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The linearized Vlasov-Maxwell system and ideal magnetohydrodynamics are examples of systems
with a pseudo-Hermitian structure with respect to an indefinite inner product on the space of complex
representations of real fields [J. Larsson, Phys. Rev. Lett. 66, 1466 (1991)]. This structure leads
to variational principles, whose variation with respect to local wave phase yields new wave-action
conservation laws, which generalize previous eikonal versions.

PACS numbers: 03.40.Kf, 52.35.Bj, 52.35.Hr, 52.35.Lv

For some years, the law of wave-action conservation
for classical fields has been based on the eikonal approx-
imation, which requires that wave amplitudes are slowly
varying spatially on the scale of the wave phase [1-3]. Yet
there are important situations in physics where this ap-
proximation is clearly invalid, and where intuition leads
one still to expect action conservation. The need for
such a conservation law is especially important for wave
propagation in a medium with weak time dependence,
where wave-energy conservation is lost. Some common
situations where eikonality fails are the following: (1)
Waves propagate across discontinuities, undergoing re-
fraction and partial reflection; (2) in plasma kinetic mod-
els, wave action is transferred between collective and ki-
netic modes, often over a singular layer [4-6]; and (3)
waves are scattered as they propagate through a turbu-
lent medium [7].

Recently Kull, Berk, and Morrison [8] presented a
noneikonal formulation of wave-action conservation for a
field whose evolution is governed by a Hermitian opera-
tor. This requirement of Hermiticity restricts its applica-
bility by omitting effects such as wave-particle resonance
in Vlasov theory. However, there is an important class of
systems whose wave operators are pseudo-Hermitian [9],
in the sense that Hermiticity is defined with respect to
an indefinite-metric inner product [10].

Several important dynamical systems have a Hamil-
tonian structure in terms of a generalized (noncanoni-
cal) Poisson bracket [11]. The best-known examples in
plasma physics are ideal magnetohydrodynamics (MHD)

[12] and the Vlasov-Maxwell model of collisionless plasma.
dynamics [13]. In the process of linearization, the first-
order fields represent perturbations from an arbitrary
(possibly time-dependent) reference state. These fields
can be expressed in terms of generating functions; in lin-
earized ideal MHD theory, for example, the linear fields
(p1,u1,p1,B1) are expressed in terms of the fluid dis-
placement £(x, ) [eg, p1 = — V - (pof)].

For the Vlasov-Maxwell system, Larsson [9] devel-
oped the linearization in terms of S(z;t), a scalar gen-
erating function for canomical transformations on six-
dimensional phase space z = (r,p = mv). The lin-
ear perturbation of the Vlasov distribution, fi, is gen-
erated jointly by S and Aj(x,t) (the linearized vector
potential) acting on the reference distribution fo(z;¢):
fi = {S, fo} + (e/c)A1(xr,t) - 8fo/Op. This represents
dynamically accessible perturbations [14-16]. Larsson
showed that, by complexifying the linear fields, and by
defining an indefinite-metric inner product (with zero
norm for real fields), the time-evolution operator was
indeed Hermitian with respect to this unconventional
inner product. Upon our recognition that this pseudo-
Hermiticity was a general property of linearized Hamil-
tonian systems [17], one of us developed the appropriate
formulation for linearized MHD [18].

An immediate consequence of the pseudo-Hermitian
formulation is its associated quadratic variational prin-
ciple. In this paper we show how to use this principle to
construct the wave-action continuity equation, by consid-
ering an arbitrary nonuniform phase shift of the complex-
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ified wave field. The three examples we treat are the fol-
lowing: (1) ideal MHD, of which fluid dynamics is a spe-
cial case; (2) cold multifluid electrodynamics, which also
has a noncanonical Hamiltonian structure; and (3) the
Vlasov-Maxwell system, of which the Vlasov-Coulomb
system is a special case. In each case, the reference state
(about which linearization is taken) is allowed to be time
dependent.

The expressions obtained for the wave-action density
and flux are local quadratic functions of the complexified
wave fields [see, e.g., Eqs. (4), (8), and (15)]. Com-
plex representations have been common for real linear
fields, but have usually been considered merely an al-
gebraic convenience. Here, however, complexification is
essential, as these expressions vanish identically for real
fields. [One accepted algorithm for complexification is
Gabor’s analytic signal [19]: For any real function of time
f(t), define the analytic fa(t) = [;°(dw/7) e~ f(w),
with f(w) = ff:: dtet™tf(t). The inverse is simply
f(t) =Re fa(t)]

Our derivation of the wave-action continuity equation

BJ(x;t) + V- I(x;t) =0, 1)
for the action density J and the action flux density J, is
based on a variational functional A for the complexified
wave field. Because A is stationary for all infinitesimal
variations of the field about a solution, it is stationary for
the set of restricted variations representing infinitesimal
nonuniform phase shifts. This is the generalization of the
space-time variation of the eikonal phase in the standard
derivations for eikonal wave fields. Formally, (1) states
that the functional derivative of A with respect to the
wave phase vanishes.

For each of the three examples presented in this paper,
we have explicitly evaluated 8J/8¢ by using (4), (8), or
(15), the evolution equations for an arbitrary reference
state, and the evolution equations for the wave field. In
each case, we have rigorously verified that Eq. (1) holds
with J given by (5), (9), or (16), respectively, withno
approximation.

We illustrate the method by considering first the case
of ideal single-fluid MHD, where the wave field is repre-
sented by the fluid displacement &(x, t). The variational
functional, yielding the standard evolution equation for &
[but allowing for time-dependent reference state Bo(x, t),
pO(x1 t)’ UQ(X, t): pO(X: t)]: is [18, 20]

AQ =7 [daimlél e VK@D, @

8r

in terms of the Hermitian operator V - K, where
K(§) = —(p1 + Bo - Q)| +BoQ + QBg + £potg

Q) = V x (¢ x Bo) /4 =B, /4, pi(€) = —€ - Vipo —
0oV - §, & = 0€/0t + ug - V& In (2), we take the
variation of A for £(x,t) — &(x,t)expia(x,t), with a
infinitesimal and arbitrary; thus §¢ = iag, 6¢* = —iat™.
After some integration by parts (letting o have compact
support), and using the Hermiticity of K, we find

A = / d*z o(x,t)[8J/8t + V - J], (3)
with the action density

J(x;t) = Im [po(x, £)&" (x,t) - £(x, )], (4)
and the action flux density

J(x;t) = TO(x;) + uo(x, 1) I (x; ), )
where

JO(x;t) =Im [ (£* x Bo) x Q —&*py

—(&* x &- jo)Bo/2c] (6)

is the action flux density in the local rest frame, and ugJ
is the convective contribution. Because §A = 0 for all ¢,
we obtain the desired action continuity equation (1).

The expressions (4) and (5) have the following proper-
ties: (a) For real £, they vanish identically; (b) because
& is the convective time derivative, J is invariant un-
der Galilean frame changes; and (c) in the eikonal limit,
é _*'—i(w —k- uO)éa J(X, t) — (w -k- uO)p0|€I2’ and
J = Jx(local group velocity), the standard results in
MHD [2]. '

When the magnetic terms are deleted from the MHD
formulas, one obtains results appropriate for fluid dy-
namics. They can also be generalized in several direc-
tions: to rotating frames [21], to dielectric fluids, and
to special-relativistic [22, 23] and general-relativistic [24]
fluids.

We next consider ideal cold multispecies electrodynam-
ics [25]. The first-order fields are (&, 1, A;), where £,
denotes the displacement for species s, and (¢1, A;) are
the first-order electromagnetic potentials. The reference
state is represented by the (time-dependent) fields: ng,
uf, Ep, Bp. The variational functional can be derived
from the cold-fluid limit of the Low Lagrangian [26]:

2 _ 2 s .
Mg Ane)= [t ['E” Bil 3 e o

+Re / d'z Y " nje (&) x & - Bo/2c+ 3¢5 - [VEy — (VBo) x ug/c] - &,

+&; - (E1 +uf x B;/e)},
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with E; = —V¢; —c"10A;/6t, and B; =V x A;. By the same method as for MHD, using the same a for ¢1, A1,
&, (661 =iap1, 6A; =iaAy, 6, = iak,), we derive the action density

nies

J(x;t) = Im {A; By /amc+ ) TetBo - €5 x £, — Y nie} - (msés + -e-CS—Al) } (8)

and the action flux density

J(x;t) =Im ((¢:E1+A*; xBa)/an+ Y g {ug[ &0 (mef,+ 22 A1) + B0 €1 x| el (41— 2 A1) }).

(9)
In the eikonal limit A; = A(x,t)expiO(x,t), the i
species displacements &€,(x,t) can be algebraically ex- _ 9
pressed in terms of the local linear electromagnetic field. J = (6D/6w)|Al%, (12)
Then the action density reduces (in the radlaflon gauge J = J % (local group velocity), (13)

¢1 = 0) to the standard expression [3]

where D = &* - D - &. Also [3], in the eikonal limit, the

J =A% (0D/bw) - A, (10) wave-energy density is wJ, and the wave-momentum den-

; : sity is kJ.
and the action flux density to Finally we turn to the Vlasov-Maxwell model of colli-
J=—-A*.(8D/3K) - A, (11)  sionless plasma dynamics. Larsson [27} has recently de-
rived the variational functional for the Vlasov-Coulomb
where D(k, w; x, t) is the local cold-plasma dispersion ten- ~ model from the Low Lagrangian [26]. The generaliza-

sor (allowing for nonzero flow uj). On introducing the  tion to the Vlasov-Maxwell model is straightforward; the
local polarization by A = &(x, t)A(x, t), these reduce fur-  first-order fields are the generating function S(z;t) and
ther to the standard forms the electromagnetic potentials ¢1(z) and Aj(z). The
| variational functional is

A(A1, ¢1,8) = / d'z (|E1* — |B4)?) /87 — % / dt / d®z fo(z;t) [62|A1|2/m02 + Re{S*,5 — 2e(¢1 — v - Ay /c)}],
(14)
where

5= 95
=Bt

eaAo o8
+{5 ho} — =5~ 3
and

ho(z,t) = p?/2m + edp(x, t),

summation over species is implicit, and the noncanonical Poisson bracket [28] is

of Og B
- + CB()(I', t) . ap X —6—5,

in terms of the possibly time-dependent reference field Byg.
‘We proceed as before and obtain for the action density

J(x;t) = Im [AL - Ba/dme+ -12- / d°28%(x — 1) {5", f0} ], (15)
and the action flux density is
J(x;t) =Im [(¢;E1 +A¥ x By)/4n + % f 46283 (x —r) ({s*, Fo}v — e(¢* —v - A /c)%i;) s] , (16)

where we have used $ = e(¢y — v - Ay /c), which follows from the full variation. We obtain the expressions for J and
J for the linearized Vlasov-Coulomb model by setting A = 0.
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Just as for the cold-fluid model, one can take the
eikonal limit, and then express only the nonresonant part
of S in terms of the linear electromagnetic field. The local
dispersion tensor is then Hermitian (in the conventional
sense), while the resonant part of S appears explicitly.
This formulation is useful in treating linear conversion
between collective and ballistic modes [4-6].

In conclusion, we have derived wave-action conserva-
tion laws for several linear-wave systems, in terms of com-
plex representations of the wave fields, which evolve by
pseudo-Hermitian operators. The general procedure is
as follows: From the variational functional A(y*, 1) in

terms of the complexified field 1, we perform the re- -

stricted variation 61 = ia®¢ and §Y* = —ia¢*, and
obtain the functional AA(Y*,¥;a) = A(—iay*, ¥) +
A(*, +ianp). By construction, any terms in A which
do not involve space-time derivatives on ¢ will not con-
tribute to the wave-action conservation law. Then the
action density J(x,%) is the functional derivative of AA
with respect to 8a(x, t)/dt, while the flux J is the func-
tional derivative with respect to Va.

Because these wave-action conservation laws do not re-
quire eikonality, one can expect many applications, such
as those listed in the opening paragraph.

We are indebted to J. Larsson, R. Littlejohn, H. VYe,
and T. Fla for very helpful discussions. This work was
supported by the U.S. Department of Energy under Con-
tract No. DE-AC03-76SF00098. _ . }
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