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Abstract. Variations of the plasma pressure in a magneticmodel applicable for the Sun (Fisher et al., 2000), where the
flux tube can produce MHD waves evolving into shocks. In magnetic field consists of separate, thin magnetic flux tubes
the case of a low plasma beta, plasma pressure pulses in thiat accumulate magnetic energy generated by magnetic field
magnetic flux tube generate MHD slow shocks propagatingstretching. Inside such tubes, the plasma pressure is quite
along the tube. For converging magnetic field lines, suchsmall with respect to the magnetic pressure. Another type
as in a dipole magnetic field, the cross section of the magis a model of magnetic flux tubes with an enhanced plasma
netic flux tube decreases enormously with increasing magpressure. These models are relevant for cases of plasma per-
netic field strength. In such a case, the propagation of MHDturbations in the magnetospheres of the Earth and other plan-
waves along magnetic flux tubes is rather different from thatets. For these models, the behavior of plasma and the shape
in the case of uniform magnetic fields. In this paper, theof the magnetic tube are strongly dependent on the ratio of
propagation of MHD slow shocks is studied numerically us- plasma and magnetic pressures, which is called the plasma
ing the ideal MHD equations in an approximation suitable beta 8). In cases of large plasma beta fr- 1), the shape

for a thin magnetic flux tube with a low plasma beta. The of the magnetic flux tube depends strongly on the distribu-
results obtained in the numerical study show that the jumpgion of plasma pressure inside the tube. The latter can be rel-
in the plasma parameters at the MHD slow shock increasevant to magnetic tubes near a reconnecting magnetopause
greatly while the shock is propagating in the narrowing mag-or in the magnetotail plasma sheet (Chen and Wolf, 1999).
netic flux tube. The results are applied to the case of thdn the internal parts of the magnetosphere, the magnetic field
interaction between Jupiter and its satellite lo, the latter bedis quite strong and the plasma beta is likely to be small. This
ing considered as a source of plasma pressure pulses. plasma beta can be considered as an additional small param-
eter. In such a case, a small plasma pressure has no great
influence on the shape of the magnetic tube. This means that
a configuration of the magnetic flux tube can be considered
to be undisturbed. The latter is the case corresponding to the

Magnetohydrodynamics (MHD) has proved to be a usefulpmblem_ studied in the present paper. )

approach commonly used for modeling of space plasma be- 1h€ a@im of our paper is to model the propagation of MHD
havior in many aspects. However, in gerneral, MHD's prob- slow waves which are pr(_)duced by nqnsteady plasma pres-
lems are rather complicated to solve, in particular, in caseSU'e variations, along a dipole magnetic flux tube. The mag-
of a nonsteady, three-dimensional plasma flow. A possiblenencwbe thickness, normalized to the curvature radius of the
way to simplify the problem is to use asymptotic methodstUbe’ as well as the plasma beta are considered to be small
based on series expansion on small parameters. Models &ararne'ters.

thin magnetic flux tubes are examples of such an approach, 't 1S important to note that a local pressure enhance-

where the thickness of the magnetic tube is considered to bgwen,t produces mainly slow magnetosonic waves rather than
IAva en waves due to of the low plasma beta (see Appendix).

much smaller than the length scale of the tube (e.g. the cur- X
vature radius). Different types of such models exist based or*n0ther consequence of the low plasma beta is that the local

a thin magnetic flux tube approximation. The first type is a diSturbances of the shape of the magnetic tube can be con-
sidered to be very small, since the plasma pressure is much

Correspondence td4. K. Biernat less than the magnetic pressure.
(helfried.biernat@oeaw.ac.at) It is an important fact that the slow mode wave propa-

1 Introduction
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gates inside a dipole flux tube with a progressively decreas-
ing cross section. As a result, the wave amplitude (velocity

maximum) has to increase along the flux tube rather than de-
crease. For linear waves, this effect is qualitatively explained
in the Appendix. For nonlinear waves, this effect is studied

numerically in our calculations.

In principle, the proposed model can be used for the anal
ysis of wave processes occurring inside the magnetospheres
of the Earth and other planets, where different reasons for the
initial pressure pulses might exist. These pressure pulses can
be related to the reconnection pulses occurring at the mag-
netopause or at the neutral sheet of the magnetotail. For ex-
ample, a pressure pulse in the Earth’s magnetosphere can be

produced by the deceleration of a fast plasma flow Cause(liig. 1. Schematic illustration of the development of a nonlinear

by a reconnection pulse in the magnetotail. Plasma related Q0w mode wave due to a pressure pulse. The pararseintro-
the reconnected magnetic flux tube first starts to move rapidlyyceq as the distance measured along the flux tube.

along the plasma sheet towards Earth, and then it is deceler-
ated in the increasing geomagnetic field.
In particular, we apply this model to the interaction be- F is a sum of centrifugal and gravitation forces referred to a
tween Jupiter and its satellite 1o, which is considered to be anass unit
source of pressure enhancements (Combi et al., 1998). There
exists a direct observation of the plasma pressure in the vicing — v (G_M + }waZ) ,
ity of lo (Frank et al., 1996). According to this observation, r 2

the pressure has two peaks with an enhancement factor %hereG is the gravitational constanty/ is the mass of

~ 3. However, b.e tween these peaks, the spacecraft S€EMRe planet,r is the radial distance from the center of the
to cross the cold ionosphere of lo, and thus, the data pomt?)Ianet y is the distance to the rotational axis, andis

are not valid for the warm plasma in the torus. Extrapolat-the angular speed, respectively. Quanfibdenotes the to-
ing the data points with a Gaussian function reveals that th al pressure (the éum of magnetic and plasma pressures)
real enhancement of the plasma pressure must be even biﬁh‘ — P + B2/(2u0), andx is the polytropic exponent ’

?her,'~_ t'6-l This is the reaaor; Whwae_ usse |31(J)urpc§lgullgtlons From the mathematical point of view, we have a nonsteady
. fhml lal pressure amplitude; / t%_b aE 1/ oCI]_ (P1 initial-boundary problem for the ideal MHD equations. The
Is the pressure maximum, aikd is the background pressure geometrical situation of the problem is illustrated in Fig. 1.

at thehpomt of thﬁ pressure_malxmur;). b idered The ionospheres of lo and Jupiter with non-ideal plasmas are
“thlir:1"t Issinf:aesfr;et g’on;:gsqfélco]t l:;(etl:ugeczh ( ;-Cigntileelcrae Kot inclu_ded in our calculation domain. More specifically,
A PATL we consider the ideal MHD model to be suitable to describe
radius) is much smal!er thaq the curvature radius of the tUbeAva én as well as magnetosonic waves propagating in the re-
~ 5R; (R is the Jupiter radius). gion between the ionospheres of lo and Jupiter.
For computational convenience, we normalize the mag-
netic field and the respective plasma parameters as follows

2 Basic equations

. . T p 5 2
To describe nonsteady wave perturbations of magnetic field® = R/R;, t=1tVao/R;, P = P/(miNiVjq),
and plasma parameters, we apply the system of ideal MHD 5 = p/(n;N;), B = B/Bo, V = V/Vao, %)

equations (Landau and Lifshitz, 1960)
whereR; is the radius of the planet, subscript 0 denotes the

pﬂ 4+ p(V-V)V + VII — i(B -V)B = pF, Q) initial background parameters corresponding to the starting

ot Ko point, V4q is the Alfvén velocitymn; is the average ion mass,
ap N; is the ion density, andg is the magnetic field induc-
— +div(pV) =0, (2) tion. For our calculations, we take two values of the ini-
ot tial plasma beta (at the equator of the tubgy:= 0.02 and
9 P p Bo = 0.04. The latter is relevant to the conditions at the lo
E(p_'() + (V- V)(p—K) =0, (3)  orbit (Neubauer, 1998; Combi et al., 1998).

For the rotating plasma in the magnetic tube, the back-

9B ground plasma parameters are assumed to satisfy the equi-
—— —rot(V xB)=0, divB=0. (4)  librium equation

ot

pressure and magnetic field, respectively. The external forcgys ~ k7 55

Here, p, V, P, B are mass density, bulk velocity, plasma 9P P 9 (GMm

— + 0.5my2a)2) . (6)
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Here,k is the Boltzmann constant; is the temperature as-

sumed to be constant along the tubeis the average mass

of particles. Eg. (6) describes a “hydrostatic” equilibrium
in a rotating tube versus the curvilinear coordin&teThis

165

If the total pressure is a known function of the Cartesian
coordinates, which does not depend explicitly on time, then
the following energy equation is valid (see Appendix)

behaviour of the background plasma density as it is used in— | V2/2+ B?/(2p) + P/((k — 1)p) + I1/p + CD]
our model is in agreement with the empirical model based on !

observations (Bagenal, 1994; Mei et al. 1995;)
We introduce the material coordinate which is propor-

—(VB).

P (13)

tional to the mass of the plasma in the magnetic tube of theHere, ® is the sum of gravitational and centrifugal poten-

lengthsS

S
a=/o (o/B)dS'. (7)

This coordinate is a monotonic increasing function of the dis-
tanceS along the tube. In accordance with the mass conser

vation law, the quantity is constant along the trajectory of
a fluid element.

In addition tox, we introduce two other coordinate@sand
¥, which are the Euler potentials for the magnetic field

(8)

It is evident from this equation that the coordinatesnd
Y are constant along magnetic filed lines. As it is shown in
the Appendix, the quantities, ¢, andyr are constant along

B=V¢ x V.

trajectories of the fluid particles, and thus they can be inter-

preted as material coordinates.
Ideal MHD equations in material coordinates, known

tials. When the total pressure is a prescribed function of the
Cartesian coordinates, the Egs. (10, 11) are very similar to
those for an elastic string, and Eq. (13) expresses the energy
conservation for a string. Similar string equations were used
by Erkaev and Mezentsev (1992) and Erkaev et al. (1996) for
the magnetosheath region.

The total pressure can be considered to be a known func-
tion of x, y, andz for thin layers or thin magnetic tubes due
to the pressure balance across the layer. The total pressure
inside the layer should be equal to the undisturbed total pres-
sure outside the layer.

Assuming the initial background plasma betg to be
small, we seek a solution as a series expansion with respect
to this parameter

V= VBo(VOr.a. 6.9+ 0o).

B =B a,¢,9)+ 0o,

p=p0%,a¢,9)+ 00, (14)

as “frozen-in", were analyzed by Pudovkin and Semenov

(2977). Introducing the radius vecteas a function o, ¢,
andyr, we obtain the relations for the derivatives of the radius
vector (for details, see the Appendix)

or B or

o a ®)

3

o
Using the material coordinates ¢, and v, we transform

(see Appendix) the ideal MHD equations in the normalized

units into the following system
v 9B 1

— — — + —VII=F, 10

at 8a+p (10)
1 0 (B A%

P+=-B2%=1, —|(—=-)-—=0, 11
b=, m(p) i (11)

3<£>:Q —D(x,y,z) :E_ (12)

at \ p¥ D(a,¢,¥) p

Here,D(...)/D(...) denotes the Jacobian of the transforma-

tion. The components of the velocity and magnetic field can

be obtained as derivatives of the radius vector with respect t
a andt, (see Eq. 9). Equation (10) is the transformed MHD

P =poPO(t,a,0,9) + OBE), 1=1/\/Po. (15)

Using the expansion (14, 15) for the field-aligned veloc-
ity component, we obtain from system (9-12) the following
equations

avO 1 3p©

o T8O 5 T (10)
3 (BO av©

—|==])-——=0, (17)
at \ p© dor

3S

g—vw):o, (18)
y (PO

—l—1)=0 19
pym (p(o)K (19)

Here, F; is the normalized force along the magnetic tube

()

a
aS

w?y?po
4P

GMpo
2r Py

s =

momentum equation, the two formulas in Eq. (11) are the After simplifications based on a series expansiongpn

expressions for the total pressufeand the transformed in-

the problem is reduced to that of one-dimensional, nonsteady

duction equation, and the two formulas in Eq. (12) expressequations withV || B, which are solved numerically.

the polytropic law with exponent and the mass conserva-
tion.

In our calculations, the energy Eq. (13), together with
Egs. (16) to (18) , are used only for the first stage of the
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Fig. 2. The initial stage of the slow mode generation. From top to Fig. 3. Propagation of the slow shock along the flux tube. Distri-
bottom, the distributions of the normalized velocity, plasma density bution of the plasma velocity are shown as functions of the distance
and pressure are shown for different times in uity/ V4q. This along the magnetic tube for different times.

case corresponds to the parameter®, P,/ Py =6, Bg =0.04.

the characteristics for our equations in material coordinates

formation of the slow shock, produced by the local enhance—ma{(cxp/B)(AT/AO[)] <1,
ment of the plasma pressure at the initial moment. After that,
when the shock front is formed, we calculate the propagawhereC; is a local sonic speed’{ = /k P/p), A« is the
tion of the slow shock along the magnetic flux tube towardsgrid size for thex coordinate, and\r is the time step. For
the planet by separating the shock front and using systemho = 5.107°, the time step isA\t = 8.4810°° at the ini-
(16-18) with the adiabatic Eq. (19) behind the shock. Thistial moment, and it is equal tar = 3.5210°4 at the final
separation of the shock front allows us to obtain more ac-moment.
curate results. When a nonlinear MHD slow wave is evolved The numerical procedure is stable, and we checked the
into a shock, the shock front must be separated with the jumgonvergence of our numerical results by taking different grid
conditions for a slow shock. sizes. Changing the grid size by a factor o2y = 2.5 10°°

To solve the problem, we use the conservative, two-step fiandAa = 5. 107>, we obtained a very small difference in the
nite difference numerical scheme of Godunov (Godunov anchumerical solutions. For these two steps, the velocity max-
Ryabenkii, 1987) with a constant grid size fora; = i Aa. ima areVmax= 0.8603 and/imax= 0.859, respectively.
At the first step, the method of characteristics is used to cal-
culate the density, velocity, and magnetic field at intermedi- . .
ate grid points labeled by half-integer numbers. On the sec?’ Results of MHD simulations

onld sltetp,dth;atﬁlasmg pa_rgme_tetrslagdltge ng.nteuc field AEgure 2 shows the first stage of the slow-mode generation.
calculated at tne main grd points fabeled With INteger NUM-rnq jnitial pressure pulse decays into two nonlinear slow

bers waves propagating along the flux tube in opposite directions.
1A The amplitudes of these waves are decreasing in the course of
n+l _ un T n+1/2 n+1/2 n . . .
Vit =V" - B Agl Ptz ~ Ficyy2 + AtTF;, time, the leading fronts are becoming more and more steep,
il ! \ and eventually, the slow waves are converted into shocks.
<§> _ (E) n ﬁ[vwlﬂ B 'n+1/2] ' From top to bottom, the distributions of the normalized ve-
o/ p); Aa i+1/2 i-1/2 locity, density, and plasma pressure are shown for different

times in unitsk ; / V0.
Each time step is determined from the Courant-Friedrichs- If the cross section of the magnetic flux tube would no
Lewy (CFL) condition which provides the stability of the nu- longer change, the process of wave propagation could be eas-
merical scheme. Here, the CFL condition is determined byily predicted: slow shocks would travel along the flux tube,
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Fig. 4. Distributions of the plasma pressure as functions of the dis-Fig. 5. Distributions of the plasma density as functions of the dis-
tance along the tube for different times. tance along the tube for different times.

thereby being gradually damped with decreasing flow veloc-maxima is a bit less than the square root of the ratio of the
ity behind the shock front. pressure pulse amplitudes.

However, the flux tube cross section is inversely propor- Comparing panels 1 and 4, one can see that the variation of
tional to the magnetic field strength and therefore, it has tothe polytropic exponent has no great influence on the results
decrease as® decreases due to the dipole field configura- of the calculations.
tion. Hence, the plasma flow has to move into a flux tube The different behaviours of plasma pressure and density
that becomes narrower and narrower. as shown in Figs. 4 and 5, can be explained as follows: a

Figures 3, 4, and 5 show distributions of the plasma veloc-decrease in the density calculated just behind the shock is
ity, pressure and density as functions of the distance along thes|ated to the fall in the background density caused by the
magnetic flux tube for different cases. From top to bottom, centrifugal force. However, an increase in the shock intensity

we use plays no crucial rule, because the density jump at the shock
is limited by a constant value depending on the polytropic

Bo=004, Pi/Pp=6 k=2 exponent.

Po=002 P/Po=6, «=2 At the initial stage of the wave propagation, the plasma

Bo=004, Pi/Ph=3, k=2 pressure decreases for the same reason as for the density (de-

Bo=004, P/Po=6, «=25/3. crease in the background pressure). However, for a suffi-

ciently larger, the pressure has a well pronounced enhance-

Here, P; is the amplitude of the initial pressure pulse. ment, due to the pressure jump at the shock being much

The different shock positions correspond to the differentlarger than the density jump. Concerning the background
times scaled t&R;/ V40. Comparing the first and the second parameters, plasma pressure and density are proportional to
panel (from top to bottom), one can see the effect of the vari-each other because the undisturbed temperature is assumed
ation of the initial background beta parametets & 0.04, to be constant.
and Bp = 0.02) for a fixed amplitude of the pressure pulse Figure 6 represents the quantities calculated just after the
(P1/Po=6). An increase in the initial plasma beta brings shock front as functions of the distance traveled by the shock.
about an enhancement of the velocity maximum with respectrom top to bottom, the first three panels of Fig. 6 show ve-
to the initial Alfvén speed. locity, density, and plasma pressure just behind the shock as

Comparing the first and the third panels, one can see théunctions of the travel distance of the shock for different in-
effect of the variation in the pressure pulse amplitude. Anput parameters. The lowest curve corresponds to the small-
increase in the pressure pulse amplitude leads to an enhancest initial beta. The bottom panel shows the distance to the
ment of the velocity maximum. The ratio of the velocity dipole center and the travel time of the shock as functions of
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] Fig. 7. Comparison of the velocities just behind the shock calcu-
. lated for rotating (1, 2) and nonrotating (3, 4) tubes for the different
] initial betas. Curves 1, 3 corresponddg=0.04, and curves 2, 4 cor-

1 respond tg8=0.02. The velocity is normalized to the background
] sonic speed’.

E which the centrifugal potential affects substantially the distri-
4 bution of the background plasma pressure and density along
the tube.

i As it was shown, the slow wave propagation in a flux tube
2.0 4.0 6.0 8.0 with an increasing magnetic field and correspondingly de-
S/Ry creasing tube cross section is considerably different from that
for a homogeneous magnetic field. The narrow channel ef-

Fig. 6. The first three panels correspond to velocity, density andfect leads to an intensification of the propagating wave rather
plasma pressure just behind the shock as functions of the travel propag 9

distance of the shock for the different input parametersgd k- _than to damping due to its expansion. This effect might be
0.04, P1/Py = 6,k = 2 (2) fo = 0.02, P1/Pg = 6,k = 2; (3)  Important for the Sun or other planets where pressure pulses
Bo = 0.04, P1/Py = 3,k = 2; (4) fp = 0.04, P;/Py = 6,k =  can be produced inside thin flux tubes.

5/3. Bottom panel: Distance to the dipole center and travel time of

the shock as functions of the travel distance.

b R RN RN ‘\\\"\/PV\’\\

co N &~ o m od

4 Discussion and conclusions

the travel distance. In the case of converging magnetic field lines, such as in a
This figure indicates clearly the different stages of the dipole magnetic field, the propagation of MHD slow shocks
wave propagation. At the first stagé &« 0.5R,), the non- s studied numerically using the ideal MHD equations in an
linear MHD slow wave produced by the pressure pulse isapproximation suitable for a thin magnetic flux tube with
evolved into the shock. At the second stag®f) < S <  low plasma beta. The result obtained in the numerical study
2R;), the wave amplitude characterized by the plasma veshows that the intensity of the MHD slow shock increases
locity behind the shock is nearly constant. At this stage, agreatly while the shock is propagating along the narrowing
shock damping is compensated by two factors: the decreas@agnetic flux tube.
in the background density due to the centrifugal effect, and This effect has a simple physical explanation in the case of
the gradual decrease in the magnetic tube cross section. Dufinear wave perturbations. Let us consider a pressure pulse
ing this period, the plasma pressure behind the shock deof duration Ar. For simplicity, we consider a linear mag-
creases due to the fall into the background pressure causesbtosonic wave perturbations generated by the pulse. This
by the centrifugal force. At the third stagé & 2R,), the  pressure pulse produces a wave packet of duratiopropa-

wave amplitude starts to enhance due to a rapid increase iating along the magnetic flux tube. The energy of this wave
the magnetic field strength and a corresponding decrease iperturbation can be estimated as

the magnetic tube cross section. The velocity reaches its
maximum value by the arrival at the poirt & 6.4+0.1R}) 1 2
. . X ; W==-X CsAt. 20

for all cases. After this maximum point, the velocity starts p “POU Ty (20)
to decrease as a result OT th_e enhancement of the baCkgrou'?—?ere,E is the cross section of the magnetic flux tube.
pressure due to the gravitational force. Taking int nt the behaviour of the cr tion

Figure 7 shows the comparison of velocities calculatedjustalo:‘ th% tuk:)e aé:cou € behaviour ot Ine cross sectio
behind the shock for rotating and nonrotating magnetic flux 9 €0
tubes. One can see that the velocity enhancement is much 5 g,
more pronounced in the case of a rotating magnetic tube, ir= = B

3
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we find a relation between the wave amplitude and the magAcknowledgementsThis work is supported by the INTAS-ESA
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The wave energy is proportional to the amplitude of the earch and by project 1.4/2001 fronDsterreichischer Akademis-

pressure pulse, and thus the wave amplitude is plﬁC)pomonaiher Austauschdienst”. We acknowledge support by the Austrian

to th_e square rooF of the pre;sure pulse. Qne can also SGJ'Vf'cademy of Sciences, “Verwaltungssteliér fAuslandsbeziehun-
that in the narrowing magnetic flux tube, a linear wave am-ggpy,

plitude should increase proportionally to the square root of
the magnetic field strength. However, in the nonlinear case,
this effect is less pronounced due to plasma heating at théppendix A  Introduction of a mass variable and Euler
shock front. potentials as material coordinates

The centrifugal force caused by the rotation of the mag- ) ) _
netic flux tube plays an important role in the process of slow!" this subsection, we prove that the mass coordinate and Eu-
wave evolution. In the rotating magnetic tube, the back-'?r potent_|als u;ed in our solution are constanF along trgjecto—
ground density and plasma pressure increase along the tui€S of.flwd particles, and thus they are material cc_)ordlnates.
towards the equator. In such a case, a slow wave propagatin?1 We introduce the Euler potentials andy,, determined by
from the equator with decreasing density and plasma prestN€ equation

sure is evolving into the shock much faster than that in thep _ Vo x V. (A1)
case of a nonrotating tube with constant background param-
eters. These potentials are constant along a magnetic field line and

The model is applied to the case of the interaction betweersatisfy the equations
Jupiter and lo. The latter is considered as a source of plasm?
pressure pulses. One aspect of the lo-Jupiter interaction i§ V$=0 B-Vy=0. (A2)

that of Alfven waves, generated by lo moving in a magne-ysing these equations, we can determine the potentials for
tized plasma (Bagenal, 1983; Menietti and Curran, 1990).a]| magnetic field lines. Near the planet, these potentals
Our study focuses on an additional mechanism of the interandy, can be considered to be equal to the magnetic latitude
action between lo and Jupiter based on MHD slow shocksand longitude, respectively.

propagating from lo towards Jupiter along a magnetic flux  For each magnetic field line characterized by two constant
tube. We believe that the slow mode waves are not onlyparametersp and v+, we define a functionx(S, ¢, ¥) de-

important in the course of the torus plasma flow around |0pending on the distancg a|ong the magnetic field line as
(Kopp, 1996; Linker et al., 1991), but they can also be re-fgllows

sponsible for specific phenomena, such as aurora or DAM s
radiation, together with Alfén waves. a= [ p/BdS . (A3)
As far as the aurora is concerned, we suggest the following 0
interpretation of the slow wave input which is considered to grom this definition it follows that
be complementary to the Alen mechanism. Direct obser-
vations of the lo footprint aurora show that there is a bright B - Va = p.. (A4)
Igadlng 'pomt cqrrespondmg tq the projection .Of I.o' In addl'dn our definition, the quantitw and distanceS are equal to
tion, a diffuse fainter emission is observed, which is extende bero at the equator
in longitude with several bright spots in the tail (Connerney = _. i . .
. ! . . Finally, we have three quantities ¢, andy which can be

et al.,, 1999). The leader is certainly connected with the first ; :

. ) L .. used as independent coordinates. Now we have to prove that
Alfv én wave arrival at the Jovian ionosphere. The trailing

. . h iti ial i .

spots have been interpreted as arrivals of the reflecte@Alfv these quanf[mes are materia coordlngtes .

waves (Connerney et al., 1999). It is our point that one of We consider Eqs. (A2, A4) as a linear algebraic system
y N ’ P with respect to the three unknown quantitiés By, B,. A

these bright spots in the tail might be connected with the ar- . ; : .
. solution of this algebraic system is
rival of a slow shock.

With regard to DAM observations, Genova and Aubier ,  p D(¢, ) _ 1D, ¥)
(1985) found the lag in the range of 58 betweenthe ~*~ J D(y,z)° °  J D(z,x)
instantaneous position of the lo flux tube and the source re- 1D, V)
gion of decametric radio emissions. The observational es- Bz = T D,y (AS)

timations of the lag were diminished in recent studies by

Queinnec and Zarka (1998). They showed that some parté/here/ is a Jacobian

of the DAM emission have 3650° lag. The lag calculated D(a, ¢, ¥)

in our model for the MHD slow shocks is about®45 I = D, v,2) (A6)
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In vector form, Egs. (A5) can be written as follows The last equation can be simplified to
P . . .
B="2vpxvy. (A7) Odrde 9roe  oroy (A16)
J da do 0P da Y
Comparing (A7) and (A1), we find the Jacobidn= p Here
Using the standard technique of Jacobian transformatlons _ da . do - dl//
we find that b=—, ¢=—, y=—
dt dt
= 3D(¢’ ) _r Dx, ¢, ¥) We consider the vector Eq. (Al16) as three scalar homo-
J D(y,2)  J D(x,y,2) geneous algebraic equations with regard to the quantities
D(x,y,z) D(x,9.¥) 3(&)/der, () /dat, DY) /der.
D(x,¢,¥) D(x,y,2) The determinant of this system is the Jacohlahat is not
D(x ¢, ¢)  ox equal zero (see abové, = p). For a nonzero determinant,
- D((x b)) Psa’ (A8) this system has only the trivial solution if
i dé ¢ 3y
Using similar transformations for the other components, 9o _ 99 _ 0. W _, (A17)
we obtain teled oo do
dy 9z According to our definition, for each magnetic field line,
By = Pa’ B, = p£~ (A9) quantity @ is equal to zero at the equator. This condition

and Eq. (A17) bring about = 0 everywhere.
The Euler potentials are equal to latitude and longitude of
B, ALD the magnetic field line near the planet, where- 0 andy: =
p (A10) 0. These boundary conditions for Euler potentials together

do’
Furthermore, we use the induction equation for the frozen- with equations (A17) lead to the equatiapis= 0 andy = 0
everywhere.

in magnetic field, which can be written in the form

The last three equations can be written in a vector form

The proved statement is
4 <E> _ <E . v) v (A11)  da de dy
dt\p) \p ’ EZO’ EZO’ dt_o (A18)
Hered()/dt is the derivative along the trajectory of a fluid Therefore, the introduced independent variakleg, v are
particle defined as material coordinates.
a0 30 From Egs. (A14) and (A18) we obtain a simple relation
—_— = +V.V()= between velocity and radius vector:
dt ot x,y.z 9
r
& +d_a@+d_¢&+ﬂ& (A]_Z) VZE . (Alg)
M agy dt da  dt 3¢  dt Y ..
Using (AL0), (A2), (A4) and (A11), and considerirgjand Using Egs. (_A2), (A4) and (A18), the dimensionless mo-
o to be functions ofd, ¢, ., ) , we get the equation mentum equatlon can be transformed as follows
dV 1
4 (8—r> = ﬂ. (A13) dt Vl‘l (B V)B - F
dt \ da do BV 1 19B
Taking into account a kinematic relation between the velocity ~— — “5; + ;VH - ;_(B - Va)
and radius vector as given in relation (A12), we get 198
d ———( ¢)———(B V) —
r or do or dqb or dw or ¢ Yy
=4t " tagy  dida dardg T aray A 3V 1 aB
oy di da didg - di Iy = vn-22 _F-o (A20)
Substituting (A10) and (A14) into Eq. (A13) and using i p Bar
(A12), we finally obtain Using Egs. (A2), (A4), and (A18), we transform the in-

duction Eqg. (A11)

9%r L da da 8 [0r
da ot dt Ba Jo i <E) — (E . V) \ 4

dop 8 (or\ dy & [or dr \ p p
*arg () o (i) (B poy
2r 9 [(dadr o1 gt
= 9i9a + o (Z @) The MHD system is closed by the adiabatic equation

3 (dpar\ 9 (dy or L ipioy= 2 (proy—o. A22
+£<dt8¢>+_<dt 81//> (A15) dt( ) 8t( ) i
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Appendix B Energy equation

Equation (A20) multiplied by the vectov yields a scalar
equation

av2/2 9B 1
/2 _y. 0B + vn V=F.V. (B1)
at " da
Using equations
_or 3V 9 (B
o’ da  dr\p)’
a (P
P=T11-B?%2 — (—) =0, (B2)
at \ p¥
and assuming that
IT =TII(x, y, 2), (B3)
and using the relations
oIl d
ovn. I, F=-ve, (B4)
at at
we transform Eq. (B1) as follows
ave/2 B 1 or or
- —+—VIl-—+Vo-
at da p at at
av2/2  d(B-V) 3 (B 191 9
= - +B - —|—=)+-—+—
at do at \ p p ot ot
d v2+32+n+© d(B-V)
ar \ 2 20 o
B%\ 13
+(n-=)52
2 ] p2 ot
9 (v? B? L L G
S \2 20 (k-Dp
aB-V
_X ) =0. (B5)
Ja

Appendix C Estimation of the Alfvén perturbations
produced by a pressure pulse

For an Alfven wave, perturbations of velocity and magnetic
field are proportional to each other

1
b..
J/10po

v] = (Cl)
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magnetic flux tube is determined by a functidn= 5(S),
wheres is the perturbation of the radius of the tube.

The perturbation of the magnetic tube radius is related to
the perpendicular magnetic field componént as follows

dé 8
— ~ Bo—,

b, =B
T s %

(C2)
where subscript 0 denotes undisturbed parameters). asd
the length scale of the perturbation.

The conservation law for the magnetic flux in the tube
yields
(Bo + b)) (A +8)%> = BA?, (C3)
whereA is the undisturbed radius of the given magnetic flux
tube. For linear perturbations, the last equation is simplified
to

1)
by = —2Bg—.

- (4

From Egs. (C2) and (C4), we find a relation betwéen
ande

(C5)

For a given total pressure, the parallel perturbation of the

magnetic field can be estimated as
n—1

by = ~o(P — Po)/ B ~ ——— Bofo. (C6)
Here,n = P1/ Py is the ratio of the initial pressure maximum
to the background pressure at the equator. In our model, this
ratio is taken to be 6 or less.

Using the equations above, we obtain

An—1 Bg
R 1) (C7)
A4 Juop
The energy of an Alfegn wave can be estimated as
1 2 —D%  ,A%
Wa ~ EpUJ_Z)\ ~ 32 ,OVATﬁOE (CS)
The energy of a slow wave can be estimated as
1
Wy ~ PAY, (C9)
k—1

We consider a local deformation of the magnetic flux tubewherex is the polytropic exponent.

caused by an enhancement of the plasma pressure. The en-Taking the ratio of the energies as estimated above, we find
hanced plasma pressure thickens the cross section of the tube.

This local expansion of the magnetic flux tube can generate

a slow magnetosonic wave, as well as an Alfwave.

For simplicity, we consider the cross section of the tube

(n— 1)2 V2 A2

g2 (n—1? A2
32 szo_

16n A2

—5Po. (C10)

AWS

as a circle. We introduce perpendicular and parallel compo- Taking A ~ A, andn ~ 6, we obtainW,/ W, ~ 0.3f0.
nents of the disturbed magnetic field, which are defined with Thus, the Alf\en wave energy produced by a pressure
respect to the center line of the tube. A deformation of thepulse is much less than that of the slow magnetosonic wave.
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Appendix D Estimation of the plasma velocity behind
the slow shock front
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