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Heliospheric and astrophysical shocks: Common
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Abstract. Heliospheric shocks are being studied by in situ measurements while all shocks outside
of the solar system are detected only due to the electromagnetic radiation produced by heated or
accelerated charged particles. Heliospheric shocks have Mach numbers M . 10 while astrophys-
ical shocks may achieve M ∼ 103. The incident plasma velocity in the heliosphere vu/c ∼ 10−3,
while supernova remnant shocks may have vu/c ∼ 10−1 and gamma-ray bursts shocks are highly
relativistic. Despite substantial differences in the key shock parameters, the basic common feature
is the large scale electric field which develops within the shock. It is this electric field which decel-
erates ions and energizes electrons.

Keywords: collisionless shocks
PACS: 52.35.Tc, 96.50.Fm, 52.27.Ny

INTRODUCTION

Shocks are ubiquitous in the universe, or at least, are thought to be ubiquitous since
they are the most efficient accelerators of charged particles we know, while these par-
ticles are necessary to produce the observed electromagnetic emission from numerous
objects. In addition, super(magneto)sonic flows are a quite common phenomenon in all
plasma dominated systems, and once such a flow encounters an obstacle, a shock is
inevitably formed. The only shocks which can be studied by in situ measurements are
heliospheric shocks. Although there is a large variety of those (planetary bow shocks,
interplanetary shocks, and even the termination shock), they all are low Mach num-
ber shocks, from the point of view of an astrophysicist. Indeed, in heliospheric shocks
the Alfvenic Mach number M is typically of the order of tens, while the remotely ob-
served supernova remnant (SNR) shocks may have M ∼ 102−103. The shock speed (or,
equivalently, the speed of the incident flow in the shock normal incidence frame) also
varies greatly, from Vu/c ∼ 10−3 for heliospheric shocks (here c is the speed of light)
to Vu/c ∼ 0.1 for SNR shocks and Vu/c = 1 for the ultra relativistic gamma-ray burst
(GRB) shocks. The overall shock structure of the heliospheric shocks is determined by
the convective ion gyroradius, that is, these shocks are magnetized. It is worth noting
that only quasi-perpendicular shocks are under consideration here: for a randomly cho-
sen direction of the magnetic field relative to the flow velocity there are substantially
more chances to have a quasi-perpendicular geometry with θBn > 45◦. In the relativistic
case the Lorentz transformation of the perpendicular component of the magnetic field
makes virtually all shocks nearly perpendicular in the shock frame. Heliospheric quasi-
perpendicular shocks have a well-developed fine structure which undergoes significant
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changes with the increase of the Mach number. While low-Mach number shocks possess
an almost monotonic magnetic field [1, 2] transition accompanied with moderate heat-
ing of ions and electrons [3], high-Mach number shocks have a much more complicated
structure and the particle processes occurring there go substantially up the energy scale.
Those shocks which are stationary and one-dimensional possess a well-structured tran-
sition [4], the largest parts of which, the foot and overshoot, being produced by reflected
ions [5, 6, 7, 8]. Besides the foot with the width of the order of the upstream convective
gyroradius [5], and the ramp with the width of a fraction of the ion inertial length [9, 10],
there is often an upstream phase-standing whistler present [11]. The transition from low
to high-Mach number regime seems to occur in a number of steps, not necessarily con-
secutive. First, the shock front starts to deviate from a planar shape and develops rip-
pling [12, 13]. This rippling has been so far found in numerical simulations [14, 15] and
observations [12] of the shocks with the Mach number above M = 5, leaving open the
question whether the rippling develops abruptly, when the Mach number exceeds some
value (there may be also dependence on other parameters like the angle between the
shock normal and the upstream magnetic field, upstream β - kinetic-to-magnetic pres-
sure ration, and others which we did not think of yet) or spatial modulations of the shock
front are always present, only their amplitude becomes substantial with the increase of
the number of reflected ions. The are some indications that deviations from planarity
are present even in the shocks with rather low Mach numbers. Indeed, application of
the coplanarity theorem to the identification of the shock normal is often sensitive to the
choice of the upstream and downstream intervals. The local normal, determined in the
close vicinity of the ramp, may differ from the global normal, determined by averaging
over more distant regions [cf. 9, 16, 10]. It is worth noting that shock rippling was also
found in numerical simulations of a perpendicular relativistic shocks with M = 10 [17],
which means that the phenomenon is even more common than it is thought now. Yet an-
other deviation from one-dimensionality is the predicted [18, 19] and simulated [20, 21]
development of an oblique large-amplitude whistler-like train in the foot of a high-Mach
number quasi-perpendicular shock. This whistler precursor persists further upstream of
the shock [22]. At higher Mach numbers, the whistler cannot stand and becomes time-
dependent in the shock frame [19]. For sufficiently high-Mach numbers shock, steepen-
ing cannot be stopped by whistler generation, and the shock becomes reforming [23].
The shock reformation has been confirmed in numerical simulations [24, 25, 26, 21, 27]
and direct in situ observations [23, 28, 29]. However, the exact mechanism of the ref-
ormation, whether it is a direct nonlinear steepening followed by a catastrophe [19] or
an instability induced by the reflected ions is still debated [30]. It is quite possible that
the two mechanisms are not mutually exclusive. Upstream whistlers have been found to
play the important role in the pre-acceleration of the incident electrons [31]. In all these
regimes a quasi-perpendicular shock is a multi-scale structure with the largest scale de-
termined by the upstream convective gyroradius.

Much less is known about relativistic shocks which cannot be studied directly. It
is widely believed that the relativistic electron-proton GRB shocks are essentially un-
magnetized. For these shocks, the upstream convective gyroradius is formally infinite
and loses any physical sense. Recent works on relativistic shocks with very high Mach
numbers (which are often referred to as low magnetized shocks) have shown that the
shock structure drastically changes due to the development of the filamentary instabil-
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TABLE 1. Shock parameters

Terrestrial bow shock SNR shocks GRB shocks

Velocity ∼ 10−3c ∼ 10−1c γ ∼ 102

Magnetic field ∼ 10−4 G ∼ (10−5−10−6) G ∼ 10−6 G
Ion convective gyroradius ∼ 103 km ∼ (105−107) km & 1010 km
Shock size ∼ 105 km ∼ 1013 km ∼ (109−1011) km
Alfven speed ∼ (10−100) km/s ∼ 10 km/s ∼ 10 km/s
Magnetization parameter σ ∼ 10−8 ∼ 10−10 ∼ 10−10

Mach number ∼ 10 ∼ 102−103 ∼ 104

ity and magnetic field generation [32]. The same seems to happen in non-relatvistic
shocks with M = 130 [33]. Table 1 presents a comparison of the basic parameters of
the heliospheric, SNR, and GRB shocks. The magnetization is defined here as follows:
σ = B2/4πnmc2 = (VA/c)2, M = Vu/VA = (Vu/c)(1/

√
σ). One can see that the main

factor affecting the Mach number is the shock velocity, while Alfven speed does not dif-
fer much for different shocks. The increase of the ratio of the ion convective gyroradius
to the shock size is related to the transition of the shock from the magnetized type to the
filamentary type.

Despite the above differences the same necessary processes occur in all these shocks:
the incident ions are decelerated and heated and the incident electrons are energized
(heated). Here we argue that the basic common feature of all these shocks is the buildup
of a large scale cross-shock electric field which is responsible for the energy redistribu-
tion and is absolutely necessary for a shock to exist. We also argue that the large scale
design of the shock is due to ions, while electron heating occurs due to the macroscopic
electric field rather than due to the turbulence in the shock front.

HELIOSPHERIC SHOCKS

The cross-shock electric field in the magnetized heliospheric shocks arises due to the
different magnetic braking of heavy ions and light electrons. The former penetrate the
increasing magnetic field deeper thus producing a charge separation which gives rise to
the potential electric field pointing toward upstream. The charge separation is very weak.
Indeed, for a potential of eφ ∼ miV 2

u /2 occurring at the ramp of the width of & c/ωpe
the charge density is ρ =−(1/4π)4φ so that

δn
n
∼ ρ

ne
.

mi

me

(
Vu

c

)2

∼ 10−3 (1)

and quasineutrality is a very good approximation. Yet, this charge separation is quite
sufficient to produce the cross-shock electric field which exceeds the motional electric
field Em =VuBu/c by a factor larger than the Mach number M =Vu/VA.

The electric field is directed against the motion of the incident ions. The role of the
field is to make the ions lose energy while crossing the shock. Indeed, let us for a
while consider the shock as a discontinuity where the magnetic field jumps from the
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upstream value Bu to the larger downstream value Bd . For simplicity in what follows we
consider only the perpendicular shock geometry. Extension of the analysis onto quasi-
perpendicular shocks is straightforward although a bit lengthy. In the absence of a cross-
shock potential the ion energy is conserved at the shock crossing. The consequences
of the energy conservation are easily understood with the cold upstream distribution,
where all ions initially move along the shock front with the speed Vu. Upon crossing
the zero width shock the ion velocity does not change while the drift velocity becomes
Vd = Vu/R, where R = Bd/Bu. Respectively, all ions begin to gyrate with the gyration
velocity Vg = Vu−Vd = Vu(1− 1/R). Let x be the coordinate along the shock normal
and y be the coordinate along the shock front, perpendicular to the magnetic field. Then
the x coordinate of the ion just behind the shock crossing is

x =Vdt +
Vg

Ωg
sinΩdt, Ωd = eBd/mic (2)

It is easy to see that the ions return to the shock and cross it again toward upstream if

2π− arccos
1

R−1
−
√

R(R−2)< 0 (3)

In other words, for sufficiently large R (approximately > 5) all ions are reflected after
making a loop behind the shock. (It should be noted that the ions gyrate in the overshoot
magnetic field so that R may by far exceed the maximum downstream compression ratio
of four.) These ions would make one more loop upstream and again cross the shock
with higher velocities, so that the ion pressure would exceed the initial dynamic pressure
numiV 2

u , which is impossible since the total pressure n(mi+me)V 2
x + pe+ pi+(B2/8π)=

const throughout a stationary one-dimensional shock. Let the incident ions be cold and
electron pressure negligible. We also assume for simplicity that, upon crossing the ramp,
the ions do not make a loop which brings them back to the transition layer. Then the ion
pressure just behind the ramp would be pid = numiV 2

u
√

1− s where s = 2eφ/mV 2
u and

we used the ion number conservation nvx = nuVu. Respectively, one has

numiV 2
u +

B2
u

8π
= numiV 2

u
√

1− s+
B2

d
8π

. (4)

Taking into account B2
u/4πnumiV 2

u = 1/M2, one gets eventually

s = 1−
(

1− R2−1
2M2

)2

. (5)

Even if the ions are not reflected, a too low cross-shock potential would leave too much
energy in the transmitted ions so that the total downstream pressure would exceed the
upstream pressure, while a too high potential would reduce the ion energy too strongly
and reduce the downstream pressure below the required for the shock stability. It is
possible that such mismatch may be a cause of the shock non-stationarity, although this
hypothesis has never been checked.
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In a more sophisticated way, let the magnetic field of the shock Bz(x) vary over the
foot and the ramp, the total width of which is about 0.5Vu/Ωu. The equations of motion
read

miv̇x = eEx + evyBz/c, (6)
miv̇y = eVuBu/c− evxBz/c (7)

Since the typical spatial scale of the variation is smaller than the upstream ion convective
gyroradius, the ion motion is non-adiabatic and cannot be represented at this interval as
the combination of the drift and gyration. However, one can exploit the fact that the
deflection in y-direction is small. In this case, in the lowest order approximation v(0)x =√

V 2
u −2eφ/mi where φ = φ(x) and Ex = −dφ/dx. Substituting into the equations of

motion one has in the first order

vy =
eVuBu

mc

∫ t

0
(1−bz

√
1− s)dt (8)

=
eVuBu

mc

∫ x

0
[(1− s)−1/2−bz]dx (9)

where s = 2eφ/mV 2
u and bz = Bz/Bu. Thus, the change in the velocity component vy

grows with the increase of the shock width. Respectively, the deviation of vx from the
behavior, controlled by the potential only, will appear in the second order on the shock
scale. The latter means that in low Mach number shocks without foot the corrections
to the lowest order are negligible, while in high Mach number shocks the role of the
foot may be significant. Figure 1 illustrates the influence of the cross-shock potential on
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FIGURE 1. Phase space vx/Vu − vy/Vu of the downstream ions for the shock (leftmost panel) with
M = 2.8, Bzd/Bu = 2.8, θ = 70◦, vT/Vu = 0.04 and three different values of the cross-shock potential:
s = 0.2 (second panel), s = 0.5 (third panel), and s = 0.8 (fourth panel).

the downstream ion distribution. A model shock profile was used for the test particle
tracing. The phase space vx − vy includes the initial Maxwellian distribution of the
incident ions (small circle centered on vx/Vu = 1) which is identical in all three cases.
It is seen that the increase of the potential results in the decrease of the effective
downstream temperature. The latter can be estimated from the width of the downstream
ion distribution: Td/(miV 2

u /2)≈ 0.25 for s = 0.2, Td/(miV 2
u /2)≈ 0.16 for s = 0.5, and

Td/(miV 2
u /2)≈ 0.04 for s = 0.8. In the first case the heating is too high, that is, the total

downstream pressure nearly equals or even exceeds the initial dynamic pressure leaving
nothing to the magnetic pressure. In the last case the heating is too weak requiring much
stronger magnetic compression than is assumed.
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In high Mach number shocks, the effect of the cross-shock potential may be substan-
tially modified by the presence of the foot where the incident ions are both decelerated
by the electric field and deflected by the magnetic field. The overall influence of the
foot increases with the growth of

∫
Bzdx over the foot region. Figure 2 illustrates the

influence of the potential on the downstream ion phase space for the case of a structured
high-Mach number shock. It is clearly seen that the higher cross-shock potential results
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FIGURE 2. Phase space vx/Vu − vy/Vu of the downstream ions for the shock (leftmost panel) with
M = 3.7, Bz,max/Bu = 6., θ = 70◦, vT/Vu = 0.04 and three different values of the cross-shock potential:
s = 0.2 (second panel), s = 0.5 (third panel), and s = 0.8 (fourth panel).

in the lower energies of the transmitted ions (the central part of the downstream distri-
bution). The low potential allows more ions to be reflected by crossing the ramp and
returning back due to the substantial gyration. The high potential increases the number
of quasi-specularly reflected ions which do not cross the ramp at the first encounter.

The bottom line is that the cross-shock potential is required for ion deceleration to
the necessary level and for extraction of the energy for the magnetic field increase and
electron heating [34, 4, 35], either adiabatically [36] or non-adiabatically [37, 38].

RELATIVISTIC SHOCKS

At a first sight the relativistic non-magnetized shocks are quite different. Absence of a
background magnetic field increasing toward downstream precludes differential mag-
netic braking of ions and electrons and no cross-shock potential can appear. However,
easy formation of the back-streaming particles, electrons and ions, results in the devel-
opment of the filamentary instability which is responsible for the magnetic field gener-
ation [39] and produces a shock transition with an extended foreshosk [32]. In the sim-
plest representation the counter-streaming electron and ion beams move along x axis,
while the unstable modes are of the shape Bz ∝ Ex ∝ eiky+Gkt where Gk is the growth rate
of the mode with the wavenumber k. If both electron and ion counter-streaming beams
are present, at the first stage the electron instability develops where heavy ions almost do
not participate [40]. This stage of the instability ends with the electron beams becoming
a heated electron background, while the magnetic field nearly reaches the equipartition
value B2/8π ∼ nmec2γ0, where γ0 is the initial Lorentz factor of the electron beams (as-
sumed symmetric) [41, 42, 32]. The ion stage is more slow but the energy reservoir is
larger by the factor mi/me� 1. During this stage of the instability, filaments grow and
the ions streaming in opposite directions gradually become spatially separated [42, 32].
The inductive electric field produced in the instability is directed against the ion flow.
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This is rather obvious since the magnetic energy increase may come only at the ex-
pense of the ion energy. It has been shown [43] that during the filamentary instability, a
broad spectrum of perturbations develops and the modes come to saturation at different
times. Saturation occurs due to exhaustion of available current. Longer wave lengths
are saturated later and at higher values of the magnetic field. At each moment, the peak
magnetic field is determined by the largest wave length of the mode which has come
to saturation at this moment. Once a mode saturates, the magnetic field for this mode
does not change any longer so that the corresponding inductive electric field vanishes.
Figure 3 shows the development of the magnetic and electric field during the instabil-
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FIGURE 3. Magnetic and electric field pattern in the beginning of the instability (two left panels) and
at a later stage (two right panels).

ity within a simple model representing superposition of a number of growing modes
with different wavenumbers (cf. [43]). Each mode is growing until the magnetic field of
this mode reaches saturation which is determined by the relation Bk,sat = 4π j0/k, where
j0 is the initial current density of one of the beams. It should be understood that the
model is approximate and is not a substitute for full-particle simulations. For the visual
presentation, a model of 20 modes is chosen:

Bz = ∑
k

B0 cos(ky+φk)eGkt , (10)

Ex = ∑
k
(GkB0/k)sin(ky+φk)eGktH(tk,sat− t), (11)

where H(x) is the step function and tk,sat is the saturation time of the mode with the
wave number k and is determined by the saturation condition B0eGktk,sat = 4π j0/k, j0
being the initial current density of one of the beams. This condition means in practice
that max |Bk| = (kmin/k)Bmax, where Bmax is the maximum achieved magnetic field
(which is taken here as about 0.1 of the equipartition field) and kmin is the minimum
wave number (see below). Here the wave numbers k are linearly spaced, Gk = 0.2kc
for t < tk,sat and zero at later times, and the phases φk are chosen randomly. The initial
amplitude B0 corresponds to the equipartition value achieved during the electron phase
of the instability. The wavenumber space spans the range ωpi < kc < ωpe, where ωpi
and ωpe are the ion and electron plasma frequencies, ω2

p = 4πne2/mγ0, γ0 being the
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initial beam Lorentz-factor. The developing electric field should accelerate the electrons
which are moving against the field and decelerate those which move along the field. In
order to illustrate the energization, initially relativistic Maxwellian (Juttner) distributed
electrons (with the temperature T = 5mec2) were randomly positioned and were moving
as test particles within the time dependent fields given by Eqs. (10)-(11) and shown
in Figure 3. The two left panels of Figure 3 correspond to the fields at the starting
time of the electron tracing, while the two right panels show the fields at the time
when the tracing was stopped and the electron distribution was checked. The initial and
final momentum spaces occupied by the electrons are shown in Figure 4. The electrons
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FIGURE 4. Initial (left) and final (right) distributions of the electrons moving in the fields developing
during the filamentary instability.

acquire energy due to the electric field. The energization is nearly isotropic due to the
scattering on the magnetic field of the multiple modes. The maximum energization can
be easily estimated as

γmax ∼
∫

eExcdt/mec2 (12)

Using ∂Ex/∂y = (1/c)(∂Bz/∂ t) one has Ex,k ∼ (Gk/kc)B0eGkt and γmax ∼ eBk,sat/meck
where Bk,sat is the saturated value of the magnetic field. Thus, the maximum electron
energy at each moment is determined by the magnetic field of the mode which comes to
saturation at this moment. If the magnetic field eventually achieves the values close to
the equipartition value [43]

B∼ α

√
8πnmic2γ0, α . 1 (13)

at k ∼ ωi/c [43], then

γmax ∼ αγ0(mi/me), (14)

which means that a substantial part of the incident ion energy may be transferred to the
electrons. Additional scattering may occur due to slight obliquity of the instability and
the electrostatic mode developing in parallel [44].
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CONCLUSIONS

Despite the differences in the structure of the magnetized heliospheric shocks and non-
magnetized relativistic astrophysical shocks, the common feature of the both types is
the crucial role of the electric field. This field is responsible for the ion deceleration and
extraction of the ion energy. This energy lost by ions goes into magnetic energy and
energy of the energized (heated) electrons. The electric field pattern is quite different
in the two cases. In the magnetized shocks, an electrostatic cross-shock potential is
developed with the electric field directed toward upstream, that is, against the incident
plasma flow. In the unmagnetized shocks, the electric field has a filamentary structure
and is directed against the ion flow in the filaments of the largest scale. One cannot
exclude, however, that in the shocks, in contrast with the simplest model considered here,
the inhomogeneity of the back-streaming flow and gradual deceleration of the incident
flow would result in the addition of the electric field pointing toward upstream, similarly
to what happens in the magnetized shocks. Yet, the very development of the filamentary
instability produces a macroscopic electric field which tends, in agreement with the
general physical principles, to reduce the initial cause of the instability, namely, to reduce
the counter-streaming of ions. In both cases, heliospheric and astrophysical shocks, the
electric field generation is absolutely necessary to make the ions lose their energy and to
transfer a part of this energy to the electrons. Thus, the role of the macroscopic electric
field in the shocks is quite universal, independently of whether there is magnetic braking
by the background electric field or such braking does not exist.
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