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Abstract

Homogenization of the electromagnetism equations expressed by two fields, a
scalar potential and a vector potential in a microperiodic inhomogeneous dielectric, is
carried out. Both fields after homogenization are coupled, unlike in the case of a
homogeneous medium, when they are separated. The homogenized medium is char-
acterized by three coefficients: the effective dielectric coefficient, the average dielec-
tric coefficient, and the root mean square dielectric coefficient. Two examples of
determining the electrical permittivity are given.

Keywords: scalar and vector potentials, effective dielectric coefficient, cellular
medium, asymptotic homogenization, chessboard composite

1. Introduction

Classical electrodynamics [1-3] in a dielectric with a cellular structure is consid-
ered. The length of the cell is small compared to the size of the medium and the length
of the electromagnetic wave, and therefore we speak of a microperiodic medium. We
use the method of homogenization of microperiodic media described in books [4-7].
We have used this method earlier to solve partial electrical problems related to piezo-
electricity and magneto-electro-elastic media [8-10].

There are other methods for finding the effective constants of a non-homogeneous
medium: the method of F-convergence [11] or based upon our compact group approach
and the Hashin-Shtrikman variational theory proposed in [12], cf. also [13, 14].

The homogenization method describes fields in a non-homogeneous cellular
medium using two independent spatial variables, a macroscopic variable x and a
microscopic variable y. The smallness parameter A allows us to isolate and describe the
fields prevailing inside the cell. The fields also depend on the time variable ¢, but
homogenization is not performed with respect to this variable.

In order to homogenize the electromagnetic field, we apply the formulation of the
field equations using the potentials: vector A and scalar ¢. Unlike the original Maxwell
equations, which are first-order partial equations, the potential equations are second-
order partial equations, which facilitates their homogenization.

We used this type of approach in Ref. [15] to describe the behavior of an electro-
magnetic wave in a medium with a variable coefficient of dielectric permeability and
magnetic susceptibility. However, in this case we were unable to prove that the zero
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term A’ of the vector field expansion does not depend on the microscopic variable y;

we accepted this fact ad hoc. In this work we limit ourselves to a dielectric medium for
which we can assume that the magnetic susceptibility is constant, p = 1. With such a
restriction we can prove that not only the zero term ¢(®) of the scalar potential
expansion but also the zero term A‘”’ of the vector potential expansion do not depend
ony.

In a body placed in an electric field, dipole moments are created. In a dielectric, the
shifting of charges under the influence of the field takes place only within the mole-
cule. Each molecule under the influence of the field becomes a dipole. There are also
known dielectrics whose particles are naturally dipoles. These are molecules with an
ionic bond, e.g., a water molecule. In a dielectric of this type not placed in an electric
field, the directions of the dipole moments are scattered chaotically. As a result, the
total dipole moment of such a dielectric is zero. The electric field arranges the dipoles
and aligns them in its direction. From this interpretation, a conclusion is drawn as to
the meaning of the term “microperiodic.” The size of the microperiod must be large
enough not to reveal the individual properties of the molecules and their dipoles.

In the next section, we give equations for potentials in a non-homogeneous
medium, and in Section 3 we perform homogenization of our problem. In Section 3.1,
we give the principles of homogenization theory. In Section 3.2, we deal with the
homogenization of the Lorentz condition, and in Sections 3.3 and 3.4, we deal with the
homogenization of potential fields. Due to the coupling of equations, we carry out
homogenization gradually, referring at each stage to the results from neighboring
points. In Section 4, we collect the most important results and draw some conclusions.
Finally, we provide two examples of determining the effective electrical permittivity.

Initially, we conduct considerations in general, taking into account the possibility
of changing magnetic permeability, but in the next steps we limit ourselves to the
dielectric.

2. Basic equations

Let us consider a non-homogeneous body with a cellular structure characterized by
the electrical permittivity ¢, the magnetic permeability 4, and the electric conductiv-
ity o, which vary from point to point according to the periodic structure of the
material. The coefficients ¢, 1, and ¢ are assumed to be positive. The position is given
by vector x = (x1,%2,%3, ) and the time by .

The electrodynamics equations in differential form in the Gaussian system of units
are as follows:

1 0B
€us Esy = - gk (€))
1 oD, 4 .
s Hey = - ?k + - Jk @)
Ber =10 3)
Dy = 4np 4)

Here E and H are the electric and magnetic fields, D and B are the electric and
magnetic inductions, while p and j denote the electric charge and current densities,
respectively. The constant ¢ is the velocity of light in a vacuum.
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The partial derivative of function f = f(x, ) with respect to spatial coordinate is
3

denoted by a commaf , = % and the repeated indices mean summationf ,, =
. . ;

The Levi-Civita completely antisymmetric symbol e, is plus 1, if (i, j, k) is an even
permutation of (1, 2, 3), minus 1 if it is an odd permutation, and 0 if any index is
repeated. The following relation is important: €, €y = Sap Sap — Saq Opp

Egs. (1)-(4) are supplemented by a description of the material properties of the
medium:

D, =¢ (5)
B, = u H, (6)
jo=0E 7)

In addition, two more potentials are introduced, the vector potential A and the
scalar potential ¢ with the relations:

Bs = eqp, Ay (8)
1 04,
= ©

These potentials satisfy Egs. (1) and (3) identically, and Egs. (2) and (4) expressed
in terms of the potentials take the form:

1 1 e (10%A, 0Jg, 47
~A —-A —— ==+ == =—— 10
(ﬂ kJ),l (/‘ l’k),z ¢ (c ot? - ot ¢ I (10)
1 0A, 1 0Ag
Ek (E S + (ﬂ,k) + & (E o TP | = —4rp (11)

The current density vector j can be considered either as given by relation (7) orasa
given vector function of position x and time ¢. The charge density p should be consid-
ered as a given function of x and z.

The potentials A and ¢ are not uniquely defined by formulas (8) and (9). It is seen
from them that the divergence of vector A can be assumed arbitrarily. Usually, the
Lorentz condition is assumed:

A — —=0 12
k,k+c % (12)

If the potentials satisfy this condition, we can write Egs. (10) and (11) in the form:

ox, 1 6.X‘k H ox, & ot ox, 1

0(1/u) 0A; 1 d(eujc) dp 0 (1 0Ay\ e &PA, 4z
T e o o L) 2 a2 Ik (13)
1 de 0A, 0 g eu e
z 98 %% 27 _ 79

0xy, 2 o

HoOx

— =—4 14
c ox; ot + oxy, w (14)

This is a system of two equations for A;, and ¢. In the case of a homogeneous
medium, the two equations separate into two inhomogeneous wave equations, one for
the vector potential and the other for the scalar one, as shown in Egs. (55) and (57).
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We will homogenize these equations, i.e., we will give the material coefficients of a
homogeneous medium approximating a microperiodic medium.

In our considerations, all scalar and vector fields depend on position x
and time . We do not reveal the dependence on time ¢ in the notation to
save space.

3. Homogenization
3.1 Description of the method

The microperiodic material is a bounded set Q of three-dimensional space (the bar
denotes the closure of the set), where Q is a sufficiently regular domain with the
boundary 0Q.

We assume that the medium reveals a microperiodic structure, cf. [15, 16].

In the sequel, we apply the method of two-scale asymptotic expansion [1-4].

Let a microperiodic structure of body considered be 1Y -periodic, where A>0isa

3
small parameter and Y = [](0,,) is the so-called basic cell. For a fixed A the material
i=1

functions:

e wma) A=ofvea

are AY-periodic.
We introduce a microscopic variable:

X
y=7 (16)

Then material functions are: ¢* = ¢(y), u* =pu(y), o =0o(y), yeY
Additionally, we observe that for a quasi-periodic structure we would have:

&= e(x,9), = u(x,y), o= o(x,y), x€Q, y€eY (17)

where the functions ¢! = e(x,.), u* = u(x,.), ¢* = o(x, .) are y-periodic, and x € Q2
is the macroscopic variable.

The basic cell Y has the form of a cube. Its volume is |Y|. The domain Q is assumed
to have an 1Y-periodic structure. The set Q is covered with a regular mesh of size A,
each cell being a cube Y.

From the mathematical point of view, homogenization means the passage with A to
zero in an appropriate meaning, cf. [4, 5].

According to the two-scale asymptotic approach, instead of one space variable x,
we introduce two variables, macroscopic x and microscopic y, where y = x/}, and
instead of a f(x), consider the function f(x, y). Taking into account the formula for the
total derivative (known as the chain rule), we have:

of (x,y) _of(xy) 1of(xy) .. 0 %
ox w4 ay V=3 (18)
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Finally, the asymptotic expansion is introduced, e.g.:

F) =00,y +af N x,y) + 22 fP ) +
(19)

where functions f (i),i =0,1,2, ... are Y-periodic.
According to the method of asymptotic expansions, we compare the terms associ-
ated with the same power of A.

3.2 Homogenization of the Lorentz condition

Let us start the homogenization from the Lorentz condition (12). We now replace
the spatial partial derivatives according to the chain rule (18) and expand the potential
into series by powers of 1. We get

(0_>+li>(,4 (5,9) + 240 (x,9) + 22 AP (x,9) + .

d’xk A (}yk (20)
U
OO (,00,) 1200 (x,9) + 290 x,3) + ) = 0
We equate the terms of the order 1/A and obtain
(0)
0A ,
04, (%,y) -0 (21)

Wy

We will use this result in the next section to prove that the zero component, ¢*) of the
scalar potential expansion does not depend on y.
The terms of order 1° = 1 are

A (x) AV (xy)  e()uly) 99 (x)
oxy, * W, * c ot

=0 (22)

In the last equation we used the results (27) and (40) about the independence
of ¢©) and A,(eo) from the variable y. Therefore, this equation is valid for dielectrics.

3.3 Homogenization of the scalar potential equation

According to the homogenization rules presented above, we replace in Eq. (14) the
spatial partial derivatives according to the chain rule (18) and expand the potential
into series by powers of A.

1202)/@)01? (417 Gey) + 280 (69) + 22 AP (x,9) + . )

+(%k+%%k> [g(y)(a%ﬁ%%)( (@.9) + 4™ (x,9) + 2! (,y)--.)]
2

- M%( Joe,9) + 20V (x,9) + 22 9P (x,9) + ... ):_4ﬂp(y)

(23)
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According to the method of asymptotic expansions, we successively compare the
terms associated with the same power of 1. We obtain at 12

0 299 (x,9)] _
%M e ]‘0 24

We multiply the last equation by ¢(°) on both sides, integrate by parts over the Y
cell, use periodic boundary conditions on the cell, and get

(0) (0)
Y Y )
The left-hand side is always positive. It is clear that the function ¢®) cannot
depend on y,
(0)
Y
We therefore write
P = 99 (x) (27)

According to this result, the zero term ¢(?) of the expansion with respect to the
parameter A does not depend on the microscopic variable y.

Now, in this section we restrict the considerations to dielectrics, for which y = 1.

At 17 we get

1 9e(y) oA 9 9p© dp (x,
¢ oy, ot Yy, X, Yy,

In this equation the result (40) of the next section is used, that A,io) does not
depend on y.

This equation will be satisfied if we assume:

10A%) g
¢ a ox; (29)

900) (x’y) =q (Y)

Here the vector function ¢ (y) is Y-periodic solution to the following local equation:

%k [e(y) ( S + %)] =0 (30)

Finally, the coefficients at 1° = 1 give

EMM+L[S ><a¢<°><x> +a¢<1><x,y>>} ey Pe)

=0
c oy, ot oy, 0y, W, c? or?

(31)
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and after using the solution (29):

10c(y) 04, (xy) | 0 9o (y)\ 99'% (x) o (y) A" (x)
T [g(y)<5kl+ Wy ) Y e |
e(y)? Pl
% T0 )~ anply)

or2

We have an identity

oe(y) 0A" (x,9) _ 0

1 2
)], PAL (x,)
y. o o ] v)

0A
ely) =t oo

Integrating by parts, we have

oely) A (y) [ PAY ()
JY , ¥ Y= Le(y) oy, ot dy

and according to Eq. (22):

04 (xy) _ 04)@) _ely) 09" (x) (33)

¥, oxy, ¢ ot

After integrating (32) and rearranging the terms, we get

om(y) |, [FoO ) | PA" ), [P00x) FeO)
Jye(y)(ékz—F &, )dy[ OxRdx; + O Ot ]—&—L’ [ a3

=4 | pty)dy

(34)
3.4 Homogenization of the vector potential equation

We replace in Eq. (13) the spatial partial derivatives according to the chain rule
(18) and expand the vector potential A into a series by powers of 4.

_lw(afc_k+li)(,4§°><x,y>+m (x.y) + 24P @, 3) + )

P 7%
11 oe()uty)) )
a0l 2 (#00) + a0 (o) + 7 9P w3) + .. ) -

(axl /13)’1) L‘(J/ (5961 M)’z) <A’(€0) P Ra )}

Ce(l) P 0 .M, 240 4z
(A Al v Al + ) = -

We now restrict homogenizing to fields in dielectrics for which the coefficient p
can be set equal to 1. Then Eq. (35) reduces to

7



Electromagnetic Field — From Atomic Level to Engineering Applications

116[8()/)] 0 (0) (1) 2 (2
T o, at((/) (x) + AWM (x,y) + 22 @ (x,;v)+---)

0 190 0 190 (0) 1) | 12,02

A N N AR N ) A 36
+<0x1+/15}'z>K0x1+/1@'1>( oA A ) o
ely) o /0 1) | 2,2 an
) (a0 a4 AP 1)

Again, compare the terms associated with the same power of 1. We obtain
at 1%

A, (x,y)

=0 37
Y, &7

Similarly, as before with the scalar potential, we multiply the last equation by A,(eo)
on both sides, integrate by parts over the Y cell, use periodic boundary conditions on
the cell, and get

dY=0 (38)

J A (x,9) 04" (x,y)
Y 9y, 9y

Under the integral it is the sum of non-negative components, and so it could be
equal to zero; each component should vanish. Hence,

(0)
04, " (%,y) —0 (39)
9y,
So A,(eo) does not depend on y,
ALY = Al (x) (40)

Next, taking into account the result (40), we equate the coefficients at 2L
and get

10[e()] 09 9) 0 (04 x) Ay
¢ oy, % +@’z P + , =0 (41)
or, evidently
1 9e(y)] 90 (x)  PA (x,9)
- =0 42
c oy, ot * 9,0y, (42)
or
9 [e) 20 O) oA n) | _ 3

Y| ¢ ot Y,

But, from the Lorentz condition (22) for dielectrics,
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40 A0 (0)
04, (x) 04y (%) | ely) 00) _ (44)
0X Y ¢ ot

it is clear that the interior of the square bracket in Eq. (43) does not depend on y, and
this equation is satisfied identically.
The coefficients at 1° = 1 give

c oy, ot 0x;

10e(y) dpW(x) o [0A” aAV\ &) AV (x) 4z
B " S A - = , 4
+ a.X'l + @’l 2 o2 ¢ Tk (.’X: y) ( 5)

By the relation (29) we get

(0) (0) (0) 1
Ll [ g ()
k o l 1 1 1 (46)
02A!° 4r
_gc—2> #(x) =~ jixy)
or
1 0e(y) PpOx) o [0Al” oAlV
220 (y) o e ML 8
c 9y, 0x0t ox; \ ox; 9y, “7)
1(a 0 ?AY 4r .
5 (etatr) - [oon (o 2] JPALE 2 )

Integrate both sides of the last equation over cell Y. After use of the periodic
boundary,

L[ o) PO  PAY 1 da (y) PAO (x)
;L w Y o axlﬁxl‘c‘sz[g(”<5“ Wy ﬂdy " (48)
4r
—- 2] )
Y

c

4, Results and conclusions

Let us summarize the most important results of our calculations. We introduce the
abbreviation,

1
()= Jydy () (49)

and notation for the effective dielectric coefficient,

el — <£(y) (5k1 + %) > (50)

Now, the equation (34) is written in the form
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(0)
off rzq’(o)(x) FA; " (x) = —4z {p(y)) (51)

€kl
axkdxl dxkdt

., <Sg>2> [Ze0) o0

In essence of course, it is the equation

2 4 (0)
efflazq)m)(x) T = —an o) (52

k| ™ onepom O OF

We have kept the second square bracket in (51) for a moment to show the transi-
tion to the case of a homogeneous medium with dielectric constant e.
Namely, in a homogeneous medium:

(e0)?) =& (53)

and
szlff:e (54)
Then,
0 2 0 2
A G0P) 2900 o [ coae)  (00) 00|
kL oy, 0 2 or2 o | ¥ ox, 2 or

in virtue of Egs. (53) and (54) and the Lorentz condition (12).
Eq. (51) then takes the form of the wave equation from the classical field theory for
a homogeneous dielectric medium:

e 0% P 4z
2 o2 ompoxy, e ' (55)

We apply the same procedure to Eq. (48) describing vector potential and get:

(0) 2 4(0)
1 oy 000 (x) Ay 1 g 0A (x)  4n .
¢ (<€(y)>6kl €kl ) 0x;0t + ox;0x; 2 Erl o2 Ok(x’y» (56)

In a homogeneous medium, when Egs. (53) and (54) hold true, we get the classical
wave equation:

e 0?4, A, Ar .
2 o2 ox,0x L (57)

Egs. (52) and (56) are our basic results. They show that in a non-homogeneous
medium:

i. There is a coupling of the equations for the potentials A and ¢. Only in the
homogeneous case are the equations for this field separated.

ii. The equations for both fields represent damped waves, which was, of course,
to be expected.
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iii. A microperiodically non-homogeneous medium is anisotropic, which is also
obvious.

iv. Instead of one material constant, as in a homogeneous medium, we have three

constants, one tensor &£ and two mean values ((y)) and <s(y)2>

5. Examples
5.1 One-dimensional case

As an example, let us first consider a layered medium consisting of two types of
dielectrics, cf. Figure 1. The basic cell consists of two materials, and the problem is
one-dimensional.

Eq. (30) for the local function now takes the form:

d da(y)
& (15 )] -0 (58)
with
_ [e& for 0<y<y,
e0) = {82 for y, <y<Y (59)
Integrating (58) with periodic boundary values gives:
&) — &1
a(y) = e for 0<y<y, (60)
&) — &1 &1 — &
= <
a(y) e T ate for y,<y<Y (61)
(a)
e(y)
seffiz
€1
D y
(b)
()
A y

Figure 1.
Layered medium of two dielectric layers with constants &, and &, (a). Local function a(y) for constants &, = 1, &,
=2,andy, =Y/2 (b).
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The effective coefficient for our case after (50) reads:
eff _ 1 JY da(y)
=y . dye(y)( 1+ G (62)

After performing the integration with a(y) given by (60) and (61) we get:

eff =2 T2 (63)
&1+ &

The effective electrical permittivity is the harmonic mean of the values ¢ and ;.
This trivial example shows how the homogenization method works.

5.2 Two-dimensional case

Now let us consider a two-dimensional problem.

Let the dielectric coefficient have two values, ¢; and &, as before, but both values
are distributed over the surface in a statistically equivalent way, i.e. the areas occupied
by these values are the same. In particular, they can be distributed like the black and
white squares on a chessboard, as shown in Figure 2. Let us write formula (30) in two

dimensions
J {80’) ( Okl +M)} =0 (64)

W Y
Now the indices k&, [ take only two values, 1,2. Let us denote:
b= Gut % 65)
and
g, =€ ¢ (66)

Based on (64) we have:

(67)

Figure 2.
Basic cell of a chessboard composite, e.g., white square €,, black square €,
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Similarly, using the curl operation:

I
6eh7

€3p — — 0 (68)
oy,
Because,
0 ( ooy (y) )
€3ap — | Op1 + =0 (69)
} @’a @lb

Egs. (66), (67) and (68) correspond formally at the microscopic level to the
macroscopic Egs. (5), (4) and (1), respectively.
Egs. (67) and (68) can be written as follows:

911,1 + qlz,z =0 (70)
and
612,1 - 311,2 =0 (71)

where the comma denotes partial differentiation with respect to the indicated
component.
We are introducing new vectors:

4 =ARy ¢, (72)
and
.1
efl =3 R qﬁj (73)

0 -1
R, 74
b ‘1 0 } (74)
We verify
0 -1| |é
qfl* =ARy, eé =A ’ ‘. 611 :A(—elz,ell) (75)
10 ||
and by (71)
q’a’; =A (_312,1 + ell,z) =0 (76)
On the other hand
1 110 -1 ql 1
Ie _ I _ 1] _ I
€, _Z Rab qb—z‘l 0 ’. qlz _Z(_qZ’ql) (77)
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and by (70):
N 1
€3 € = 2 (qll,l + qlz,z> =0 (78)
Moreover, by (66)
!
¢, =1 (79)
€
and by (77)
11 1
40 =ARw €, =A" -~ — Ruq, =A% _ ¢ (80)
We write this result as
4 = e (81)

£ _
et 2t {ez 1 €= ¢ (82)
£ &1 if e=&
it is
A2 = &1 & (83)

The system of equations for quantities with asterisks (81) and (76, 78) is the same
as for quantities without asterisks (66) and (70, 71).
Now, consider the mean values of fields:

gy = ! J ¢, dY and () = ! J e, dy (84)
Y Y Y Y

eff -

The effective dielectric coefficient ¢*! is the coefficient between means

(u) = & () (85)
In similar manner
(g0) = & {a) (86)
and by (80) and (77)
ARs( &)= & Ry (d}) s7)
Hence,
Ald)= e 2 ldh) (88)
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Comparing last result with (85) we get
e =A (89)
and by (83)

et = e ey (90)

In this way, starting from the two-dimensional local function equation (64), we
have recovered Dykhne’s result [16]. This particular example shows the possibilities
inherent in the homogenization method.
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