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A B S T R A C T

Similarity solutions for the flow of a non-ideal gas behind a strong exponential shock driven out by a piston
(cylindrical or spherical) moving with time according to an exponential law is obtained. Solutions are obtained, in
both the cases, when the flow between the shock and the piston is isothermal or adiabatic. The shock wave is
driven by a piston moving with time according to an exponential law. Similarity solutions exist only when the
surrounding medium is of constant density. The effects of variation of ambient magnetic field, non-idealness of
the gas, adiabatic exponent and gravitational parameter are worked out in detail. It is shown that the increase in
the non-idealness of the gas or the adiabatic exponent of the gas or presence of magnetic field have decaying effect
on the shock wave. Consideration of the isothermal flow and the self-gravitational field increase the shock
strength. Also, the consideration of isothermal flow or the presence of magnetic field removes the singularity in
the density distribution, which arises in the case of adiabatic flow. The result of our study may be used to interpret
measurements carried out by space craft in the solar wind and in neighborhood of the Earth's magnetosphere.

1. Introduction

Waves deposited their energy by either radiative damping or by shock
dissipation. Super-Eddington rates of acoustic dissipation can stimulate
intense winds like those seen from luminous blue variables and Type II
supernova progenitors. Quataert et al. [1] envision radiative diffusion as
the dominant form of wave dissipation in such events, but Ro and
Matzner [2] have seen that, shock dissipation is more relevant. Moreover,
the existence of 5000kms�1 motions around η-Carinae implies shock
driving, as do 2000� 7000kms�1 speeds in the 2009ip precursor (Foley
et al. [3]). These considerations motivate a detailed investigation of
shocks within stars, which begin by Ro and Matzner [2] by analyzing the
birth and early phase of a radially propagating shock front. Dessart et al.
[4] noted that shocks may be responsible for many types of outbursts and
that they occur naturally when energy is released over a period shorter
than the dynamical time. However, energy is usually released deep
within a star where sound speeds are relatively large, so part of the
deposited energymust first travel outward as a sound pulse or continuous
wave. If the sound is sufficiently intense, it will convert into a shock at
some point within the star. Indeed, shocks are a natural outcome of sound
propagation. Barring reflection and dissipation by other means, all
acoustic waves steepen into shocks in finite time (Landau and Lifshitz

[5]). Shocks launched by waves from the convective zone have long been
considered as a heat source for the solar corona (Biermann [6,7] and Ro
and Matzner [2]). Shock waves are common in the interstellar medium
because of a great variety in supersonic motions and energetic events,
such as cloud-cloud collision, bipolar outflow from young protostellar
objects, powerful mass losses by massive stars in the late stage of their
evolution (stellar winds), central part of star burst galaxies, supernova
explosions, stellar winds, photo ionized gas, etc. Shock waves are also
associated with spiral density waves, radio galaxies and quasars. Similar
phenomena also occurs on laboratory situations, for examples, when a
piston is driven rapidly into a tube of gas (a shock tube), when a projectile
or aircraft moves supersonically through the atmosphere, in blast wave
produced by a strong explosion, or when rapidly flowing gas encounters a
constriction in a flow channel or runs into a wall (Nath and Vishwakarma
[8]). The explanation and analysis for the internal motion in stars is one
of the basic problems in astrophysics. According to observational data,
the unsteady motion of a large mass of gas followed by sudden release of
energy results in flare-ups in novae and supernovae. A qualitative
behavior of the gaseous mass may be discussed with the help of the
equations of motion and equilibrium taking gravitational forces
into account.

The flow speed of the stellar wind, which is emanated by the hot
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corona of the sun ranges from 250 to 750 km/s (Hansteen and Velli [9]).
Astrophysical winds or the blast shells emitted by supernovae can be
even faster (Vink [10] and Marcowith et al. [11]). A wind or out flow
expands until it encounters an obstacle or a secondmedium that moves at
a different speed and can resist the wind's ram pressure. An example for
an obstacle is a planetary magnetic field and a second medium could be
the interstellar medium (ISM). Shock form if the slowdown of the wind or
outflow exceeds the speed of its density waves (Dieckmann et al. [12]).
Also, Solar flares are the largest explosive events in the solar system, and
it is easy to imagine that such explosions generate shock waves that
propagate in the solar corona. In 1960, a coronal shock wave was indi-
rectly discovered in the Hα spectral line (Moreton [13], Narukage et al.
[14]). Parker [15] has pointed out that the hydrodynamic blast wave
theory can usefully describe the large scale domain to which the flow due
to at once expansion of the solar corona asymptotically converges. Using
similarity assumptions, he has presented a number of numerical solutions
for his idealized adiabatic “solar wind” model. These solutions corre-
spond to the flow driven by a spherical piston in power lawmotion whose
surface is the contact discontinuity enveloping the fresh flare corona in
the centre core. Director and Dabora [16] pointed out that the similarity
solutions for time-dependent energy input cases as presented by Rogers
[17] and Dabora [18] indicate that the blast waves resulting from linear
time-dependent energy input are, in essence, “piston-driven” waves.
They presented a numerical investigation of spherical blast waves with
time-dependent energy deposition at the inner boundary which is a
piston obeying a power law motion. Sedov [19] (see Rao and Ramana
[20]) indicated that a limiting case of a self-similar flow-field with a
power law shock is the flow-field form with exponential shock. Rao and
Ramana [20] obtained approximate analytical solutions for the problem
of unsteady self-similar motion of a perfect gas displaced by a piston
according to an exponential law.

The self-similar gas dynamics in spherical symmetry involving self-
gravity and thermal pressure has been studied over past several de-
cades with complementary perspectives and various applications. In
astrophysical and cosmological contexts, Larson [21] and Penston [22,
23] independently studied self-similar flow solution in a self-gravitating
gas. For modeling star formation processes in molecular clouds and in
contrast to the earlier results (Larson [21] and Penston [22,23]), Shu
[24] explored self-similar collapse behaviors of an isothermal gas and
obtained the central free-fall asymptotic solution and the static solution
at large radii initially. Carrus et al. [25] studied the propagation of shock
waves in a gas under the gravitational attraction of a central body of the
fixed mass (Roche Model) and obtained similarity solutions by numerical
method. Rogers [26] discussed a method for obtaining an analytical so-
lution to the same problem. Ojha et al. [27] discussed the dynamical
behavior of an unstable magnetic star by employing the concept of the
Roche Model in an electrically conducting atmosphere. Rybakin et al.
[28] have presented the numerical simulation results of interaction
process of supernova strong shock with interstellar molecular cloud in
3D. The appearance of hydrodynamical flow, contraction, fragmentation
processes and formation of turbulent flow in the cloud and surrounding
media was simulated by them without considering the gravitation, heat
conductivity and radiative losses. Also, Nath and Vishwakarma [29]
obtained the non-similarity solution for the flow behind a strong spher-
ical shock wave propagating in a self-gravitating dusty gas, in both cases
when the flow behind the shock was isothermal or adiabatic. In all of the
works, mentioned above, the medium is taken to be perfect gas satisfying
the equation of state of a perfect gas.

Since at high temperatures that prevail in the problems associated
with the shock waves a gas is ionized, electromagnetic effects may also be
significant. A complete analysis of such a problem should therefore
consist of the study of the gas-dynamic flow and the electromagnetic field
simultaneously. A detailed study towards gaining a better understanding
of the interaction between gasdynamic motion of an electrically con-
ducting medium and magnetic field within the context of hyperbolic
system has been carried out by many investigators such as (Shang [30],

Lock and Mestel [31]). A detailed review in the field of magneto-
gasdynamic flows can be seen in the paper (Shang [30]). The strong
magnetic fields play significant roles in the dynamics of the interstellar
medium. The interplanetary medium is surrounded by electrically con-
ducting fluid called plasma. When the moving plasma or the solar wind
interacts with magnetic fields in its way, electric currents are induced,
which in turn generate magnetic fields that change the plasma move-
ment. The shock waves in the presence of a magnetic field in conducting
non-ideal gas can be important for description of shocks in supernova
explosions and in a number of astrophysical situations. Among the in-
dustrial applications involving applied external magnetic fields are drag
reduction in duct flows, design of efficient coolant blankets in tokamak
fusion reactors, control of turbulence of immersed jets in the steel casting
process and advanced propulsion and flow control schemes for hyper-
sonic vehicles. The magnetic fields have important roles in a variety of
astrophysical situations. Complex filamentary structures in molecular
clouds, shapes and the shaping of planetary nebulae, synchrotron radi-
ation from supernova remnants, magnetized stellar winds, galactic
winds, gamma-ray bursts, dynamo effects in stars, galaxies, and galaxy
clusters as well as other interesting problems all involve magnetic fields
(see Hartmann [32], Balick and Frank [33]).

The assumption that the gas is ideal is no longer valid when the flow
takes place at high temperatures. Anisimov and Spiner [34] studied a
problem of point explosion in a non-ideal gas by taking the equation of
state in a simplified form, which describes the behavior of the medium
satisfactorily at low densities. Wu and Roberts [35] and Roberts and Wu
[36] have taken the similar equation of state of the medium to investigate
shock wave theory of sonoluminescence. Vishwakarma and Nath [37]
obtained the similarity solutions for the flow of a non-ideal gas behind a
strong exponential shock driven out by a piston (cylindrical or spherical)
moving with time according to an exponential law without considering
the effect of magnetic field and gravitational effect of the gas. Also, Singh
and Vishwakarma [38] and Nath [39] have obtained the similarity so-
lutions for the propagation of spherical shock wave in non-ideal dusty gas
with heat conduction and radiation heat flux under the influence of
gravitational field of heavy nucleus at the centre (Roche Model).

In this paper we obtain the self-similar solutions for the propagation
of a magnetogasdynamic shock wave in a non-ideal self-gravitating gas in
presence of an azimuthal magnetic field. The shock is driven out by a
piston moving with time according to exponential law (Rao and Ramana
[20], Vishwakarma and Nath [37]). The motion of the piston is assumed
to obey the law

rp ¼ A*eλt; λ>0; (1)

where rp is the radius of the piston, A* and λ are dimensional constants
and t is the time. ‘A*

’ represents the initial radius of the piston. It may be,
physically, the radius of the stellar corona or the condensed explosives or
the diaphragm containing a very high-pressure driver gas, at t ¼ 0. By
sudden expansion of the stellar corona or the detonation products or the
driver gas into the undisturbed ambient gas, a shock wave is produced in
the ambient gas. The shocked gas is separated from the expanding surface
which is a contact discontinuity. This contact surface acts as a piston for
the shock wave in the ambient medium (Vishwakarma and Nath [37],
Rosenau and Frankenthal [40]). Also, another justification for expo-
nential growth of expanding piston refers to internal energy source is
simulating ignition process. Ignition delay is a notational characterizing
in experiments the time interval between mixtures is placed under defi-
nite conditions and active energy release beginning accompanied by
temperature and pressure growth. Ignition delays are often measured in
shock tube experiments behind reflected shock waves. Dependence of
ignition delay on temperature is always monotonous for constant pres-
sure. Ignition delay decreases exponentially on linear increase of tem-
perature. Detonation onset initiated by an energy release in the ignition
zone (Smirnov and Nikitin [41]). Also, Smirnov et al. [42] have studied
the combustion onset in non-uniform dispersed mixture and found that
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