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The properties of electromagnetic waves propagating inside isotropic or uniaxial dielectric media moving in an

arbitrary direction are analysed. The scalar products of electromagnetic field vectors inside these moving media are

investigated in the kE B system from Maxwell’s equations and Lorentz-covariant constitutive relations. Several impor-

tant equations are derived. They are useful in discussing problems such as the energy density and radiation pressure,

which are of interest in theoretical studies and many application subjects.
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1. Introduction

The properties of electromagnetic waves propa-
gating inside moving media are the basic theoretical
problems of electromagnetic waves.'=3! They are re-
lated to many theoretical studies and many applica-
tion subjects,® 5] such as the reflection and transmis-
sion of electromagnetic waves by moving media,[!~12]
and the propagation of electromagnetic waves in the
moving medium in a wave-guide [’ or in moving
plasma.[*l. Due to the importance, they have drawn
much attention.[*1° Recently, we have studied prob-
lems about the reflection and transmission of the elec-
tromagnetic waves by a dielectric medium or conduc-
tor, and briefly discussed some properties of electro-
magnetic waves in a dielectric medium moving in an

01719 For example, the scalar prod-

arbitrary directio
ucts of field vectors for the reflected wave and trans-
mitted wave vanish under certain special conditions,
but do not vanish in the general cases. In this paper,
these properties are discussed in detail, and some im-
portant equations are given in the general case when

the moving medium is isotropic or uniaxial.

2.Method

For the plane wave in the source-free region,

Maxwell’s equations become

kx E=wB, (1a)
k-B=0, (1b)
kxH=—-wD, (1c)
k-D=0. (1d)

where k is the wavevector and w is the frequency of
the electromagnetic wave.

To deal with a medium in motion, two reference
frames in relative motion must be considered. Assume
that the medium is moving uniformly with velocity v
with respect to the laboratory frame S and the frame
S’ is at rest with respect to the medium. In the frame
S’, the constitutive relations of electromagnetic waves

inside the medium are as follows in the general case:

D' =¢.F, (2a)

B =p-H', (2b)

where € is the permittivity matrix and g is the per-
meability matrix of the medium.

Employing Lorentz transformation, the constitu-

tive relations in the moving medium are obtained in
the frame S in the kE B system,

cD L FE

P
_ — . ’ (3)
H M Q cB
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where P, Q, L, M are 3x3 matrices.
3. Moving isotropic medium

In the moving isotropic medium, £ and g are very

simple, é=el, p=upl,

P= [( AHI - (n* —1)B4), (4a)
Q= @[(1 n?BHI + (n* —1)88],  (4b)
L= f n?—1)8 c
L= —1)p, (4c)
. 7_2 2 1\3

M= 2 =18, (4d)

where 8 = v/c, ¥2 = (1 — p?)!
is the unit matrix, 3 is defined by 8- A = 8 x A on
arbitrary vector A, cis the velocity of light in vacuum.

From Egs.(3) and (4), ¢D and H can be expressed
by FE and ¢B,

cD :ﬁ(n2 - BE — 7—2(n2 —-1)B(B-E)

ue ue

’72 2

+ E(n —1)(B x ¢B), (5a)
H :’)/—2(712 -1)(Bx E)+ 7—2(1 —n?6%)cB

ue ue

+ Z—Z(n2 —1)B(B - ¢B). (5b)

When (=0, (5a) and (5b) become D = eFE and

B = pH. When n=1, they become D = ¢¢gFE and
B = pugH. Where ¢ is the permittivity and pg is the
permeability of vacuum.

Dot-multiplying (5) by the wavevector k, then we

obtain

ke B= (B KB B+ 8 (kB (62

ke H = (0?08 K)@cB) — B (k% B
(6b)

Combining (5a) and (5b) with Maxwell’s equation
(1), the following equations are obtained:
E-B=D -H=0, (7a)
1
E-D-B-H=_k-S (7b)

2

T (n* = 1)(8- E)(8- <B)
(7)

FE-H=—-¢cD-cB =

Where S is the Poynting’s vector, S = F x H.

,no= c(ue)/? T

4. Moving uniaxial medium

In the moving uniaxial medium, £ and g are
rather complex. If the axis is along the z-direction

of the coordinate system,

m
I
o o
o o
S o
~~
oo
&
N—r

0o |- (8b)
0 0 ps

I
Il
S

where the subscript ‘3’ denotes the component along
the z-direction, etc.

In this case, the formulae are much more complex,
so the derivation process is omitted and the results are
given as follows directly:

(n? - )k - E

=(n*-1)[(B-k)(B-E)+ B (kxcB)]
2 1 p3
e (ea—e)K7 ) Se-m)e-B)
+ <% _ 1) gZ(E3,3 k+ks3- E)—l—ksEa]
— pc’(e3 — €)(B1cBy — PacBy)

x [(%_1) 3 k)—i—kg}

: [(%—1)

+( ui — 1)(Biks — Bak1)(B1E2 — B2E1), (9a)

-cB + 033}

gk H
=(n*>-1)[(8 - k)(B-cB) - B-(k x E)|

+ (i - 1) [(% - 1)2§—§(ﬂ k)(8- cB)

+ <% _ 1) gg( By -k + kyB- cB) + kscBy

- <ﬁ - 1) (B1Es — BoEy)
H3

1 B
d(CGR R

— puc®(es — €)(Brky — Bak1)

1 B
|G-z men)

— pc?(e3 — €)(Bika — Bak1)(BicBa — BacB1).(9b)
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When ps=p and e3=¢, Eq.(9) returns to Eq.(6) im-

The scalar products of electromagnetic field vec-

mediately. tors can be obtained in the same way as follows:
E-B=D-H-=0, (10a)
E-D:B-H:%k-s, (10b)
tep 1ot -1@-e-en)+ (£ )[(L-1) B misen
72 M3 gl p
+ <% —1) g;( B3,3E+E3BCB)+E3CB3:| — <£ — 1)(,61E2 —,62E1)
X [(% - 1) %5 -E+ E3} — pc*(es — €)(B1Ez — B2E1) [(i ) ggﬁ E + Es]
— uc?(e3 — €)(B1 B2 — B2E1)(B1eBs — BacBy), (10c)
DB =~ 1)(8 - B)B-cB) ~ ue(ea - o) - 1) 56 )

+ G - 1) %(ch,ﬂ -E+ E3B-cB)+ E3cB3} — puc®(es — €)(B1cBy — B2¢By)

H3

£ _ 1) (B1cBa — BacBy) [(% - 1) ’333 .¢B + cB3]

|G- zoemeen] -

+ <£ - 1) (B1E2 — B2E1)(B1cBy — B2cBy).

ﬁ2

(10d)

where S is the Poynting vector, S = E x H. When pu3 = p and €3 = €, Egs.(10c) and (10d) are equivalent.

5. Discussion

From Eqgs.(6)—(10), the properties of electromag-
netic waves in moving media can be discussed in detail
as follows.

(1) From (6) and (10), it can be obtained that
k-E =k -H = 0 when =0 or n=1. This means that
the propagating direction of the electromagnetic wave
is perpendicular to the direction of E and H when
electromagnetic waves propagate in the rest media or
in vacuum.[78]

(2) From (7a) and (10a), it can be obtained that
E-B =D - H =0. This means that E is perpendic-
ular to B and D is perpendicular to H in the general
case.[]

(3) From (7b) and (10b), it can be obtained that
E - D and B - H do not vanish in the general case.
The results are helpful to calculate the energy den-

sity, momentum density and Maxwell stress tensor of

the electromagnetic waves in moving media, and the
radiation pressure exerted on moving media by the
electromagnetic waves, [2:9:10:11]

(4) From (7c), (10c) and (10d), it can be obtained
that E-H and D- B do not vanish in the general case.
They are equivalent in a moving isotropic medium but
not equivalent in a moving uniaxial medium in the
general case. When f=0orn=1, E-H =D - B = 0.
This means that E is perpendicular to H and D is
perpendicular to B when electromagnetic waves prop-
agate in the rest media or in vacuum.

In the studies of electromagnetic waves, the elec-
tric field vectors and magnetic field vectors always ap-
pear symmetrically in many formulae. The formulae
given in this paper are highly symmetrical. The for-
mulae not only make it simple to derive and calculate
some quantities about electromagnetic waves in mov-
ing media and in many application subjects, but also

reveal the nature of electromagnetic waves.
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