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Shock waves often arise in nature because of a balance between wave breaking nonlinear
and wave damping dissipative forces [1]. Collisional and collisionless shock waves can appear
because of friction between the particles and wave–particle interaction [2], respectively. In dusty
plasmas the charges of dust grains are variable because the magnitude of the charge depends on
plasma parameters and their perturbations. The presence in the plasma of the macro particles
with variable charges results in the new mechanism of dissipation which originates from the
charging processes. This dissipation can, in particular, give rise to shock waves [3 – 5]. They are
collisionless in the sense that they do not involve electron–ion collisions. However, in contrast to
the classical collisionless shock waves, the dissipation due to dust charging involves interaction
of the electrons and ions with the dust grains in the form of microscopic grain currents [4, 5].
The consideration of shock waves in space dusty plasmas is important in different astrophysical
problems. Among them one can mention [5] the description of the formation of stars, of shocks
in supernova explosions, particle acceleration in shocks, etc.

Let us present the way how one can develop the hydrodynamics for description of stationary
shock waves in a space dusty plasma which usually contains electrons, ions, neutrals, and dust
grains. The shocks in stationary media can be described by conservation laws for particle
momentum and energy fluxes through the surface of the shock. In a dusty plasma the situation
is more complicated because the dusty plasma is an open system. Therefore, we restrict our
consideration only to the case when at the front of the shock wave the dusty plasma is stationary
and not moving. This means that there should be some external ionization which supports the
density of the plasma particles (in the absence of the source of electrons and ions the plasma
is recombined very rapidly on dust [6]). The ionization can be produced by electromagnetic
radiation of burning stars, by cosmic rays, by electron beams, etc. We assume that behind the
shock front there is a source of the plasma particles with the same rate of particle generation as
at the front. Furthermore, we assume the one–dimensional propagation of the shock waves. We
use the continuity equation for the ion mass density where the source of ions qi is introduced:

∂(nimi)

∂t
+
∂(niuimi)

∂x
= −ν̄inimi + qi. (1)

Here ν̄i is the effective frequency [6] of the disappearance (recombination) of ions on dust
particles, ni is the ion density, mi is the ion mass, ui is the directed velocity of ions.

The continuity equation for the dust particle mass density can be written in the form
corresponding to the conservation of the total dust and ion mass densities in the absence of the
source qi:

∂(ndmd)

∂t
+
∂(ndudmd)

∂x
= ν̄inimi, (2)



where nd is the dust particle density, md is the dust particle mass, ud is the directed velocity of
the dust particles.

The source qi in (1) can be expressed in terms of the frequency of unpertrbed quantities
(described by the subscript 0) before the shock front because we assume that it compensates the
losses of electrons and ions due to the recombination on dust particles: qi = ν̄i,0ni,0mi. The
value ν̄i is a function of nd, ni, Zd (where Zd is the charge of the dust particle in the units of the
electron charge), and, in general case, of the relative velocity between the ions and the dust. The
latter in the region before the front of the shock should be equal to zero because of its relaxation
due to the ion–dust collisions. Thus ν̄i,0 depends on nd,0, ni,0, Zd,0.

Equations (1) and (2) allow us to find the equation describing the evolution of the total
mass density:

∂(ndmd + nimi)

∂t
+
∂(ndmdud + nimiui)

∂x
= ν̄i,0ni,0mi. (3)

The change in dust masses is a very slow process, so that during the time of particle passage
through the shock front structure (in the frame of reference of the shock) one can neglect the dust
particle mass increase. Thus one can obtain the mass density conservation law in the following
form:

(nd,1md + ni,1mi)u1 = (nd,0md + ni,0mi)u0, (4)

where the subscript 1 denotes the quantities behind the front. We have taken into account in (4)
that due to the relaxation process the dust and the ions have the same velocities in the regions
behind the shock front and at the shock front ud = ui = u.

>From the condition of stationarity of the plasma in the presence of the source, one can
find from (1) and the condition of the absence of the spatial dependence of the ion mass density
both behind and before the shock front:

ν̄i,1ni,1 = ν̄i,0ni,0. (5)

We note that the validity of the steady–state condition qi = ν̄i,0ni,0mi for ions results in
the validity of the steady–state condition for electrons. This means that the relation for electrons
analogous to (5) (where the subscripts i should be substituted by the subscripts e and ν̄e is the
effective frequency [6] of the recombination of electrons on dust particles) should be fulfilled if
(5) is valid.

Using (1) we find in the frame of reference of the shock:

∂(niui)

∂x
= −(ν̄ini − ν̄i,0ni,0). (6)

The similar equation is valid for electrons with a substitution in (6) of the subscript e (which
characterizes the electrons) for that i. Although for the equilibrium values we have ν̄i,0ni,0 =

ν̄e,0ne,0, the corresponding nonequlibrium values are not equal to each other. Thus subtracting
from Equation (6) the analogous equation for electrons one can obtain the equation expressing
the fact of charge conservation in the system:

∂Zd
∂t

+
∂(Zdud)

∂x
= ν̄ene − ν̄ini. (7)



The neutrals are attached usually to the dust particles for a finite residence time. Thereafter
they leave the dust grains acquiring the dust surface temperature. Thus their number is conserved

∂nn
∂t

+
∂(unnn)

∂x
= 0, (8)

but their temperature Tn becomes close to the dust temperature Td. Here the subscript n
characterizes the neutrals.

The conservation equation for the ion momentum at the front of the shock is:

ni
∂(miui)

∂t
+ nimiui

∂ui
∂x

+
∂(niTi)

∂x
= −eni

∂ϕ

∂x
− ν̃imi(ui − ud)ni, (9)

where the momentum exchange between the ions and the neutrals is not taken into account; Ti(e)
is the ion (electron) temperature, ϕ is the electrostatic potential, ν̃i is given by expression (3.68)
in [6]. The similar equation (with ν̃e determined by (3.67) in [6]) can be written for electrons.

For the neutrals we obtain

nn
∂(mnun)

∂t
+ nnmnun

∂un
∂x

+
∂(nnTd)

∂x
= −νnmn(un − ud)nn, (10)

where νnmn(un − ud)nn is the force of friction between neutrals and dust [6].

For the dust particles one has to take into account the momentum transfer in collisions
with ions and neutrals (the momentum transfer in collisions with electrons is negligibly small):

nd
∂(mdud)

∂t
+ ndmdud

∂ud
∂x

+
∂(ndTd)

∂x
= Zdnd

∂ϕ

∂x
−ν̃imi(ud − ui)ni − ν̃eme(ud − ue)ni − νnmn(ud − un)nn. (11)

Using (3), (9), (10), and the quasineutrality condition, one can find the following relationship
for the balance of the energy density:

(mini,0 +mdnd,0 +mnnn,0)
u2

0

2
+ ni,0Ti + ne,0Te,0

+ (nd,0 + nn,0)Td,0 = (mini,1 +mdnd,1 +mnnn,1)
u2

1

2
+ ni,1Ti,1 + ne,1Te,1 + (nd,1 + nn,0)Td,1. (12)

Since the system is an open one, there exists the energy absorbed by the dust grains which
should be in a balance with plasma heating and cooling to provide the conditions for the existence
of a stationary shock wave. In reality, such a balance can be established because the ionization
source heats the plasma usually and there also exists plasma cooling due to the thermal radiation
of the dust particles. Below the external heating sources are denoted by qEi , qEe , and qEd . The
energy transfer to electrons and ions by the external sources qEe and qEi , respectively, under the
stationary conditions is equal to the energy transfer to dust particles. The Coulomb collisions
of electrons and ions with dust particles are elastic and do not contribute to the energy transfer
to dust particles. Thus only the charging collisions contribute to the energy transfer to them.
Let us denote the rates of the energy transfer to the dust particles (contributed by electrons and
ions, respectively) as ν̂eneTe and ν̂iniTi, where ν̂e and ν̂i are the frequencies of the transfer
(determined by the charging frequency νq). The stationarity conditions before and behind the



shock front can be expressed in the following form:

ν̂e,0(1)ne,0(1)Te,0(1) = qEe , ν̂i,0(1)ni,0(1)Ti,0(1) = qEi . (13)

Thus, one can relate the magnitudes of the ion (electron) temperatures behind and before the
shock front:

ν̂i(e),0ni(e),0Ti(e),0 = ν̂i(e),1ni(e),1Ti(e),1. (14)

Furthermore, the stationarity means the equality of the heating and cooling processes. In
space plasmas the cooling process is usually due to the heat radiation of the dust grains. In
accordance with Stefan–Boltzmann’s law of radiation, the rate of radiation losses in optically
thin plasmas is proportional to T 4

dnd. Thus we have nd,0T 4
d,0 = nd,1T 4

d,1.

If the radiation is dominated in the energy transfer then the equation ndT 4
d = nd,0T 4

d,0 can
be used instead of the energy flux conservation equation even for the parameters of the dust in
the vicinity of the shock front.

The equations relating the parameters before and behind the shock front can be used for
definition of the parameters behind the shock front if those before the shock front are known.
The generalized Hugoniot relations in dusty plasmas are much more complicated than the
Hugoniot relations appeared in the conventional gas dynamics. The new relationships appear.
For example, in order to find the relationship between the dust charge behind the shock front
and the Mach number of the shock wave it is necessary to solve a set of equations (including
the transcendential ones). This problem can be solved only numerically.

Here we mention only the width of the shock front for the case when the Mach number of
the shock wave M � 1. In the case considered the width is determined [5] by the mean free
path of electrons and ions in collisions with the dust:

∆ξ ∼ λ2
D0ne0/and0Zd0, (15)

where λ−2
D = λ−2

De+λ−2
Di , λDe(i) is the electron (ion) Debye length, a is the dust particle size. The

magnitude of ∆ξ is much less than the particle mean free path for binary (electron–ion, electron–
electron, ion–ion) collisions. We emphasize that the process of the collisions of electrons and
ions with the dust particles results in the charging of the latter. Thus the dissipation which gives
rise to shock waves is related to the dust charging process.
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