different and to establish the continuous matching of the
upstream and downstream distributions at the shock transition. The slope of

the spectrum dN/dp = 4πp2f ( p) ∼ p−α is determined by this matching (Blandford & Eichler, 1987;
Drury, 1983). Here p is the magnitude of the momentum and f (p) is the isotropic part of the distribution function.
The matching conditions depend on the shock parameters (Gedalin et al., 2016; Gedalin, Dröge, & Karta-
vykh, 2015), although this dependence is rarely taken into account. In the standard DSA, assuming continuity of
the distribution function at the shock, the spectral index takes the simple form α = (r + 2)/ (r − 1), where
r = Nd/Nu is the compression ratio. The maximum theoretical compression ratio for MA → ∞ is r = 4, which
gives α = 2. The maximum acceleration energy is determined by the time the particles are confined to the shock
before escaping. Therefore, large‐scale SNR shocks are more efficient accelerators than heliospheric shocks, also
because of their higher velocities. Yet, recently, a near‐Sun collisionless shock was observed having some
properties resembling those of SNR shocks, including particle acceleration and synchrotron radiation from
accelerated electrons (Jebaraj, Agapitov, Gedalin, et al., 2024; Jebaraj, Agapitov, Krasnoselskikh, et al., 2024).
The scatterers (magnetic fluctuations) are widely believed to be produced or enhanced by the accelerated particles
themselves (Bell, 2004). Within the heliosphere the propagation of high‐energy particles and their acceleration at
interplanetary shocks is often studied with the focused transport equation approach (see, e.g., Droege, 1994, and
references therein). The effect of accelerated particles on the shock, in particular, the gradual magnetic field
increase in a long precursor, is often studied within the approach of self‐consistent modification (see, e.g., Malkov
et al., 2010, and references therein).

In all cases, the mechanisms of acceleration are efficient for charged particles which already have sufficiently
superthermal energy, which poses the problem of injection, that is, generation of a superthermal seed population
directly from the incident thermal distributions (Malkov & Völk, 1998). The mechanism of injection is not well
understood at present, although several suggestions have been tested in simulations. Understanding the accel-
eration of electrons is more difficult, since electrons have to be accelerated to much higher Lorentz factors to be
able to be scattered by the same fluctuations that scatter ions. In the last years, pre‐acceleration of electrons by
whistlers has gained substantial attention (Shi, Artemyev, et al., 2023; Shi, Tonoian, et al., 2023).

A more detailed description of the shock acceleration mechanisms would require a separate review. It is beyond
the scope of the present paper devoted to the structure of the shock transition region and the physical process
inside it.

5. Implications for Astrophysical Shocks

At present, much more knowledge about the structure of shocks is collected on heliospheric shocks, at Alfvén
Mach numbers MA < 100, than it is possible to infer about strong SNR shocks with MA ≳ 100 and possibly
MA ∼ 103. Two extreme views exist about the possible extrapolation of the knowledge of heliospheric shocks
onto SNR shocks. The pessimistic view claims that there are inevitable significant qualitative changes in physics
when crossing some large, unknown today, Mach number. The optimistic view, adopted by us, suggests that the
laws of physics do not change, and one has only to understand how to properly scale the parameters of, for

Figure 17. Ion dynamics and bursty reflection at a rippled quasi‐
perpendicular shock.
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example, heating and magnetic enhancement, with the Mach number. The optimistic point of view has gained
support with the observations of a heliospheric shock similar in part to astrophysical shocks (Jebaraj, Agapitov,
Gedalin, et al., 2024; Jebaraj, Agapitov, Krasnoselskikh, et al., 2024). Theory is yet to be adjusted to the new
observations.

An interesting recent development, which may be directly relevant to astrophysical shocks, is the discovery of
shocks with persistent large downstream magnetic oscillations (Golan & Gedalin, 2025). In these shocks the rms

magnetic field
̅̅̅̅̅̅̅̅̅
〈B2〉

√
may greatly exceed the mean magnetic field magnitude |〈B〉|. The latter is strongly limited

by the standard Rankine‐Hugoniot relations by Bd/Bu ≤ 4. The presence of high non‐evading pressure of
magnetic fluctuations requires reconsideration of the boundary conditions at the shock front (Gedalin, 2023b,
2023c) and may have also immediate implications for the estimates of the magnetic field at SNR shocks and the
mechanism of electromagnetic emission by accelerated electrons there (Greco et al., 2023).

6. Conclusions and Perspectives

A collisionless shock is a multiscale system formed and maintained by strongly interaction of charged particles
and fields at all scales. This review is devoted to the ion scale, that is, the scale of the magnetic variations which
are referred to as the shock structure, which is best understood, at this stage. Our theoretical understanding is
mainly qualitative since the equations of motion are non‐integrable, and there is no way to solve the Vlasov
equations self‐consistently. However, some of the features, like the ion heating or overshoot strength, may be
quantitatively estimated. These estimates, at present, are largely based on the conservation laws in the nearly
planar and time‐independent approximation. The state‐of‐art high‐resolution measurements by MMS are ex-
pected to provide clues for further development of the theory.
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