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Abstract. We study the symmetry of Maxwell’s equations for external moving
media together with the additional Minkowski constitutive equations (or Maxwell—
Minkowski equations). We established that the system is conformally invariant.

1. Introduction

Symmetry properties of Maxwell equations in vacuum was studied in detail by
Lorentz, Poincare, Bateman, Cuningham [1, 2].

Maximal local Lie group of invariance of linear equations for electromagnetic
fields in vacuum is 16 parameters group containing 15 parameter conformal group
as a subgroup [3]. It was proved in [4] that the Maxwell equations in the medium,
which form a system of first order partial differential equations for vectors D, B,
E and H, admit infinite symmetry. Thus, the system of equations
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n"t =By — &Bs — (& + &3)B1 — B> + & E3
N =GB — & Es — (6 +&3)By — £1B1 + &8s
NP =& By —&By — (& + &) By — 9B + By
NPt =& Dy + D5 — (&1 + £0)D1 + E9Ha — E9H
nP? = —¢H, — & Hs — (£ + &) D2 — £ Dy + &3 D3
NP = &D) + & Dy — (& + &) Ds — 9 Hy — §) Ho
N = —& Dy + & Ds — (&1 + &) Hy — § Ha — 6 Hs
n'? = Dy — §Ds — (&5 + £0)Ho — & Hy — €3 H;
n'™s = &Dy — & Dy — (63 + &) Hs — 3 Ha — E3Hy

with £#(z) being arbitrary smooth functions, £, = %%’ w,v=0,3,a,b=1,3,
and ¢t = x¢. It follows that the equations (1)—(2) are invariant with respect to any
transformation of ¢,  forming the Lie group. At the same time the vectors D,
B,E, H, 7 and the density p are transformed on the linear representation of this
group. But the system of equations (1)—(2) is undetermined. In addition to these
equations we have to consider supplement constitutive equation. As was shown
in [4] there are the nonlinear constitutive equation which form the Poincare and
conformally invariant system of equation together with the equations (1)—(2). It
contains the well known Born-Infeld nonlinear equation for electromagnetic fields
as a particular case. Imposing different constraints on fields D, B, E, H, we
obtain different constitutive equation invariant with respect to Galilei, Poincare
and conformal group. More exactly, the constitutive equations

D=ME+ NB, H=MB-NE )

where M and N are arbitrary functions of I} = B2 EQ, I, = B. E, are Poincare
invariant [4, 5] (see also [6]). If on the other hand M = M (%) N=N (%) then
the equations (1)—(2) and (4) are invariant with respect to the conformal group.
It is well known that conformal symmetry of Maxwell equations in vacuum was
discovered by Bateman and Cunmigham (see [1,2]). Surprisingly but true the
symmetry for the electromagnetic fields in moving media has not been investi-
gated at all. In this paper we study the symmetry properties of Maxwell equations
(1)-(2) together with additional constitutive equations in moving medium.
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2. Classical Symmetry of Differential Equations for Electromagnetic
Field

Let consider the system of Maxwell equations (1)—(2) together with the Minkowski
constitutive equations in the following form

D+ixH=e¢[E+iaxB), B+Exia=pH~+Dxad) (5

where 1 is the velocity of the medium, ¢ is the permittivity and y is the permeance
of stationary medium.

The following theorems have been proved.

Theorem 1. The system of equations (1)—(2) is invariant with respect to infinite—
dimensional Lie algebra whose basic elements are given by
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where
W' = —dji*+ &+ pn” = —dp+&p+E) 0 d = —(+E+E+E). (D

Proof: The proof of theorem requires long cumbersome calculations which are
omitted here. We use in principle the standard Lie scheme which is reduced to
realization of the following algorithm:

Step 1. The prolongation of infinitesimal operator () is constructed by using Lie
formulae [8].

Step 2. Using the infinitesimal invariance condition [8]

QLY =0 8)
1 LY=0

where @ is the first prolongation of operator () and LV = 0 is the system of equa-

tions (11)—(2) (symbolic form) we obtain the corresponding determining equations
for the functions 1”, and 77" .

Step 3. Solving the corresponding determining equations we obtain the conclu-
sion of the theorem. |

From the invariance condition (8) for the equation (1) we obtain 7/ ¢ = —dj* +
Egjb + £4p. By applying the criterium (8) we have n” = —dp + £0p + f,?jb. As
follows from [4] the invariance condition for the equations (2) gives no restriction
on7’" and 7”.
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Theorem 2. System of equation (1)—(2), (5) is invariant with respect to conformal
Lie group with generators

PO = at? PCL = ZTa
Jab = 40z, — 140z, + Sap + Vap + Rap
Joa = Cl?oaxa - CUaazo + Soa + Voa + Roa

©)
D =t9; — xa&ra — 2(Ek8Ek + BkaBk + Dkapk + ch‘?Hk) — 3(jk8jk — pap)
K, =22,D — 2*P, + 22" (Sup + Vg + Ry wk=0,1,2,3
where

Sup = Eadr, — EyOp, +Badp, — Bydi, + Dadp, — DyOp, + Hapt, — Hyd,
Soa = €abe (Ev0B, — ByOg, + DyOn, — HyOp,)

Vab = 1a0u, — upOu, Voo = Ou, — ta(upOy,)

Rap = 3a05, — 3605, Roa = §a0p + p0j, .

To prove the theorem we use the standard Lie scheme and therefore it is given
without proof.
As follows from the theorem vectors 5, B , E, H are transformed under a linear
representation of invariance group and the velocity of moving medium is trans-
formed nonlinearly. The components of the velocity # are transformed in the
following way

. Upo — 2b0$k - 2bg$k($0 —Z- ’l]:)
- 1+2b0($0—f-ﬁ)+b§($%+fﬁ—21‘0f-ﬁ)

g — up, (10)
where bg is the group parameter under the transformations generated by K and

o = 14+2byzo+b3 (x5 —72). Operators K, generate the following transformations
for the velocity vector

ol — U6 + 2(wg — T+ @) (by — b214) — 2bguq (x4 + baz?)

“ e § + 2bgxo(xo — T - W) — 2bguaxo

/c = Uucd +2(xo — T - ?)b%xc - Qbauaxc’ c4a (12)
0+ 2b2x0(xo — T - W) — 2bguqex

an

Ue — U

where § = 1 —2b,x, —b22?, 22 = 23 — 72, b, are the group parameters and there

1S no summation over a.
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Remark 3. If the permittivity ¢ and the permeance (i are functions of the ratio of
B - E?and B- E

B2 — E2 B2 — E2
E=€| —Q=——= |, = - = (13)

then the nonlinear system of (1)—(2), (5) and (13) is invariant with respect to the
Lie group of conformal transformations of dependent and independent variables.

Thus the system of Maxwell equations (1)-(2), (5) in a moving external medium
is invariant with respect to conformal group. And here, the velocity is changed
nonlinearly under the transformations generated by K, according to formulae
(10), (11) and (12).

In the all above given equations the fields D, B, E, H are transformed in a linear
way. Here, we give one more example of nonlinear system which is also confor-
mally invariant but vector fields E, H are transformed in a nonlinear way. The
system has the form

) 5, 9%k 0%k

- =0 k,1=1,2,3 14
axo—‘l_ al'l Y 9y )= ()

where >, = Ej + iH}. The complex system (14) is equivalent to the real system
of equations for E and H

OEy VB OEy 7,28 OHj, OHj, OEy 0H,

k
— - - =0 - H E =0. 15
8900 : 8901 8901 ’ axo : a$l + 8 axl ( )

By using the Lie algorithm [8] we have proved the following theorem.

Theorem 4. The system of equation (15) is invariant with respect to 24—dimensional
Lie algebra with generators
P, =0z,
T =240, — 010, + ExOp, — Fi0s, + Hydu, — Hidu,
T2 =210, + 0100, + Exdp, + Eidp, + Hidy, + Hidm,
GV =200, + O,
GP =205, — (EuBy — HoHy,)0p, — (B Hy + HoEy)Om, — (16)
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Dy =200y, — ExOg, — Hi0m,

D, =x,0;, + EyOg, + H0n, (no summation over a)

Ko =220,, + 2020y, + (xx — 20 Ek)0E, — v0H,O0H,

K, =202q0y, + q@0s, + [2xEq — xo(E By — HoHy,)|0R,
+ [zxHy — 2o(Ho By, — EqHy,)|0m,, -

The invariance algebra of the system (15) given by (16) contains Poincaré , con-

formal, and Galilei algebras as subalgebras. The operators Jor = G,{: + G,(f)

generate the standard transformations for
x(, = xo cosh O + zy sinh Oy,

x), = x) cosh Oy, + z¢ sinh by, 17
ry=x; ifl#£k

and nonlinear transformations for £, H

E. +iH},) cosh ), + sinh 6y,

E’/ -ﬁ/ — ( )

R = B T 1H,) sinh 6, + cosh 6,
( )
(

Ek — in cosh Ok + sinh Gk

E. —ifl =
kYR T By — iHy) sinh 0y, + cosh 0y, as)
El +iH] = £ + i, 14k
! '™ (Ey + iHy,) sinh 0, + cosh 6},
— — E _‘H
E| —iH] = L [+ k.

(Ek — in) sinh Ok + cosh Gk’

Thus we conclude that the system of Maxwell equation (1)—(2) and constitutive
Minkowski equations (5) are conformally invariant just the same as the linear
Maxwell equations for electromagnetic fields in vacuum. This symmetry can be
successfully used for construction solutions of Maxwell equations in moving me-
dia by method of comparison of electrodynamic systems [7].
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