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Abstract. The interaction of magnetohydrodynamic (MHD) waves in a non-
uniform, time-dependent background plasma flow is investigated using Lagrangian
field theory methods. The analysis uses Lagrangian maps, in which the position of
the fluid element x* is expressed as a vector sum of the position vector x of the
background plasma fluid element plus a Lagrangian displacement &€(x, t) due to the
waves. Linear, non-Wentzel-Kramer—Brillouin (WKB) wave interaction equations
are obtained by expansion of the Lagrangian out to second order in £ and AS,
where AS is the Lagrangian entropy perturbation. The characteristic manifolds
of the waves are determined by consideration of the Cauchy problem for the wave
interaction equations. The manifolds correspond to the usual MHD waves modes,
namely the Alfvén waves, the fast and slow magnetoacoustic waves and the entropy
wave. The relationships between the characteristic manifolds, and the ray equations
of geometrical MHD optics are developed using the theory of Cauchy characteristics
for first-order partial differential equations. The first-order differential equations
describing the singular manifolds are the dispersion equations for the MHD ei-
genmodes, where the wave vector k = V¢ and frequency w = —¢; correspond
to the characteristic manifolds ¢(x,t) = constant. The form of the characteristic
manifolds for both time-dependent and steady MHD flows are developed. The bi-
characteristics for steady MHD waves in a steady background flow are related
to the group velocity surface and Mach cone for the waves, and determine when
the flow is elliptic, hyperbolic, or of mixed hyperbolic—elliptic type. The wave
interaction equations are decomposed into coupled equations for the compressible
and incompressible perturbations.

1. Introduction

Heinemann and Olbert (1980) obtained bi-directional evolution equations describ-
ing the propagation of toroidal Alfvén waves in the Solar Wind, in which the back-
ward Alfvén wave is coupled to the forward Alfvén wave via large-scale gradients in
the background flow. This is known as wave mixing in the space physics community.
Zhou and Matthaeus (1990) and Marsch and Tu (1989) and others, subsequently
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developed theories for Alfvénic turbulence in the Solar Wind which naturally in-
corporated the effects of wave mixing on the turbulent fluctuations (e.g. Tu and
Marsch 1995). The ponderomotive force of the Alfvén waves on the background
wind flow has been invoked as an important element in accelerating the Solar Wind
in both Wentzel-Kramer—Brillouin (WKB) models (e.g. Hollweg 1978; Alazraki
and Couturier 1971; Jacques 1977; McKenzie 1994), and non-WKDB models of wave
accelerated winds (e.g. Heinemann and Olbert 1980; Lou 1993; MacGregor and
Charbonneau 1994). Webb et al. (1999) developed wave mixing equations for the
seven magnetohydrodynamic (MHD) wave modes in one Cartesian space dimen-
sion with application to wave interactions and instabilities in cosmic ray modified
shocks. The relation between this formalism, based on the MHD eigenvectors, and
a variational approach, for the case of one-dimensional sound waves and entropy
waves in compressible gas dynamics was investigated in Webb et al. (1998a).

There is an extensive literature on the application of Lagrangian and Hamilto-
nian methods in MHD and fluid mechanics. Herivel (1955) considered a Lagrangian
version of Hamilton’s principle for incompressible fluids, whereas similar develop-
ments for compressible, non-homentropic fluids were considered by Serrin (1959).
Early, Eulerian versions of Hamilton’s principle for ideal fluids were those of Lin
(1963) and Seliger and Whitham (1968). Whitham (1974) discusses averaged
Lagrangian methods for linear and nonlinear dispersive waves. Newcomb (1962)
obtained Lagrangian variational principles for MHD and Chew—Goldberg—Low
(CGL) plasmas. Broer and Kobussen (1974) showed that the conversion from Eu-
lerian to material (i.e. Lagrangian) coordinates could be viewed as a canonical
transformation. The role of wave action conservation for waves in non-uniform
media were elucidated by Bretherton (1971). Dewar (1970) developed a variational
approach to the propagation of WKB magnetohydrodynamic waves in inhomo-
geneous media. Dewar (1970, 1977) discussed canonical and physical stress energy
tensors for waves, and the background medium through which the waves propagate.
Generalized Lagrangian mean flows, and the interaction of waves with the mean
flow were introduced by Andrews and McIntyre (1978) (see also Grimshaw (1984)
and Holm (1999)). A good general review of variational methods in fluid mech-
anics is given by Salmon (1988). Non-canonical Poisson brackets for MHD were
introduced by Morrison and Greene (1980, 1982).

The main aim of this paper is to provide a framework for linear, non-WKB, MHD
wave propagation in non-uniform media such as the Solar Wind, based on the MHD
variational principles of Dewar (1970, 1977) and Newcomb (1962).

Sections 2—4 consider non-WKB, linear wave propagation in a non-uniform back-
ground medium. The analysis is based on Dewar’s variational principle in which the
Lagrangian is expanded out to second order in the Lagrangian wave displacement
&, and in terms of a Lagrangian perturbation in the background entropy AS.
Variations of the action with respect to § yields a system of linear wave evolution
equations for &, which is equivalent to the perturbed momentum equation for the
system modified by the effects of entropy waves. The entropy wave perturbation
AS is advected with the background flow (i.e. (9/0t + u+V)AS = 0 where u is the
background flow velocity).

Section 3 shows that the linearized wave equations are related to the Frieman and
Rotenberg (1960) equations used to investigate the stability of steady MHD flows.

Section 4 studies the characteristic manifolds of the linear wave interaction
equations derived in Sec. 2. The concept of a characteristic manifold for a
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system of partial differential equations can be defined as a manifold ¢(x) = constant
(here x denotes the independent variables) on which the Cauchy problem does not
have a unique solution. The characteristic manifolds of the linear wave equations
are shown to correspond to the dispersion equations for linear MHD waves in which
W' = —(¢¢ +u- Vo) is the Doppler shifted frequency in the fluid frame and k = V¢
is the wave vector. These manifolds correspond to Alfvén waves, the fast and slow
magnetoacoustic waves and the entropy wave. Exactly the same characteristic
manifold equations can also be obtained from analysis of the fully nonlinear MHD
equations (e.g. Webb et al. (1996, 1998Db); see also Courant and Hilbert (1989, ch. 2
and 6)). The bi-characteristics or ray equations of geometrical MHD optics corres-
pond to the Cauchy characteristics of the first-order partial differential equations
for ¢ described by the wave dispersion equations of the different eigenmodes. The
characteristics for standing waves in steady MHD flows, the magnetoacoustic wave
eikonal and group velocity surface and Mach cone for standing waves, and methods
to split off the compressible and incompressible perturbations and their mutual
interaction are discussed.
Section 5 concludes with a summary and discussion.

2. Variational principles for linear waves

In this section we derive equations for the evolution of linear MHD waves in non-
uniform background flows, allowing for the effects of an external gravitational field
potential ¢(x), (g = —V¢ is the acceleration due to gravity), and the role of entropy
perturbations AS, on the propagation of the waves.

The basis of our analysis is the variational formulation for the propagation of
MHD waves in non-uniform flows, developed by Dewar (1970). Dewar’s variational
principle describes the propagation of the waves in terms of the Lagrangian fluid
displacement, £. Dewar only applied his variational principle to the propagation
of WKB waves, and did not consider the role of entropy perturbations, AS or
the effects of a gravitational field. However, it is clear that Dewar’s variational
principle can in fact be applied to non-WKB, MHD wave propagation problems in
non-uniform flows, which is the subject of the present analysis.

Dewar’s analysis is based, in part, on the variational formulations of MHD and
CGL plasmas, developed by Newcomb (1962), using ideas from Lagrangian fluid
mechanics and MHD. In Newcomb’s approach, the mass continuity equation,
Faraday’s law for the evolution of the magnetic field and the entropy advection
equation, are expressed in Lagrangian form in terms of the transformation between
the Lagrangian fluid coordinate xo, and the corresponding Eulerian position vector,
x of the fluid element x = X(xq,?), in which u = dx/dt = 0X(xq,t)/0t is the fluid
velocity. In this approach, it is not necessary to include constraints in the vari-
ational principle, in order to ensure that the mass continuity equation, Faraday’s
law and the entropy equation are satisfied (see, e.g., Lundgren 1963). For the case of
an adiabatic ideal gas, the entropy advection equation implies that p/p? is advected
with the flow, where 7 is the adiabatic index of the gas.

In addition to including the effects of an external gravitational field and entropy
perturbations in the analysis, we also allow for a more general equation of state
for the gas than that used by Dewar, in which the internal energy per unit volume
e = &(p,S) is a given, but arbitrary function of the density p and entropy S.
Dewar and Newcomb, both considered the case of an ideal gas, with adiabatic
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index v, for which e = p/(y — 1), where p is the gas pressure. The thermodynamics
of the gas is governed by the second law of thermodynamics:

dQ =TdS =dU + pdr, (2.1)

where 7 = 1/p is the specific volume of the gas. The second law relates the change
in the heat energy d@. to the change dU in the internal energy per unit mass, U
(U = e(p,S)/p), and the mechanical work done by the pressure forces pdr due
to expansion or contraction of the plasma. From (2.1) one obtains the standard
expressions:
O T_l@a _e+p Oe
P=Pop ™2 " T T T T oy
for the gas pressure p, temperature T, and enthalpy h in terms of the internal
energy density €(p, ).
The first step in the analysis is to write down the action for the combined system
of waves and background plasma in the form:

A= /d3x*/dt$*, (2.3)

7 =L - ) 2.4
=35° P 2% pox), :
is the Lagrangian density for the system. In (2.4), the terms in the Lagrangian
density #* correspond respectively to the kinetic energy of the plasma flow (u =
|u| is the magnitude on the fluid velocity u); the internal energy density e, the
magnetic energy density (B is the magnetic field induction, and p is the magnetic
permeability), and the gravitational potential energy p¢. The position coordinate
x" = x + £(x,t) where x is the position of the background plasma element, and &
is the Lagrangian displacement of the fluid element due to the waves. The entropy
S* = S+ AS in (2.3), where AS is the Lagrangian entropy perturbation. The
volume element

(2.2)

where

" = JdPx, (2.5)

. ox* _ IS
J" = det (8:&) = det (5j + 8:&)

=14V-£+ %[(V-S)Q —V£V€} + é[(V’E):S

where

+2(VE - VE):VE —3(V - €)VEVE], (2.6)

is the Jacobian of the transformation between x* and x (see, e.g., Kumar et al. 1994).
The Lagrangian transformations

* p #7 ax*i Bj

— — B v frg — —

P 0zl T

correspond to mass continuity and Faraday’s law (e.g. Newcomb 1962). Using (2.7)

in (2.3) we obtain the action in the form

(2.7)

A= / >z / dt¥ where & = J . (2.8)
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The exact Lagrangian density £ can be written more explicitly in the form

7= %p(\ulz Fou-E+1€2) — Je ( P s+ AS) — — (2} B2} B*) — p(x + &)

1
J* 2uJ*
(2.9)
The transformation for B in (2.7) is the frozen in field theorem in MHD (see, e.g.,
Parker 1979, ch. 4, for a detailed exposition). Using the transformations (2.6) and
(2.7), we obtain the expansion

A= /d%/dt[go + L1+ Py +0(€%)], (2.10)
for the action of the system, where
1 5 B?
Lo = gpu” —e(p,5) — o — po, (2.11)

B-VEB

. B2
L”l=pu'§—(pTAS—pV'E)+EV'£— —p€-Vo, (2.12)

P2 = SpF — 3[(pa” —p)(V+ )" + PVEVE — 2ps AS(V-£) + 55 (AS)’

B-VEB_ . (B-VE? B: ., . 1, ‘
T Ve Ty e (V8 VEVE) - S pEevVe. (2.13)
In (2.13)
1/2
é=%+u'V£ and az(ZZ) : (2.14)

denote the Lagrangian velocity perturbation, moving with the fluid (note u* =
u+£€) and the adiabatic sound speed, respectively. Dewar considered the case of an
adiabatic gas, with adiabatic index v, in which case e = p/(y —1).

In the derivation of (2.10), it is assumed that the entropy S and the Lagrangian

entropy perturbation AS are advected with the flow, i.e.
95 o, 985, (2.15)
dt dt

where d/dt = 0; +u -V is the Lagrangian time derivative moving with the flow.

In the absence of waves, the total Lagrangian ¥ = % in (2.10) and (2.11),
and the variational principle (2.10) obtained by varying the background plasma,
taking into account the Lagrangian constraints (i.e. the mass continuity equation,
Faraday’s equation, and the entropy advection equation in Lagrangian form) yields
the MHD momentum equation for the background plasma (Newcomb 1962). New-
comb obtained: (i) both the Lagrangian and Eulerian form of the MHD momentum
equation by using both Lagrangian and Eulerian forms of the variational principle;
(ii) the energy principle for static, MHD equilibria of Bernstein et al. (1958); and
(iii) an energy principle for some steady, azimuthal MHD flows.

Dewar (1970) applied the variational principle (2.10) to derive equations for
WKB, MHD waves in a non-uniform background flow. He used an averaged
Lagrangian method, similar to that used by Whitham (1965), in which the
Lagrangian density & = %o+ %1+ Lo + O(&3) is averaged over the periodic, fast
variations of the wave phase ¢. Variations of the wave amplitude, in the averaged
action principle using the averaged Lagrangian density (%5), results in the MHD
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wave eigenvector equations and dispersion relation, whereas slow variations of the
wave phase (i.e. of k = V¢ and w = —¢;) results in the wave action equation.

2.1. Linear waves in non-uniform flows

We now consider equations for linear waves in non-uniform flows, in which the wave
amplitudes are supposed to be sufficiently small, that the waves do not affect the
background flow. The action principle (2.10) can be written as

A= /df‘x/dt[zb + 2y +0(Y)], (2.16)
where
Ly =L, Lyv=ZL1+ L2+ 0(E), (2.17)

represent the background Lagrangian density %}, and the wave Lagrangian density
Z.. We also use the notation

A; :/de/dt Z; (j=0,1,2) (2.18)

to denote the action components due to %y, £ and 5, respectively.
Using (2.12) we find

A, 0 B? BB
= | = . — | I-— =0. 2.19
5 [6t(pu)+V (puu+(p+2u> u>+pv¢} (2.19)
The equation §dA;/0§ = 0 is recognizable as the momentum equation for the

undisturbed background flow. Equation (2.19) can also be obtained by varying the
background variables in the action Ay = [ d3z [ dt.% (see, e.g.. Newcomb 1962).

Variations of the action As with respect to €, and setting P = —0A5/0€ =0,
gives the linearized momentum equation:

P = %(pé) +V- {pué + ((p— pa®)V - € — psAS)I — p(VE)'!

(B -VEB  B?
+ -

21
+ p€+VV¢ = 0. (2.20)

2
V-&) - %(V@t + E((V-&)B—B-V&)}

In (2.20) we use the notation P(") to denote the linearized momentum flux, where
the superscript D, refers to Dewar’s variational principle. Equation (2.20), coupled
with the advection equation:

)
<8t+u°V> AS =0, (2.21)

for the Lagrangian entropy perturbation, are the fundamental equations governing
the interaction of linear MHD waves and the entropy wave in non-uniform back-
ground flows, in the presence of an external gravitational potential ¢(x). For the
case of an ideal gas, with adiabatic index v, the thermodynamics of the gas are
governed by the equations:

)
p p S—So) (p) ,

€= ——0, = — | ex , S=CyIn|—, 2.22
po S L (p()) p< . o (2.22)

where C\ is the specific heat of the gas at constant volume, in which case ps = p/C\
in (2.20).
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3. The Frieman and Rotenberg equations

Frieman and Rotenberg (1960) generalized the energy principle of Bernstein et al.
(1958) to study the stability of steady MHD flows including the effects of gravity.
The energy principle of Bernstein et al. (1958) only applies to magnetostatic equi-
libria. Similar equations were also used by Ferraro and Plumpton (1958) in a study
of MHD wave propagation in the gravitationally stratified, Solar atmosphere. Frie-
man and Rotenberg’s perturbation equations for & can be obtained by perturbing
the MHD momentum equation:

du B? B-VB
— ==V — —_— , 3.1
P <p+2u)+ p +rg (3.1)
where g = —V¢ is the acceleration due to gravity.

The Eulerian perturbations ¢ and the Lagrangian perturbation At of a physical
quantity 1 are related by the equation
oY =AY —€- Vi, (3.2)
where £ is the Lagrangian displacement of the fluid element (e.g. Newcomb 1962;
Lundgren 1963). The Lagrangian perturbations Ap, Ap, Au, and AB in linear
perturbation theory are given by

Ap=psAS —a®pV-&,  Ap=—pV-§,

. (3.3)
Au=£=& +u-VE, AB=B-VE—BV-&.
The corresponding Fulerian perturbations using (3.2) are given by
op = psAS —a’pV-€—€-Vp, dp=—V-(pf). 3.4)

ou=& +u-VE—€-Vu, B=Vx (£ xB).

Linearizing the momentum equation (3.1) using Eulerian perturbations, gives
the perturbed momentum equation:

PR = pg, +2pu- V(&) —F(§) = 0, (3.5)
where the force-like term F(&) does not depend on &;, and has the form
B:-ViB+¢B-VB du
F(§) =—-V-II+ —gV'(p£)+V'(p£dt—puu'V£>
9 -
B-/B
nszAS—anv-g—s-varT. (3.7)

For the case of a steady background flow, du/dt = u-Vu = 0 and (pu); = 0, and
for the case of zero entropy perturbations, AS = 0. In this case the perturbed mo-
mentum equation (3.5) reduces to that obtained by Frieman and Rotenberg (1960).

It is interesting to compare the perturbed momentum equation PR = 0 in
(3.5) (the superscript FR refers to Frieman and Rotenberg), with the perturbed
momentum equation P(") = 0, obtained in (2.20) from Dewar’s variational prin-
ciple. From (2.20) and (3.5) we find:

) B2 B-VB
P — p(FR) —y. {5 {pdu +V (p - ) _BVB + qub} } . (3.8)
dt 20 u
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If the background momentum equation is unaffected by the waves, then the right-
hand side of (3.8) vanishes by virtue of the background MHD momentum equation
(2.19). Hence in this case, PO'®) = 0 is equivalent to P(™) = 0. In cases where
AS # 0, the perturbed momentum equation (3.5) is coupled with the advection
equation (2.21), dAS/dt = 0.

For the steddy flows considered by Frieman and Rotenberg (1960) (0/0t = 0 and
AS = 0), (3.5) has solutions of the form & = £(r) exp iwt, where S( ) satisfies the
equation

—w?p€ + 2iwpu - VE —F(€) = 0. (3.9)
In (3.9). tpu - V is a Hermitian operator (i e. it is a self-adjoint operator, with
respect to the complex inner pl oduct (fL.oy=J fg d‘3 . The operator F is a self-
adjoint operator (i.e. [* 7F(& = [* €F())d®z). The proof that F is self-
adjoint is facilitated by notlng P(')) = P(' R), ublng integration by parts, and
dropping surface terms. Frieman and Rotenberg discussed sufficient conditions for
stability and variational principles to determine the eigenvalues w. Van der Holst
et al. (1999) considered the problem of the stability of shear flows in gravitating
plane plasmas, and investigate both the continuous spectra and the discrete spectra
for w as well as cluster spectra. A non-standard approach, for studying waves
in shear flows, may be traced back to the work of Kelvin (1887). The Kelvin
modes are either periodic in, or independent of each space coordinate, but the
wavenumber and amplitude associated with each mode are functions of time which
depend on the shearing rate of the fluid. Examples of exact solutions for wave
interactions in shear flows governed by the incompressible Navier—Stokes equations
have been obtained, for example, by Craik and Criminale (1986). Related work
on the interaction and transformation of MHD waves in shear flows, using this
approach have been investigated by Chagelishvili et al. (1996), Poedts et al. (1998),
Kaghashvili (1999) and Bodo et al. (2001).

4. Characteristic manifolds and equations

In this section, we consider the characteristics of the linear wave interaction equa-
tions (2.20) and (2.21). We consider the characteristics for time dependent flows
(Sec. 4.1) and also for steady MHD flows (Sec. 4.2). The concept of a characteristic
manifold of a system of hyperbolic or non-strictly hyperbolic system of equations
has been developed in detail by a number of authors (e.g. Courant and Hilbert
1989; Chorin and Marsden 1979). For a hyperbolic system, the characteristic wave
speeds are all real and distinct, whereas for a non-strictly hyperbolic system (such
as MHD), the wave speeds {\;}. are all real, but in general are not all distinet.
In MHD, two or more of the eigenvalues );, coincide for propagation parallel and
perpendicular to the mean magnetic field. For hyperbolic waves, the dispersion
equations for the waves (in a uniform medium) are scale invariant (i.e. w oc k,
where w and k are the wave frequency and wave number, respectively). This means
that there is no dispersion of waves with different k. However, the waves in MHD
are anisotropic, meaning that the wave speeds are dependent on the direction of
propagation of the wave relative to the direction of the background magnetic field.

The concept of a characteristic manifold for a partial differential equation system
can be defined as a manifold ¢(x) = constant (here x denotes the independent
variables), on which the Cauchy problem does not have a unique solution. In less
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technical jargon, this means that if the initial data is specified on a characteristic
manifold ¢(x) = constant, then the problem does not have a unique solution.

The characteristic manifolds of the wave equations (2.20) and (2.21) describing
linear wave propagation and interaction in a non-uniform background flow, turn
out to be equivalent to the characteristic manifolds for the fully nonlinear MHD
equations. The characteristic manifolds for (2.20) and (2.21), thus correspond to
the Alfvén waves, the fast and slow magnetoacoustic waves, and the entropy wave.
Alternatively, one can think of the characteristic manifolds as corresponding to the
wave fronts of short wavelength (WKB) disturbances in the medium (e.g. Whitham
1974). Appendix A sketches how the characteristic manifolds may be related to
WKB analysis by using the variational approach of Dewar (1970).

4.1. Time-dependent characteristics

Equations (2.20) and (2.21) describing linear MHD waves in a non-uniform flow,
may be written in the form

L(§) + R(§, AS) =0, (4.1)
d (-
<at+“°v> AS =0, (4.2)

where
L(&) = & +2u- V(&) 4+ uu :VVE — (a® + b°)V(V - £)
+b-V(VE)'b —bb :VVE + [b-V(V - &)]b, (4.3)

corresponds to the second derivatives of £ in (2.20), and

R A5) =1 {ve V-t + 00 v (fuﬂ

~We+ (7e)]-9 (p+ i)

+V(psAS) +V (13‘:3) :VE + p€ - sz} , (4.4)

corresponds to lower-order derivatives of &, terms linear in £ (the gravitational
term) and terms independent of € (the entropy wave contribution). In (4.3),

R (4.5)

i
is the Alfvén velocity and a is the adiabatic sound speed (2.14).

It is clear from the form of (4.1) and (4.2), that the entropy wave perturbation AS
can affect the propagation of the other MHD waves represented by the Lagrangian
fluid displacement £ since AS appears as a source term in (4.1) for £, but the entropy
wave perturbation AS is unaffected by changes in £ in (4.2).

To consider the Cauchy problem for (4.1) and (4.2) we introduce new independent
variables (¢°, ¢!, ¢?, %) where ¢/ = ¢/(x), and x = (¢,7,y,2) = (20,21, 2% 23)
are the independent variables. We have in mind, the problem of specifying initial
data on the manifold ¢°(x) = constant, and determining when it is possible (or
not possible) to obtain a unique solution for £ and AS. At least locally, what is
required to obtain a unique solution is that the Taylor series for the solution can be
determined, using the initial data, and by calculating the higher-order derivatives
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required from the differential equation system and its differential consequences.
In the analysis below, we use the notation ¢°(x) = ¢(x), in order to emphasize that
the initial data is specified on the manifold ¢(x) = constant.

In the new variables {¢’}, the entropy advection equation (4.2) for AS becomes:

OAS _ 0AS [9¢ NS B )
5 tu-vas o [aﬁL V¢}+Za¢] [aﬂr Vqsﬂ}_o. (4.6)

If we choose ¢ such that

9¢

N +u-Vgp =0, (4.7)
and specify initial data for AS and & on the surface ¢(x) = constant then it will
not be possible to solve (4.6) for 0AS/9¢, and higher-order derivatives of AS with
respect to ¢, since the coefficient of JAS/0¢ is zero by virtue of the choice (4.7)
for the evolution of ¢. Thus, solutions of (4.7), correspond to the characteristic
manifold for the entropy wave, and it is not possible to obtain a solution for AS
off the characteristic surface ¢ = constant, if the initial data was specified on
¢ = constant. If in fact, we had specified initial data on a surface ¢ = constant not
satisfying (4.7), then (4.6) could be solved uniquely for AS/0¢.

To determine the characteristic manifolds of (4.1) we first rewrite (4.1) in the

form

APPE L+ RI(EAS) =0, (4.8)

where
AT = 5116560 + 2u 05 + uv” —bb] — (a® +07)60 8] + b7 67 + bb's] . (4.9)

In (4.9) we have defined ° = 0 and u’ = 0 (i.e. b and u are vectors in three-
dimensional position space). In (4.8) and (4.9) the indices ¢, j take the values 1,2,3,
but the indices «, 3 refer to the independent variables (2%, 21,22, 23) = (¢, 2, v, 2)
and take the values 0.1,2,3. These conventions are appropriate for non-relativistic
MHD, but a four-vector formalism would be appropriate for relativistic MHD. The
term R(&, AS) in (4.8) is the ith component of the vector R in (4.4), which can be
written in the form

R =Bi"g, +Ci¢ + D', (4.10)
and consists of first-order derivatives of €, linear terms in £ and terms independent
of &. The detailed form of R’ does not play a role in the nature of the characteristic
manifolds.

Using new independent variables {¢“(x)}, the wave equation (4.8) for £ takes the
form
o 8¢)" (%” 82§j 3 62¢“ 8¢“ 8{
Az‘ad Azry B
i 9ue 928 0grog T\ dzeond Der

For the purposes of characteristic analysis, we write (4.11) as

iap 09 09 9°¢
T 9z 9xB 02

+CIE + D' = 0. (4.11)

+5' =0, (4.12)

where we have isolated the second derivatives of &/ with respect to ¢ = ¢° and S
represents the remaining terms in (4.11). As in our discussion of the characteristic
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manifold of the entropy advection equation in (4.6) et seq., we consider the initial
value problem in which the data is specified on the manifold ¢ = constant. The
initial data on the manifold ¢ = constant can be written in the form

&= 6% 6%, & =i (¢\,0%¢"), AS=3¢',¢%¢Y),  (4.13)
where éf, 7/ and 3 specify the initial data in terms of ¢*,¢?, and ¢. The initial data
(4.13) is sufficient to determine the source term S’ in (4.12). To obtain a unique
solution for 92¢7 /0¢? on the manifold ¢ = constant, requires the matrix

A5 = A day (+.14)

to be non-singular, i.e. det(A) # 0. If det(A) = 0, then (4.12) does not possess a
unique solution for &, . Thus,
det(A) = det(A* g, p5) = 0, (4.15)
defines the characteristic manifolds ¢ = constant for the wave equation (4.1).
The matrix A in (4.14) can be expressed in the form
Ai [ /2 10215 2 12\1ig . i1d b 116
A = [w* = (b-k)7|6; — (a® + b°)K'K) + (b - k) (V'K +b'K"), (4.16)
where
k=V¢p, w=—¢, w =w—k-u, (4.17)
are identified with the wave number k and frequency w associated with the wave

surface ¢ = constant, and ' = w —k + u is the Doppler shifted frequency in the
fluid frame. Taking the determinant of (4.16) we obtain

det(A) = [w? — (b k)?[{w™ — (a® 4+ })wk? + K> (b - k)?}. (4.18)
Thus, det(A) = 0, if
Fr=w?—(b-k)?= (¢ +u-Ve)’ — (b-Ve)* =0, (4.19)

corresponding to the Alfvén wave characteristic manifolds, or alternatively,

det(A) = 0 if
FMS = w/4 _ (CL2 + b2)w/2k2 4 a2k2(b . k)2
= (¢ +u-Vo)* — (a® + %) (¢ +u-Ve)2|Vo|> + a®(b - V)2V

=0, (4.20)

which defines the characteristic surfaces for the magnetosonic modes.

The different dispersion equation branches (4.19) for the Alfvén waves, (4.20)
for the magnetoacoustic waves, and (4.7) for the entropy wave can be expressed
generically in the form

w=Q(k,x,t), where Q=EFkV,(n,x,t), (4.21)
where n = k/k is the wave normal, and V}, = w/k is the phase velocity of the wave.
Using the identifications w = —¢;, and k = V¢ the dispersion equations for the
different MHD modes can be written in the generic form

F=¢:+Q(Vo,x,t) =0. (4.22)

Equation (4.22) is the Hamilton—Jacobi equation for the wave eikonal function
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#(x,t) with Hamiltonian . Writing k° = ¢, and using the four vector notation

(t,z,y,2) = (2°, 21, 2%, %), (4.22) has Cauchy characteristics (e.g. Sneddon 1957):

da® _ OF dp _ , OF dk"__(aF 8F>

- = , = , = + =k
dr ok dr ok dr dz®  O¢
where 7 is a parameter along the trajectory ((4.23) are sometimes referred to
as the bi-characteristics, since the characteristic manifolds (4.19) and (4.20) may
also be thought of as characteristic equations). Alternatively, using w and €2, the
characteristics, or ray equations can be written in the form:
de*  9Q  dk' o0

= — _— = —— <<7 4.
& "ok dr . ow [SUS3 (4.24)

dt d¢ dw 09 o

dr L dr 0 dr — Ot’ (+.25)

The ray equations (4.24) are Hamilton’s equations, with Hamiltonian H =
Q(k, x,t). If we use the usual Cartesian three-dimensional vectors x and k = (k*, k2,
k?) for the corresponding vectors in k space, then dx/dr = 99/0k = V,, where V,
is the group velocity of the waves. To prove d¢/dr = 0 in (4.25) we use the results:

(4.23)

w=0Q=kV,(n,x,t), n=k/k, (4.26)
Ow 1
V, = K Von + E(I —nn):V,V,. (4.27)

Using (4.27) it follows that V' k = kV,, = Q. Using this result in (4.23) we find
d¢/dr = 0, by virtue of the dispersion equation (4.21).

4.2. Steady flow characteristics

The characteristics for steady MHD flows can be obtained from the characteristic
equations Fy = 0 and Fyg = 0 in (4.19) and (4.20) in which we set w = —¢;, =0
and w’ = —u-k = —u-V¢. Thus, the characteristics for steady flows correspond to
standing, MHD waves in a steady background flow (e.g. Crapper (1965); McKenzie
(1991) and Woodward and McKenzie (1993)). Kogan (1960) and Cabannes (1970)
consider, steady (w = 0), linear MHD waves in two-dimensional flows, in Cartesian
geometry, in the zy-plane, in which the z coordinate is ignorable, and the un-
perturbed background flow velocity u = (u®,0,0)" is directed along the z-axis.
“abannes derived a fourth-order partial differential equation for the perturbed
current, for the magnetoacoustic waves, which is distinct from the characteristic
equation Fys = 0 ((4.20) for steady flows with w = —¢; = 0). The analysis of
Kogan (1960) is of particular interest, since he considered the magnetoacoustic
bi-characteristics for two-dimensional flow, which correspond to the solutions of
a fourth-order differential equation for dy/dx, which gives the directions of the
bi-characteristics in terms of the parameters defining the background flow. The
bi-characteristics for Cabannes equation are the same as those obtained by Kogan
(1960). Kogan’s analysis describes when the flow is elliptic (complex characterist-
ics), or hyperbolic (real characteristics). The characteristics for steady, field-aligned
MHD flow, is described in the books by Jeffrey and Taniuti (1964) and Landau
et al. (1984). These characteristics also arise naturally as a special case of Kogan’s
analysis, even although Kogan’s analysis was strictly for the case of a uniform
background flow.
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4.2.1. The magnetoacoustic wave etkonal. From (4.20), the magnetoacoustic wave
eikonal equation for standing MHD waves, or equivalently, the characteristic man-
ifold equation for ¢(r,t) is

F'(W,k,x) = ™ — (a® + b*)w?k? + a*(b - k)*k? = 0, (4.28)
where
W =—-u‘k=—u-Vop, (4.29)
is the frequency of the wave in the fluid frame. In the fixed frame, the frequency
w = —¢; = 0. If we eliminate the reference to w' in (4.28), (4.28) can be written in
the form:
F(k,x) = (u-k)* — (a®> + b?)(u-k)%k% + a®(b - k)?k2 = 0. (4.30)

The Cauchy characteristics (or bi-characteristics, or ray equations) for the first-
order partial differential equation (4.30) for ¢ are given by (4.23), except that the
index « is now restricted to the spatial components of k¢ (i.e. a = 1,2,3, a # 0).
Equation (4.28) can also be cast in the form:

' —(a®* +b*)? +a*(b-n)* =0, (4.31)

for the wave phase speed ¢ = w'/k of the waves in the fluid frame, where n = k/k
is the wave normal.
Using (4.27), the group velocity, Vi in the fluid frame is given by

, 0w n_az(b'n)(b—b-nn)
eT 9k T 2 — (@21 b2)]

where the phase speed c is one of the roots of (4.31). Note from (4.32) that V,*n = c.
An alternative, equivalent expression for the group velocity V, can be obtained by
noting that w' = ¢(9)k where cos® = n-e;. e; = B/B is the unit vector along the
magnetic field, and ¢(d) satisfies the dispersion equation (4.31). In this approach
(Whitham 1974), the group velocity has the form:

(4.32)

vV, = T c(W)n+c'(V)ey (4.33)

where ¢ () = d¢/d9, and
n = cos ve; + sinJe,, (4.34)
ey =—sinve; + cos ey, (4.35)

are the wave normal n = k/k and ey is the unit vector in the direction of increasing
9. In (4.33)—(4.35) cylindrical coordinates are used in which the polar axis (e;) is
along the magnetic field, and (z,y, z) = (21,22 cos @, zosin @) is the position vec-
tor using cylindrical coordinates (22, ¢, x1). From (4.33)—(4.35) the group velocity
surface ¥ = V.t can be written in the parametric form

x1 =Vt = [c(0) cos ¥ — ¢(9) sin V]t

(4.36)
zy = Vit = [/ () cos I + ¢(¥9) sin ]t

The group velocity surface (4.36) can also be described locally, by the envelope
of the wave eikonal function

S = k(x1 cos ) + xgsind — e(9)t), (4.37)
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obtained by varying the wave normal angle ¥. In other words, the envelope of the
family of plane wave fronts S = 0, tangent to the group velocity surface (4.36)
obtained by solving S = 0 and Sy = 0 simultaneously for z; and z yields the
group velocity surface (4.36). The group velocity of the waves in the stationary
frame, V, is given by the usual Galilean transformation

V, =V, +u, (4.38)

for the transformation of velocity between frames.

Below we discuss the connection between the characteristics of (4.30), the group
velocity V, and the Mach cone for magnetoacoustic waves. The Cauchy character-
istics for (4.30) are

dr ok’ dr 9k’ dr  Ox’
Because F(k,x) is a homogeneous function of k of degree four, i.e. FI(Ak,x) =
M F(k, x), it follows that

dx _OF d¢ _ OF dk_ OF (4.39)

d¢ oF

—+ =k+— =4F(k,x) =0, 4.40

dr ok (k, x) (440)
and hence ¢ is constant on the characteristics. Differentiation of the magnetosonic
dispersion equation (4.28) with respect to k gives the expression

VvV, =—F/F,, (4.41)
for the group velocity in the fluid frame. Using (4.41), and noting F(k,x) =
F'(W' k,x) with o = —u + k in the characteristic equations (4.39) we find

dx OF (0w OF' OF'

— = — +F/F,)=— V)=——V,. 442

dr oW <8k +F/ ”) ow' (u+ g) ow & ( )
In (4.42) Ow'/Ok = —u, since w’ = —k - u for standing waves. The important point

in (4.42) is that the direction of the characteristic vector field dx/dr is parallel to
the group velocity V, in the fixed frame.
From (4.39) and (4.40) we find
LI O e
dr Ok dr
Then from (4.43) it follows that

k (4.43)

k-V, =0, (4.44)
on the characteristics. Thus, for standing waves, the characteristic direction dx/dr
(or equivalently, the group velocity direction in the fixed frame) is perpendicular to
the wave vector k = V¢, and hence the group velocity lies in the plane ¢ = constant.
Equation (4.44) can also be derived by noting that

k-V,=k-(u+Vy) =k utck=-w+u =0, (4.45)

on the characteristics.
4.2.2. Non-field aligned two-dimensional flow. As an example of the above ideas,

consider the form of the characteristics for flow in two Cartesian space dimensions
in the zy-plane, with ignorable coordinate z (see, e.g., Kogan 1960). Since ¢ is
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constant on the characteristics (4.40), then ¢, dz + ¢,dy = 0, and hence
dy _ ¢
dx by’
on the characteristics. Using (4.46) in the characteristic manifold equation (4.30),
implies that ¥ = dy/dx satisfies the fourth-order differential equation
(uy —uzy' ) = (a® +0°)(uy —u,y')* (1 +y®) + a®(by — b,y)* (1 +y?) = 0. (4.47)
Equation (4.47) can be written in the form
asy™ + azy”® + asy”? + a1y’ + ap =0, (4.48)

(4.46)

where
ay = ut — (a* + b*)u? + a?b?,
az = —4udu, +2(a® + b*)u,u, — 2ab, by,
az = 6uiu; — (a® + b*)u® + a®b?, (4.49)
a = —4uxu§ +2(a® + b*)u,u, — 2ab, by,
ap = u; —(a® + b2)u§ + a’b;.

Equation (4.48) can also be obtained by re-arranging the characteristic equation
dy/dx = Vg, Vg, which follows from (4.42). Equation (4.48) is related to the fourth-
order differential equation for the characteristics obtained by Kogan (1960). Kogan
(1960) considered the special case of linear, small amplitude waves in a uniform
flow along the x-axis, in which u = u,e,, and the background magnetic field was
uniform, and confined to the zy-plane. In this case, the fourth-order differential
equation (4.48) for y' can be reduced to the form

y (M2 = NZ) (1 — M2) + NJMZ]) + y* (2N, N,)
+y?[M2 + (N7 + NJ)(M? = 1)] + ¢ (2N, N,) = N; =0, (4.50)

where the parameters
Mi=—, N,=—, Ny = (4.51)
a

specify the background flow. Here M is the sonic Mach number of the background
flow, whereas N = b/a is the ratio of the Alfvén velocity to the sound speed a.
Equation (4.50) is the equation for the characteristics derived by Kogan (1960,
(1.3)).

The characteristic equations (4.48)—(4.50) do not take into account the symmetry
of the fluid frame group velocity surface about the magnetic field. If one uses for
example, spatial coordinates 1 and z9 in the fixed frame, where x1 is parallel to B
and xg is perpendicular to B, then since ¢ is constant on the characteristics ¢, dr1+
¢z, dra = 0 and dzy/dry = —¢, /s, = —cot ) where 9 is the wave normal angle
between k and B (note that locally, ¢ = k(x1 cos ¥+ x5 sin)). Using these relations
in the characteristic equation (4.30) gives the fourth-order polynomial equation

agw* + agw® + dpw® + dyw + o = 0, (4.52)
for the bi-characteristics where
dl’g

w=—— = —cot, (4.53)
dl‘l
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and
ay = (u% - a2)(u§ - b2)7
az = 2uyuz(a® + b* — 2u?),
ay = 6uus — (a® + b*)u® + a?b?, (4.54)
ay = 2uqyus(a® + b* — 2u3),
ao = ui[ui — (a® + b?)].
The fluid velocity components u; and ug are given by
UL = Uy COS QU+ Uy SIDQ, Uy = —U, SID o + Uy COS @, (4.55)

where « is the angle between u and B. Equation (4.52) is in effect a fourth-order
polynomial equation for cot 9 where ¥ is the wave normal angle. Real characteristic
roots of this equation for ¥ correspond to hyperbolic characteristics.

Exactly the same equation for w = —cot ¥ arises from noting that
n-Vy=c(¥)+u-n=c+ucost+ugsind =0, (4.56)
and that ¢(1) satisfies the dispersion equation
ct — (a® +b?)c® + a*b* cos? ¥ = 0. (4.57)

Solving (4.56) for ¢ in terms of u and ¥ and substituting the result in (4.57) yields
(4.52).

4.2.3. The Mach cone. Kogan (1960) noted that the two-dimensional flow
described above, in general has four roots of the characteristic equation (4.50).
The nature of the roots of (4.50) for ¢ depends on the values of the parameters
defining the background flow. The flow can have up to four possible real roots for
y'. Four real, distinct roots for 3 correspond to hyperbolic flow, whereas no real
roots (i.e. the roots occur as complex conjugate pairs), correspond to elliptic flow.
The existence of real roots for 3 correspond to cases where the characteristics
form a Mach cone about the original disturbance (see e.g. Landau and Lifshitz
(1987, ch. 9, p. 313), for a discussion of the Mach cone formed by sound waves in a
supersonic flow). The simplest way in which to understand the formation of Mach
cones, corresponding to real roots for ¢’ is obtained by constructing the Mach cone
associated with the transformation of the group velocity (4.38) between frames.
Real characteristics correspond to the case where the group velocity V, in the fixed
frame can be drawn as a tangent to either the fast or slow mode group velocity
surface.
Equation (4.56) can be written in the form:

¢c=—u-n=—|u|cos(a— 1) = |u|sin A, (4.58)
or
sin A ! (4.59
ind=— 4.
-, )
where
M= Azﬁ—a—g. (4.60)
c

In (4.59) and (4.60), M is the Mach number of the flow on the Mach cone, and A is the
Mach cone angle. For real characteristics M > 1 and [sin A| < 1. Equations (4.59)—
(4.60) are analogous to similar results for the Mach cone angle for sound waves
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(e.g. Landau and Lifshitz (1987, ch. 9, p. 313)), except that in the present case, the
magnetosonic speed c¢() can correspond to either the fast or slow magnetosonic
wave speed.

An alternative proof of (4.59) follows from noting that

2
- X
sin2 A — X X ul” (4.61)
%7 [2u?
Since ¢ is constant on the characteristics, ¢,x; + ¢,y = 0 in (4.61). This implies

Yr = —¢y /oy, and hence
x
Xr Xu= (IETUy - yTua:)ez = i((,byuq« -+ ¢yuy)ez =

(bil/

(ke
orlkw), (4.62)
ky
Using (4.62) in (4.61) we find
o, (krw)? (m-uw? &1 e
Sin A = k2’u,2 = u2 = ﬁ = W, (463)

which is equivalent to (4.59).

Ilustrative examples of the group velocity surface for standing magnetoacoustic
waves in a background flow with velocity u are given for example by Sears (1960),
and Woodward and McKenzie (1993). In general, there are four roots of the char-
acteristic equation (4.52), but depending on the magnitude and direction of the
background flow relative to the background magnetic field, not all roots of (4.52)
will necessarily be real. Real solutions of (4.52) correspond to cases where there
are real characteristics which can be drawn tangent to the group velocity surface.
These conditions determine whether the flow is elliptic or hyperbolic, or of a mixed
hyperbolic-elliptic type. The Alfvén waves also have a Mach cone for super-Alfvénic
flow which are commonly referred to as Alfvén wings (e.g. Woodward and McKenzie
(1993)).

4.3. Compressible (5p # 0) and incompressible (6p = 0) perturbations

The characteristic analysis of the coupled wave equations (4.1) and (4.2) for £ and
AS in Secs 4.1 and 4.2 does not explicitly attempt to isolate off the compressible
wave perturbations (0p # 0) from the incompressible perturbations (§p = 0). The
Eulerian density perturbation dp, from (3.4) is given by

6p ==V (p). (4.64)
The Eulerian MHD eigenvectors (e.g. Webb et al. (1999)) show that the linear, fast
and slow magnetoacoustic waves and the entropy wave are compressible (dp # 0),
whereas the Alfvén wave is incompressible (dp = 0).

From electromagnetic theory (e.g. Panofsky and Phillips (1964, ch. 1)), a three-
dimensional vector field V with finite divergence (V+V = ) and curl (VxV =¢) in
which |o| and |e| vanish sufficiently fast as r — oo can be represented in the form
V = Vi +V x w. The scalar and vector potentials ¢y and w are solutions of the
Poisson equations V2¢) = o and V2w = —e, where the guage potential defining w
has been chosen so that V+-w = 0. Using this idea we represent the vector field
q = p€ in the form

q=p§ =V +V xw. (4.65)
Using (4.65) it follows that

dp=—-V-q=—-V* (4.66)
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and
Vxq=V(V-w)—Vw=—-Vw, (4.67)
where we have chosen the guage such that V+-w = 0. Equations (4.65)—(4.67) show
that the compressible perturbations (dp # 0) are described in terms of the scalar
potential 1) whereas the incompressible perturbations (dp = 0) are described by w.
However, it should be noted that the formulas Ap = —pV-£ and dp = —V - (p€) only
apply for small amplitude, linear waves, whereas Ap = p* — p = (p/J — p) in the
general nonlinear case where J = det(9z* /927 ) is the Jacobian determinant (2.6).
The action A and the wave action functionals A; (j = 1,2) in (2.18) depend on
the Lagrangian wave displacement vector §. Using (4.65) we obtain the variational
derivative transformations:

5F 10F §F 10F
Lo v () and &= i 4.
56 =" (pé&) " Gw VX(M&) o
for the variational functional F[i), w] = F[£]. Using the transformations (4.68) we
obtain
0 A ( 104, > ( 1 ],) ,
__v. (1L —v.(Zp") =0 4.69
oy p o€ p (+:69)
0 Ay 154, 1.,
0% _ 2922 o ZpP) = 47
S VX(,) 55) Vx(p 0, (4.70)

where P” = 0 is the perturbed momentum equation (2.20). From (2.20), (4.69) and
(4.70) we obtain the equations

P’=0, V-PP=0, VxP’=0, (4.71)
describing the wave perturbations.
4.3.1. Wave equations for 1 and w. Below, we provide two propositions which

characterize the interaction of the compressible (0p # 0) and incompressible (dp =
0) perturbations.

PROPOSITION 1. The equations VPY = 0 and V. x PP = 0 in (4.71) may be
rewritten, respectively, as wave equations for ¥ and w of the form

9? )
<6t2 +2u- Voo +uwVV + bb : VV — (a® + b2)V2> V2 +bb : VV

x (V2w) + 5, =0, (4.72)

0? 0
<8t2 +2u-Va + uu:VV —bb : VV> Viw +b

X [(b-V)VZ] + 85 =0, (4.73)

where a = (yp/p)"/? andb = B/ (up)'/? denote the gas sound speed and Alfvén velocity.
respectively. In (4.72) and (4.73) the source terms consist of lower-order derivatives
of Y and w, which describe the interaction of finite wavelength waves, whereas the
higher-order, explicit derivative terms (of order 4) represent the dominant effects at
short wavelengths.
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The source terms S; and Sy in (4.72) and (4.73) can be written in terms of q (or
1 and w). The detailed forms of S; and Sy are given in Appendix B. Note, that
if the Lagrangian entropy perturbation AS # 0, then AS is advected with the
background flow (i.e. AS satisfies (2.21)).

The proof of Proposition 1 follows in a straightforward fashion by first writing
PP of (2.20) in terms of q = p¢ in the form

P’ = O (g + V- (uq)

+V- {u[qt + V- (uq)] + K]; —a2) (V-q—V(np)-q) —psAS} I

[(Vq)" —qV(In p)]

bb :(Vg — V(In p)q) — > [V+q—q° V(lnp)]) I

_|_
N DT

o]

((Vq)"' —qV(Inp)) +bb[V+q—q- V(In p)] —=bb -+ (Vg — V(In p)q)}

+q-VVo. (4.74)

To obtain (4.72) and (4.73) the highest-order derivatives in V-PP = 0 and VxP" =0
are separated off from the lower-order derivatives which are represented by the
source terms S7 and So respectively.

PROPOSITION 2. The density perturbation §p = —V?21 satisfies the magnetoacoustic
type wave equation

) Lysép + 81 =0, (4.75)
where Lyig are the highest-order derivative terms in the magnetoacoustic operator
Lys = 0} — (a® +b*)V292% + a®bb : VV, (4.76)
and
Oy =0 +u-V, (4.77)

is the Lagrangian time derivative following the flow. The source term Sy in (4.75)
tnwolves lower-order derivatives of 1 and w. In other words, we use the convention that
the differential operator L is obtained SJrom the operator L by expanding L in terms of
Or and V and regarding the background flow quantities u, a and b as constants in the
process.

To prove (4.75) we note that the wave equations (4.72) and (4.73) can be written
in the form

L1V +bb : V(V x V2w) 4+ S = 0, (4.78)
LaV2w+b x [(b- V)V(VZ)] + 85 = 0, (4.79)
where
L1 =02 +bb: VV — (a® + b*)VV. (4.80)
and

. 92 9
Ly= <8t2 + 20 Voo - uu:VV —bb ; VV) : (4.81)
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is the second-order wave operator associated with Alfvénic perturbations.
From (4.78) and (4.79):

{LaLi—bb:VV x [bx (b-V)VIV2 + S =0, (4.82)
where
S = —bb: VV x Sy + L1S; + L(bb): VV x VZw. (4.83)

Expanding the operator in curly brackets in (4.82) and collecting the highest-order
derivative terms, and noting that §p = —V21) we obtain the magnetoacoustic type
wave equation (4.75) where S} consists of lower-order derivative terms.

5. Summary and discussion

The main aim of this paper was to provide a framework for MHD wave propagation
in non-uniform media, such as the Solar Wind, based on the MHD variational
principles of Newcomb (1962) and Dewar (1970, 1977).

The paper has concentrated on linear, non-WKB wave propagation in a non-
uniform background medium, based on Dewar’s (1970) variational principle in
which the Lagrangian is expanded out to second order in the Lagrangian wave
displacement £(x, t), and also in terms of the Lagrangian entropy perturbation AS,
which is advected with the background flow. These equations are generalizations of
the Frieman and Rotenberg (1960) equations used to study the stability of steady
MHD flows (Seec. 3). The characteristic manifolds ¢(x,t) = constant of the wave
equations correspond to the usual dispersion equations for the MHD eigenmodes
(i.e. the Alfvén, fast and slow magnetoacoustic waves and the entropy wave), in
which ' = —(¢; +u-Ve) and k = V¢ define the local Doppler shifted frequency of
the waves in the fluid frame and k is the wavenumber. The dispersion equations can
be regarded as first-order partial differential equations for the singular manifold
function ¢(x,t), with Cauchy characteristics that define the ray equations of MHD
geometrical optics. For standing waves in a steady flow, the fixed frame frequency
w = —¢; = 0, and in this case the ray equations define the group velocity surface
and Mach cone for the magnetoacoustic waves and Alfvén wings, described in
earlier analyses of Kogan (1960), Sears (1960), Bazer and Hurley (1963), Crapper
(1965) and Woodward and McKenzie (1993). However, these earlier analyses did
not emphasize the connection between the theory of Cauchy characteristics of
first-order partial differential equations and the ray equations used in the present
analysis. Methods to split the wave equations into compressible and incompressible
components were also discussed (Sec. 4).

It is interesting to note that an inadvertent loss of two of the MHD characteristics
occurs in many discussions of MHD flows based on the generalized Grad—Shafranov
equation used to describe steady MHD winds and jets with one ignorable spatial
coordinate. The loss of two of the characteristics can be traced back to the as-
sumption that the electric field in the ignorable coordinate direction is zero (see
e.g. Contopoulos 1996; Webb et al. 2001). Similarly, the equations used to describe
steady, two-dimensional field-aligned flow (e.g. Jeftfrey and Taniuti 1964) do not
contain the slow mode characteristics. For field-aligned flow, the slow mode phase
speed in the fluid frame for wave propagation perpendicular to the magnetic field
is zero, but the group velocity is directed parallel to the magnetic field and equals
the MHD cusp speed V. = ab/(a® + b*)'/2, where a is the sound speed and b is
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the Alfvén speed. This result turns out to be important in the discussion of the
possibility of a slow mode, hydrodynamical, 3—4 type bow shock in MHD models
of the interaction of the Solar Wind with an incoming, field aligned, supersonic,
but sub-Alfvénic interstellar flow (Ratkiewicz and Webb (2004), Pogorelov and
Matsuda (2004)).

Webb et al. (2003) and Webb (2004) have discussed the use of Noether’s the-
orem in the derivation of stress-energy tensors for the waves and background flow,
for fully nonlinear, non-WKB waves. This analysis is similar to Dewar’s (1970)
derivation of stress-energy tensors for the background and WKB waves in a non-
uniform background flow, except that the WKB assumption is discarded, and the
analysis was carried out using the exact MHD Lagrangian consisting of wave and
background components. A detailed derivation of these results, and other uses of
Noether’s theorem for MHD waves in non-uniform, time-dependent background
flows will be given in a forthcoming paper.
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Appendix A

In this appendix we point out that the characteristic manifolds for MHD waves
discussed in Sec. 4.1, also arise naturally from an analysis of WKB waves in non-
uniform flows in the averaged Lagrangian variational principle of Dewar (1970).
The Hermitian matrix A in (4.16) and the Alfvén and magnetoacoustic dispersion
equations (4.19) and (4.20) also occur in the analysis of Dewar (1970). By using the
identifications w = —¢; and k = V¢, the dispersion equations (4.19) and (4.20) can
be identified as the wave eikonal equations of WKB theory for the wave phase ¢.
Dewar (1970) considered WKB, waves in a non-uniform background flow for which
& = aexp(ig) +a” exp(—i¢), in which ¢ is the fast varying wave phase and a is the
complex wave amplitude. By averaging over the fast wave phase variable ¢, Dewar
obtained

(£5) = pa'Aa’”, (A1)

for the averaged wave Lagrangian, where A is the matrix (4.16). Variation of the
action (Asg) corresponding to (¥2) in (2.16) with respect to the wave amplitude a
gave the eigenvector equation:

= pAa” = 0. (A2)

The eigen-equation (A 2) has a non-trivial solution for a* if det(A) = 0, which is the
determinantal equation (4.15) for the characteristic MHD manifolds (note det A
is given by (4.18)). By varying the slow wave phase (i.e. by varying k = V¢ and
w = —¢;), Dewar obtained the wave action equation for WKB, MHD waves.
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Appendix B

In this appendix we list the lower-order derivative source terms that appear in the
wave equations (4.72) and (4.73) for the potentials 1 and w describing compressible
and incompressible perturbations. The source terms S; and S are given by

Sy =2Vq : Vu+ VV(q - V): uu — V(a? + b?)-V(V*y)

+ [V(bb)-V]: Vg + V(bb) - V(V?) — VV(q-V): bb + V- R, (B1)
So = —{2Vu® X Veq; + V(u’u®) x ViV, (q)

—V(a® +b%) x V(V - q) + V(b*0") x V(Vyq")

+V X (bb*)V,(V-q) — V(6 V) X Vo Veq+ V x R}, (B2)

where

R =u:Vq+ %(qV-u) + (V-u)q; + V- (uu)-Vq + V-[uq(V - u)]

+V<];—a2)V~q—V {(i—aQ)q-Vln(p)—psAS]

p Vp
Ve v (2) v (mif)

2
+q-VVp+V(bb): Vg —V[bb : V(Inp)q] — V (l;) V-q

o5 (§otra)-ses () o5 )

+ V- (bb)V:-q—V-[bb(q-V(lnp))]— V- (bb)Vq+ V:bq(h-V(lnp)). (B3)

In (B2) we have used the Kinstein summation convention for repeated indices,
where the indices range from 1 to 3.
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