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Abstract: A complete — system of Maxwell equations is splitting into independent subsystems
by means of a special dynamic projecting technique. The technique relies upon a direct link
between field components that determine correspondent subspaces. The explicit form of links
and corresponding subspace evolution equations are obtained in conditions of certain symmetry,
it is illustrated by examples of spherical and quasi-one-dimensional waves.
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1. Introduction

The main obstacle in the modeling of electromagnetic phenomena is the
multicomponent nature of the basic Maxwell system. A solution of the problem of
evolution of a system with a multicomponent state includes a classification of basic
states as eigenstates of the evolution operator or modes [1]. There are works that
investigate the mode content on the basis of the following algorithm, applicable in
the case of problems that may be formulated as a system of differential equations
with constant coefficients (see e.g. [1-3]):

1. Each component of the state vector v is subjected to the Fourier transformation
b Py 1)

2. The evolution operator L is then transformed as
L+ L=FLF! (2)

resulting in a matrix, dependent on k.
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3. The eigenvectors of the matrix L(k) form the matrix ¥(k). The fact that the
eigenproblem is homogeneous, allows choosing one of components as 1.
4. This matrix defines the projecting operators [4]

(133)1‘]‘ :\I/is\llgjl (3)

5. Tts Fourier transforms, named dynamic projecting operators allow splitting the
evolution problem and the space of the initial condition that defines evolution
in each mode subspace [4].

The algorithm is transparent and effective in a case of low dimensions for
a wide class of Cauchy problems at infinite space. Even in a two- or three-di-
mensional cases it leads to the appearance of complicated integral operators as
projectors of matrix elements. A large number of vector components also include
a cumbersome technique or approximations when the eigenvalues are evaluated
approximately. Special efforts are necessary if the boundary conditions are taken
into account as, for example in waveguides [1].

An alternative idea to carry out such splitting refers to direct manipulation
with the evolution operator without application of Fourier transformations [5—7].

Such studies are continued in this paper, considering the important example
of a full system of Maxwell equations. A complete system of Maxwell equations
is splitting into independent subsystems by means of the dynamic projecting
technique. The above-mentioned formalism, based on Fourier transformations,
is used at the initial stage, however, the operator relations are used at the
next step. Finally, the technique relies upon direct connections between field
components that determine correspondent subspaces. The links are effectively
used in conditions of some symmetry, it is illustrated by examples of spherical
and quasi-one-dimensional waves.

The first section of the paper contains a complete system of Maxwell
equations and the matrix form of equations, which will be further considered. We
also define the linear operator L, which contains spatial derivatives. In Section 2,
we determine the projecting operators for the operator L and also the operator’s
eigenvalues and eigenvectors. Afterwards, we derive equations resulting from
applying the projector operators on the matrix form of the considered portion of
Maxwell equations. In Section 3 we use the projection technique for the Maxwell
equations with the assumption of linear dependence of electric induction on the
electric field and the magnetic induction on the magnetic field. Section 4 contains
examples of equations and their solutions obtained by means of application of
projecting operators.

2. Basic equations and starting points

Our starting point are Maxwell’s equations for a non-magnetic medium in
the Lorentz-Heaviside unit system
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Using following form of operator L:
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the system of equations (1,2) can be written in the matrix notation:

10¢ a7 -
—-—+Lp=——J
c Ot +Ly c
where
B, H, 0
By Hy 0
B, B H, H R 0
¢ = = . ’(/} = = . Jew =
D, D E, FE ny$
Dy Ey nyy
Dz Ez Jf,z

(10)

(1)

For given operator L we can determine a system of operators that has the following

properties:
RP] - 5ijPz'

yore

(13)

where i =1,...,n, n is the dimension of matrix L and the dimensions of operators

P, and L are equal. The operators that fulfill these properties define the projector

operators P;.
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3. Determination of operator eigenvalues, eigenvectors
and projecting operators for a full system of Maxwell’s
equations
Let us determine projection operators for L. For this purpose we use the

spatial Fourier transform (and the inverse Fourier transform). We start our studies
with representing all perturbations as a sum of planar waves:

/ F(kt)exp(—ik-7)dk (14)

f(k,t) denotes the Fourier-transforms of f(7,t), f(k,t) = (27‘r & fRS f(#t)e k7 g7 and

F=(z,y,2), k=(k,, k,, k). Operator eigenvalues of operator L take the following
form

A o=0
Asq=VA (15)
Asg=—VA

where the designation VA (the square root of the Laplacian) is the integral opera-

tor, which corresponds to —i,/kZ + k2 +k2 in the space of Fourier-transforms. In

the quasi-one-dimensional geometry, for example, when the electromagnetic wave
propagates along axis OX, if components of k satisfy the condition k2 > kg—#ki,
we can interpret the operator VA in the following way:

VA~ O/0x+0.5eA | / da (16)

k2

where A, = 6 =5 4+ 0 <5 and € = << 1 is the diffraction parameter. Or,
when we know that the con81dered function f has a spherical symmetry with
respect to point 7, = (z, Yy, 7o) and depends only on the radial coordinate, then
VAf=15:0f), r=/(w—20)2+(y—yo) >+ (2—20)*.

To simplify the notation of projection operators let us introduce the
notation:

9? 9?2 9?
o2 Ozxdy  Oxdz
1 52 52 52
Pd = Z dyox oy? Oy0z (17>
9? 9?2 9?2
0z0x 020y 922
16} Jé)
1 2] a
A z z
vaA 9 9 0
oy ox
0 0 O
o=|0 0 0 (19)
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With such markings, the projection operators P, and P, take the form:

0 O
P = ( ) (20)
0 P,

Pzz(Pd 0) (21)
0 0

Every two operators P;, P, and P;, Py generate a two-dimensional subspace, in
this connection, their appearance depends on the choice of eigenvectors within
their subspace, but their sum (P + P, and P+ Py) will always take the same

form:
1 (—P? P
2\-pP. —-P?

T

_Pr2 _Pr
(23)
[~ )

r

P =P,+P,=

N | =

The form of eigenvectors is obtained from the equality:

wai(E> (24)

i

B,
Po=¢;,= 5 (25)

Indices i =1,2,3,4,5,6 at individual vectors will mean vectors, which have been
obtained after applying projection operators P,.

Let us use the notation:

3.1. Projection with operator P;

Applying operator P, on the system (11) and using the equation (7) after
simplification we get the equation of continuity:

8pf o o
T 26
o Vs (26)
The eigenvector will have the form:

Hx,l 0

H,, 0
" Horf 1|0 VE (27)

1 = = —

Ex,l A %

E, 1 a%

el

0z
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And the following equality will be fulfilled for vector ¢,:

B, 0
B, 0
Bz,l 1 0 o o
¢1 = = A VD
Dr,l A %
o
Dy71 dy
Dz,l %
Other properties:
B, ~VE
UD=VD, = VE, + 4V P,

I

Ql <]1 [y
X

o H@l =
I

H
I

<
<
Il
ol oL Ol < <q <
<

=

X

where D, = P,D and E, = P,E.

3.2. Projection with operator P,

Applying operator P, on system (11) we obtain the equality:

OB,

o 0

(28)

(30)

therefore the magnetic induction vector BQ does not change over time, where
BQ = PdB and ﬁQ = PdFI . Taking into account equation (6) we get the equation

of identity. Eigenvector 1, will have the form:

Ha:,Q

E

Y,2

Ez,2

And for vector ¢, we will have that

B,
¢2: - )
D,

D) =

[

9
ox
9
dy
9
0z
0

0
0

v
0

)

<

=

VB

(32)
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Other properties:

VH,=VH
VB=VB, = VH,+4r 1,
Dy=Ey=J;,=0
VxHy,=0
V x By =0

3.3. Results for other projector operators

We cannot give the form of other projector operators until we specify how
eigenvectors unbutton adequate subspaces. Nonetheless, not knowing the form of
eigenvectors, we can specify the general properties of the subspace generated by
operators P, and P_. We can choose such eigenvectors and adequate operators
P;, P,, P, and P, which will generate subspaces with the same properties as

operators P, and P._.

For any choice of eigenvectors i =3,4,5,6 will be fulfilled by the following

dependences: L .
VxH,=—\NE;
VxE;=\H,
It follows from these equalities that:
AH; =—V x(V x H,)(36)
AE; =—V x (Vx E;)(37)
therefore
. V(VH,;)=0 we can choose such H; for which VH; =0
an

V(VE;)=0 we can choose such E; for which VE; =0
In addition:

$B, = ©(By+ By =0
$B = (Bt By) =0
6_#:%(_’3"‘[?4):0
VH_=V(Hs+Hg)=0
VM, =V (My+ M,) =0
VM_ =V (M;+ Mg) =0
$D, = (D, -+ Dy =0
$D_ (D + Dy) =0
SE, —S(Ey By =0
$E —S(E. 4 Ey)—0
VP, =V (Py+P;)=0
VP =V (P;+PF;)=0

wt

(34)
(35)

(38)

(39)

(41)
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Let us introduce the notations:

AL=A3=)N
A= A=A
Y, =3+, (42)
Y_ =15+
¢, =d3+ ¢,
¢_=P5+ 9

Then, applying operator P, on the system (11) we will obtain:

¢, - 0 M N B 0 M+ >
W +C/\+1/}+ - —47TP+ (at (13> +Jez> =—dr <8t (]5+ +P+Je:r (43)

-1 Py
Pl =5 p2 )i (44)

96 - o (MY ) o (M- .
oo oan (87} ) () ) 0

- 1 _PT -
In the vacuum the above equation will take the form:

oy, 0
—+cA Y, =| (47)

at + 7+ (0

a0 0
A = 48
5 TA-Y- (6) (48)

4. The case of linear dependence of electromagnetic
induction of the electric field and magnetic induction
of the magnetic field

Consider the case where the relations between B and H and D and E are

linear:

pH (49)
¢E (50)

o
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then, we can write the right side of equations (4), (5) using the vector:

Bac
B,
- | B.
b= (51)
El‘
Ey
EZ
For operator L:
3 9
0 0 0 0 -7 3
0 0 0 £ o £
0 0 0o -2 £ o0
~ 0 ox
L= 1.9 10 ’ (52)
0 %9: oy O 0 0
10 19
— 9z 0 PR 0 0 0
10 19
%95 i 0 0 0 0
the system of equations (4), (5) can be written in the matrix form:
1 3@5 ~ ~ Vi
——+Lyp=——1 53
c ot + Ly ce (53)

4.1. Projection operators

In the considered case the operator eigenvalues of operator T take the form:

A, =0
~ 1
A3 q=—VA
NG (54)
~ 1
>‘5,6 =TT =
NGT
With such designations the projector operators take the form:
- 0 O
P =P = (55)
0 P,
P,=P,= (56)
0 O
N _p2
\/aPT‘ Pr
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~ ~ o~ 1(_P7‘2 _\/elupr)
2 1 _p2
vatr Py

All the results obtained for the operators 131 and 132 will be the same as those
previously obtained for P, and Ps.

For elements of eigenvectors generated by ISl from vector 7,/;, where i =
3,4,5,6, the following relationships are fulfilled:

i ) (59>

From these equalities it follows that:

AB,= -V x(VxB,)

. L (60)
AE; ==V x(VxE;)
And for operators IND+ and P_ we receive the following equations:

] i VAP, J
%+LA+% =27 = (61)

ot \Jep —p? €

] i VAP, ]
W £ 5§ =on ( = (62)

ot €L P2 €

where 1/7 L= 13+1/7 and 1/7_ = 13_@[; Besides, for the subspace generated by 1A5Jr and

~

P_, the following equalities will be satisfied:

VB, =V(B;+B,)=0
VE, =V(Ey+Ey) =0
A:-‘r ﬁ(:3 :4) (63)
VB_=V(B;+Bgs)=0
VE =V (E;+Ez)=0

5. Examples

As the first example let us consider equations in a region with no currents
(J,= 0). For this case we can see from equation (26) that charges for the first
mode are invariant with respect to time.

5.1. Spherical geometry

Now let us consider a problem in which we have no currents, no charges
and the electric fields changes with a spherical symmetry, then equations (43)
and (45) take the form:

E
8(%* +eVAE, =0 (64)
9E. _ cVAE_ =0 (65)

ot
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The integral operator for such a problem takes the following form VA f = = BT 9 (rf),
where r=/(x —2¢)2+ (y—yo)2 + (2 — 29)% and 1 = (z, Yo, 7o) is the point, where
the source changing electric fields is located. An analytical solution of these

equations will take the form:

B,y =10

F(t—:r/c) (66)

r

E_(rit)=

5.2. Quasi-one-dimensional geometry

Spherical geometry cannot be used, when we consider propagation of X-rays.
In such a case we need to consider Gaussian beam propagation along a specified
direction (for example the OX axis), and during the propagation the beam will
slowly expand in a direction perpendicular to the direction of propagation of
X-rays. To describe such a problem we need to use an approximate form of the
integral operator:

VA 3/0z+05A / dz (67)
and then find solutions of the equations:
OE., 8E
E dr=0 68
ot " ow / e (68)
OE_  OE_
—— A | E_
5 " n —0.5¢ J_/ dx=0 (69)
Let us consider equation (68). We can rearrange it to the form:
0’E.  O*E
A E =
8t8x+ 92 L +0.5¢A E, =0 (70)
Using the ansatz
E. (Ft) =A@ t)exp(i(kgr—wot)) ko= % (71)

we get an equation for function A (7,t), which only varies slowly with the variables
7 and t. Leaving only expressions that have the greatest impact on changes of
function A (7,t) and assuming that function A (#,t) does not change in time leads

0A  ic [ 0* 0?7
aT—M(W+W>A (72)

This equation has important applications in the science of optics, where it provides

us to the equation:

solutions that describe the propagation of electromagnetic waves in the form of
either paraboloidal waves or Gaussian beams. Solutions for this equation can be



96 P. Wojda and S. Leble

obtained with the help of the so-called Kirchhoff propagator when the boundary
condition A(0,y,z) is known

Alz,y,2) = // A(0,6m) G,y 2,Cm) dédn (73)
S

where G(z,y,2,(,n) is a Kirchhoff propagator, which has the form:

i 26XP<Z- (y_<)2+(2—77)2> o2 =2C (74)

2no 202 wo

G(xayazagvn):_

For the boundary condition A(0,y,2) = exp(—a(y*+2%)) the solution obtained
via equation (73) is presented below:

A(z,y,2) lep( M) (75)

T 112002 TP\ T T 2002

Numerical examples of a solution of equation (72) with other boundary conditions
can be found in publications [8, 9].

6. Concluding remarks

The developments of the theory are first of all in more advanced material
relations compared to (49)—(50) of this paper. An obvious option lies in a different
geometry that changes the action of the operators used in the calculations of
Sections 5.1 and 5.2.
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