Communications i
Commun. Math. Phys. 90, 473-491 {1983) Mamw in

@© Springer-Verlag 1983

Bounds for Effective Parameters of
Heterogeneous Media by Analytic Continuation

K. Golden* and G. Papanicolaou**
Courant Institute, New York University, New York, NY 10012, USA

Abstract. We give a mathematical formulation of a method for obtaining
bounds on effective parameters developed by D. Bergman and G. W. Milton.
This method, in contrast to others used before, does not rely on a variational
principle, but exploits the properties of the effective parameter as an analytic
function of the component parameters. The method is at present restricted to
two-component media.

1. Introduction

Once the notion of an effective parameter of a composite or heterogeneous medium
has been properly established, it becomes clear that even in simple cases, for example
in periodic structures, these effective parameters are very difficult to calculate.
Consequently one turns to the determination of qualitative properties such as
bounds for these parameters under various assumptions about the microscopic
properties of the medium under study.

Recently Bergman [1-6] introduced a method for obtaining bounds which does
not rely on the availability of variational principles. The method of Bergman has
been elaborated upon in detail and applied to several problems by G. W. Milton [7-
107. Bounds obtained previously, in particular the Hashin-Shtrikman bounds [11-
13] required variational principles. The scope and utility of variational methods for
obtaining bounds is analyzed in [ 14], while extensive analysis and use of variational
methods has been made by Willis [15, 16], Dedericks and Zeller [17], as well as
many other authors referred to in these papers.

Our purpose here is to give a mathematical basis for Bergman’s method, in
particular for the key step in it which is a representation formula for the effective
parameter. This formula is restricted at present to two-component inhomogeneous
media.
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The reason the representation formula is important is as follows. When the
microscopic medium is nearly homogeneous (its parameters differ little from
constant values), one can derive approximations for the effective parameters by
direct perturbation analysis. The information contained in the perturbation
expansion can then be used together with the representation formula to yield global
results not restricted to nearly homogeneous media.

Our interest in Bergman’s method was stimulated by the very interesting lectures
of Bergman and Milton given during a meeting in New York in June 1981 and by
discussions with Luc Tartar who has yet another very interesting method for
obtaining bounds without the use of variational principles.

2. Formulation of the Problem

We shall consider the determination of bounds for the effective dielectric constant
{or conductivity) of a two or several-component microscopically isotropic material,
For the formulation of effective parameters we shall consider a general dielectric (or
conducting) medium.
Let (€, #, P) be a probability space and let ¢, (x, w) be strictly stationary random
fields of xeR?, i,j=1, 2,...,d such that
d

d d
a Y &< Z gl )l <y &, 2.1)
i=1 i,j=1 i=1
where o« and f are constants independent of x and w and {eR, i=1,...,d.
By strict stationarity we mean that the joint distribution of g (x,,),
g;(X2, @), ..., g;(xy, w) for any points x,, x,...,xyeR? and that of
g/(x; + hw),..., ¢ (xy + h,w)for any he R? are the same. More specifically, we shall
assume as in [18] that there is a group of transformations 7., xe R?, from Q into Q
thatis one to one and preserves the measure P. Thatis, 7,7, = 7,, ,and forany Ae #,
P(t_,A)= P(A). We shall suppose that there are measurable functions &, (w) on Q
satisfying (2.1) such that

g (X, 0) = (1_ ), xeR, we,i,j=1,2,....d. (2.2

We consider the following problem in electrostatics. Find two stationary
random vector fields Efx, ) and D(x,w), i=1,2,...,d such that

d

Dix,w) =} &;(x 0)E(x,w), i=1,2...,4, (23)
j=1

—-E)—E(xa))—iE(xw) i,j=1,2 d (2.4)

axj i s _axi j ) ’_]_ 3 Ly e e ey by .
- 25)

——D{x,w) =0, .

jgl 5xj I
| PAw)E(x,w) = E,, i=12,...,4 (2.6)
o

The constant vector E is given. The existence of a unique solution to (2.3)—(2.6) is
proved in the next section since the setup of the proof will be needed for the
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representation formula we want. Once E; and D, have been obtained, the effective
dielectric constant &f; is defined by

d
Y, fE;=[Pdw)D(x,w), i=12,...4d 27
j=1 Q

Problem (2.3)—(2.6) is the usual electrostatic problem for the electric field E and
the dielectric displacement D (or the negative temperature gradient and the heat flux
respectively for the thermal conductivity problem) in a stationary random dielectric
medium when the mean electric field E is a given constant vector. The average
dielectric displacement for unit mean electric field is the effective dielectric constant
as expressed by (2.7) and is independent of xe R

In the appendix, we show that the above definition coincides with the usual and
perhaps more intuitive one. There, a finite cube of dielectric material with edges of
length 2N is considered and the average dielectric displacement D™ is computed
under suitable boundary conditions. If &f;"(w) denotes the average dielectric
displacement in the i direction due to a unit mean electric field in the f* direction,
we show that as N - oo it tends to the &f; of (2.7), which is what one expects.

The reason that we consider an infinite stationary medium and work with it
directly is because &f; is a local quantity that has nothing to do with macroscopic
boundaries. Moreover, the finiteness of a domain conflicts with the properties of
stationarity and isotropy which simplify the analysis considerably.

The microscopic dielectric constant ¢ (or tensor g ) must be positive in
accordance with (2.1). In some situations the fields as well as ¢ can be complex-
valued and (2.3)—(2.6) is still well posed. Complex dielectric constants arise from the
time harmonic form of Maxwell’s equations when ¢ is replaced by ¢ + ¢/iy, where a is
the conductivity and v is the radian frequency of oscillation of the fields.

The object of this paper is the determination of the range of values of &}, under
various hypotheses on ¢; (x, w). We return to this in Sects. 5 and 6.

3. Existence and uniqueness for the Electrostatic Problem

We shall show that (2.3)-(2.6) suitably formulated has a unique stationary solution
E(x,w), D(x,w). The analysis is similar to the one in [18].

The group of transformations t, acting on 2 induces a group of operators on the
Hilbert space of real-valued functions H = I*(Q, %, P) with inner product

(1,9) = | Pldo) [(@)(w), T.geH.
Q

The group of operators T, on H is given by
(T Nw) =f(x_,»), xeR (3.1)

Since 7, is measure preserving, the operators T, form a unitary group. Therefore
they have closed densely defined infinitesimal generators L; in each direction
i=1,2,....d, with domain 9, < H. Thus

L=—T/| , i=12,..,d (3.2)
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with differentiation defined in the sense of convergence in H for elements of ;. The
closed subset of H

d
2=N2, (3.3)
i=1
becomes a Hilbert space with the inner product
d
(@,0) = | Pldw)i{w)iw) + Y. | Pldw)L#w)LHw). 34)
2 i=149

We return to (2.3)—(2.6). Since everything involved with this problem is to be
stationary, we look for solutions E, D, in the form

E(x,0)=Ef{r_ ), Dfx,w)=D,(r_,m) (3.5)
In fact, let 3 be the Hilbert space
# ={J(w)eH,i=1,2,...,d|L,J; = L;J, weakly and { f{(w)P(dw) =0},
Q

(3.6)
and consider the following variational problem: find G (w) in # such that
d
[ Pdw) ¥ &)(Gw)+ E)Flw)=0 37
2 i,j=1

for all fie. In view of (2.1) this problem has a unique solution by the
Lax—Milgram lemma. Clearly

d
Ef(w)= G;(w) +E;, D)= Z & {o)Ejw) (3.8)
j=1
is the unique solution of (2.3)~(2.6} via (3.5).
The effective dielectric constant defined by (2.7) can also be written in the form

i e i | P(dw)é, () E (o). (3.9)

i=1 =10
Choosing the components of the constant vector Ej equal to d,.j=1,2,...,d for
some k=1,2,...,d, and denoting the corresponding field E by Ej?, (39) is
transformed to

d
= jP(dw)é'ij(w)E’;(w) Lk=12,...,d (3.10)
=t

In view of (3.7) we can write (3.10) also in the symmetric form

ek = i | Pw), (o) B (@) Ew), Lk=1,2,...,d. (3.11)

Lj=10

One can equally well formulate (2.3)-(2.5) with (2.6) replaced by
| Pdw)D{x,w)=D;, i=12,....4d, (2.6
Q
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where now we focus attention on the D field and find a suitable Hilbert space for it
(analog of # in (3.6) but “divergence free” vectors now) and a suitable variational
equation analogous to (3.7). This is quite straightforward, the principal conclusion
being that the tensor (¢*);;" is given by

na kY

€*);'D;= Y [ Pw)@); (@)D ). (399
j=1

j=1

4. The Representation Formula for Two Component Media

Problem (2.3)-(2.6) was put in the variational form (3.7) over the Hilbert space #
defined by (3.6). Let us restrict attention to a two-component medium of the form

GU(X, w) = &(x, w)aija @.1H

where g(x,w) takes only two values ¢, and g, with 0 <¢; <g, < co. We write
&(x, ) = &, (X, ) + £,)2(x, ), “.2)

where y(x,w), j=1, 2, is the indicator function of the region occupied by the
dielectric material labeled by j. In the notation of Sect. 3 we put

&lw) = &1, (@) + &, (w), (43)

where, for example, ¥,(w)=1 for all realizations we for which the origin is
occupied by dielectric material of type one and equals zero otherwise.

From (4.3) and the definition of E; in (3.7) and (3.8), it follows that the field
depends only on the ratio

h==2 4.4)

Hence, from (3.10) we have

ek =2, | Pdo)(F, (@) + hi () Ew), ik=12,....4, (4.5)
4]

so that &} = ¢%(h). Our first observation about it is that

gk (h) is an analytic function of the complex variable “6)
h everywhere except on the negative real axis. )

To prove this statement we look at the quadratic form associated with (3.7) and seek
an o > 0 such that

d d
[P, +hin) Y 16| zaf Pdw) Y |G, (4.7)
o j=1 Q j=1
where Gj(cu) is complex-valued when h is complex. If we set
d
[Pdo)i, 3 1G;1?
A= =
d T~
[P(dw) Y |G,
j=1

J
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so that 0 £ A <1, the inequality (4.7) becomes
hWi+1—Alzua (4.8)

This means that (4.7) will hold for some « > 0 if and only if the origin is not on the line
segment joining k and 1, i.e. if and only if 4 is not on the negative real axis including
Zero.

Thus for any complex h off the negative real axis, (3.7) is coercive and by
differentiation with respect to 4 one deduces easily that G {w) is analytic in & with
values in #. Consequently from (3.10), g,(h} is analytic in 4 off the negative real axis.

Dividing (4.5) by ¢, we write

my(h) = &7 *ef(h) = [ PAw)(F,(w) + hi,(0) EXw), (4.9)
2
where E¥(w) = G¥w) + 6, and (3.7) holds, or somewhat formally

L, @) + hi@)(GHe) + 8,01 =0, k=12....d  (410)

M=

i

i=1

We are now ready to state the following
Representation Theorem. Let

1
s= - Fiuls) =0, — my(h). (@.11)

There exist finite Borel measures y,(dz) defined on 0 £ z £ 1 such that the diagonals
u;:(dz) are positive measures satisfying

1
Fik(s)xji‘l@, ik=1,2,....d 4.12)
0 S—z

for all complex s outside 0 < Res< 1, Ims=0.

Remarks

1. In[1] Bergman assumes that F'|, (s) (or any other F{s)i=1,2,...,d)is arational
function with simple poles at pointsin z,, z,,..., zy in [0, 1] on the real axis. Milton
[7, 8] correctly observes that this need not be so and cites examples to the contrary.
However the calculation of bounds can be carried out correctly with only a rational
form for F,(s) as Milton notes. The mathematical reason for this will be seen in the
next section.

2. From the symmetric formula (3.11) it follows that m, (h) of (4.9) becomes

d
my(h)= 3. | Pdw)(f (@) + hi, () EFE;. 4.9)
i=1 £
From (4.9) it follows that Immy(h) >0 when Imh > 0. Therefore the function
— F(s)=m,(h)— 1 with s given by (4.11) also has positive imaginary part when
Im s > 0. Moreover there is a constant M such that

|sF(/ —18)|=M, s>0,
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since m,(h) is analytic near h =1. But by a general representation theorem in
function theory [19, Vol. I1, p. 8] it follows that there exists a positive measure y,(dz)
on ( — o0, o0) such that

(dz)

Fu()_ j- #n —s

This is precisely (4.12) provided we use the additional information that m(h) is
analytic everywhere except on the negative real axis in order to limit the support of
u;; to the interval [0, 17]. Thus we have proved (4.12) directly (at least when i = k) but
it is instructive to prove it also using the spectral theorem as we do below, Of course,
the spectral theorem itself is proved using the above function theoretic repre-
sentation formula so the proofs are not all that different.

Proof. The formal equation (4.10), understood to hold in the variational form (3.7),
can be rewritten as

i LG+ (-1 i L[72(Gr+6,)] =0. (4.13)
i=1 i=1
Let us define the elliptic operator
A= i L}, (4.14)
i=1
and formally the operators
A =L~ N7, ij=1,2,...,d 4.15)

One can verify by spectral theory (the L; commute with each other) that the
operators Zﬁ are well defined and bounded in I2(Q, %, P) and have norm less than
or equal to one, just as in the usual case where L, = 3/0x;.

Define the Hilbert space 4 by
A = = {J(@elQ.F.P), i=12,...d}, (4.16)

but now with the inner product

4

(f.g) = [ Pldw)7() Z fil@)gi{e)- (4.17)

The operator % on 4 defined by

d

Z A e (4.18)
is again bounded in norm by one and is selfadjoint under the inner product (4.17).

Recall that the operators L, are skew adjoint.
We can rewrite problem (4.13) in terms of A , hence in terms of B, as follows

d
Gt + (=0 Y Au[0(GE+6,0] =064 Jk=12....d (419
i=1
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The equivalence of (4.19) to (4.13) is seen by applying L; to (4.19) (in distribution
sense) and summing on j. Recalling the notation (4.11), we may solve (4.19) when s is
outside [ — 1, 1], obtaining

Gt +6, =s[(s+B) "e];, (4.20)

since B is selfadjoint and || B|| < 1. Here ¢, are the unit vectors with components (5 ;).

Moreover there exist projection-valued measures Q(dz) on [ — 1, 1] such that

(Q(dz)e,);
s+z

Giw)+ 6, =s j ,outside [ — 1,1]. 4.21)

We know already from (4.7) that ij(w) + & exists for all complex h outside the
negative real axis and hence by (4.11) for all a outside [0, 1]. This means that the
integral in (4.21) runs only over [ — 1,0]. Therefore, after redefining the Q(dz), we
have

j(Q( z)ex);

GHw)+ 6, =s — xJ s outside [0, 1]. (4.22)

0
From (4.9) we have that

my(h) =8, + (h — I)IP(dw)fz(Gf + 64)
1 LA
=0y — ;jP(dw)Xz(Gg( + 6
or from (4.11)

Fo(s)=- j P(dw)i,(GF+6,). (4.23)
Now using (4.22) and recalling the form (4.17) of our inner product, we obtain
Fols)= j“ﬂ‘( D ik=12...4d (4.24)
with
Hauldz) = !f)P(dw))Zz (@)(Qdz)e,) ()
= (e;, Q(dz)e,>.

From this last statement the positivity of the diagonal measures p,,(dz) follows and
the proof is complete.

By considering the problem for D; described briefly at the end of Sect. 3 (problem
(2.3)(2.5) and (2.6")) for a two component medium, one arrives at the fact that the
inverse matrix (¢*);;'(h) is analytic in h except on the negative real axis. Hence
(m™1), ;(h)1s analytic in h except on the negative real axis. In the isotropic case where
m, j(h) = 0, ;m(h), this means that if m(h) is meromorphic, which is not true in general,
then all of its zeroes and poles lie on the negative real axis.
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5. Perturbation Calculations about ¢, = ¢, in a Two Component
Medium and Their Analytic Continuation

Perhaps the only case in which &} can be calculated rather simply, without special
hypotheses about the form of ¢; ;(x, w), is when the g, is close to §; ; uniformly in x and
w. Such calculations are reported in [13] and we reproduce a few here for the two-
component case (4.1).

From (4.4) and (4.9) it suffices to calculate m,(h) and its derivatives with respect
to h at h= 1. Physically it is clear that

my(1) =8y, 5.1

which is also implied by (4.11) and (4.12) since h — 1 corresponds to s— co. Since
my(h) is analytic, it has a power series expansion

© (m d n
my(h) =6 + Z ( )(h =1y, mPh) = < ) my(h), (5.2)
which converges for |h — 1] < 1. Using (4.11) we may rewrite (5.2) in the form
o] 1 n
Fat9)= = % o S bl 53
n=1"":
But from (4.12) we have for |s| > 1,
1
Fuls)= 3 S:u‘i,'é‘“, (5.4)
n=1
where
un- ”—jz" ‘nadz), n=1,2,... (5.5)

are the moments of the measure y,,(dz). Comparing (5.4) and (5.3) we see that

n—1
poh = L m(1), n=12,...,05k=12..,d (5.6)
n!

When i = k the moments of the positive measures are completely determined by
(5.6). Since positive finite measures on a compact set are uniquely determined by
their moments, it follows that:

The values of (d/dh)'m,(h) at h = 1 completely
determine m,,(h) everywhere in the complex h (5.7
plane except on the negative real axis.

The conclusion (5.7) shows the usefulness of the representation (4.12) in
converting local information at k=1 to global information.

Now we calculate m{{’(h) at h = 1. Differentiating (4.9) we have

d

;ﬁ;mik(h)

= I P(dw) [h(w)E"(w) + ({1(0) + hXZ(w))—E"(w)}

h=1 h=1

= | PA0)(0)35 = P20u (5.8)
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where p, is the volume fraction occupied by the diclectric material of type two and is
defined by the last equality. Using (5.8) in (5.6) we obtain

:u:I?) = juik(dz) = P20y- (59

To compute m{P(1) we differentiate (5.8) again and obtain

2

d d . d?
d_h—z‘mik(h 5P(dw)l:2Xz(w) Ef(w)+ (1, + th) an 1] »

=2 éP(dw)fZ(w)EEf (5.10)

h=1

We must now calculate (d/dh)E¥|,_,. We differentiate (4.10) with respect to A,
evaluate at =1 and get

d
L, <dhEk + Z25.-k> =0.
Thus, in terms of the operators Aﬁ of (4.15),
d . 4 . ~
&EEIJC =2 A;i(1204) = Au¥2)- (5.11)
h=1 ji=1
Using (5.11) in (5.8) yields
d? . - .
) = 2f P, (o) Aud) @) (5.12)
k=1 Q

To evaluate the integral on the right of (5.12) we note the following. The
boundedness of the operators 4 # in IXQ,#,P) implies that the differential
operators

0

A-- 1
Jt ax ( )

Lji=12,...,4d, (5.13)
which are bounded on L2(R?), are also bounded operators on square integrable
stationary random fields. Thus we may write (5.12) in the form

2

d
g =2[ oo o)z

he=1

A) " (%, @) — py)

= ILF xRy, (.14)

where I", (y) is the kernel of the singular integral operator A, of (5.13) and R(y) is the
correlation function

R(y) = | Pdw)yy(x + y, 0)(x2(x, @) = p,). (5.15)
If R(y) depends on | y| only, the case of statistically isotropic random geometry, then

d? 2 2p,p
=1y, (h = —ZR(0)5, = — =214, 5.16
dh2 mlk( ) et d (0)51k d 5lk7 ( )
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where p; =1 — p, is the volume fraction of dielectric material of type one.
Thus from (5.6) and (5.16) we have in the isotropic random geometry case

1
ﬂgi) = zi‘pxpzéik- (5.17)

In the anisotropic case u{;’ depends on the full correlation function R(y) and not just
its value at zero. Moreover, the higher moments p%, n = 2 depend on (n -+ 1)-point
correlation functions in general. A formula can be derived for them, in the same way
as above, with the use of the kernel I',,(y) and its iterates.

6. Range of Values of the Effective Coefficient

We shall now fix attention at one diagonal coefficient m, (h) and call it m(h). We
rewrite (4.11) and (4.12) in this case as

wdz)
s—z’
1
=T

Evidently F(s) depends also on u which belongs to .#, the set of positive finite Borel
measures on [0, 1]. We shall therefore write F(s, u).

For sfixed outside the unit interval on the real axis, F is a linear mapping of 4 to
the complex plane as can be seen from (6.1). Let

1 —m(h) = F(s) = } s outside [0, 17,
0

s (6.1)

MO, u D,y ) = {uevﬁ’

1
{2'u(dz) = u®,n=0,1,...,N } (6.2)
0

provided that the numbers 49, 4V, .., 4™ form a positive definite sequence [20] so
that they can represent the moments of a measure. From (6.1) we see that for fixed s,
F(s, p) is a linear mapping of .#(u'®, ..., y™¥) to the complex plane C. We denote by

Alh, g, ™y = {1 — F(s,))eC|Re s¢[0,1], pe M (u®, ..., u™}.  (6.3)

we call the subset A of C the range of values of the effective (relative) dielectric
constant m(h) when h is given along with x©, y® ... 4™ and y varies over all
measures with given first N moments. The problem is to characterize this set
because, as pointed out at the end of Sect. 5, if we have information about the first
N + 1 correlation functions of the random medium then we can determine the first
N moments of u. The set A represents the possible values of m(h) compatible with
this information about the medium.

Actually, 4 is not the precise range of the values of m(h) as our terminology
suggests because although each random geometry gives rise to a measure p in the
representation (6.1), we know that not every measure y in (6.1) gives a function m(h)
that is the effective (relative) dielectric constant of a random medium. For example,
in dimension d =2 Keller [21] showed that

m(k)m( %) =1, (6.4)
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and Schulgasser [22] showed that for d 23 and h = 1

m{k)m(%) >1. (6.5)

Both of these statements are proved in [14] in a very simple manner. From (6.4) or
{6.5) we see that not every measure g in (6.1} comes from a random geometry.
Therefore the set A will in general contain the exact range of values of the effective
dielectric constant. For simplicity, we shall continue to refer to A as the range of
values.

The set of measures . (u'®, iV, ..., u™) is a compact, convex subset of .# with
the topology of weak convergence. Since the mapping (6.1) is linear in u it follows
that the range of values A of (6.3) is a compact convex subset of the complex plane C.
The extreme points of the set .#(i”’) are the one point measures a6 (dz), 0 Sy < |,
a = 0, since they cannot be expressed as convex combinations of other measures
while all other measures are convex combinations of one point measures. One can
verify [23] that the extreme points of .Z(u'®, 'V, ..., u™) are weak limits of convex
combinations of (N + 1}-point measures, i.e. measures of the form

N+t
idz)= 3}, o,0,(dz), (6.6)
k=1
where
N+1
0 20,0Sz, <z, <...<zy, <1, Y oqzi=p"n=0,1,...,N. (67
k=1

We conclude from the above that in order to determine the extreme points of
Ak, 119, u™) it suffices to determine the range of values in C of

N+1 o 1

mh)y=1- Y s=— (6.8)

2 >
=1 S 2 1—h

as a, and z, vary while (6.7) holds. This is exactly the point at which Bergman and
Milton begin their analyses, by postulating essentially that m(h) should have the
form (6.8), perhaps in some approximate sense. We see that actually no approxi-
mations are involved. While (6.8) may not run over all points in 4, it certainly runs
over all extreme points of A, which is sufficient to characterize this set since it is
convex.

In the remainder of this section we shall consider some consequences of(6.8). Let
{1y Lgs-vnr Ly s DE the zeroes of m(h) which are necessarily real. Then we can write

N+l _ 7 N+1 )
Mi-b-1-y -2 (69)
=187 =157
and hence
N+ 1
ﬂ (z,— &)
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This implies that

O=szy, Sy =S54 52, 2, =L (6.10)

Let us consider the form of the set A(h, 4'?), where by (5.9), u® = p,. We have

/l(haﬂ“”)={m=1— P2 ,022§1—p2}.
S—Z

When h is real and bigger than one, then s is negative. In this case one sees easily that
A(h, 19 is the interval

D3 1]

———=—<ms 1 ——,

s—{1—p,) s

which is equivalent to
1
Smzgl—p,+hp,. (6.11)

l—p +BZ—

2 h

These are the classical arithmetic and harmonic mean bounds for the effective
dielectric constant of a two-component dielectric material. They are achieved by
plane parallel configurations of the material. When 4 is complex, the convex hull of
the set A(h, 4'?) is bounded by a circular arc and a cord.

One can describe also the set A(h, u'®, u™) in the isotropic case when y'© =p,
and u™ = p,p,/d by (5.9) and (5.17). When h is real and bigger than one, the Hashin
Shtrikman inequalities are obtained

__ P P
1 D; . 1 l’z.
+ I—k+d}z

h—1 d
In the complex case the convex hull is bounded again by circular arcs.

1+ (6.12)

Appendix. Existence of Effective Dielectric Constant

In Sect. 2 we pointed out that the definition of effective dielectric constant via (2.3)-
(2.7) (or more precisely (3.7)3.10)) is consistent with the more usual definition
where a finite volume of material is taken at first and then &; is obtained in an infinite
volume limit. We shall analyze in detail in this appendix this limit. For simplicity we
shall consider the two-dimensional isotropic case; the general case goes through the
same way. The analysis follows [ 18] suitably modified to the present case.

Let the material with dielectric constant g(x,,x,, @) such that 0<a =<
&(xy,%,, w) < B < oo occupy the square — N < x; <N, j=1, 2 Let #™(x,, x,, ) be
the solution of

V-(eVa™) =0, —-N<x,<N, j=1,2, (A1)
o

0%,

=Qonx,=Norx,=—-N,—-NZx, SN, A2
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iM=_-Nonx,=~N,—N=Zx,<N, (A.3)
i™M=+Nonx;=+N,~-N=x,<N. (A4

N a~(N) , ,
¥ (w) [ 60y, xp 0) X2 D) g (A.5)

:ﬁu,\, 0x,

We note that this quantity is independent of x, in view of (A.1).
We introduce also the problem (2.3)-(2.6) and (2.7) suitably specialized in R?
with isotropic ¢; ;.

D(x, ) = &(x, 0)E(x, w), x = (x;,X;), (A.6)
Vx E=0, A7)
VD=0, (A.8)
[ PAW)E(x,0) =0, ;,j = 1,2, (A9)
Q
g* = [ P(dw)D,(x,m). (A.10)
0

of course here E and D are stationary fields and (A.6)-(A.9) is taken in variational
form as in Sect. 3.
We shall show that, when &(x, w) is stationary and ergodic then

[ P(dw)(e*N(w) — e¥)* >0, a8 N > o0, (A.11)

which means that the average dielectric displacement over a vertical line for a square
of material of side 2N tends to the effective dielectric constant ¢* as N — o0 in mean
square.

To prove (A.11) we first transform (A.1)-(A.4) as follows. Let

1
uM(x,, x,, ) = Nﬁ(N)(le’ Nx,, w). (A.12)
Then u®™(x,, x,, w) is defined in |x,| £ 1,|x,| <1 and we have

V- (e(Nxy, Nx, o)V (x ), x5, 0)) =0,]x, | < 1,]x,] < 1, (A.13)

U™
—(XI,XZ,CO) =Oslx1[ = 1’ (A14)

0x, x=+1

U™ (+ L,x,0)=+1,|x,| £ L. (A.15)

Now let
PIT x, (sx1 X, ) X, (sx1 X, )}
X,Xpw) = [ | =G, 2, =",0+2G,| 2,0} |ds,
11, %2, ) g[!xl e o) T e O\ i
(A.16)

where the stationary field E of (A.6)-(A.9) is written in the form
E;(x,0) = G{(x,w) + 6, ;,j = 1,2, [ PAw)G(x,w) = 0. (A.17)
L]
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It is easily seen that because of (A.7) we have that
G{x, m} = Vyix, w). (A.18)

Moreover, since &(x, w) is ergodic, so is G{x,w), and thus

2
jP dw)(l IX(X w)) —0as|x|— o0, (A.19)
because G in (A.16) has mean zero. Let
1
1 ™(x 4, x5, ) =Nx(Nx1,Nx2,a)). (A.20)
We want to prove (A.11). First we note that since the process g&(x, w} is ergodic
[ Ox(x4, X5, )
14 2 7 * A21
N7 3, § j dx dxza(xl,xz,w)< + ol ¢ (A21)
as N — oo in mean square (or with probability one), and hence
1! 0
2 | 3‘ dxdx,6™(x;, x5, @ )—(xz + 1M x5 x5, @) — * (A2l
-1 —1

as N — oo, where
eM(x,x,,w) = e(Nx,, Nx,, w). (A22)
In view of (A.21) or (A.21") it suffices for (A.11) to prove

1 1 1 a (N) , ,
0= lim jP(dco){ | jdxldxzs‘N’(xl,xz,w)[wz—w)

Noowg -1 ~1 04

2
- 52';()(:1 + X(N)(xlﬂ X35 w):l} . (A'23)

But

| N ™ 5 2
fraof | § sl G2 Fn o |

1 S

<ﬁ2fP(dw) §f dxdx, [V2®(x, x5, 0) ]2, (A.24)
15y

where we have used the fact that o < ¢ £ f < oo, Schwarz’s inequality and

Z(N)(xh Xq, @) = u(m(xl, X5, ) —(x; + X(N)(xp X5, @)). (A.25)

Let 7(N) be a function of N tending to zero as N — co in a manner that will be
made precise later. Let y(s), s = 0 be a C* function such that

l,s=2
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1=x,\ [1+x\ [1-
'//(N’(xl,xz)“—'v( TU\;; )?( rz\;; )y( I(N);" )y(ltz\;;z ) (A.26)

so that ¥ vanishes identically near the boundary of |x,| <1, |x,| < 1. Let

and put

2®(xy, %5, 0) = 4 (x, X5, 0) — X1 — T (x4, %5, ) (A27)
H00xy, X5, @) = g ™(x1, %5, WM (x4, ), (A.28)
so that
20 = 2 W] — M), (A.29)
From (A.13), (A.17), (A.1R), (A.6), (A.8) and (A.29) it follows that
V(M) = V[V N1 — V)], (A.30)
oz
—a—x;=0 onx,=+1,|x;|£1, (A.31)
MM=0onx,=+1|x,]<1. (A.32)

We shall now transform the right side of (A.30) suitably. Let e, and e, be unit
vectors in the direction x, and x, respectively. From the definition of y it follows that

VMV +e)]=0. (A.33)
Moreover from (A.10)
g* = [[eMVy™ + e,)-e, 1Pdw). (A.34)
Q

We have assumed, without loss of generality, that the effective dielectric tensor &f; is
isotropic &¥; = 9, ;*. This implies that

0 = [[eM(Vy™ + e,)-e,]1P(dw). (A.35)
o

With these observations in mind we rewrite the right side of (A.30).

V-[eMVEM(1 =y ™)]
=V [S(N)VX(N)] (1 _ ,‘t,(s\’)) _ {N)VX(N}'VV"(M -V EE(N)X(N)VWN)]
= — V'[S(N)el:](l - l/I(N)) — 8€N}VX(N}'VI,£I(N) v ES(N)X(N)VIII(N)]. (A.36)

Now we multiply (A.30) by 2™, integrate both sides over |x;] <1, |x,| =1 and
integrate by parts. Because of (A.31) and (A.32) and the fact that ™ vanishes
identically near the boundary of the square, there are no boundary contributions.
Thus

11 11
_Il _Jls‘”)(VZ“”’)deldxz= _Il _jl(s*—s<">)Vz.“N>-e1(1 — Y ™)dx, dx,
1 1
5§ @O o) —are,) VYO dxdx,
1 1
= [ [ Va0 VYO d, (A37)

-1 -1
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We note that because of (A.34) and (A.35)
[[eM(Vy™ + e,) — g*e, JP(dw) =0. (A.38)
From the right side of the inequality in (A.24) it suffices to prove that

11
IM ={Pdw) | [ dx;dx,(Vz?")>>0as N- oo. (A.39)
Q 2121
But from (A.29)

11

I™<2{Pdw) | | dx,dx, (V)2
Q -1 -1

+2[ Pldw) } } dx,dx, (V[ ™(1 — ™)1y
Q

-1 -1

= [® 4. g™, (A.40)

From (A.37) and the uniform upper and lower bounds for &(x, w) we see that we have

to get a bound for I™ in terms of objects from the right side of (A.37). To proceed

further we must rewrite the middle term on the right side of (A.37) as follows.
Let

hy(x1, X5, 0) = 8(xy, X5, @)(Vy(xy, X5, 0) + €,)-€; — &%,
hy(x 4, X2, @) = (X4, X2, @) (VY(Xy, X5, @) + €1)-€,. (A41)

These fields are stationary and have mean zero by (A.34) and (A.35). By a process
similar to the one that goes from G to y (cf. (A.16), (A.18)) we can find vector fields H,
and H, such that

V.lehl’V’H2=h2‘ (A.42)
These fields are not stationary but can be normalized to be zero at {x;,x,} =0 and
1
_(P(dw)mlH}(x,w)lz —Qas{x|—w,j=1,2. (A43)
a x
Defining
1
HM(x,x,,0) = EHj(le’ Nx,,w),j=1,2,
1
h§N)(x1, XZ’ a)) == "N—hj(le, NXZ, CO), (A.44)
we see that

eEMV® + e,) —c*e, = hiMe, + h{e, = (V-HM)e, + (V-HM)e,.
Thus,

11
[ ] ™™+ ey) — e*e ) Vp™M2Wdx dx,

-1 -1
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1 1
= [ { [(V-H®)e, +(V-HP)e, ]V M2®dx dx,
Z1 <1

i1
= — j‘ j [HYM -V(e, - Vy™2®y + HP-V(e, - Vy™i™) ldx,dx,. (A45)
-1 -1
We now return to (A.37) and notice that when (A.45) is used to rewrite the middle
term on the right and then Schwartz’s inequality is used, the result J® — 0 (cf. (A.40))
will follow from Poincaré’s inequality for 2™ and

jl jl (1 — y™)2dx, dx, >0, (A.46)
jP(da)) jl jl dx,dx,| HM 12 [V(e, V™) 20,5 = 1,2, (A4T)
jP(dw) _51 _jldxldx2|H(N’| le, V™12 50,j=1,2, (A48)
jp(dm) .-51 _51 dx,dx,(y™)2(VY™)? -0, as N - 0. (A.49)

We note in addition that J™ in (A .40) will also go to zero provided (A.46) and (A.49)
hold. Let

o(N)= max{ f P(o)(y® (g, X5, @))%,

j dw)lH(lN)(xlﬁxl’w)lzs
Q

sup fP(dw)|H(2N’(x1,x2,w)|2}, (A.50)
Ix1|=10Q
jx2] =1

From (A.19) and (A.43) (slightly extended), it follows that o(N}-»0 as N — co. Now
since 1 — 'V is zero except in a strip of width 27(N) near the boundary of the square

and from (A.29),
101

§ I a—y™y?=Can,

-1 ~1

G
(T(N))*

G,
(=(N)*
where (VVi™)? stands for the sum of the squares of all second derivatives of /™.
With these facts (A.46)-(A.49) will follow provided

o(N) o(N)

@y ey

(V™M <—2—

(V) < (A.51)

'C(N)——)O,

(A52)
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We now choose 7(N) = (¢(N))'/8, for example, so that (A.52) clearly holds. This
completes the proof of the theorem.
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