185 SECOND SOUND AND SCALING IN He II 257

(1957).

BG. Ahlers, Phys. Letters 28A, 507 (1969).

Up 1. Halperin and P. C. Hohenberg, Phys. Rev. Let-
ters 19, 700 (1967); Phys. Rev. 177, 952 (1969).

5G. Ahlers, Phys. Rev. Letters 21, 1159 (1968).

16g, 3. Walker, Rev. Sci. Instr. 30, 834 (1959).
"G. Ahlers, Phys. Rev. 171, 275 (1968).

18G. Ahlers, Bull. Am. Phys. Soc. 13, 506 (1968);
and (to be published).

19G. Ahlers (private communication).

PHYSICAL REVIEW

VOLUME 185,

NUMBER 1 5 SEPTEMBER 1969

Energy-Momentum Tensor of Electromagnetic Field in Moving Dispersive Media
and Instability: Relativistic Formulation

K. Furutsu
Radio Research Laboratories, Kokubunji, Tokyo
(Received 28 October 1968; revised manuscript received 10 January 1969)

Based on the Lagrangian principle, the energy-momentum tensor of the electromagnetic
field is obtained for general linear anisotropic dispersive media whose components are moving
with different uniform velocities. The field is assumed to change in space and time with a
center wave-number 4-vector w,. The energy-momentum tensor obtained can be classified
into three parts of the pure electromagnetic field, the medium and the interaction with the
external system, and the explicit expression for each part is given in terms of the two 4-
forces acting on unit electric and magnetic charges. When wV2 >0, the energy density is not
positive definite, depending upon the frame of reference, while the “rest” energy of the field
is nonvanishing (in contrast with the case of nondispersive media) and has a positive sign at
least in isotropic media with no external source; thus the energy density is positive definite
in the rest frame of the wave itself. The direction of the power flow 4-vector agrees with
that of the wave packet. The instability of the wave is discussed from a general point of view
based on the energy-momentum tensor and the covariance of equations, and the wave is found
to become unstable when the group velocity reaches the velocity of light in vacuum, over a
finite range of the wave number; the two beam instability in a plasma belongs to this type of
instability. The wave becomes unstable also when, in any frame of reference, the conduc-
tivities of one or more of the medium components become negative and the field energy is
positive, so that the total energy increases in timelike direction.

1. INTRODUCTION Penfield and Haus.®

In the case of plasma physics, the main interest

The electrodynamics in a moving medium has
been fully treated at least in the case of anondis-
persive isotropic medium of a single moving com-
ponent,*»? and the energy-momentum tensor in-
troduced by Minkowski has been shown to give con-
sistent results in various respects, although the
asymmetry of this tensor has given rise to many
discussions.® The energy density in a dispersive
medium has also been found in the rest frame of
reference of the medium.* On the other hand,
there has been great interest in the electrody-
namics of a dispersive medium of multicomponents
mainly in connection with plasma physics, and the
problems of the instability also has come out. A
detailed historical review was recently given by

has been in actual computations and numerical re-
sults, and not much attention seems to have been
paid to the over-all dynamics of the system; pro-
vided that the force equations are given on the
basis of suitable assumptions, the orthodox way is
to find the Lagrangian density function giving the
prescribed force equations and then to construct
the energy-momentum tensor according to the
usual method, taking into account relativity, gauge
invariance and other invariances, symmetries,
like in field theory. The latter restrictions usual-
ly remove the arbitrariness of the energy-momen-
tum tensor, and it is also known that the arbitrari-
ness of Lagrangian density function itself can be
reduced to canonical transformation in dynamics.®



258 K. FURUTSU 185

The energy-momentum tensor thus obtained is im-
portant not only because the force equations are
reproduced through the Hamilton’s canonical equa-
tions, but also because it has a close connection
with the direction of wave propagation and the in-
stability of the wave; within such a development,
relativity plays an essential role. It is believed
that it is always possible to construct the energy-
momentum tensor by the Lagrangian principle
when the medium is nondissipative, but otherwise
this is not possible in the dissipative case; it is
usually defined to be that obtained from the non-
dissipative energy-momentum tensor by an adi-
abatic change of the medium into a dissipative one.
In this paper, the Maxwell’s equations are brief-
ly examined in the case in which the medium of
one single component is time dispersive, aniso-
tropic, and inhomogeneous in space, but is not in
motion (Sec. 2). Then the equations are expressed
in covariant form, in the general case in which the
media consist of several components moving with
different uniform velocities and are dispersive and
inhomogeneous in space and time. In particular,
the case is treated in detail in which each compo-
nent of the media is only time dispersive in its
own rest frame of reference (as in a plasma).
The external current is also introduced and is
assumed to be caused by small displacements of
continuous media. The “packet” field is intro-
duced, whose envelope changes very slowly com-
pared to the phase term, and its covariant equa-
tions are obtained (Sec. 3). The energy-momen-
tum tensor of the packet field is obtained based
on the Lagrangian variational principle in the case
of the nondissipative media (Sec. 4), and then it
is extended to the dissipative case (Sec. 6). The
classification and the representation of the energy-
momentum tensor are also treated together with
the nonvanishing rest energy therefrom (Sec. 5).
Finally, the instability of the field in the disper-
sive media is discussed based on the covariance
of the equations (Sec. 7). The entire analysis is
based on a linear (small amplitude) excitation of
the media.

2. MAXWELL'S EQUATIONS IN DISPERSIVE MEDIUM

Using the usual notation, Maxwell’s equations
in heaviside units are given by’

rotﬁ:c_laﬁ/anj’ﬁ% divE =p+p°, (2.1)
rotE=—c¢ oB/oat, divB=0. (2.2)

Here, i’e and p€ are the externally applied current
and charge densities, while J and p are the same
densities induced by the electromagnetic field.

Hence, they independently satisfy the conservation
law:

e -1 -
divj +c lape/at=0,
divj+c~'8p/8t=0. (2.3)

Generally, ; can be expressed in terms of two
vector fields P and M:

= - =
j=c-'0P/at +rotM. (2.4)
Here, in order to satisfy (2. 3),
p=-divP. (2.5)

Thus substituting (2. 4) and (2. 5) in (2.1) and
putting

f{:%-‘i’/{, 6:'E’+§, (2.6)
we have
rotizc-1aD/at+] ¢ divD=p¢. 2.7

When the medium is linear and not dispersive
and is not composed of several components of
different velocities, we usually have, in the rest
frame of the medium, the relations

B-i B, D=%FE,

. (2.8)
7 7 ? 7

where B; (i=1,2,3) is the component of the space
vector, and a repeated index is to be summed.
Thus it follows from (2. 6) that

7.=(1-0"Y). B P.=(e- E.. .
M=Q1-p )l.].Bj, P=(e 1)1.].E]. (2.9)

On the other hand, when the medium is linear
but dispersive, the relations (2.9) are replaced
by

- 00

" - fad - - =~ -
Mz.(r, = [_at Vi].(r,t—t')B].(r, ),

- (> o0 - - T (>
P.(F,0)= [ jar Kij(r,t—t’)Ej(r, ), (2.10)

where 'ui].(F,t)=Ei].(F,t)=o, for #<0. (2.11)

In view of the condition (2. 11) the Fourier trans-
forms v;;(¥, ) and «;j(T, w) defined by

- 0 e -iwt
Vij(r’w):fo dt Vij(r’ the ,

. (2.12)
- 0 e . -twt
Kij(r,w)=f dt k. (T, t)e

are analytic in the lower half of the w complex
plane, and also
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v, Fw=v ({ -w),
ij ij

k. (F w)*=k. (F -w), (2.13)
12 7]

where * designates the complex conjugate of the
referred quantity. . N
Omitting the space coordinates r, Kij(r, w) may be
expressed in the form
=(w)™! w) — 1 . 2.14
K (w) = () [Zij(w) wl.].(w)] ( )
Here, when wis real, ’Sij and 0;; are Hermitian ma-

trices with respect to the Latin subscripts and
hence

(2.15a)

L’;!‘].(w) :gji (w), O;j(w) = oﬁ(w) ,

and are also analytic on the real axis as well as in
the lower-half plane of w;

(w)i"= (w+i€)*=7mid(w)+Plw)!, €>0, (2.15b)
where € is an infinitesimal positive number and P
denotes the Cauchy principal value. Hence, (2.14)

can be given also in another form

Kij(w) = n[oij(0)+i§ij(0) ]18(w)

-1 . 1
+Plw) ™[z ij(“’) zéij(w)] , (2.16)
and thus k;;(w) becomes Hermitian only when

ol.].(w;eo) =§l.].(0)=0.

The relations (2.13) and (2. 15a) are combined
to give the relations
§1.j(— w)=—§ji(w), Uij(_w):cji(w)‘ (2.17)

Further, £ (w) is not independent of o;; (w) bat can

be expressed in terms of it using the analytic proper

ty.

The significance of the first term on the right-hand
side of (2.16) becomes clear by considering the
special case of constant Cij and o Inthatcase, we
have from (2.12) and (2. 14)

k0= [T dok, (@) e!
14 -® Y

=0,.(0)+i¢..(0), ¢t>0
) 1

{<0. (2.18)
Here, in view of (2.15a) and (2.17), the coeffi-
cients if;:(0) form a real antisymmetric matrix,
while the cij(O) form a real symmetric matrix.
Thus we find that (2. 18) gives the anisotropic con-
ductivity, as may be seen from (2. 4) with (2. 10).

=0,
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We can apply the same considerations to Vij (w), but
no singularity is expected at w =0 because of its
contribution to the current by (2.4). We shall
simply assume the form

V..(w)=V..S(w)—iV..A(w), (2.19)
77 1] 77

in which case
v ..S(w)*= v..S(w) =v ..S(— w),
ij ji ij
V..A(w)*=v..A(w)=—V..A(—w). (2. 20)
ij ji ij

Introducing the Fourier transforms of the field
variables defined by
o - -iwt
B(F,w)= [ dtB(F, e (2.21)
and similar expressions for the other physical
quantities, we obtain from (2.10) and (2.12)

M.(F, w)=v..(f, w)B.(T, w),
i if j

P, (F,w):xl.j(F,w)Ei(F,w). (2.22)
Comparing with (2.9), we find that, if € and p are
the Fourier transforms of € and § similar to
(2.12),

(e-1), =1 (Fw), Q-p). =v.(F o),

2.23
i ¥ o1 ( )

and, by the Fourier transformation of (2.2) and
2.7,

rotH = c-18D/a1 + jY, divD= pe,

rotE =—c~'aB/ot,  divB=0. (2. 24)
All physical quantities involved are functions of

r and w, and are denoted by the lightface letters.
3. COVARIANT FORM OF THE EQUATIONS

In this section, we employ the following nota-
tion: Greek subscripts assume values ranging
from 1 to 4, while Latin subscripts assume
values ranging from 1 to 3, and a repeated index
is to be summed. The coordinate vector of a
four-dimensional point x is denoted by x =(r, icl)
with x, =ix,=icf, and the four-vector derivative
by 8, = (8/0x,, 8/0x,, 8/8x,, 8/0x,). The four-
dimensional element of volume is defined as (dx)
=dx,dx,dx,dx, .

A. Covariant Form of Maxwell’s Equations
in Moving Dispersive Media

The electromagnetic field is characterized by

the antisymmetric tensors F, |, =~ Fipand Hyy
=- Huu defined by
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iE,=(F, ., F o Fyq)s
(3.1)
Hy=(Hyq, Hyy, Hip),
iD= Hyys Hyp Hyg),
and also by the four-vectors ‘J’ue =(7e,p€) and
=(J, p); Egs. (2.1)-(2.3) are then expressed,
respectively, by

hnd e T e
avFvu_-]p._]u , (3.2)
9 F 8 F 8 F =0 3.3
aFﬁy+ BFW+ yFaB , (3.3)
< T e
9 4 =0 j ~=0. (3.4)
wn=

If we further introduce the antisymmetrical
polarization tensor I, =11, defined by

‘Mkz(nzs’ Mgy n12)’

o, 10,.). (3.5)

Equations (2.4) and (2. 5) are expressed by
=5 11 I ) (3.6)
TR

7 v v

and the conservation law (3.4) of o is guaranteed.

Equation (3. 2) is thus expressed as
(3.7)
with H =F +0 . (3.8)

When the external current ]'fue is caused by
small displacements of continuous media, it is
always possible to express it by the equation

if=2,8,, §,,=-5, (3.9)

of the same form as (3.6). Using (3.9), Eq. (3.7)
is further reduced to

aV(Hvu+sV“)_0, (3.10)
which means the conservation of the total “dis-
placements” including those of the external sys-
tem.

Generally, the polarlzatlon H is considered
to be proportional to Foz to f1rs order in field
strength, and thus, when the medium is disper-
sive, it takes the form, as in (2.10),

=f(dx'>zwa3(x,x')f ). (3.11)

apf

Here, from the symmetry of ﬁVLL and Iz‘aﬁ!

-~ - -

=— =- 3.12
“vpag “uvap “upa’ ( )
and, from the relativistic causality,
- AP 3 — !
KvuaB('x’x)_O’ if x x0<0,
=0, if(xv-x;)2>0, (3.13)

i.e., it also vanishes if the points x and x’ are
spacelike to each other. It follows from this
fact that the Fourier transform defined by

Kvuaﬂ(x’ w)

= [(ax") explio, (&, -x7)] Evuaﬁ (x,x') (3.14)

is analytic in the lower half of the complex plane
of w, or of any timelike component of the 4-vec-
tor wy-® When the medium is homogeneous,
Ky vpa (x, x') becomes a function only of x — x’
and hence Kypap ¥ w) is independent of the co-
ordinates x.

Introducing the new quantity

mvuaﬂ(x’ w)

_1 _
= 2(5,/&5“3 auaavﬁ)mwa

with the same symmetry as in (3.12), i.e.,

B(x, w), (3.15a)

My 0B ™ pvap " ™oppa’ (3.15b)
we obtain, from (3.11) and (3. 8),
flw(x)=(27r)“‘ f(dw)xy B (x,w)
xF (w)exp(— zwkx)\)
izw(x =27 f(dw)m ap @) (3.16)
X FaB (w) exp(~ iwxxx) ,
(dw) =dwydw, dw,dw,,
in terms of the notation
Q") = [ (dx) exp(+ iw;\x)\)é(x). (3.17)

The tensor ky g (x, w) can be expressed in
terms of v;; and k;; introduced in (2.12); when
the medium is composed of a single component
moving with the velocity V, it is found that?

_1 _
“vpap ” 2[("qu/3 "vKuB)"a

+ (anp.a - nqua)nB
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. (3.18a)
* evumnﬂ "\ eénaB ]
Here,
n = &V/c, iy ), nV2= -1,
y=[1- /)] "2, (3.18b)

and 5=k, (x, w) is a function only of w=-nywy
and the spacelike coordinates, say X,=x,
+n,(yxy) with ny%y =0; €, is the Levi-Civita
symbol'® which is antisymmetrical with respect
to all subscripts and is +1 or — 1 or 0 according
as (v, u, \, 7) is an even or an odd permutation of
(1, 2, 3, 4) or otherwise, respectively. Indeed,
(3.18a) satisfies the same symmetry as (3.12)
and also, in the rest frame of reference of the
medium in which n,=(0, 0, 0, i), we readily find
the equivalence of 1, (x) in (3. 16) with the Fou-
rier (inverse) transform of (2.22) [Note that
Kyuap (¥ w) is a function only of the space co-
ordinates r and the time frequency w used in Sec.
2 and is independent of the space components of
w,]. The covariant expression of k,, in the case
of the anisotropic plasma is given by (5. 17).

It is straightforward to extend these considera-
tions to the general case in which the medium is
composed of several components of different
kinds and/or velocities; K,y qg(*, w) in (3.15)
and (3.16) is then replaced by the sum of their
independent contributions
(n)
KB _E"KV#aﬁ , (3.19)
where the superscript (z) expresses the depen-
dence of each component on the timelike unit
vector ny characterizing its velocity.

B. ‘Packet’ Field and Its Covariant
Equations

Let Q(x) be any tensor expressed by
Q) =27 ¥[exp(- iw, %, )Q(x, )
+exp(+ iwxxx)Q(x, -w)], (3. 20)

and let Q(x) be defined to be “real” if QTtr) = @),
where

Q'(x) = time reversal of @*(x). (3.21)

Then, since vaz x, is real, the real condition
of Q(x) for any real 4-vector wa =wy becomes

QT(x, w)=Qx, - w), (3.22)

and if_he periodig_ mean value of the proguct
Qx)P(x), say (Q(x)P(x)), of any real Q(x) and

P(x) of the form of (3. 20) over the period charac-
terized by the vector w, can be shown to be

(BP(x)) =4[ (x, w)Plx, 0) + @lx, 0P (x, ).
(3. 23)

When the space-time change of Q(x, w) in the
direction of w, is very small within the range of
the period of w,, Q(x, w) describes the envelope
of a wave packet in that direction; if w, is time-
like, it is a temporal wave packet, while, if w,,
is spacelike, it is a spatial wave packet. In the
following, we shall assume that all the field
variables and also the external sources are of
the form of (3. 20), and look for the covariant
equations to be satisfied by the lightface vari-
ables like Q(x, w).

Assuming the possibility of a Taylor expansion
of Q(x’, w) in a power series of x’~ x, one ex-
presses the expansion formally by

Q(x',w)=exp[(x;— xx)a;] Q(x",w)lx,,zx . (3.24)

Hence, the Fourier transform of Q(x), (3.17),
yields, on using (3. 20) and (3. 24), the term

-1/2 ’ iley? — —igrt),
2712 [ (dx )exp[z(wx w, =8y )xx]

x exp(- xxa;\')Q(x”, w)lx"=x
=27 @0 6w’ - w = 0" QL - x, ),y _
(3. 25)

&% being the 6§ function in the four-dimensional
space. Thus we formally have

Qw’)=2"1227) [6*(w’ - w—13")Q(x"" - x, w)
+0*(w! +w=-18")Q(x"" — x, - w)] Ix” —x"
(3.26)
Suppose é(x)=f‘a[3(x) with Q(w’)=F , 5 (w’)
given by (3. 26) and substitute the latter in (3.16)
to obtain H, , (x). Then, we readily find that

I _9-1/2 i
Hvu(x) 27 exp( 1wxxx)

mvuaﬁ(x’ w +i8)FaB (x, w) +exp(+iw)\x)\)

XmVN-OIﬁ (x, —w+i8)FaB(x, -w)], (3.27)

which is again of the form of (3.20). Hence,

Hw(x,w)=mma8(x,w+ia)Faﬁ(x,w). (3.28)
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Here, mvuaﬁ(x’ w +19) is to be ordered in such
a way that, when expanding it in power series of
(w +98), the term (w +8)" should be always to the
right-hand side of the coefficient (which is general-
ly a function of the coordinates x). However,
when the medium components are moving with
uniform velocities, this well ordering does not
matter, since the differential operators are al-
ways commutable with the coordinates involved,
as may be seen from (3.18a). Thus, in this
case, it holds that

hy
3 = .
B (v, w)=0 (3.29)

in terms of the notation

mvuaﬁh(x’ w)= (a/awx)mvuaB (xr,w). (3.30)

185
From the real condition (3.22), we find that
both HV“ and Fuu are real if
m ) =m o, —w), (3.31)
vuap vihaB
which is guaranteed directly by the definition
(3.14).
Now, assuming the form of (3. 20) also for
S, (), Egs. (3.9) and (3.7) yield
i Clw)=(d +0 S (x,w), (3.32)
o v voVU
) __ e
(zav+wu)Hvu(x,w)— i, (x, w), (3.33)
and thus
(8 +w JH (,w)+S (r,w)]=0. (3. 34)
v v’ o VU

4. LAGRANGIAN PRINCIPLE AND ENERGY-MOMENTUM TENSOR IN NONDISSIPATIVE MEDIA

In this section, we shall find that, in the case of a nondissipative medium, Eq. (3.34) can be derived
by the Lagrangian variational principle. Thus the energy-momentum tensor for the “packet” field can
be constructed by the orthodox methods used in field theory.

A. Construction of Energy-Momentum Tensor and Boundary Conditions on Discontinuous Surface

Equation (3. 3) is automatically satisfied by the introduction of the 4-vector potential é;ll:

F=09,-2,9, . (4.1)
Assuming the form of (3. 20) for 5# with the additional factor i, we have

Fvu(x, w)= (zav +wv)d>u(x, w) - (zau +wu)¢u(x, w),

Fo(—; T_(=; il

FV“(x,w) = zav+wu)¢u(x,w) ( Zau+wu)¢v(x'w) , (4.2)
where ¢>u(x, w) is pure “imaginary” and, instead of (3.22), it has the relation

d)u(x,w)T:—¢>“(x, -w). (4.3)
F,, given by (4. 2) is invariant for the replacement

. il t . i
- ) - -
d)u ¢“+(zau+wu)p, ¢)P~ ¢li +( 18u+w“)w , (4. 4)

where ¢ is an arbitrary function, The replacement (4.4) will be called the gauge transformation, and any
physically significant quantity should be gauge invariant.
We introduce the gauge-invariant Lagrangian density function £ by

e==2¢F ‘g wr g H_yp T
T v v

n

Here, F,, and F,,N_T
the external system giving (3. 32).

The medium will be found to be nondissipative if

T

(x, ) =M gy

m
viapB

s +F s N
m v Sep T epSep
are given by (4.2), and H,, is by (3. 28), while Syy is to be a physical quantity of

(x,w), orusing (3.31), m (x, —w)=m

viaB anu(x’w)' (4. 5)

Hence, assuming the condition (4. 5) and also the very small change of the envelope of the packet field

within the period of w, we have, to first order of 9,
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Hvu(x,w)z[mvuaﬁ(x,w)wumuuaﬁ}\(x,w)(iax)]F x, ),

ap

1,60 ~F o) m g 0 0)s (B m M, )] (4.6)

in terms of the notation (3. 30).

Now, £ can be regarded as a function of b ¢‘vT and their derivatives, and also of S, and S, . m
order to see the contributions of their variations, we first note that, using (4. 6) with the relation 4.5),

T T . T T T by T
F 6H =H oF o_(IT = -1
vu OH,, =H, 'OF  +i A( " 5Fvu), FwéHuu Hvust m)\(nwL 6Fw ). (4.7)
Here, with reference to (4.6),
by A A At T A
= ; = F n "= F . 1uN=F , etc.
Hvu Fvu+nvu+la)\nvu ’ Huu KvuaB aB’ VU muuaﬁ af jan ap manu ete.,
4.8)
and the condition (3.29) is also taken into account. Thus
1 T i i
__1 5
oL 4[(HVI.L +SVN- )GFvu+(Hvu+SV“) Fl/u. ]
. At A il 1 T T
- - -3 58S F 58S 4.9
(’/8)8x[”uu oFW Huu GFW ] “[Fvu o V“] , 4.9)
i =(Z - (@9 . 4.10
with GFW_L (lav+wv)6¢u (¢ I-L+wli)6¢l/ ( )

The integration of (4.9) over the four-dimensional space enclosed by two spacelike surfaces, say o,
and 0,, yields, with the aid of partial integration,

L (0 ; 1 t T N t t
fg;éuﬁ(dx)z—Efgzl(dx)[éqbu(—18V+wy)(Hvu +svu )+6¢u (lav+wv)(HVu+SVu)+Z(FVLLGSVH +FV“ csw)]

G t.s Tee - . A t_g M o,
+_Ldox{ (1/2)[(HML +qu )M’u (qu+sm)5¢># ]+(z/8)[HWL GFW Hvu GFV“]} o (4.11)
- V2
Here, doy is the 4-vector differential surface area
dox = (dxzdxsdxo, dxsdxldxo, dxldxzdxo, dxldxzdx3 /i), (4.12)

and is normal to the spacelike surface 0. Thus regarding 5d>u and 6¢>MT as independent variations in
(4.11), we find Eq. (3.34) and its conjugate equation according to the Lagrangian variational principle.

It is straightforward to construct the energy-momentum tensor T, o according to the ordinary method
in field theory; it is obtained from the integrand of the surface integral in (4. 11) by the replacement

by ~=-dg dus 5Fuu - BOFV” and the corresponding replacement for the conjugate variables with the
addition of £6)4 :

_1 t Ty ; .t AT A T
TAO—Z[(HMJ. +S>\IJ- )(180¢#)+(H)\N-+SMJ)(—180¢U~ )]+3[H)\“ ('LBO_F )+HV“ (—laUFVp. )]+£5)\0,

Vi
(4.13)
and it satisfies the conservation equation
) = =_1 t T 1 i .
2 Ino=25 % ‘*(Fvu aasu#+1ﬂ‘yuaoswu ) B{Fvu [aomwaﬁ(x,w +za)]FaB
oF Tlam  (w-id)]F } 4.14)
aB "o afru’ v o -

However, T, is not gauge-invariant.
In order to obtain the gauge-invariant energy-momentum tensor, we note the invariance of £ under
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variations of the physical variables caused by a change of the phases of a constant amount:
T 1

K ¢Ii

Hence, for the infinitesimal variations 5¢H =i¢>#69, 3F,, =iFW68, 6S,,u =iSy 66, and corresponding

variations for the conjugate variables, the right-hand side of (4.11) should vanish. Thus we find the
relation

. . . P e T s
qb“-—d>uexp(16), ¢ exp(~i6), exp(i6), Svu —»SV” exp(~i0).

S =S
Y TR T}

o, . o, T_ T - 4
fadoxs)\l +(z/4)f(72 (dx)(FvuSv“ F syu) 0, (4.15)
0=0,
1 i 1 oo 2 F At 4.16
where SK—Z[(HML +qu )¢u+(qu+S>\u)¢u ]+8(Hvu FW +Hvu FVM)' (4.16)
Equation (4. 15) is equivalent to
s o _ T 4 17
axs)\—(z/4)(Fw Svu FUMSW ). (4.17)
Now, we introduce the tensor 6, , defined by
. T T T
_ - 4.18
8 o T)xo+s7\wo+(z/2)au[(H>\u+Sku)¢o (Hw +qu )¢U], ( )

whose explicit expression is

.'.

. 1 L My N t
9)&0 2[(11)\“ )Fou ]+£6h0+8[nvu (130+wU)FU“+HW'( wcr+wo)FvlJ. ] .(4.19)

0

1
+SMJ. )Fop. + (HMl +SMJ.

The tensor ) is evidently gauge-invariant and, on using (4. 14) and (4.17), its divergence is found to be

. t,. . T 1o 1
alem=(z/4)[1«“vu (Zaa“’o)sm'Fuu("aa”’o)s 1-3F_ {[o

BINE
” " omyuaﬁ(x,wﬂ N+ o

waﬁ(x,w—is]}l’aﬁ .

(4.20)

It is quite reasonable to identify 6, with the energy-momentum tensor of the field, and, in Sec. 4B,
we shall indeed find that the direction of 6, for any given o agrees with that of the group velocity or-
dinarily defined.

The Lagrangian variational principle has the additional advantage of giving the necessary boundary con-
ditions on any surface of discontinuity of the medium.

When the medium is discontinuous acrossa surface, sayo’, in spaceandtime, the right-hand side of (4. 11)
contains the additional surface integral over o’ with the same integrand as those over o, and 0,. Here,
Sdu, GFV“ and their conjugate variations involved should be continuous on ¢’ in order that the partial
integration employed in the derivation of (4.11) is possible. Since the variations are arbitrary, it follows
from the Lagrangian principle that this additional surface integral also should vanish and hence, if n)‘(o’)

denotes the unit vector normal to the surface ¢’ at a particular point on it, it must hold, at any point on
o', that

A
’ ’
n (') AH, +AS )_—nx(a ) ATl =0, (4.21a)

and their conjugate equations. Here, A denotes the difference of the referred quantity on each side of ¢’;
As)\u is different from zero when the external system has a surface current on ¢’, as may be seen from
(3.32).

On the other hand, the ¢ ’s also should be continuous on o’ with possible discontinuities of their first
derivatives, in order that the field variable Fuu is finite on ¢’. This condition can be expressed in the
same form as (4.21a) in terms of the dual tensor:

’ _ _ N1
nk(o )ABML—O’ Byu-(2z) evuaBFaB' (4. 21b)

B. Agreement of the Direction of Power Flow Vector with That of Wave Path

In this section, we assume that the (nondissipative) medium is homogeneous in space and time and no
external source is present, so that there exists a plane-wave solution.
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If we regard wy in the preceding sections as the wave-number vector of the plane wave, we have from
(4.2) and (3. 28)

= - H = F (4.22)
Fou=0,2u =90, Hyumm g @Feg
and also, from (3. 34),
wH =0, wH T:O, w T:w , (4.23)
vovp Vovp v v

provided that the vector w, is real. Here, taking into account the symmetry of myuap in (3.15b), we
have from (4.23)

T
= = = = 4.24
wvHvu Zwumvu.aﬁwa (pB 0, or DqubB 0, 4)“ DH-B 0 (4.24)
in terms of the notation
_ _ T

DuB —wvmuuaﬁwa_DBu ’ (4.25)

and Eq. (4.24) gives the dispersion equation
Det|D =0. 4.26
[ uB] (4.26)

Now, we consider the arbitrary variation dw) of w, satisfying the dispersion equation or (4.24) and look
for the relation to be satisfied by the elements of dw,; in terms of the notation

=g ¥ A=
D—fbu Duﬁ%’ DuB _(a/aw)\)Dw , (4.27)
we find, on using (4.24), that
(¢ Tp A _
50_(¢>u D“B ¢3)5w>\—0 . (4.28)

Hence, it follows that the direction of the 4-vector (d)“ TDHBM)B) agrees with that of the wave packet. On
the other hand, from (4.25) and (4.27),

T AL T t t A
95y D#ﬁ ¢>B —wa(qbu mkuaﬁwa(pﬁ +¢I~l wumuu)\ﬁ ¢B +¢IJ w8 wa(pB) R (4.29)
where, on using (4.22),
T 1 T 1 i
w0¢>“ mxuaﬁwa¢6 29, ¢u HMJ. C2 Fou Hku
in view of (4.23). In this way, we find that
i A i ty. 1 AT A i
w0¢u D“B ¢ = Z(H)\B FOB +HMLFGH )““’o(“as FaB +nwi FW ), (4.30)
and also £ =0. Thus comparing (4. 30) with the expression (4. 19) of 6),, we finally have the relation
i XL _
wo¢u DHB ¢B_woaD/aw)\_9)\B . (4.31)

We conclude from (4.31) that the direction of the wave path agrees with that of the power flow vector
6)0=— 164, and that the momentum density 6, = — 164, is always proportional to wg.

5. REPRESENTATION OF ENERGY-MOMENTUM TENSOR AND THE “REST MASS”

The energy-momentum tensor 6 in (4. 19) may be divided into three parts, say BMO, GMM, and GMI,

attributable to the pure electromagnetic field, the medium and the interaction with the external system,
respectively; with reference to (4. 8), we put

0 . M T
o e The the o (5.1)

h g. 0-g 0_1 i fy-ip T
where 6, eﬂ 2(FML Fcu+F)\uF0u ) ,FW Fuub)\o , (5.2)
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L T 1 T il
1 _1 F e
o FO5 ) Z(HMJ. Fcu+n7\uFou ) 8(Hvu Fuu+nvu Vi 50
L M X t
+8[HV# (280+u)0)1=‘w_L+HW't ( lao+wo)Fvu ], (5.3)
I, 1 f_a 1 f
1 -1 s 5., 5.4
6o Z(qu F0u+s>\uF0# ) .,(sw FW+ quvu ) o (5.4)

where II, , and IIy T are to be abbreviations for x)\“ag(x,w +i8)FaB and its conjugate tensor,
The contraction of each tensor yields
0 I

_ 1 i i
6., =0, 6, = 2{squ +S F '}, @

M AT, X s i
1 —is F )
N N = {0 p G @ IF 0, (-1, +w))F }

VU VUL VU AN 17
(5.5)

In order to see the contribution to GAOM from each component of the moving media, we introduce the
two new 4-vectors

() B (")=(2i)'lg

EV =Fvunu’ v vuaBFaBnu ’ (5.6)
with the relations™® €, 48 T-- €yuap and
_ (n) (n) . (n)
uu—nvEu —n“Ev HEVuaBnOIBB , (5.7
(n) (n) (n) _ (n)
and also P, =KXBEB . M, -I/MBE . (5.8)
Then, in the special case of a single component, GMM can be shown to be given by
M_ g0 m)t, @) n), ()t mt, ) _, @), 0
by = 2{(26x0+n)\n0)[E“ Pu +Eu P” —B“ M“ Bu Mu ]
()t , () ), 0t , f, ) - (), @)
o= P - E P T My B Ty T
. (M(n)xE(n)T+M(n)T><E(n)))\nG—nx(B(n)TxP(n)+B(n)><P(n)T)O }
i W Mg iwgp @ g W, Xy Ly @
v TR A ! v v o o
B DTCiF o W s DN im0 2 )y (5.9)
n o o puv v n o o py v
in terms of the notation
s A_
(AxB)0=zeca87nyABBa, Kvu _BKV‘L/wa, etc. (5.10)

K,,u) and v,,”)‘ involved in the last term in (5. 9) can be expressed in terms of the more common
parameters €, and p,,, by (2.23); in the special case in which the medium is time dispersive in its rest
frame of reference, these quantities are functions only of the frequency w = - ny3wy, and thus

A A -1 -1
== == . 5.11
Ky nk[ae/aw]yu, L nx[u (au/dw)u ]V“ ( )
In the same way,
0. 1/ n T T T T
b,y == +(E,'E_+E,E "+B 'B +B B )

1 T T 1 pt T 1
+(25)\0+n7\n0)(Eu Eu+Bu BIJ-)+2(E XB+EXB ))\no+ 3N

Here, the superscript (z) is dropped, since the expression (5. 12) is true for any timelike vector »,, and
so it is particularly convenient to choose it in the direction of the time axis of the frame of reference. In

X(ETXB+E><BT)O . 5.12)
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that case, £, and B, become the electric field and the magnetic induction, and (ETXB)A becomes the
component of the vector product of EVT and B, as ordinarily defined.

Further, in the case of the single component medium as we have assumed in the above, QMO and GXOM
can be combined into a unified form by the introduction of

("):E (n)+P (n) _ E (n) H (n):B (n)_M (n):(“-l) B (n); (5.13)

D =€ s
K [ b by v [ [ K by v

thus on using (5. 11), it is found to be

0 M, ), @) (n) . ()} (n)t,, () (n),, )7y
9>‘0 +9)\0 :—E(D)‘ EU +D)\ EU +B)\ Ho +B>‘ H0 )

snn )D (n)TE (n)+D (n)E (n)T+B (n)TH (")+B (n)H (n)T)
P AN N T} n TR n m TR

(n) (n)T) (D(n)'r (n)

1 (n) _ )t
+E" "xXH xn0+ 2n>\ xB""+D"'xB )0

+in [E V(")T(ax/aw)W(z‘a(7 + wo)Eu(n) +Hv(n)T(au/aw)Uu(i80 rw ()

+Eu(n)f(- 2'5-0+w0)(3K/3‘*’)u VEv(n) +Hll(n)T<_ igo +w0)(3p./8w)u vHu(n)] ’ (5.14)

and its energy density in the rest frame of reference of the medium agrees with that ordinarily accepted.!?
In the general case where the medium is composed of more than two components moving with different
velocities, OAOM becomes simply the sum of all their contributions, as is evident from (3. 19), and thus

M (n)
o :Znem ’ (5.15)

where 8y (n) represents the contribution of each component moving in the direction of ny and hence it is
given by (5. 9) with its own B () and E, n),

Onthe other hand, when the velocities of all the components involved are very close to each other so that
1v/cl < 1, where v is the velocity difference of any pair of the components, then all the Bu(") and the
Ey ) pecome the same and, effectively, k), and vy in (5.9) can be replaced by

(n) (n)
"uu:ZnKuu , uw=2nuw . (5.16)

Here, in the case of the anisotropic plasma, for example,

2

(n) wp (wH)V[J.2+(w—iV)i(wH)l/[J,
K = - — (6 +n n )‘ T2 2 )
in w(w=-17v) VL VU (w=-1v) -wp
where w=-n\w,, (“’H)yuaz(“’H)vx(wH)huv w?=-z(wghn?, (5.17)

and wp is the plasma frequency in relativistic units (the ordinary frequency divided by ¢) and v is the
proper collision frequency; (‘*’H)uu =- (""H)uu is the cyclotron frequency tensor and it is proportional to
the static (magnetic) field. The inclusion of the collision frequency v makes Kyp 7) non-Hermitian and
the medium becomes dissipative (Sec. 6).

The contraction of 6y yields a nonvanishing value in the case of a dispersive medium, and the straight-
forward calculation of 6y, by (5.5) with the use of (5. 11) shows that

M_}_ (n)t
6 _4{EV (ae/aw)w

N (n)+Bv(n)T[

nl(ia)\ +w7\)Eu p-l(au/aw)u-l] Vunx(iaxﬂ»w )Bu(n)}+c.c. (5.18)

X

and, in the special case of the plane wave of the wave-number vector w,,

o == 1E, Twoessw) £ ™ 8 M Twn™ ou/00u™)

AN B“(")}, w=-nw,_ . (5.19)

Vi AT

Here, since E,()(w)T=E,(W(- ) by (3.22) and €,,(- w) =€}, () by (2.23) and (2. 16) with the relation
(2.17), it follows that
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Ey(n)T(w)[wae(w)/aw] m E”(")(w) =Eu("”(— wlwoe(-w)/ow] VEV(n)(- w), (5.20)

and hence this quantity is positive definite independent of the sign of w,* if (9€/8w),,, has only positive
eigenvalues for w >0. We can do the same consideration also for the last term in (5.19). Thus we con-
clude that 6y3M is negative definite independent of the sign of w = - nywy, if (0€/8w),,y, and (3u/8w),,, have
only positive eigenvalues for w > 0. Thus, in this case, it follows that the field has a “rest mass” of posi-
tive sign, in contrast to the case of a nondispersive medium,

The positiveness (or negativeness) of (3¢/8w) and (8p./38w) for w >0 (or w <0) has been proven in the case
of an isotropic medium based on the theory of causality.* However, it is not immediately clear in the
general case of an anisotropic medium and, indeed, it is not the case, e.g., for the anisotropic plasma
characterized by (5.17) in the range of |w|< |wy |/2. In spite of this fact, — E)MM will be expected to be
proven to be positive definite, probably based on the causality, although, when w) is spacelike, the energy
density is not positive definite but changes its sign depending upon the frame of reference in view of (4.31).
(8D/8w, is a mull or timelike vector in order to give the group velocity which does not exceed the velocity
of light in vacuum, and thus 8D/8w, keeps a definite sign independent of the frame of reference.) Note that
the above conclusion concerning the rest energy is valid for the general media of multicomponents moving
with different velocities, although it was illustrated by (5. 19) for the medium of a single component.*®

6. ENERGY—-MOMENTUM TENSOR IN DISSIPATIVE MEDIUM AND “NEGATIVE” CONDUCTIVITY

When there is dissipation in the medium, the energy and momentum of the field are not conserved even
in a homogeneous medium without sources, and it follows that the energy-momentum tensor can be defined
in various ways. In this paper, we shall define it by the same tensor as obtained for the nondissipative
medium in the preceding sections with the removal of the restriction (4,5). This means the inclusion of
the anti-Hermitian part of x;; in (2.16), say - ik;j (D), with

(D) _ -1
Ky =Pw Uij(“’) m Iij(O)G(w), (6.1)
and the corresponding additional term -ikwaﬁ(p) in (3. 15;1), where Ky o8 (D) has the same expression as
Kypap With k), replaced by KV“(D
The straightforward calculation shows that 6 in (5. 1) has the additional term GXO(D ) given by

(D) . T i . T i
9)\0 =(i/2)(C AHFO'# - C)\p.F UIJ-) - (Z/4)(C V#FU“ - Cqu VM)GXO‘
1 i (D)p (D)X 1 (D
+sap[F VIJ-(KVIJ-C(B KO- VIJ-QB 5pO)FC¥B]+ sF vu(aoKuuaB )FQB N (6.2)
. _ (D) (D _ (D)
with CML =Ky pap Faﬁ’ Kuap =(a/aw)\)KvuaB (6.3)

The first-two terms on the right-hand side of (6.2) are the same as given by GMTI of (5.4) with S, ;, replaced
by - iCML, while the other terms in (6.2) are the same as the contribution when the Lagrangian density
has the additional divergence term (5)8,[F TKUP-C!B (D))‘FQB]. Hence, with reference to (3.32), the form-
er can be regarded as the contribution of the conduction current j, € =~ (i3, +w,)Cyy, or

c . (D) (D), . (n)

—(18v+wv)[nuxv6 -n,Kg ]EB , (6.4)
while the latter is the result of the canonical transformation of the dynamical system.'®

Now, with reference to (4.20), the divergence of 6o becomes, in the case of a homogeneous medium of
a single component with no external source,

Ty

et . +
8XGX0—4[F Vu.(zao+wa)cvu+Fvu( 180+w0)C v

]

m

(D)

e @, g 0f, D) =
m n

= - %[Ey(n”(iac+wo)lc " (—iao+w0)Ey(")] , (6.5)

uy

where Kyu (D) is given by (6. 1) with w = - n)w, and the Latin subscripts replaced by the Greek subscripts,
Hence, in the special case of the plane wave of the (complex) 4-vector w, - iwj,, (6.5) gives

8,6,0=" Ev(n)Two[Pw-low (w)- n!yu(o)b(w)] Eu (n)’ w=-nw, -, (6.6)
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where Eu(”) and EV(”)T are functions of the coordinates through the factor e~WyXy,

Here, as in (5.20),

EV(W)T (")( (n)T(—w)O (—w)E

(w)oyu(w)Eu w) =El-l

should be positive definite independent of the sign of w, if the medium is dissipative.

187 v

(6.7)

On the other hand,

when wxz >0 or when the phase velocity is smaller than the velocity of light in vacuum, w=-n,w, can

assume both signs and, if w,> 0, it is positive or negative according as to whether the medium velocity

given by n, does not or does exceed the phase velocity. Accordingly, the right-hand side of (6.6) becomes

positive when wy(nyw,)™*> 0, i.e., the conductivity of the moving medium effectively becomes negative

when the velocity of the medium exceeds the phase velocity of the wave, and, if ou‘:(O)ae 0, it tends to in-
app

finity as nywy —~ 0 or the two velocities approach each other. Therefore, when this

ens in a part of the

medium components and the total energy of the field is positive in the frame of reference considered, the
wave then has a possibility of becoming unstable in the sense that the energy of the field increases with

time (see Sec. 7).
7. INSTABILITY

The wave is usually defined to be unstable, when
its amplitude grows in the timelike direction. We
shall find that the problem of this instability is
closely connected with that of whether or not the
group velocity of the wave can exceed the velocity
of light in vacuum,

A. Case of Nondissipative Medium

Suppose that the medium is nondissipative and
homogeneous in space and time with no external
source, and that the wave-number vector wy of
a plane wave has the form of

w =w %+in v |
[ K
where wu" and v are real, and n,, is a timelike
unit vector with n;*=~1, Then, the use of (7.1)
in the conservation equation (4. 20) shows that

(7.1)

’

axem_ 2Vn7\9>w =0
and hence also that 8, , for any given ¢ is a space-
like vector since 7, is assumed to be timelike;
it means that, in the “rest frame” defined so that
ny has only a time component, the energy and mo-
mentum densities vanish with the possible existence
of nonvanishing stress and power flow densities.
We note that this is the necessary physical condi-
tion for an unstable wave to grow in a timelike
direction,

On the other hand, consider the case when v in
(7.1) is sufficiently small, say v= Av, so that the
unstable wave is produced from a stable wave of
the wave number w ,°, by a change of the wave
number Aw u°. Hence, putting

=w %4+ Aw °+in“Av, (7.2)

w
TR n
then, if D(w)=0 is the dispersion equation with
D(w) given by (4.27), the expansion of D(w) in the
vicinity of wy =wu° yields

D(w) =D)\Au))\0 +iD)\n)\ Av

- %DxunxnuAv2+O[A v3] =0,

staD/aw | ,
X [
w=w

DML saZD/aw dw , (7.3)
AU o
w=w
where only the first-order term with respect to
Aw)° is kept. Equating the real and imaginary
parts of (7.3) to zero, we find that

P aw ozéDxun n Au2

Dn =0, N o ,

\ (7.4)

and hence, the vector D} is spacelike or (D)?
> 0; since 6y, =D w, according to (4.31), it
follows that the energy-momentum tensor of the
stable wave at w, =w,,° has the same spacelike

property as that of the unstable wave. Also, Av
is given by
Av=t% [(2/07\#" n D%Aw 0]“? (D)\)2 >0,
AU a
(7.5)

which is indeed real when Aw,° is such that the
term inside square brackets is positive. The
plane wave at w,, =w,,%1is, of course, stable, but
it is critical in the sense that a small change of
the wave number can turn it into an unstable wave.
On the other hand, since the phase of the criti-
cal wave is real, there exists a wave packet and
its direction of motion agrees with that of D*
(see Sec. 4 B). But since DX is spacelike, it
follows that the group velocity of the critical
wave must exceed the velocity of light in vacuum
[and even tends to infinity as the frame of refer-
ence approaches the rest frame of 7y =(0, 0,0, 7))
and evidently loses its physical meaning; the
wave packet is a physical quantity filled with the
field.'” Hence, it is concluded that the 4-vector
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D> of the critical wave cannot be spacelike; but
it also cannot be timelike, because the wave then
cannot go over into an unstable wave of the form
of (7.1).

From the above consideration, we are forced to
conclude that the wave of the form of (7.1) cannot
exist; thus we simply postulate that the group
velocity of the (stable) wave cannot exceed the
velocity of light in vacuum, i.e., (D*)?<0. It
follows then that, if the velocity reaches the
velocity of light at a finite value of the wave num-
ber, (D})?=0 is the maximum value,

On the other hand, the maximum value of (D})?
on the restriction D=0 is obtained by solving

oo™ _rp* -0, (7.6)

where # is a constant and DM is the same as
defined in (7.3). Now suppose that a plane wave
satisfies (D*)?=0 and hence also (7.6) at w,=w,?,
and that the dispersion equation is expanded in
power series of Aw,=w,-w,’:

_pr LprE
D=D Aw)\+2D waAle-
ALY
1 cee =
++D Aw)\Aquwy+ 0. (7.7)
Then, putting Aw, in the form

Awk:wao+DxAu, 02 -0 (7.8)

for any given Aw,°, (7.7) becomes, on using the
relation (7. 6),

3 +0[4AV4]=0

(7.9)

p=p*aw *+ 100" 0 D" av

to the first order of Aw,° Inthe same way,
since Awy°~Av3,

’

aD/aw)\:Dx+§D>\uyD“DVA v2+O[A 1/3]

3

(aD/aw)\)%DA“ "p*oPp¥arv?io[av’]. (7.10)

Thus since (3D/dw,)? <0 for any real Av,
pp*pHp¥< o . (7.11)

Solving (7.9) with respect to A v for a given
real Aw,°,

L
3

Av=[- 6(DM1 VDAD“DV)_IDaAwao] , (1.12)

and hence the phase of Av is found to be 0, +27/3
or m, +7/3 according as D*Aw,° is positive or
negative. In either case, Av can have a complex
value whose imaginary part is negative, and the
wave is then unstable since it grows with time in

185

any frame of reference in view of (7.8) (D°>0);
also the wave of a constant amplitude propagates
with the velocity of light. Hence, it follows that,
in a dispersive medium, the wave becomes criti-
cal when its group velocity reaches the velocity
of light at a finite value of the wave number,

The energy-momentum tensor in the unstable
state of the wave can be deduced from the con-
servation equation; on referrring to (7.8),

DY
-4 * =
) i(Av*= Av)D om 0,

N (7.13a)

and hence, since Av*—- Av# 0 in the unstable
state, it follows that

A A .
D 9)\0-0, or 6 UOCD for given o, (7.13b)

X

in view of the condition'® (DX)2=0. Thus we find
that, in the unstable state, the energy propagates
with the velocity of light in vacuum.

It may be interesting to check the two beam in-
stability in a plasma as a simple example: On
referring to (5.7),

= F
nvu KuuaB ap

E (n)‘

(n) (n)
]
B

Zzn[—nquB +nVK“3 (7.14)
Hence, the multiplication of a 4-vector m on
(4.23) and the use of Hy, =F,,, +11,,, yield

(n)
vB

(), . (n)

+ (nvw V)mIJKP-B ] EB
Here, we assume that the velocities of the beams
involved in the plasma are sufficiently close to
each other so that their velocity differences can
be neglected in comparison with the velocity of
light ¢. Then, it follows that, if we equate my
to one of the n“’s,

quv(m) +En[— (munu)ka

=0. (7.15)

(7.16)

for all the nu’s. Hence, to this approximation,
(7. 15) becomes

w E M5 4 Mg 0)_o
v n v B B

or, in the case of the isotropic medium where
Ky n =(5v6 +n,ng K n) ,

(7.17a)

[1+Z ) waV(”) =0, nyEV(n) =0. (7.17b)

Now we suppose that the plasma consists of two
beams of the same plasma frequencies but with
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the different velocities characterized by the two
timelike unit vectors ni and ny , and no external
field exists. Then, using (5.17), (7.17b) gives
the dispersion equation

D(w)=1- <J.>P"’[(n)'\wk)‘2 + (n)'\'t.o)\)'2 ]1=0, (7.18)

which gives, by the straightforward calculation,
A
D" =aD/dw N

_ 200, (49! -
=2w [nx(nvw u)

P

37[”7[”(.0 -3
+)\(v V) I

A2, -2 2 a3
(D™) _4wp [-1+3x +2(n)tnx)x ], (7.19)
with x:u.:pz(n'ywV)"(nl":a.yu)'l . (7.20)

Here, since nyny = - 1 to the approximation used,
the last equation in (7. 19) is equivalent to

2

(DA)Z:—4wp- (1—x)2(1+2x). (7.21)

Now, in terms of the two variables

_ ’ -1 _ n” -1
xl_wp(n)\wx) , xz—wp(nxwx) , (7.22a)

x can be expressed by

X=xx,, xZ+x,%=1, (7.22b)
Hence, x =+ 3 are found to be the extrema, and
(DM?<0 for x=% and (DM)2=0 for x = -  accord-
ing to (7.21). Thus we find that (D*)2=0 is the
maximum value, as expected, and the wave be-
comes critical at x = - 3 where

w (n)’\w)\)“:—w m’w ) t=x2"12,

p P A

B. Case of “Dissipative” Medium

As it was noted at the end of Sec. 6, the
conductivity of the moving medium effectively
becomes negative when the velocity of the medi-
um exceeds the phase velocity of the wave,
Therefore, when this happens in a part of the
medium components so that, according to (6. 6),
the right-hand side of

1

_ ()t -
a)\exo_—anu w.|Pw
(

n) (n)
" (0)6(w)] Eu

(n)
0[ L (w)

-7e s w=

MY
(7.23)

becomes positive, then the total energy of the
field (and also the amplitude) increases in the
timelike direction if the vector 6, is timelike

with a positive value of 8 Here, although the
energy density 6(g is not positive definite in the
case of wy2> 0 (Sec. 5), it is always positive in
the frame of reference in which the wave does
not propagate and 6, ;. has only the component
04, for given o: On referring to (4. 31), the
contraction of the energy-momentum tensor in
this frame of reference yields — 6y, = 900 >0,
provided that the rest energy of the field is posi-
tive. Thus when the right-hand side of (7.23) is
positive in the rest frame of the wave itself, the
wave is unstable and its amplitude grows in the
timelike direction.

8. CONCLUDING REMARKS

The polarization of linear media is character-
ized by the tensor kg given by (3.19), where
each ko "/ is the contribution from the me-
dium component moving with the velocity given
by the vector ny, and it has the same expression
as (3. 18a) with (3. 18b); k,y, in the latter equa-
tion is generally a function of the 4-vector w,
and the coordinates x,, and thus it can cover the
general case where the medium is dispersive and
inhomogeneous in space and time. In the case of
the anisotropic plasma, the contribution of each
component is given by (5.17), which depends on
the velocity through w = -n,w,. The packet field
is defined in covariant form, and its energy-mo-
mentum tensor is found to be given by (4. 19) or
(5.1) with (5.9) and (5. 12) in the case of a single
component, and with (5. 15) instead of (5.9) in
the case of multicomponents; it is obtained on
the condition (3.29) with (3.30) and hence, when
the medium is inhomogeneous, each component
of the medium is, in its own rest frame of refer-
ence, only time dispersive and depends only on
the spatial coordinates. However, these restric-
tions are not necessary when the media are
homogeneous. The rest energy obtained by the
contraction of the energy-momentum tensor
generally does not vanish and its sign is found to
be positive definite in the case of isotropic dis-
persive media, while the energy density is not
positive definite when wy®> 0. The power flow
density 4-vector is shown to be in the same di-
rection as that of the wave propagation, and the
energy-momentum density vector is proportional
to the wave-number 4-vector. When the velocity
of a component of the media exceeds the phase
velocity of the wave, its conductivity has effec-
tively a negative sign, and this phenomenon is
one of the causes of the plasma instability (Sec.
7 B). The instability of the wave in dispersive
media is finally discussed based on the covari-
ance of the equations, the energy-momentum
tensor and the connected relations. If the group
velocity of the wave (in nondissipative media) is
postulated to be equal to or less than the velocity
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of light in vacuum, the wave can be shown to be-
come unstable when the velocity reaches the
velocity of light over a finite value of the wave
number,

The energy-momentum tensor obtained is asym-
metrical, and this result is what may be expected
from the nonconservation of the total angular mo-
mentum of the system when each component of
the media is moving in a prescribed direction
in the four-dimensional space: The angular
momentum density My, is defined by

M =x 6, -
ALY xu Av xvexu ’
and hence the total angular momentum, say

Juylol, over any spacelike surface o is given
by

Jli V[o]:fodo)\MA

(187

Thus, in the special case of the nondissipative
homogeneous media with no external source, it
follows that

athuuz eu v euu

and hence also that the energy-momentum tensor
is necessarily asymmetrical when the angular
momentum is not conserved. On the other hand,

the angular momentum of the field should not be
conserved, since the media prescribed by the
nu's are not symmetrical with respect to all the
directions in the four-dimensional space; the
media are not in the same state when they are
viewed from the different frame of references
each of which is obtained by rotation of other.
The nonexistence of an unstable wave which
grows in timelike direction as given by (7. 1),
is in a distinct contrast to previously published
results where exists an unstable wave growing
with time. This discrepancy arises from the
fact that the former is fully a relativistic treat-
ment, while the latter is not and corresponding-
ly the onset of instability had to be marked by
an infinite group velocity.'® The relativistic cor-
rection is very small, however, in the usual
plasmas except for the vicinity of the critical
point (where the wave begins to become unstable);
according to the conclusion in Sec. 7, the un-
stable wave should grow with time by a factor of
the form of exp[+ v(t £x/c)], where v is a real
positive number and x is the spatial coordinate
(in one-dimensional space for simplicity). Thus
after the time interval {, the observers in the
range |x| <<ct will actually find the amplitude of
the wave to be exp(vf) times as large as the ini-
tial value, and therefore will find the same re-
sult as predicted by the previous nonrelativistic
theories.

Ic. Mgller, The Theory of Relativity (Oxford University
Press, New York, 1967), Secs. 72-76.

L. D. Landau and E. M. Lifshitz, Electrodynamics
of Continuous Media (Pergamon Press, Oxford, 1960),
Secs. 57—64.

M. Abraham, Rend. Pal. (Italy) 28, (1909); Ann. Phys.
(Paris) 44, 537 (1914). W. Pauli, Encykl. Math. Wiss.
2, 667 (1920); Jg. Tamm, J. Phys. (USSR) 1, 439
(1939).

iSee L. D. Laudau and E. M. Lifshitz, Ref. 2, Secs.
58—64.

p. Penfield, Jr., and H. A. Haus, Electrodynamics
of Moving Media (MIT Press, Cambridge, Mass., 1967);
they used the Lagrangian principle merely to show that
the force equations therefrom agree with those they
obtained by the principle of virtual power.

63. Schwinger, Phys. Rev. 82, 914 (1951); 91, 713
(1953).

"A tilde is used to distinguish a quantity from its
Fourier transform [see Eq. (2.12)].

’M. L. Goldberger, Phys. Rev. 99, 979 (1955);

R. Karplus and M. A. Ruderman, ibid. 98, 771 (1955).

SEquation (3.18a) is equivalent to that already given,
e.g., in Ref. 1.

10¢ ™ is usually defined as a pseudotensor so that it

v
does not change its sign for the time inversion. However,

ever, in this paper, it is to be defined as an ordinary
tensor and hence it is transformed as its subscripts

indicate.

gee, for instance, C. Mgller, Ref. 1.

L. D. Landau and E. M. Lifshitz, Ref. 2, Sec. 61.
Assuming an additional spatial dispersion, T. Musha
also found the corresponding energy-momentum tensor
for the medium of a single component in the rest frame
of reference, which is equivalent to (5.14) with KV#}\
given by (5.10) instead of (5.11), J. Phys. Soc. Japan
26, 541 (1969).

By= —npwy is possible to become negative when w)\? >0,
and then the medium velocity exceeds the phase velocity
of the wave.

"L. D. Landau and E. M. Lifshitz, Ref. 2, Sec. 64.

5The discussions on the negative energy can be seen
in P. A. Sturrock, J. Appl. Phys. 31, 2052 (1960); G. C.
Van Hoven and T. Wesselberg, ibid. 34, 1834 (1963);

A. Bers and S. Gruber, Appl. Phys. Letters 6, 27
(1965). -

165, Schwinger, Ref. 6.

"Als0 no one can expect that it is possible to transmit
communication signals faster than the light in vacuum,
even with an infinite velocity, through these media.

8 This conclusion may be derived directly from the ex-
pression (4.31) for BAU, to the zeroth order of Av;
however, note that the expression is generally true only
for the real Wg

BR. J. Briggs, Electron-Stream Interactions with
Plasmas (MIT Press, Cambridge, Mass., 1964).




