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Abstract. The outstanding problem of systematically developing rigorous
bounds on the complex effective conductivity tensor o* of d-dimensional,
n-component composites with n>2 is solved. The bounds incorporate
information contained in successively higher order correlation functions which
reflect the composite geometry. Explicit expressions are given for many of the
bounds and some, but not all of them, are represented by nested sequences of
circles in the complex plane that enclose, and in fact converge to, each diagonal
element of o*. They are derived from the fractional linear matrix transfor-
mations found in Part I that recursively link o* with a hierarchy of complex
effective tensors QY, j=0,1,2, ..., of increasing dimension, d(n—1)’. Elemen-
tary bounds on QY confining the diagonal elements of QY or its inverse to half-
plane, wedge or open polygon regions of the complex plane, imply narrow
bounds on o* which converge to the exact value of o* in the limit as j— co.
When the component conductivities are real these bounds are more restrictive
than the corresponding variational bounds. Besides applying to the effective
conductivity o*, the bounds extend to a wide class of matrix-valued
multivariate functions called Q-functions, and thereby to conduction in
polycrystalline media, viscoelasticity in composites, and conduction in multi-
component, multiterminal, linear electrical networks. The analytic and
invariance properties of Q-functions are explored and within this class of
function most of the bounds are found to be optimal or at least attainable. The
bounds obtained here are essentially a generalization to matrix-valued,
multivariate functions of the nested sequence of lens-shaped bounds in the
complex plane derived by Gragg and Baker for single variable Stieltjes
functions.
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1. Introduction

The average current j generated in response to an average electric field e in a
periodic or statistically homogeneous composite is typically determined by the
linear relation

ji=oc%e, (1.1)

which defines the effective conductivity tensor o*. In PartI [1], henceforth
denoted as I, we considered a d-dimensional multicomponent composite com-
prised of n isotropic components separated by sharp boundaries and developed a
continued fraction expansion for o* in terms of the component conductivities,
01,0, ...,0, and a sequence of geometric parameters that reflect successively finer
details of the microstructure. Here this expansion will be utilized to solve an
outstanding problem for composites comprised of more than two components,
namely to systematically develop a hierarchy of bounds on o* that include
progressively more information about the geometry, for both real and complex
component conductivities. Actually our analysis is quite general and applies to the
effective thermal conductivity, diffusion coefficient, dielectric, elastic and viscoelas-
tic tensors of multicomponent composites, including polycrystalline materials
with anisotropic grains [2]. Moreover it extends to conduction in multicompo-
nent, multiterminal networks, and in fact to any problem for which the field
equation has the appropriate form: see Sect. 15 in L.

The earliest work on bounds for effective transport coefficients dates back to
Wiener [3] who in 1912 proved that the eigenvalues of o* are bounded above and
below by the arithmetic and harmonic means of the local conductivity when the
local conductivity is real. Not much more progress was made until half a century
later when Hashin and Shtrikman [4] formulated new variational principles and
used them to derive bounds on the effective conductivity, o*, of isotropic
composites with real component conductivities, o4, 05, ..., g,. Their bounds proved
to be considerably tighter than the Wiener bounds yet still were in excellent accord
with experiment and only incorporated the component conductivities and volume
fractions.

Beran [5] and Kroner [6], among others, went further and developed a scheme
for generating a whole hierarchy of bounds which include information contained
in successively higher order correlation functions characterizing the composite
geometry. Improvements of these bounds for multicomponent composites
(containing more than two components) were obtained by Phan-Thien and Milton
[7]. The improved bounds are denoted in I as (2j+ 1)th-order Wiener-Beran
bounds or (2j)th-order Hashin-Shtrikman bounds where j=0, 1,2, ... signifies the
order of the trial fields that generate the bounds: these fields are ranked according
to their order of appearance in perturbation expansions of the actual fields in
powers of the conductivity differences o,— o, where a,be{1,2,...,n}.

Prager [8] considered two component composites and established bounds
that correlate the values of o* at different conductivity ratios o, /a,. Willis [9] gave
specific attention to anisotropic composites, and Murat and Tartar [10] and Lurie
and Cherkaev [11] implemented the method of compensated compactness (which
is essentially a new variational method with matrix valued fields) to obtain
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realizable bounds correlating the different eigenvalues of o*. Kohn and Milton
[12, 13] rederived these bounds and generalized them to elasticity by using the
standard Hashin-Shtrikman variational principles. Such bounds have application
in design optimization problems [14, 15].

Bergman [16] initiated a different approach. He considered any diagonal
element, say 6¥,, of the effective conductivity tensor of a two component composite
with volume fractions f; and f, of the components and esssentially proved that the
function F(s), where

F=1-0%/0, and s=o,/(c,—0,), (1.2)
satisfies the inequality
F()=1, (1.3)
has the integral representation
1
F(s)= | “S(Z) ‘iz, where u(2)=0, (1.4)
0 s—

and can be expanded in a series of the form
F(s)=fi/s+cy/s* +c3/s> +cq/s*+ ..., (1.5)

in which ¢, = f] f,/d when the composite is isotropic: see also [17] and [18]. From
this representation Bergman rederived the Hashin-Shtrikman bounds and
obtained new Prager type bounds incorporating one known value of ¢, at any
given real ratio o,/g,>0.

Subsequently, and independently, Bergman [19] and Milton [20], generalized
the Wiener and Hashin-Shtrikman bounds to arbitrary complex ratios ¢,/0, and
proved that o¥; is confined to one of three nested lens-shaped inclusion regions in
the complex plane, depending on whether the volume fractions are known, or
whether the composite is isotropic. These results enlarge upon the variational
bounds of Schulgasser and Hashin [21] which are valid when o,/0, is nearly real.
Complex conductivities, of course, are appropriate for describing the relation
between j and e, including the phase lag, when the applied fields oscillate but have
wavelengths and attenuation lengths much larger than the composite
inhomogeneities.

Following this work, the bounds were extended to encompass an arbitrary
number of coefficients in the series expansion and/or an arbitrary number of
known values of 6%,(0, 0,) at either real or complex ratios ¢, /o, [22]. McPhedran
and Milton [23] numerically tested the bounds and together with McKenzie used
them as a basis of a successful method [24] to estimate the volume fraction f; from
experiments of the refractive index and absorption coefficient at various frequen-
cies of the applied field. Gajdardziska-Josifovska [25] made a careful experi-
mental test of the method and considered its applicability to composites with more
than two components. Felderhof [26], Milton and Golden [27], and Golden [28]
reformulated and analyzed the structure of the subset of bounds that only include
series expansion coefficients, and Milton and McPhedran [29] proved their
equivalence, for real o, and a,, to the complete hierarchy of odd and even order
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variational bounds, i.e. to the (2j+ 1)th-order Wiener-Beran bounds and (2j)th-
order Hashin-Shtrikman bounds for j=0,1,2,....

Additional assumptions about the analytic properties of ¢%,(d,,0,), which
apply to certain classes of composites, produce even more restrictive bounds. For
instance, Keller’s duality relationship [30],

oti(l/o,1/0,)=1/0T1(04,05,), (1.6)

satisfied by the effective conductivity of isotropic two-dimensional composites,
and the identity

051(01,0,)=071(05,04), (.7

appropriate to materials invariant under phase interchange, give substantial
improvements to the bounds [20, 22, 31, 32]. In fact any bound in the double
hierarchy of bounds [22] incorporating (1.6), an arbitrary number of known real
or complex values of ¢¥,(c,,0,), and an arbitrary number of series expansion
coefficients is realizable by the transverse effective conductivity of a Hashin-
Shtrikman type multicoated cylinder geometry [4]. Bergman [19] used
Schulgasser’s inequality [33] to marginally improve one arc of the complex
extension of the Hashin-Shtrikman bounds in dimensions d > 3. Korringa and
LaTorrica [34] incorporated information about F(s) in the vicinity of s=0, and
utilized their bounds to analyze measurements of ¢%; for brine saturated
sandstones.

These and other contributions to the theory of bounds for two-component
composites are reviewed by Hashin [35], McPhedran and Phan-Thien [36], Willis
[37], McCoy [38], Christensen [39], Watt et al. [40], Hale [41], and Beran [42]:
see also Niklasson and Granquist [43], Torquato and Stell [44] and references
therein. Many of the developments, particularly including the results outlined
above, overlap with work on Stieltjes functions [45-507. To see the connection
consider the function #(v), where

=—1/s=(0,—0,)/0, and AHv)=—F)fv=(cf —0)/(0c,—0;). (1.8)
From (1.4) this function has the integral representation

o 1+vz’ 19

which according to Baker and Graves-Morris [ 51] defines a Stieltjes function with
a series expansion

Hv)= f1 —cov+c302 —cyv®+ ..., (1.10)

convergent in the unit disk.

Nevanlinna [45, 46] considered the more general class of Hamburger func-
tions, which include Stieltjes functions, and found bounds which confine 4(v) to a
nested sequence of diskshaped inclusion regions in the complex plane as
successively more series expansion coefficients are incorporated in the bounds.
Henrici and Pfluger [47] used the well-known continued fraction expansion of
Stieltjes functions, such as #(v), to derive a hierarchy of improved, and in fact
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optimal, bounds for real and complex v which incorporate the series coefficients up
to successively higher orders in v. Gragg [48] focussed on Stieltjes functions
convergent in the unit disk and obtained more restrictive bounds, again based on a
continued fraction expansion of #4(v). Following earlier work of Common [49],
Baker [50] also independently established these results and obtained bounds that
in addition incorporate known values of 4(v) at an arbitrary number of real values
of v. All of the bounds are optimal within the appropriate class of Stieltjes functions
and are represented by nested sequences of lens-shaped inclusion regions in the
complex plane. While Gragg and Baker did not incorporate in their bounds the

inequality H—1)<1. (A.11)

implied by (1.3) and (1.8), it is clear that if a bound depends on this inequality, then
all functions that attain the bound have #4(—1)=1, and this can be treated as a
known value of 4(v) for the purpose of calculating the bound in question. Suitable
combinations of Gragg’s bounds and Baker’s bounds thereby yield the whole
sequence of Wiener-Beran and Hashin-Shtrikman bounds, Prager’s bounds, and
many of the complex extensions of these bounds obtained by Bergman and Milton.
The bounds derived for two-component composites go beyond the Gragg-Baker
bounds to the extent that they incorporate known values of 4(v) at complex v and
(when appropriate) the functional relations on #(v) implied by (1.6) and (1.7). For a
comprehensive review of work on bounds on Stieltjes functions, including their
derivation for real v from variational principles and their connection with Pade
approximants, see Baker and Graves-Morris [51] and Jones and Thron [52].

Very little of this analytical work on bounds has been generalized to
composites with more than two components, or to multivariate Stieltjes functions.
In Bergman’s trajectory method [16] all the component conductivities are
parameterized in terms of a single variable, say s. The parametrization is chosen so
that the representation for F(s) has the form (1.4), and then bounds on such
functions imply bounds on ¢%,. Using this approach Bergman rederived the
Hashin-Shtrikman bounds for three component composites. Although the
method has been quite successful, the best parametrization is often difficult to find
and the method only incorporates the analytic properties of o¥,(0,0,,...,0,)
along a single trajectory in the full domain of the variables ¢,,0,,...,0,. A
multivariate generalization of the representation (1.4) was formulated by Golden
and Papanicolaou [28, 53]. They used it to conjecture complex extensions of the
elementary Wiener and Hashin-Shtrikman bounds, based on the plausible (but
unproven) assertion that functions attaining elementary bounds should have
especially simple representations after suitable fractional linear transformations.
Subsequently, Bergman and Milton [54] extended the trajectory method to
complex component conductivities and gave a rigorous proof of the Golden-
Papanicolaou extensions of the Wiener bounds.

The main barrier to the development of bounds on o* for multicomponent
composites when the conductivities g4, g, ..., 5, are complex has been the lack of a
suitable continued fraction expansion for o*. Now that several such expansions
are available, the path is open to generalize the nested hierarchy of lens-shaped
bounds appropriate for two-component composites to multicomponent
composites.
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The paper is structured as follows. In Sect. 2 we summarize most of the results
obtained in I. These include recursion relations which link o* with a sequence of
matrices Q¥,j=0,1,2, ..., each representing the effective tensor in an appropriate
Hilbert space, although not necessarily in a composite. Such effective tensors
depend on the variables 04,0,,...,0, and are collectively denoted as n-variable
tensor Q-functions. Their general analytic and invariance properties are studied in
Sect. 3. For instance it is proved that the diagonal elements of any tensor
Q-function are scalar Q-functions.

Section 4 focuses on hierarchies of bounds for Q-functions. Elementary
restrictions on the diagonal elements of QY, for j=1,2, ..., to half-plane, wedge or
open polygon regions of the complex plane, generate nested sequences of bounds
on o*=Q(: these are accordingly denoted as half-plane, wedge or polygon
bounds. A bound here is defined to be attainable if at least some points on the
boundary are attained by Q-functions in the appropriate class, optimal if all points
within the bounds are attainable by Q-functions, and realizable, if all points within
the bounds are realized by the effective conductivity tensor of a composite in the
appropriate class. In terms of the information they contain, the half-plane bounds
are attainable and the wedge bounds optimal for both real and complex o,
a=1,2,...,n,atalllevels in the hierarchy of bounds. When the conductivities o, are
real both the wedge and polygon bounds are optimal and generally improve upon,
or at worst coincide with, the hierarchy of Wiener-Beran and Hashin-Shtrikman
variational bounds. The question of realizability of these bounds will be left for
later work. For two-dimensional, two-component anisotropic composites we
generalize the Murat, Tartar, Lurie and Cherkaev bounds [10, 11] to include
successively higher order geometric parameters.

In Sect. 5 the mapping which links o* with QY is proved to be a fractional
linear matrix transformation. Section 6 utilizes this fact to derive explicit analytical
expressions for the complete hierarchy of half-plane bounds on scalar multivariate
Q-functions. The inclusion regions are simply nested sequences of circles in the
complex plane for each orientation of the half-plane. Section 7 identifies
characteristics of the set of matrices that get mapped to the boundary of the wedge
bounds and this should make numerical computations of the wedge bounds more
efficient. An analytic formula is obtained for the curve needed in conjunction with
the Golden-Papanicolaou bounds to complete the boundary of the 1st-order
wedge bounds on scalar 3-variable Q-functions. These bounds have direct
practical importance because they only incorporate the volume fractions and
conductivities in a three component composite: they are the complex extensions of
the Wiener bounds. The convergence of the various hierarchies of bounds is
established in Sect. 8.

2. Summary of Part I
Now let us review the results established in I. These apply in any Hilbert space

H'=UDE'® I =P ©P,07:D...0%,

of fields, where the subspaces %, &”, #’, and £, are each invariant under complex
conjugation, and % has finite dimension, d. Specifically, in a periodic composite
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comprised of n isotropic components we may take % as the set of uniform applied
fields, & as the fluctuating periodic electric fields (that have zero average), #' as the
fluctuating periodic current fields (with zero average), and £, as the periodic
polarization fields that are non-zero only inside component a. Of course, other
choices of these subspaces will be appropriate for conduction in polycrystalline
media, conduction in multiterminal multicomponent impedance networks, and
for viscoelasticity in composites: see Dell’Antonio et al. [2] and Sect. 15in L. Welet
X, ¢=1,2,...,d,label an orthogonal basis set of fields for # and we let Iy, I';, I,
and y, denote the projection operators onto the subspaces %, &', #', and #,. These
projection operators, of course, satisfy the relations

2 " :
Lh=0li, L hi=Liats=0wle ¥ Xa=I. 2.1)

in which I is the identity operator in #”. In general, the operators I; do not
commute with any of the operators y,.

In this Hilbert space the solutions E*e€ 8’ and J* € ¢’ to the field equation of
interest,

li+J*>= L ouxle+E*), 2.2

for any ee % giving some je % can be expanded in the set of real-valued fields E?
and J? generated via the recursion relations,

|E2f>=1—'1Xa|x/> > |E21> =F1Xa|E?> H
Vo> =DalXe> . Wo>=—Dyld?),

where /=1,2,...,d represents a direction index; a=1,2,...,n represents a
component index; and t=>/, bc/, ... represents a string of component indices
followed by a single direction index.

To avoid confusion, italic subscripts (=1i,j or h) are reserved for component
indices, script subscripts, such as Z, £, and s, represent direction indices, and Greek
subscripts stand for strings of indices: the subscripts « and f signify strings of
component indices while all other Greek subscripts represent a string of
component indices followed by a direction index. We adopt the summation
convention that sums over repeated Greek or script subscripts are implied, while
sums over repeated italic subscripts are not implied. Given any string 7 or o we let
o(t) and o(o) denote the number of component indices they contain, which we
define as the order of the string.

As 1 varies over all strings these fields E? and J? span subspaces & C&” and
FC ¢ From (2.1) and (2.3) the fields satisfy

(2.3)

bzl Egbw = ng s bgl ngw = ng s (24)

where the sum extends over any component index in the string 7= abw. This linear
dependence allows us to choose one of the components as a reference medium,
labelled as component ge{1,2,...,n}, and eliminate those fields E? and J? for
which 7 contains a component index g to obtain natural basis sets for & and _#: see



336 G. W. Milton

for example Phan-Thien and Milton [7]. In some special circumstances, such as

when A has finite dimension, the fields obtained are still linearly dependent. To

avoid prolonged discussion, this complication is tentatively overlooked.
Similarly, the polarization fields P2, generated recursively via

o> =xdxs>,  IPe>=xI1[P2> (2.5

span some subspace Z,CZ, and may (generally) be used as a basis set once we
exclude those fields P, that have a component index with the value g in the string .
Note this does not exclude the fields P, which span 2,

The need for alternative basis sets for &, #, and &, arises because the fields E?,
J?, and P?, do not have any special orthogonality properties. In I, by using Gram-
Schmidt orthogonalization followed by appropriate linear transformations, we
obtain new sets of basis fields E/9, J/9, and P9 (where t ranges over all strings not
containing any component index equal to g). Their inner products

U'A(fl% = <E:1(q)|E/n(q)> , V/(q) ={ J/(q)| Jr(q)> , W(q) = <P'(q)|P:,(,‘1"> (2.6)

are block diagonal matrices, i.e. zero unless o(1)=o0(n), and satisfy the relations
U+v=l, 2 w,=1, 2.7
in which / is the identity matrix. Furthermore, the fields x and y% defined by

ng)_ Z P/(q) yﬁq)=E'r(’”+J;(q), (2.8)
&4
form an orthonormal basis set, denoted as a canonical basis set, for the Hilbert
space

H=UDED I =P, DP,D...0P,. (2.9)

The weight matrices W,a=1,2,...,n defined via (2.6), together with the
normalization matrix N =N, defined by

N=W)"'=I=[(v)"' =" (2.10)

are positive-semidefinite matrices that, in fact, contain all the information
necessary to calculate the effective tensor o*, defined via (1.1) in terms of the
solutions of the field equation (2.2) for j as a function of the applied field e. Thus the
weight matrices and normalization matrix, which are collectively denoted as
fundamental geometric parameters, characterize the orientation of the n subspaces
2, a=1,2,...,n with respect to the three subspaces %, &, and #. We label the
submatrices that occur along the block diagonals of W, and N by a superscript j,
which should not be confused with the reference medium superscript g. Like any
submatrix AY of a matrix 4, , these submatrices WY, j=0, and NV, j>1, are
comprised of elements W9 . and N¥, with o(4)=o(n)=j, and hence each has
dimension d(n— 1)/ which represents the number of fields P2 or E{? of order j.

For an n-component composite material with isotropic components the
elementary weight matrices W satisfy

W = f19, 2.11)
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where f, is the volume fraction of component a while the elementary normalization
matrix NV has the property that

Te[/D+ NI 1=/, (2.12)

where the trace extends over the direction indices but not over the component
indices [12, 13, 1]. More generally the normalization factors NV and weight
matrices W) are determined by the (2j)-point and (2j+ 1)-point correlation
functions characterizing the composite geometry [42, 44, 7].

Now, following the notation adopted in Part I, we let

A=A"1, A=AV2  A=A"12 (2.13)

denote the inverse, square root and inverse square root of any matrix A, and given
any component index a=1,2,...,n, we let A, with transpose AI, denote the
submatrix of A with elements A, , labelled by the strings 7 and A. It is also
convenient to define the conductivity differences

é0,=0,—0,, 06,=1/0,~1/d,, (2.14)
for a=1,2,...,n, and the matrix
Ya(g,)bnzaabVVa(,q)).,r]—W/tz(,q})"r b(,qt),na (215)

in which summation over 7, like any other repeated Greeks or script (but not italic)
subscript, is implied.
The continued fraction expansions developed in Part I, for the effective tensor

o*=Q© (2.16)
are generated by eliminating the matrices Q) for j> 1 from the recursion relation
QU= — i MWV Y 5, V9
a=1 e a,b¥q e
% [oq/m + Y 8o VOG- DYG) 4 N‘f’Q‘f)/V‘f’]‘ LYOTsg,  (2.17)
c¥gqg

or from either of its two equivalent forms

QU= ¥ G WD~ T S5 /0

a=1 a,b*q
% [O-q)?(j)+ ¥ 50-0/?)TWCU~1)/‘(:J')+ )'/(j)/v(j)g(j)/v(j))'/(j)]—l /%,”Téo'b, (2.18)
c¥q
U= Y WV~ ¥ 65,79
a=1 “ “ a,b¥q e
x [/‘f’/aq+ ; 56 YOT - DY0) 4 N(j)ﬁ(j)N(j)]—IVlgj)T(s&b’ (2.19)
c*q

or by eliminating QY and the matrices

) A= 1O St STV i—1 .
Aaj’]):W‘S} )Véj)ﬂ ()’)Vé}) M} ) Sa/‘(z)b’ (2.20)
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where
M+ V=0 + ROQVAY/g,, (2.21)
s,=s@=o0,/(0,—0,), (222)
from the relations
QU=Y/g, =17+ a’bzn W~ DA OV, (2.23)

for all j > 1. These formulae were derived first from standard variational principles
and subsequently from a new field equation recursion method. In the field
equation recursion method, QY is interpreted as the effective tensor associated
with a field equation of the form (2.2) in the Hilbert space

HD =9V EVD g0 =PPRPVD...DPY, (2.24)

where %Y is the d(n— 1)’-dimensional subspace spanned by the fields x with
o(w)=j, while &9, #9, and 2 are spanned respectively by the fields E?, J'@, and
P/ with o(t)=j+1 and o(4)=j. Thus when j=0, Q¥ can be identified with o* in
accordance with (2.16). For j>0 the solutions of the jth-order field equation
generate the solutions of the (j— 1)th-order field equation and imply the above
relations between QU1 and QY.

The variational approach yields bounds on o* that apply when the component
conductivities o, a=1,2, ..., n, are real or at least share the same argument in the
complex plane. In I we found the (2 + 1)th-order Wiener-Beran upper and lower
bounds on o* are expressible as a continued fraction of the form implied by (2.17)
or (2.19), but which is terminated at the hth-level by the tensor

QM= ¥ oW, (2.25)
1

a=

giving the upper bound o* <Q®, or by the tensor

n -1

QW = [ y vvyo/aa} , (2.26)
a=1

giving the lower bound o*>Q®, Similarly the (2h)th-order Hashin-Shtrikman

bounds are expressible as a continued fraction of the form implied by (2.20-23) that

is terminated by the tensor

QW =g, [® (2.27)

where o,, is chosen as either the smallest or largest component conductivity, giving
respectively lower and upper bounds, o*=Q® and o*<Q®. The assumed
convergence of these bounds to o* as h— oo (proved here in Sect. 8) implies the
continued fraction expansion for o*.

Some sets of geometric parameters, denoted as terminating sets, correspond to
Hilbert spaces # of finite dimension and result in a continued fraction for o* that
terminates at some level. In I we found that the Wiener-Beran bounds and Hashin-
Shtrikman bounds correspond to particular sets of terminating geometric
parameters and thus represent the effective tensor o* in a finite dimensional
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Hilbert space. The (2h+ 1)th-order Wiener-Beran upper and lower bounds are
obtained by replacing the normalization factor N®* 1 by the terminating ones,

NE+D — o f6+D and NG+ =, (2.28)

while the (2h)th-order Hashin-Shtrikman bounds are obtained by replacing the
weights W with the terminating set

WH=/® for a=m

=0 for a%m. (2.29)

3. Q-Functions: Analytic and Invariance Properties

Let us consider the class of all matrix-valued functions ¢}(0,,0,,...,0,),
4, £=1,2,...,d, that are expressible as a continued fraction of the form implied by
(2.16) and (2.17), for some choice of positive semidefinite normalization factors and
weights. Such sets of fundamental geometric parameters are called allowable and
the functions are denoted as n-variable Q-functions of rank d. The functions share
many of the beautiful analytic properties characterizing the conductivity functions
of real composite materials: see Bergman [16, 197, Milton [20], Dell’Antonio et al.
[2], and Golden and Papanicolaou [18] for a discussion of the analytic properties
pertaining to real materials. According to this definition of Q-functions, the
conductivity matrices QY(c,, R a,) for all j=0 are clearly n-variable Q-func-
tions of rank k=dn'/ where n'=n— 1

Some properties of Q-functions are immediately apparent they are homo-
geneous in the sense that

0¥ (o1, A0, ...s A0,) =A0%(01,04,...,0,), 3.1)
for all constants 4, and satisfy the normalization
o*(1,1,1,..,1)=/. (3.2)

Furthermore, the matrix inverse of an Q-function of the variableso,,a=1,2,...,n,is
an Q-function of the reciprocal variables 1/o, by virtue of the equivalence of (2.17)
and (2.19). (In our Hilbert space this reciprocal transformation corresponds to
interchanging the roles of the subspaces & and ¢, replacing the normalization
matrices VY by their reciprocals N, and leaving the weights unchanged.)

Additional analytic properties of Q-functions can be established by induction.
We start by proving that

o*¥>0 when o¢,>0 Va. (3.3)

To do this, choose the reference variable ¢, as the minimum of all the g,
a=1,2,...,n, to ensure the inequality

s@<0 (3.4)

is satisfied for all a. Now consider those terminating continued fractions for which
Q™ is given by (2.26): this effective tensor, Q% is clearly strictly positive definite. So
suppose Q¥ >0 for some j < h. This implies, via (2.20) and (2.21) that

n0z=0, A*9>0, (3.5)
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Fig. 1. Sketch illustrating the various regions in the complex plane that are needed to construct the
bounds of Sect.4 for a five component composite with complex component conductivities
61,05, ...,05. The half-planes %, and ¥, ,, shown here with 6= —n/4 and q=2, are shaded only
along their boundaries. The wedge #” extends out to infinity

when the variables s are all negative as in (3.4). Consequently, from (2.23) we

deduce that QU™ V>0 and by induction it follows that Q>0 for all terminating

continued fractions of the type we considered. The convergence from below of Q@

to o* in the limit h— oo (as established in Sect. 8) subsequently implies that o* > 0.
Next we demonstrate that for complex-valued variables,

Imo*>0 when Imo,>0 Va. (3.6)

The reference variable o,(=0, for some a) is chosen so the line joining g, to the
origin does not pass through the convex hull of the n points 6,,a=1,2, ...,n. Then
there exists some angle 6 such that all the points o,,a=1, 2, ..., n, but not the origin
are contained in the half plane, %, ,, that has its boundary passing through ¢, at an
angle 0: see Fig. 1. This ensures

Im(e %s@)>0 Va, where ¢=(argo,—0). (3.7

To prove (3.6) by induction consider the class of terminating continued
fractions for which Q™ is given by (2.25), (2.26) or (2.27) and assume

Im(e NIQUND) >0, (3.9)
or equivalently that
Im(e“NPQUNY /5 ) >0, (3.9)

for some j < h: this is certainly true when j=h, as ensured by (3.7).
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Now for any symmetric matrix A, we have ImA =0 if and only if the inequality
Im(zTA71)=0 (3.10)

holds for all complex vectors 1, where 77 denotes the complex conjugate of the
transpose of 7. By substituting t=A 5, where 1 is any complex vector we deduce

ImA=0 iff ImA~'<0. (3.11)
It immediately follows from this, (3.8) and (2.21) that
Im[e (N9~ 11<0, (3.12)
which in conjunction with (2.20) and (3.7) implies
Im(e”“A*Y)<0. (3.13)
This in turn leads through (2.23) to the bound
Im[e QU™ —¢, V" 1)]20, (3.14)

which implies (3.8) is satisfied when j is replaced by j— 1. Note further that (3.14)
holds when j—1=h. Thus both inequalities (3.14) and (3.8) are established. In
particular, if the variables o, all have non-negative imaginary parts and ¢, is
chosen so Imo, <Img, for all a, then we can take =0, j=1 and our result (3.14)

chos
HTpHes ImQ©@>0 when Imo,>0 Va. (3.15)

Taking the limit A— oo, establishes (3.6). The tighter inequality (3.14) will be needed
for deriving bounds in Sect. 4: it implies for all real unit vectors o that a"QYa is
inside the half-plane %, , containing the points ¢,, a=1,2,...,n.

In Sect. 8 of Part I we proved that there is always a Hilbert space

H=UDED J =P, DP,®D...DP, (3.16)

associated with any set of positive-semidefinite fundamental geometric param-
eters. The allowable geometric parameters can be chosen as the set that occur in
the continued fraction expansion of an Q-function, and the Q-function then
represents the effective tensor in #°. This Hilbert space correspondence is a
powerful tool for establishing properties of Q-functions. Indeed, the Thompson
variational principle, (12.23) in I, directly implies (3.3) and similarly (3.6) follows
from elementary considerations in the Hilbert space s# [53, 55].

Now since we are free to choose our reference variable ¢, as any of the o,
a=1,2,...,n, an Q-function will remain an Q-function under any interchange of
variables. Also, because it doesn’t matter what set of orthonormal vectors x,,
¢=1,2,...,d, are chosen to span %, an Q-function will remain an Q-function under
orthogonal transformations.

Alternatively we can select any subset of the basis vectors x,, say those vectors
with /<d", that span a subspace #" C% of dimension d" <d. The remaining
vectors X, with />d" span a subspace %" which is the (d—d")-dimensional
orthogonal complement of % ¥ in %. Our Hilbert space # is clearly spanned by the
three mutually orthogonal subspaces

u, 6" =6,9"=Jg0U", (3.17)
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and in this Hilbert space the field equation (2.2) has solutions for je %, J* € ¢, and
E*e&" given any ee%". Note the current field j+J* can be re-expressed as
iV +J*Y, where

PY=rlYjeay, IV =3+(d-Tjes’, (3.18)

in which I'{ is the projection operator onto % ¥. Consequently if 6%, £, £ < d, is an
Q-function of rank d, then the truncated matrix ¢, £,£<d" is an Q-function of
rank d" for all d" <£d. Thus an Q-function remains an Q-function after matrix
truncation. In particular, the d diagonal elements of an Q-function of rank d must
be scalar Q-functions.

From the Hilbert space correspondence it is clear that an Q-function remains
an Q-function under contraction of variables. Thatis, for any a,be{1,2, ...,n} with
a+b we are free to set o,=0, in an n-variable Q-function to produce an (n—1)-
variable Q-function. In our Hilbert space this is equivalent to replacing Z, and &,
by Z,®%,, thereby reducing the number of subspaces £, from n to n—1.

The class of Q-functions also satisfy an important convexity property, which
follows from the Hilbert space correspondence. In Appendix 1 it is established that
the weighted arithmetic (or harmonic) mean of two n-variable Q-functions of the
same rank, d, is an n-variable Q-function of rank d. Thus the average of a set of
Q-functions is an Q-function.

Another way of generating a new Q-function fo*(s,,0,,...,0,) from a given
Q-function o*(¢,,0,,...,0,) is to choose any fixed positive real scaling factor
A< oo, introduce the normalization matrix,

"N=0o*(1,1,1,1,...,1), (3.19)
and take

to*(0,,04,03,...,0,)=No*(ho,,0,,0,...,0,)N. (3.20)

The invariance of the class of Q-functions under this renormalized single variable
rescaling defined by (3.20) is rigorously proved in Appendix 2, for all real 1>0.
Physically, in any n-component impedance network and for any integer A >0, this
rescaling corresponds to replacing each impedance of component 1 by 2
impedances of component 1 connected in parallel: the Q-function
to*(g,,0,,...,0,) given by (3.20) represents the response of the resulting network.
Clearly the isotropic component materials in a heterogeneous medium can
themselves be taken as composites, provided their microstructure is much smaller
than the inhomogeneities in the heterogencous medium in which they are
embedded. This suggests that any one of the variables, say ‘o, in an n-variable
tensor Q-function ‘'c*('gy,’0,,...,'0,) can be replaced by an m-variable scalar
Q-function "6*("04,"0,, ...,"0,,) to produce an (n+m—1)-variable Q-function,

G*(Gla 0250050 em— 1)5,0*(,’0*(017 G5 eevs O-m)$ Om+150m+25 05 O-n+m—-1) (321)

The proof that a scalar Q-function can indeed be substituted in a given rank d
Q-function to produce a new rank d Q-function is given in Appendix 3.

Let us define a X-function as any n-variable, symmetric matrix-valued function
o*(6,0,,...,0,) satisfying (3.1), (3.3), and (3.6). The class of normalized X-functions,
that in addition satisfy the normalization (3.2) is the class which has been
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extensively studied by Bergman [16, 19], Milton [20], and most recently by
Dell’Antonio et al. [2] and Golden and Papanicolaou [18], usually with d=1. We
have established that any Q-function is a normalized X-function and it is tempting
to conjecture that the converse is also true. Indeed, normalized X-functions satisfy
all those properties of Q-functions established above, and there is currently no
evidence to suggest a distinction between the two classes of analytic function.

The continued fraction expansion for normalized two-variable X-functions
derived in Appendix 4 confirms their equivalence with Q-functions when n=2.
Successive normalization factors and weights are uniquely determined by
matching terms in the series expansion for o* in powers of do=0,—0,.
Unfortunately such a simple algorithm does not extend to multivariate functions,
with n= 3. Indeed the coefficients in the series expansion for o*, up to third-order
(or any higher finite order) in the differences 66 =0,—0,, incorporate more
unknown geometric parameters than there are coefficients to solve for them. Thus,
in a three variable Q-function (with n=3) the number of independent geometric
parameters in the normalization factor NV (or in the set of weights W,
a=1,2,...,n) increases exponentially with j, as 2/~ (or 2/) for large j, whereas the
number of independent coefficients of order 2j (or 2j + 1) in the series expansion for
o* increases only linearly with j, as 2j + 1 (or 2j + 2). Consequently, there cannot be
any direct relation between truncated continued fractions (which incorporate the
weights and normalization factors) and multivariate rational approximants, such
as the Canterbury approximants [51] (which incorporate the series expansion
coefficients).

This raises the basic question: are the normalization factors and weights
uniquely determined by the analytic behavior of o* as a function of the variables
o, a=1,2,...,n? While there is a mismatch between the number of geometric
parameters, in the normalization factors and weight matrices, and the coefficients
in the series expansion at any finite order, this does not exclude the possibility that
the countably infinite set of series coefficients suffices to determine the countably
infinite set of geometric parameters. (Of course we should disregard the trivial
degeneracies associated with terminating sets of geometric parameters, namely
that the higher-order weights and normalization factors do not influence o*.) For
composites the issue is not of fundamental importance because the geometric
parameters can (in principle) be determined directly from the correlation functions
and there is no need to analyze series expansions for o*. However, the question
clearly deserves attention if the continued fraction expansion are to be related to
the Golden-Papanicolaou integral representations for the function
o*(0y,05,...,0,) [53,55]. And of course it would be interesting to know the
analytic significance of the weight matrices and normalization factors.

4. Hierarchies of Bounds on Q-Functions

In practice the m-point correlation functions characterizing the geometry of a
composite will be known up to some odd order 2g— 1 (or even order 2g) that is
typically small. From these correlation functions we can in principle calculate the
weights WY and the normalization factors N9 (or NY*Y) for all j<g—1. Our
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objective here is to bound o* given these fundamental geometric parameters and
the (real or complex) component conductivities g, a=1,2,...,n. This is accom-
plished by treating the more general problem of bounding Q-functions.

Suppose the weights W and the normalization factors NY) are known for all
j=g—1, and let us assume all the variables o, all lie in one half of the complex
plane. Define # as the smallest wedge in the complex plane with sides meeting at
the origin that contains all the points 6, a=1,2,...,n, and let 5,, and o, label two
variables in the set {o,,0,,...,0,} that lic on opposite sides of the wedge #", with
argo, 2arga,. Also for any angle 6 in the range

argo,=202= —n+argo,, 4.1)

let 9, denote the half-plane, containing ¥, that has boundary passing through the
origin at an angle 6 to the real axis: see Fig. 1.

From the special properties (3.1) and (3.6) of Q-functions, such as
Q96 ,,0,,...,0,), any half-plane passing through the origin and containing all the
points ¢, a=1,2,...,n, must necessarily contain a’Q@a for all real vectors a.
Hence by defining

A9 = O.q(n+ ©_ @)= N@OQWN© , (4.2)
we have the elementary half-plane bounds on A9,

a"A9ae%, for all real a. 4.3)

Now given any integer k>0 and region Z of the complex plane, let us define
Sk, R) as the set of symmetric, complex k x k matrices A, such that

AeFk,R) iff aTAa/@’a)eZ for all real a=+0. 4.4)
With this simplified notation the elementary half-plane bounds (4.3) take the form
N9 e F(dn',%,), 4.5)

where n'=n—1. Since #" is the region of intersection of all the half-planes ¢, with
0 between the limits (4.1), A¥) must satisfy the elementary wedge bounds

N9 e P(dn's, W). (4.6)

Remarkably, the converse is also true: for any given matrix A in F(dn'?, #")
there exists an allowable set of geometric parameters such that

NCEYN 4.7

To see this, we will first suppose the variables ¢,, and g ,, which lie on opposite sides
of the wedge ¥, satisfy argo,=+argo, Then for any complex matrix
Ne L (dn'?, #") there exist real symmetric matrices

Aw=[Im(s,/5,)] " Im(A/o,) 20,

B (4.8)
A,=[Im(o,/0,)]” ' Im(\/a,) 20,
such that A can be represented in the form

A=c,A,+0,A, with A,=0, A,=0. (4.9)

14
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In the special case where argo,, =argo, the wedge #~ degenerates into a single ray
extending from the origin and obviously A can still be expressed in the form (4.9)
with A,=0 and A,,20. In either circumstance we choose the terminating set of
allowable geometric parameters

N(g)=/\m+/\p9 N(g+1)=00/(g+1),
WO =NOANG for a=m or p
=0 otherwise, (4.10)

which results in a conductivity matrix Q¥ given exactly by (2.25), with h replaced

by g. Hence we have ROQORD A, (4.11)

and with (4.2) this implies that (4.7) is indeed satisfied for the above choice of
geometric parameters. Therefore the elementary wedge bounds (4.5) form the most
restrictive bounds that can be placed on N9, and hence N9 without further
knowledge about the geometric parameters.

Now o* depends on %@, and hence A through (2.16) and the recursion
relations (2.20-23) which thus define a function o¥(A?) giving

o= o;"( /\(g)) — O-;F( /\(g); o M/‘gj), N‘j)) (4‘1 2)

in terms of A, the conductivity variables o, and the known geometric parameters
WY and NV with j=g—1. This function ¢}(A“)) can be regarded as a mapping
from the set of symmetric complex dn'’?-dimensional matrices to the set of
symmetric complex d-dimensional matrices. From (4.5) and (4.12) we have the
(2g—1)th-order half-plane bounds,

o*eoX(S(dn'?,%,)), (4.13)
while (4.6) implies the (2g — 1)th-order wedge bounds,
o*ea L dn,W)). 4.14)

Since the elementary wedge bounds are optimal, these wedge bounds (4.14) are the
best-possible bounds on n-variable Q-functions of rank d, given W&, a=1,2,...,n,
and VY for all j=g—1 and no other information about the successive geometric
parameters.

When the variables o, are all real, (4.6) implies the optimal bounds,

]9 <n +(g) < 00/ , (4'1 5)

which together with (2.20) and (2.23) yields (at some loss of information on
correlations between eigenvalues) the bounds

n -1 n
(Z Wﬁ””/%) QU< ¥ WP Ve, (4.16)
a=1 a=1

Thus the Wiener-Beran bounds of order 2g—1 follow from the wedge bounds,
(4.14). In fact the wedge bounds are generally tighter than the Wiener-Beran bounds
when d>1 and g>1 because they incorporate additional restrictions on the
correlations between the different eigenvalues of o*. Although the Wiener-Beran
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bounds are individually attainable [as the effective tensor in a Hilbert space of the
form (2.9) characterized by a set of geometric parameters terminated by (2.28)] it is
incorrect to infer the attainability of every conductivity matrix between these
bounds: such a matrix may have some eigenvalues coinciding with the upper
bound and other eigenvalues coinciding with the lower bound. For scalar
Q-functions the attainability of the Wiener-Beran bounds (and the Hashin-
Shtrikman bounds) of course implies their optimality to all orders.

If in addition the normalization factor N is known then the wedge bounds
can be improved. The half-plane %, ,, as defined in Sect. 3 and illustrated in Fig. 1,
is a translation of %, by the amount ¢,,. To ensure %, , contains all the variables o,
a=1,2,...,n, but not the origin, we require that 0 satisfy (4.1) and second that the
reference variable o, is chosen with

Im(e”¥0,)<Im(e “g,) Va. (4.17)

The intersection of all such planes forms an open polygon & (see Fig. 1) which is
the convex hull of n rays that issue from the points 6,,a=1,2, ..., n, at angles argo,.
(Thus each ray when extended in the opposite direction passes through the origin.)

Since (3.14) is satisfied whenever (3.7) holds, we deduce that any half plane
containing the points ¢,,a=1,2, ..., n, also contains o’ Qe for all real unit vectors
a. This implies the elementary half-plane bounds on Q9,

QO e F(dn'%, %, ,). (4.18)

Others bounds are obtained by noting that 3@ is an Q-function of the variables
1/0,. Specifically we select o, so that

Im(e“/o,)21Im(e/o,) Va, (4.19)

and define the half-plane 4] , to be a translation of the complex conjugate of %,
(i.e. the inverse of %) through an amount 1/0,. The intersection of all such half-
planes forms an open polygon # ' which is the convex hull of the n rays emanating
from the points 1/o,, a=1,2,...,n, extending away from the origin at angles
arg(1/c,).

By analogy with (4.18) we have the elementary half-plane reciprocal bounds on
Q(y),

Qe P (dn, %} ), (4.20)
where Z(k, %) denotes the set of matrices that have an inverse in #(k, %). Since

(4.18) and (4.20) hold for all combinations of half-planes %, , and %] , we deduce
the elementary polygon bounds on Q¥

QW e F(dn'?, F)nF(dn'?, F ), 4.21)

which are better than the elementary wedge bounds (4.6) because & C#" and
(FN~tc# . For scalar Q-functions these polygon bounds imply

c*eFn(F" ', when d=1, 4.22)

which in fact coincide with the known elementary bounds [28, 54] on scalar
normalized X-functions and are realizable by the diagonal elements of o* of real
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composite materials. The straight edge (or circular arc) between any adjacent pair
of vertices o, and o, of # [or (#7)™!] is realized by the diagonal element
o%,=co,+(1—c)a, (or by the diagonal element %, =[c/o,+(1 —c)/5,] ') of the
conductivity tensor of a laminate of the components ¢, and ¢, in proportions ¢ and
(1 —c) orientated so the direction vector X, is normal to the layers. As c is varied
from 1 to O the edge (or arc) is traced from vertex g, to vertex o,

From the definitions (4.2) and (4.12) of A and the function ¢}(A”) the
elementary bounds (4.18), (4.20), and (4.21) imply the (2g)th-order half-plane bounds

o*ea¥(NOL(dn*,%, JN9), (4.23)
the (2g)th-order half-plane reciprocal bounds
o*ec (NOP(dn", 9§ JN9), (4.24)
and the more restrictive (2g)th-order polygon bounds
o* e ¥ (N9 [ L (dn'?, F)nF(dn'?, F )] N9) (4.25)

on the Q-function o*.
When the variables o, are all real, the regions # and % ' reduce to intervals on
the real axis extending from o and 1/o, to infinity, where

gy=maxo,, O0,=mina, (4.26)
a a

are the maximum and minimum component conductivities. In conjunction with
(4.21) this implies
69 <Q9 <5, 9. (4.27)

Thus the polygon bounds imply (and are generally tighter than) the Hashin-
Shtrikman bounds of order 2g. Furthermore the polygon bounds are optimal over
the class of Q-functions, for all orders g when the variables o, a=1,2,...,n, are all
real. Thus, given any real symmetric matrix Q2 satisfying the bounds (4.27) there
exists an allowable conductivity matrix Q¥, such that Q¥ = Q: for example we may

take
QY =W9s, + W0y, (4.28)

where
W = (0l —Q)/(6y—0,) 20,

W =(Q— 06,/ /(6y—0,)=0 (4.29)

are allowable geometric parameters.

I suspect that the polygon bounds are generally not optimal over the class of
Q-functions when the variables ¢, are complex. To obtain a complete optimal set
of complex bounds of order 2g it may prove necessary to calculate the (2g + 1)th-
order wedge bounds and let the weights W vary over ail positive-semidefinite
matrices satisfying (2.7). The union of the resulting sets of possible values for o* is
guaranteed to represent the optimal (2g)th-order bounds on Q-functions because
the wedge bounds are optimal.

Although they are not generally optimal, the half-plane bounds have many
desirable features. Their chief advantage, demonstrated in Sect. 6, is that they are
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easy to calculate: in fact for scalar Q-functions they are simply circles in the
complex o* plane. Also, at fixed 6, the jth-order half-plane bounds, j=0, 1,2, ..., co,
form a nested sequence of bounds, denoted as a 0-sequence of half-plane bounds.
Thus, the (2g)th-order half-plane bounds are more restrictive than the
(2g—1)th-order half-plane bounds which in turn are more restrictive than the
(2g —2)th-order half-plane bounds: this is established by noting %, ,C%, and that
(3.14) is implied by (3.8). Furthermore, the property (3.11) of matrices implies the
odd-order half-plane reciprocal bounds are the same as the odd-order half-plane
bounds. In conjunction with the even-order half-plane reciprocal bounds they
form a nested 0-sequence of half-plane reciprocal bounds. When 6 reaches its
extreme values of argo, and —n+argo,, the three half-planes %y, %, ,and (9] ;)"
coalesce, and hence the even-order half-plane and half-plane reciprocal bounds
merge with the preceding odd-order half-plane bounds.

As 81is varied between the limits (4.1) o* must clearly lie within the intersection
of all the resulting jth-order half-plane and half-plane reciprocal bounds. This
intersection defines the inner hull of the jth-order half-plane bounds. The nesting of
the half-plane and half-plane reciprocal bounds implies that the inner hulls of these
bounds, for j=0,1, ..., o0, form a nested sequence of bounds.

When the variables ¢,, a=1,2,...,n, are all real and positive the half-plane
bounds for § = —¢and 0 = — n+ ¢ (where ¢ is infinitesimal) imply that the inner hull
only consists of real matrices o*. Further elementary analysis, with = —n/2,
establishes that the inner hull of the jth-order half-plane bounds, forj=1,2, ..., oo,
is at least as restrictive as the jth-order Wiener-Beran-Hashin-Shtrikman
bounds.

Bounds that are narrower than the wedge or polygon bounds, yet which
incorporate the same set of geometric parameters, are obtainable from additional
constraints on the normalization factors and weights. These constraints are only
appropriate to select classes of problems, such as conduction in composites with
isotropic components, and the resulting bounds correspondingly have limited
applications. As an example consider any 2-component, 2-dimensional ani-
sotropic composite with real component conductivities labelled so that 6, =2 7,. In
I it was established that the associated normalization matrices N9, g=1,2,3, ...,
have unit determinant. Hence they satisfy

Tr[/9+N9] 1 =1. (4.30)

Combining this with the elementary polygon bounds (3.27) and the definition
(2.21) of N*® gives one of two elementary trace bounds,

Tr(f1*@)>1 or Tr(i*¥)<1, (4.31)

according to whether o, =0, or 6,=0,. By expressing fi*@ in terms of o* via the
recursion relations (2.20-23) and substituting the result in (4.31) we thus obtain a
hierarchy of lower and upper (2g — 1)th-order trace bounds on o* indexed by the
integer g=1. In particular when g=1 (4.31) implies the bounds

Tr[(o*—0,/) 112 fr0, +(1 + f) o, )/ fio,(0, —0,)],

B (4.32)
Trl(o,/—o*) 1S [fio.+(1+ f)0,1/[ f,04(0,—0})],



Composites and Continued Fractions IT 349

which are identical to the bounds derived by Murat and Tartar [10] and by Lurie
and Cherkaev [11]. In fact the above analysis closely follows the approach used by
Milton and Golden to prove these bounds from the analytic properties of
o*(0,,0,): see [12, 27, 55]. Here we have made the generalization to include
information about higher order geometric parameters. Note, however, that the
hierarchy of trace bounds on o* implied by (4.31) supplements rather than replaces
the hierarchy of wedge bounds. Unlike the wedge bounds, they are not easily
extended to complex g, and o,.

5. Representation of 63(A“)) as a Fractional Linear Matrix Transformation

The evaluation of the (2g — 1)th-order wedge or half-plane bounds or the (2g)th-
order polygon, half-plane or half-plane reciprocal bounds is not easy for
composites with more than two components. We need to construct sets of d x d
matrices that are the image, under the mapping 6(A), of various sets of (typically
enormous) dn'? X dn'? complex matrices. Although this can be done numerically via
repeated substitutions in the continued fraction representations for o}(A®), it is
clearly of interest to simplify this mapping.

Here we establish, by induction, that the function ¢}(A?) is a fractional linear
matrix transformation of A9 expressible in the form

oX(A9)=Q,—RI (N9 +S,) 'R, (5.1)

for an appropriate choice of complex matrices Q,, R,, and S, that depend not on
A@ but only on the variables 7, and the known geometric parameters WA and NV
with j<g:R, is a rectangular dn'? x d matrix while Q, and S, are symmetric d x d
and dn'? x dn'® matrices.

First note that the recursion relations (2.17) with (2.16) implies 6(A™") can be
expressed in the form (5.1) with

n
Q,= 21 JaMo)a Ri=1Y% 50’2‘1))7;1”,

a= a*gq

(5.2)
S, = @(1):O.q/(1)+ Y 50’2‘1)?{51”%0)%1)-
c¥q
So suppose (5.1) is satisfied for some g, say g=j—1. According to the definition
(4.2) of AY™Y), together with the recursion relation (2.18) we have
Sio1+NV=A+ ¥ B,C,,B,. (5.3)

a,b*gq

where

n
A=S,_ + Zl o NI DWUI-DRU-D B =5 @MU D
a

54
C=—o, YO — T §e@DTWLE~ VD _ yOADYD 4
c¥q
Substituting into (5.1) the expression (12.16), given in part L, for the inverse of any
matrix of the form (5.3) (and replacing g by j—1) yields the result that (5.1) also
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holds when g=j, with
szaj_l-‘RJT.lA_le_l, R]= Z V;j)TBaA_IRj_l,

a+gq

5.5
Sj=a,lV+ bZ YO (60, WY~ 16,,—~B,A™'B,) V. o
a,b*g

Thus we have established that ¢}(A¥) is a fractional linear matrix transformation
of A of the form (5.1), and it directly follows that a*(N9QWA®) is a fractional
linear matrix transformation of Q. Furthermore (5.2) and the recursion relations
(5.4) and (5.5) can be used to generate the matrix parameters Q,, R, and S,: there is

no need to work with the continued fraction expansion.
From (5.1) and the identity that (/ —A) ™' —/=(A~' —/)~  for any matrix A, we

have the alternative representation

o (N))=Q}+RIT(R9+ S!) 'R} (5.6)
for 6¥(A®) in terms of the inverse A® of A¥, where
Ql=Q,—RTS;'R,, RI=S;'R, S]=S;'. (5.7)

6. Half-Plane Bounds on Scalar 2-Functions

To obtain explicit expressions for the various bounds we still need to calculate
o¥(&) for the appropriate sets

F=Sk%), LkW), NOPKkG, )N, NOFk G} )N,
or

NOTL(k, F)nF(k, FHIND,

where k=dn'? =d(n—1)’. This can be accomplished by identifying the matrices in
& that get mapped onto the boundary of 6;(#) in o* space and then constructing
their image.

For ease of analysis only bounds on scalar Q-functions are considered: such
bounds are especially important because, from Sect. 3, they apply to the diagonal
elements of any tensor Q-function. Following some remarks on a general approach
for calculating ¢}¥() given an arbitrary set #, our focus is on constructing half-
plane bounds: wedge bounds are considered in Sect. 7. For these bounds the set &
has a particularly simple characterization. Analytic expressions for the complete
hierarchy of half-plane and half-plane reciprocal bounds are derived and each
0-sequence is found to form a nested sequence of circles in the complex plane. The
remainder of this section covers the question of attainability of the bounds, and
deals with the technicalities of constructing their inner hull.

It will be assumed the variables o, do not all share the same argument in the
complex plane. Otherwise the Wiener-Beran and Hashin-Shtrikman bounds
apply and the problem is solved: as discussed in Sect. 4, these bounds are optimal
for scalar Q-functions and correspond to substituting A® =0, A =0/,
A9 =g, N9 or N9 =g, N9 in (5.1).
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Let us define any infinitesimal variation 0A in Ae & to be unconstrained with
respect to & if both A—0A and A+0A lie in the set &. Clearly for scalar
Q-functions, and to first order in JA, o(A) lies midway on the line in the complex
plane joining ¢ (A—0A) to o;(A+0A). This line has slope argdo;(A). Hence a
necessary, but not sufficient, condition for ¢(A) to lie on the boundary of the set
o(&) is that for every unconstrained variation JA of A we have

00*(N)=0, 6.1)
or we have
argdo¥(A\)=const=y°(modulo 7) (6.2)

to first order in dA. When ¢¥(A) is indeed on the boundary of ¢}(#) the constant y°
which appears in this formula, of course, is the angular slope of the boundary at
ox(N).

For scalar Q-functions the matrix Q, that appears in (3.1) is a scalar, Q,, while
R,is a vector, R,, in a k=n"Y dimensional space. Substituting (5.1) in (6.1) and (6.2)
gives the condition

TTOAN)T=0 or argT"(ON)T=7°, (6.3)
where we have introduced the vector
Tz(/\+Sg)"Rg. (6.4

At fixed y° the set of Ae ¥ that satisfy (6.3) for all unconstrained variations oA will
get mapped via 6(A) to a set of points in the complex plane. As y° is varied from 0
to 7 the points will trace a family of curves, some of which may terminate if the
corresponding matrix A moves outside . The set ¢}(&) will be the region
enclosed by the outermost curves in this family.

To implement this scheme consider the (2g—1)th order half-plane bounds
(4.13) obtained by taking & =S(k,%9,), where k=n"?, and 0 satisfies (4.1). Any
matrix A in this set can be parametrized in the form

A=e N +iN'), with A’=0, (6.5)

where A"and A" are real symmetric matrices and A’ (unlike A”) need not be positive
semidefinite. We will assume that both A" and A” have finite eigenvalues: the
extreme case where some of the eigenvalues are infinite can be treated separately
(see Sect. 7) and does not alter our results.

Since all infinitesimal, symmetric, real variations dA" of A" are allowed, (6.3)
implies that all elements of the vector T have the same argument in the complex
plane. Hence there exists a real vector Ty such that

T=e"Ty, (6.6)

where
y=1°—0)2 or (n+y°—0)/2. (6.7)

By inserting (6.6) back into (6.3), we deduce that
TTON)T=0 (6.8)
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for all infinitesimal unconstrained variations 0A” of A”. So suppose A’ has some
eigenvector v” with a non-zero eigenvalue A”. We are certainly free to increase or
decrease A", and consequently (6.8) implies

vIT=0. (6.9)

Now consider the effect of reducing the eigenvalue A" by a finite amount, 64", to
form a new matrix

N =NA—idd"ev'v'T, (6.10)
From (5.1) and (6.9) we have
¥ (N )=} (N —id eV TT) [VT(A™ +S,) " 'R]=0a}(N). (6.11)

Thus we can reduce the eigenvalues of A” to zero without changing c}(A).
Therefore it suffices to look for solution of (6.3) with A”=0: when A’ is positive
definite this corresponds to considering those Q-functions with a terminating set of
weights of the form (2.29).

Substituting A=e"/’ and (6.6) in (6.4) gives,

(N+e S)Tr=e "0TOR, . (6.12)

Since T and A’ are both real, we can eliminate A’ by taking the imaginary part of
(6.12) to obtain the result

Tr=[Im(e”*S,)] ' Im(e”"*9R,)). (6.13)
By defining
X, o=[Im(e”*S,)] 'R, (for odd-order bounds), (6.14)
and substituting (6.4) into (5.1) we find
0¥ (N=0,~R]T=Q,—e "XT ,Im(e " *R,), (6.15)

for all points A such that ¢;f(A) is on the boundary of the half-plane bounds. To
elucidate the dependence on 7 this can be re-expressed as

0¥ (N)=Q,+ie ®XT R /2—ie’®""OXT R /2, (6.16)
where R, denotes the complex conjugate of the vector R,.

Clearly, as y is varied from 0 to 7, (/) given by (6.16) inscribes a circle in the
complex plane. This circle, of radius X| ,R,/2, must contain o*. The quantities Q,,
R,, and S, that enter into the expression (6.16) via (6.14) are given by (5.2) and the
recursion relations (5.4) and (5.5). Thus once the geometric parameters are known,
(6.16) provides an explicit formula for computing the half-plane bounds to any odd
order, for any orientation, 8, of the half-plane.

The even-order half-plane and half-plane reciprocal bounds are determined by
similar analysis. Any complex matrix A in the set & = N9.%(k, 4, N9, and only
those matrices in this set can be represented in the form

A=N9g,+eN +iN) with N'20, (6.17)
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in which A" and A" are real and symmetric. Again it suffices to set A’=0, and the
resulting (2g)th-order half-plane bounds retain the form (6.16), but with X, ,
replaced by

X, ¢=[Ime (S, +0,N¥)] 'R, (for even-order bounds). (6.18)

The (2g)th-order half-plane reciprocal bounds (4.24) are easiest to examine using
the alternative representation (5.6) of o(A). By direct analogy with (6.16) and (6.18)
the boundary of ¢}() is described by the circle

o (N)=0Q) —ie®XI iR /2+ie 7@V OXTTRT /2, (6.19)
as y varies from 0 to 7, where
X! o=[Ime”(S}+N9/s,)] 'R} (for even-order bounds) (6.20)

and R} denotes the complex conjugate of R.

The nesting property of the half-plane bounds, established in Sect.4 now
implies that each f-sequence of half-plane bounds forms a nested sequence of
circles in the complex plane. Similarly each 6-sequence of half-plane reciprocal
bounds forms a nested sequence of circles. Taken together, and keeping 6 fixed,
they result in a nested sequence of bounds comprised of circles, corresponding to
the odd-order half-plane bounds, alternating with lens-shaped regions formed by
the intersection of the pairs of circles corresponding to the even-order half-plane
and half-plane reciprocal bounds.

At certain values of 0, specified below, some sections of circular arc in such a
jth-order bound can be attainable. Consider the odd-order bounds, with j=2g—1,
and suppose 0 is at its extreme value, argo,. In terms of the vector

E=e I0TOR, —e 08 Ty, (6.21)

which is purely real because Ty is given by (6.13), the solutions for A’ of (6.12) take
the form

N=(TF-97'8™+ S bl (622)

where the b, j=1,2,...,k—1, are a set of arbitrary real constants and then #; are
chosen to be any set of k—1 orthonormal real vectors satisfying

Tp-n;=0, j=12,...k—1. (6.23)

Now if A=0 and f=argo,, the matrix A=e“A’ can be reexpressed in the form
(4.9), with A,,=0 and A,= A/|g,|=0. When this occurs the corresponding point
a¥(N) lying on the circle (6.16) is also on the boundary of the wedge bounds and
hence is attainable in the class of Q-functions. Since the constants b;in (6.22) can be
chosen non-negative, a positive semi-definite matrix solution A exists if and only if

the attainability condition
T €20 (6.24)

ismet when 0 =argo,. By substituting the expressions (6.13) and (6.21) for T and &
in (6.24) this attainability condition is recast in the form

Re[e i+ 0,0)]=1, (6.25)
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where r(6) is the complex ratio
HO)=XT S, X, o/ {XTs[Re(e™?S)IX, o}, (6.26)

in which S, and X, , are the complex conjugates of S, and X, ,. Thus the bounds
(6.16) are attamable at 0=argo, if and only if |r(0)| = 1. They are attained on the
length of circular arc with endpomts given, from (6.25), by

y={[argr(6)]— 0 £ cos™ ' (1/IrO))}/2. (6.27)

At the other extreme value of 6, namely #=n+argo,, the bounds are
attainable when A =0, and this again occurs between those values of y given by
(6.27), provided |r(6)| = 1. Through similar analysis it follows that the even order
half-plane bounds (or half-plane reciprocal bounds) may be attainable at up to n
values of 6, namely when 6 (or — 6) coincides modulo =, with the angular slope of
one of the edges of # (or of # ) that joins two adjacent vertices o, and g, (or 1/a,
and 1/0,) for some a,be(1,2,...,n).

The calculation of the inner-hull of the jth order half-plane bounds requires
some care. For the odd-order bounds, with j=2g—1, we first plot the attainable
sections of circular arc that occur when 0 =argo,, or —n+argo,,. At other values
of 6 any variation 96 in 0 is unconstrained. Differentiating (6.16) with respect to 8
gives (after some algebraic manipulation) the result that (6.2) and (6.7) are satisfied
when

Re[e™ 21+ 0p(0)] =1, (6.28)

where r(0) is the same factor, defined by (6.26), that occurs in (6.25). Whenever
|F(0)| = 1 this has the solution (6.27) for the angles y(6). A pair of curves is generated
by substituting (6.27) in the bounds (6.16) and varying 6 subject to (4.1) and the
constraint [r(0)| 21. At 0 =argo, and 0 = —n+argo,, these curves clearly meet with
the attainable sections of arc (if any) and together they form the closed boundary of
the inner hull.

A similar procedure can be followed to construct the inner hull of the even-
order bounds, by first plotting the attainable sections of circular arc (which occur
at n or less values of 0) and then by constructing the inner hull at the intermediate
values of 8, within the range (4.1). For the (2g)th-order half-plane bounds the
analogous formulae to (6.21)-6.28) are obtained by replacing S, with S, +¢,N®.
For the (2g)th-order half-plane reciprocal bounds it is necessary to change various
signs, add daggers to the appropriate symbols and replace S} with S} +~N@/q,.

For scalar Q-functions of two-variables A’ is a real scalar, A’, and thereis a 1-1
correspondence between the angles y € [0, 7] in (6.16) and values of A’ along the
real line. Hence when 6 =argo, (and when 6 = —n+argo,,) there exists some arc of
the circle (6.16), corresponding to A’ 20 (or A’ £0), which is attainable. The pair of
attainable arcs meet when A4'=0 and when A’=oo0. Thus the inner hull of the
(2g — 1)th-order bound is an optimal bound and consists merely of a lens-shaped
region in the complex plane: when n=2 the curves obtained by substituting (6.27)
in (6.16) degenerate into a pair of points at the corners of the lens. A similar
argument, based on choosing 0 =arg(s,—0,,), establishes the optimality of the
inner hull of the even-order half-plane bounds which likewise reduce to lens-
shaped regions. The optimality of these bounds implies they are identical to the
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nested sequence of lens-shaped regions in the complex plane derived by Milton
[22], which in turn correspond to the bounds on Stieltjes functions due to Gragg
[48] and Baker [ 50]. Numerical studies of the bounds for regular arrays of spheres
and lattices of cylinders provide dramatic evidence of their utility when the
geometric parameters are known: the bounds converge rapidly to the exact value
of 6*, even when the inclusions nearly touch and even at conductivity ratios o/,
as large as 10,000 [23].

7. Wedge Bounds on Scalar £2-Functions

The wedge bounds on scalar Q-functions are harder to calculate than the half-
plane bounds but deserve attention because they are optimal over the class of
Q-functions. Those sections on the boundary of the wedge bounds ¢(<L(k, #"))
that do not coincide with the attainable sections of the half-plane bounds are
shown here to be generated by matrices Ae £ (k, #") of the form (4.9), where A, =0
and A, has a mixture of only zero and infinite eigenvalues with at most two zero
eigenvalues. This result enables us to derive explicit expressions for the optimal set
of complex 1st-order bounds on scalar 3-variable Q-functions. They include the
attainable sections of the 1st-order half-plane bounds, which in turn coincide with
the bounds on scalar Z-functions conjectured by Golden and Papanicolaou [53]
and rigorously proved in [54]. The remaining segments of the 1st-order wedge
bounds are completely new and substantially improve upon the Golden-
Papanicolaou bounds. They are not, however, represented by a circle in the
complex plane.

Recall that any matrix Ae &(k, #°) can be represented in the form (4.9) in terms
of the matrices A, and A, given by (4.8). If A, has some infinite eigenvalues, then the
singular infinite part of A, can be removed and added to A, without influencing the
inverse matrix (S,+A)~ ' that determines the wedge bounds of(¥)via(5.1). Hence
it suffices to consider those matrices A for which A, has finite eigenvalues.

Now assume A, has at least one positive finite eigenvalue with eigenvector v, ,
such that

TT .y, , %0, (7.1)

where the vector T is defined by (6.4). Let v, 5, V3, ...V and v, 444,
Vo k42> -+ Ym, . denote the two groups of remaining eigenvectors that have finite
non-negative (possibly zero) eigenvalues and infinite eigenvalues, respectively:
here h denotes the number of finite eigenvalues of A,. For any two real
infinitesimals ¢ and ¢’ and for any integer j with h>j>2, the variation

Ny =V, 1V, 1 +€ (Vi 1V£,j + Vm,jv,ﬁ, 1) (72)
is an unconstrained variation of A,,, and hence from (6.3) and (7.1) we have
T"-v, ;=0 or arg(T-v, )=y, Vi<h, (7.3)

where (6.7) defines y. For those eigenvectors with infinite eigenvalues the formula
(6.4) for T in terms of A directly implies that T” -v,, ;=0 for all i> h. Hence T can be
expressed in the form (6.6), where Ty is real. From the argument developed in
(6.8)(6.11), it clearly suffices to consider those matrices A=g,A,,, with A,=0.
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Similar analysis shows that ¢;(A) remains constant when A, is increased by, say,
the finite amount
-1

k
M= 3 ;. (74
=

where the (k— 1) orthonormal real vectors y; are chosen to satisfy Tg - n;=0. Since
Tk - V,,.1 $0, this increase (7.4) will produce a new positive definite matrix A, with
non-zero eigenvalues.

Thus if the boundary of ¢}(&) is attained for some matrix A=0,A,, €% such
that A, has at least one non-zero eigenvalue with eigenvector v,,  satisfying (7.1),
then there exists another strictly positive definite matrix A* =0, A} € &, attaining
the same value o}(A")=0}(A) on the bounds. The inverse matrix A" will now be
bounded. By repeating the argument in the representation (5.6), we subsequently
obtain a bounded strictly positive definite matrix A, * such that

N =o,A\r €, N H)=aiN). (7.3)

Any infinitesimal variation dA; * in A * is unconstrained and therefore o} (A* ),
or equivalently ¢ (A), must lie on the boundary of the (2g —1)th-order half-plane
bounds.

To obtain the sections on the boundary of ¢((k, #")) that do not coincide
with the half-plane bounds, we clearly need to consider matrices Ae ¥ (k, #") such
that TT -v,,=0 for all eigenvectors v,, of A,, that have positive finite eigenvalues.
Since these eigenvalues can be reduced to zero without changing o (A) [see
(6.9-11)] it suffices to restrict attention to matrices A for which A,, has only zero
and infinite eigenvalues. The singular infinite part of A, can be shifted to A,
without altering ¢}(A) (leaving A, =0) and the above argument, with the roles of
A, and A, interchanged, then implies that we need only consider matrices A, with
zero and infinite eigenvalues. This corresponds to an Q-function terminated by a
normalization factor with only zero and infinite eigenvalues.

We are still free to increase A, by the finite amount

-2

k
o= 3, T, (71.6)

where b is any positive real constant and the k—2 orthonormal real vectors n; are
chosen to satisfy

(ReT”)-n;=(ImT").n;=0. (1.7)
By taking the limit b— oo, we conclude that it is sufficient to take matrices A= o ,\,,
such that A\, has at most two zero eigenvalues with the remaining eigenvalues being

infinite. When A, has only one zero eigenvalue with eigenvector v,, then (5.1) takes
the form

ax (N =0, — (V1 ‘R)* (VI Spv) 1, (7.8)
and when there are two zero eigenvalues, with eigenvectors v; and v,, we have

o3 (N =0,~RIv(¥"S,») V'R, (7.9)



Composites and Continued Fractions IT 357

where v is the 2 x k dimensional matrix with columns v, and v,. The best choice for
the normalized eigenvectors v, and v, can in principle be determined from the
condition (7.2), which must hold to first order in any variations in the orientations
of these eigenvectors. In practice, however, it may be easier to numerically evaluate
(7.8) and (7.9) over the complete range of orientations of v, and v,. The resulting
outermost curve together with the attainable sections of (7.16) forms the boundary
of the wedge bounds.

To provide a concrete example, we now specialize to the first-order wedge
bounds on scalar 3-variable Q-functions. (We then have g=1, d=1 and n=3.)
Given any angle ¢e[0,2n] let us define a unit vector a(p) with components
(cosg, sing) and select

v, =YWy (7.10)

as the eigenvector of A, that has a zero eigenvalue. Note that v, which has not been
normalized, takes all possible orientations as g is varied from 0 to 27. Substituting
(7.10) and (5.2) in the bounds (7.8) and taking o5 as our reference variable yields the

expression

[0, cosg+a,sing—as(cosg+sing)]?
(01/11) cos? +(a,/f5) sin’@ +(a3/ f3) (cosg +sing)*
(7.11)

o ;N)=fi0,+ f,0,+ f303—

which generates a closed curve, parametrized by g. All points along this curve are
attainable, but not all portions of it contribute to the boundary of the wedge
bounds. There are no contributions from the other formula (7.9) because it only
generates a single point o7 (A) with A=0. Curiously, the curve (7.11) degenerates to
an arc of a circle (but not a complete circle) in the complex plane when a pair of the
component conductivities ¢, o, or g3 become equal, or in the limit in which one of
the volume fractions f;, f, or f; becomes vanishingly small.

To obtain the remaining sections on the boundary of the wedge bounds we
need to evaluate the half-plane bounds at the extreme values §=argo, and
0= —mn+argo,, Although this can be achieved by direct substitution of (5.2) in
(6.16), let us follow a different approach to elucidate the connection with the work
of Golden and Papanicolaou [53, 55].

Recall from Sect. 5 that the first-order half-plane bounds with argf) =5, can be
generated from o¥(0,A,) as A, varies over all real symmetric 2x 2 matrices.
Equivalently, from (2.20) and (4.2) we can take o, as our reference medium and
vary A, over 2 x 2 complex matrices of the form

AP =DF),— 5P, (7.12)

where DY), is any real symmetric 2 x 2 matrix. Because of the degeneracy (6.22) of
the matrices A=¢’A' =0 A, that attain any given point 6%(A) on the boundary of
the half-plane bounds, it suffices to consider diagonal matrices D), = §,,A%. This

results, via (7.12), (2.23), and (2.11), in a conductivity

Ja
O'T(/\)=O'p |:1—a;pw N (713)
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Fig. 2. The scalar elementary polygon bounds (outermost solid curve) and the scalar 1st-order
wedge bounds (innermost solid curve) for the example chosen by Golden and Papanicolaou of a
three component composite with complex component conductivities o, = —4+4i, 6,=i, and
03=4+4i and volume fractions f;=9/20, f,=1/10, and f;=9/20. These bounds enclose the
diagonal elements of the effective conductivity tensor, o*. The curve (7.11) forms the complete
boundary of the wedge bounds: no contribution comes from the Golden-Papanicolaou bounds
which are shown here as dashed lines forming two circular arcs meeting at the imaginary axis. The
arithmetic and harmonic means of the local conductivity are represented by points 4 and H
respectively

which is of the form postulated by Golden and Papanicolaou [53, 55]. By
following their analysis and optimizing over the two diagonal elements A%, where
a takes the values 1 through 3 excluding a=p, we obtain the expression

a¥(N=o, [1—|—(i+c)"1 Y fa/Imsff’)} (7.14)

for the 1st-order half-plane bounds (6.16) parametrized by the real variable
ce(— o0, + 00): as c is varied o (A) given by (7.14) traces a circle in the complex
plane that contains o*. The other extreme half-plane bound, with 6 = —n +arggo,,
is obtained simply by replacing p by m in the above formula.

These bounds of Golden and Papanicolaou have also been rigorously
established using an extension of the trajectory method of Bergman [54]. In
conjunction with (7.11) they complete the boundary of the 1st-order wedge bounds
on scalar 3-variable Q-functions: the curve (7.11) meets tangentially with the
attainable circular arcs of the half-plane bounds. Note the bounds (7.11) and (7.14)
still depend on ¢, in the limit as f,—0. This strongly suggests they can be improved



Composites and Continued Fractions II 359

A Im(o)
8 -

- 1 1 I [ |

>
—r

I
-1 0 1 2 3 4 5 RE(O')

Fig. 3. For a different choice of component conductivities, 6, = —1+6i, 6, =3 +1i,and 63 =5+2i,
and volume fractions, f; =1/2, f,=1/3,and f;=1/6, one circular arc of the Golden-Papanicolaou
bounds (7.14) contributes to the boundary of the scalar 1st-order wedge bounds: its analytical
continuation is the dashed arc passing through o;. The other Golden-Papanicolaou bound,
shown here as a dashed arc passing through ¢, only marginally improves upon the outermost
elementary polygon bounds because the origin, g, and o5 are almost colinear. In the limit in which
g, equals o5 the bounds merge into the lens shaped region appropriate for two-component
composites. The dashed line inside the wedge bounds represents the analytic continuation of the
curve (7.11)

when applied to the diagonal elements of conductivity tensors of three-component
composites. However, the bounds are optimal over the class of Q-functions.

Three examples of these 1st-order wedge bounds are graphed in Figs. 24. In
Fig. 2, corresponding to the example chosen by Golden [28, 55], the half-plane
bounds do not contribute to the wedge bounds while in Figs. 3 and 4 one arc and
two arcs, respectively, contribute and meet tangentially with the curve generated
from (7.11). The improvement gained over the Golden-Papanicolaou half-plane
bounds is clearly substantial in both Figs. 2 and 3.

8. Convergence of the Bounds

The proof that the jth-order wedge-polygon bounds and the jth-order half-plane
and half-plane reciprocal bounds converge in the limit j— co (i.e. as progressively
more information is specified about the Q-function) is based on the extension of
Bergman’s trajectory method [54]. The idea is to parametrize the given set of
component conductivities g, a=1,2, ..., n, in terms of a complex variable z taking
the value z,, with Imz, > 0: the parametrization, and a fixed reference conductivity
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Fig. 4. For component conductivities o, =1+7i, 6,=4+5i, and g3=35 and volume fractions
fi=1/4, f,=1/2, and f;=1/4 both arcs of the Golden-Papanicolaou bounds contribute to the
wedge bounds. The curve (7.11), whose analytic continuation inside the wedge bounds is denoted
by a dashed curve, forms a figure eight

oo(=*+0, for any a), are chosen so the ratios ¢,/0, remain in the upper half of the
complex plane as z is varied throughout the upper half plane and take real positive
values when z is real and positive. This leads to a parametrization of any point
ox¥(N)=0}(z) on the (2g+1)th-order bounds in terms of z that ensures
Im[c}(z)/00]>0 when Imz>0. The convergence of bounds on such single
variable functions (as successively more coefficients in the series expansion of
o§(z)/o, in powers of z are incorporated in the bounds) implies the convergence of
our bounds on multivariate Q-functions.

Since the wedge-polygon bounds are more restrictive than the corresponding
half-plane or half-plane reciprocal bounds (at any orientation 6 of the half-plane)
we need only consider the convergence of §-sequences of half-plane bounds. Not
every such 6-sequence is convergent. For example, when the variables o,
a=1,2,...,n are all real and 0 approaches zero from below the successive half-
plane bounds merge into each other and do not converge: they only imply
Imo*=0. To exclude this possibility we assume 6 does not attain the limits (4.1).

It suffices to focus on the convergence, at fixed 0, of the odd-order half-plane
bounds on scalar Q-functions. Once this convergence is established the even order
half-plane and half-plane reciprocal bounds must similarly converge because they
are interlaced with the odd-order half-plane bounds. Since the diagonal elements
of any tensor Q-function are scalar Q-functions (see Sect. 3), the convergence of the
half-plane bounds to these diagonal elements in any orthonormal basis set x,,
/=1,2,...,d,is ensured and this implies the convergence of the half-plane bounds
on tensor Q-functions.
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Given a set of finite variables o, a=1, 2, ..., n, in one half of the complex plane,
let us parametrize them in the form

o,=00{1+zc/[1+clz+ 1]}, 8.1)
where g, is a complex variable, while the constants ¢, and ¢, are real satisfying
O<c,<1, 0O<c,<1 Va, (8.2)

and z takes a finite complex value z, such that
Imz,>0 and argz,=60—argo,. (8.3)

This ensures, for each component a, that g, is a two-variable scalar Q-function of
goand (1+z)o,. Already it is necessary to assume 6 does not attain the limits (4.1):
otherwise it is impossible to find a z, satisfying (8.3).

As the constants ¢, and ¢, are varied over their domain (8.2) of permitted values,
g, given by (8.1) fills the lens-shaped region of the complex plane, £(o, (1 + zo) o),
that is bounded on one side by the straight line linking o, to (1 +z,)0, and on the
other side by the circular arc joining these two points that when extended passes
through the origin. Clearly ¢, and z, must be chosen so all the points 6,05, ..., 0,
lie inside Z(0,, (1 +2,)0,): this is always possible because as say z, approaches
infinity while keeping argz, =0 —argo, fixed, . fills a wedge in the complex plane
(not containing the origin) that has boundaries meeting at g, at angular slopes of §
and argo,,.

Recall from Sect. 6 that the (2g — 1)th-order half-plane bounds are expressible
in terms of o*(e"/\') where the matrix A, given by (6.22), is real. Since z, satisfies

g9
(8.3) the associated matrix

No=e€"Nloyz, (8.4)

is real. Now consider the analytic properties of ¢;(z) = g7 (642z/,) as a function of z,
while keeping g, 0, the constants ¢, and ¢, the geometric parameters and A, fixed.
This function depends on z not only through the term oyzA,, but also through the
variables o,(z) given by (8.1) which enter in the continued fraction expansion for
o}(A?). From the same type of inductive reasoning given in (3.6-15) we deduce

Im[0}(z)/60]20 when Imz=0, (8.5)
and similarly, for real z, we have
0¥(z)/o,>0 when Ay,=0 and z>1. (8.6)
Further elementary analysis shows that
03(8)/o0 =03 (200, (87)

where the bar denotes complex conjugation.
Therefore 1 — o7 (2)/0, is a real-symmetric function of 1/z that maps the upper
half plane into the upper half plane, taking the value zero at z=1. Consequently

#2)= —(1/2)[1 = 05(2)/0,] (8.8)
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is a Hamburger function of z, as defined in [51]. Furthermore when A,=0 (8.6)
implies that #,(z) in fact represents a Stieltjes function of z with a radius of
convergence around the origin of at least 1.

Now the coefficients in the series expansion

4(z)= ';io a9z (8.9)

for #,(z) can be evaluated by substituting (8.1) into the continued fraction
expansion for ¢}(A¥) obtained via (2.16) and (2.17) and (4.2). Since da, is
proportional to z the coefficients al?, for i up to 2g—2 are expressible in terms of
the weights WY and the normalization factors N with j < g — 1: unlike the higher
order coefficients; they neither depend on g nor on the matrix A,,.

When Ay=0 the coefficients a¥® =a{*, for i<2g—1, are associated with a
Stieltjes series converging in the unit disk, i.e. they represent Hausdorff moments
[51]. Consequently the Hamburger moment problem associated with the
moments !, i=0,1,2, ..., 0 is determinant and the nested sequence of circles
[45, 46] that forms a hierarchy of bounds on the Hamburger function #4.(z)
geometrically converges to a point for all z with Im(z)+0. In this hierarchy the
(2g —2)th-order bounds that incorporate the moments a{®=a{® for i<2g—2,
apply to any Hamburger function sharing these 2g — 1 moments. In particular the
bounds must encircle #,(z) = 4,(z,\,) for all real matrices A,. By setting z=z, and
taking the limit g— o0, we conclude that #,(z,,A\) converges to %(zo).

Thus at fixed 0 the radius X, ,RJ/2 of the circle (6.16) associated with the
(2g—1)th-order half-plane bounds converges geometrically to zero: each
f-sequence of half-plane or half-plane reciprocal bounds converges whenever
0+argo, or —n+argo,. The convergence of the wedge-polygon, half-plane and
half-plane reciprocal bounds on tensor Q-functions is thereby established.

This, incidentally, serves to prove the interchangeability of the limit #— oo and
the minimum over « in the variational expression for o* given in (11.6) of I. By
interchanging limits we effectively replaced o* by the limit as h—oo of the
(2h—1)th-order upper Beran bound, ¢;(co/), and the equivalence of these two
quantities has just been confirmed.

Appendix 1: Convexity of the Class of 2-Functions

The class of Q-functions is convex in the sense that if we take two n-variable
Q-functions '0*(s,,0,,...,0,) and "0*(g,,0,, ...,0,), then the weighted arithmetic
average

o¥='oc*c+"0*(1—c), forany O<c<l1, (A1.1)

is an Q-function. Since the inverse of an Q-function is an Q-function of the
reciprocal variables, this immediately implies that the weighted harmonic mean of
two Q-functions is an Q-function.

To establish this result let '# and "5 denote the two Hilbert spaces that are
associated with the allowable geometric parameters in the continued fraction
expansions for ‘o* and "o*. More generally we let 'x,, "y, 'I;, '?,, ¥, '€, and ' ¢
denote the elementary vectors, projection operators and subspaces associated with



Composites and Continued Fractions II 363

A, while the corresponding quantities associated with "2 will be denoted by a
pair of inverted commas.
Now consider the Hilbert space

H'="HD"H, (A1.2)
with the standard inner product
PIPY={IP|IP)Y+ "IP|"IP), (A1.3)

in which 'T and "I are projection operators onto s and "5 : this ensures that ' is
orthogonal to "4#. Given any constant c € (0, 1) we define in ' the orthonormal
elementary vectors,

X, =%, 2 +"x (1 —)'2,  £=1,2,...d, (A1.4)

the (self-adjoint) projection operators,

Yo="dat"ta» a=12,....d, (A1.5)
d

Ip= {;I x> <Xl (A1.6)

L="T)+"I, (A1.7)

L="T+"I,+'Ty+"T,—TI,, (A1.8)

and the subspaces 2., %, &', and #' onto which these operators project.

The choice of the elementary vectors and the above operators is motivated by
what happens when two isotropic composites are laminated together in propor-
tions c and 1 — ¢, with layer spacing much larger than the scale of inhomogeneities
in each composite. When the field is directed parallel to the layers the effective
conductivity in that direction is just a weighted average of the effective
conductivities of the two constituent composites and the operators satisfy
equations like (A 1.5-8).

Alternatively we may regard (A1.4-8) as resulting from three separate
operations. First, %, &', #', and &, are each taken as the direct sum of the
corresponding subspaces in ‘s and "5, and the union of the two sets of vectors
X, =1,2,...,d,and "x, £=1,2,...,d, is chosen as a basis set for %. This gives a
2d-dimensional block-diagonal effective tensor o with matrices ‘c* and "o * along
the diagonal. Next a new basis of vectors for % is chosen, comprised of the vectors
x, defined via (A 1.4) together with the orthogonal set x,, ;='x,(1 —¢)'/* —"x,c/2,
for /=1,2,...,d. This rotation produces a matrix o* with linear combinations of
'o* and "o * along the block diagonal. Finally, in accordance with (3.17) and (3.18),
% is redefined as the subspace spanned by the vectors x,, /=1,2,...,d, and ¢’ is
redefined as the direct sum of ' ¢, " ¢ and the subspace spanned by the remaining
vectors X, 4,7 =1,2, ...,d. This produces a truncated matrix o* of the form (A 1.1).

To directly check (A 1.1) follows from (A 1.4-8) note first that any operators ‘A
and "B projecting onto subspaces of '# and " satisfy 'A|"P)=0and "B|'P)>=0
for all |"P>e"”# and [P)e’s#, and hence we have

'"A"B="B'A=0. (A1.9)
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Consequently the operators y, satisfy the identities (2.1): the subspaces 2.,
a=1,2,...,n, are mutually orthogonal. Now although I, cannot be expressed in
terms of the operators
d d
To= (Zl %) %, "To= % "%, "%, (A1.10)

=1
that project onto ‘% and "% we nevertheless have the commutation relations.
I(To+"15)=To=(To +"I5) [,
I Iplg=cly, I"Ihlo=(1-0c)l,

which follow from (A1.4), (A1.10) and the orthogonality of ‘% and "%.

Likewise the orthogonality of the elementary vectors 'x, and "x, to '&, "&, " #,
and " ¢ implies

‘TL,=I,;="II,=I,";=0, for i=1or2. (A1.12)

12

(A1.11)

Using these relations it is easy to check that the operators I', j=0,1,2, given by
(A1.6)(A1.8) satisfy the operator identities (2.1): the subspaces %, &', and ¢’ are
mutually orthogonal.

The whole analysis of I can now be applied to the Hilbert space #”. Field
hierarchies E?, J? and P2, are defined from the recursive relations (2.3) and (2.5).
These fields span subspaces &, Z, and £, of &', #', and Z,, respectively. From
(A1.4), (A1.5), and (A1.7) we have the simple identities

E0='E?+"E0, PO='P%+'P?, (A1.13)

where 'E?,'P?,"E?, and "P? are the field hierarchies associated with’# and " #. By
constructing the basis fields E®, J9, and P, calculating the fundamental
geometric parameters V and W, (in terms of say ‘N, "N, 'W,, and "W,), we obtain a
continued fraction expansion for the effective tensor o*(a 4,05, ...,d,) associated
with the Hilbert space . This matrix-valued function is clearly an Q-function.

It remains to show that o* is the weighted average of ‘'o* and "o *. Suppose we

are given an arbitrary vector ee %, represented in the form
e='e+"e, where ‘e='[jec’¥ and "e="Il,ec"U. (A1.14)

Next define the vectors

”

i='c%¥ee U, 'j="o*"ee"U, (A1.15)

and let 'J*e' ¢, 'E*¥e’'8, "J*e” ¢, and "E* €& denote the solutions to the field
equations,

[1+0%= % oJxlet+E*, (A1.16)

I//j+l/J*>_____ Z O_a//Xal//e+//E*>' (A1.17)
a=1
On the basis of (A1.11) and (A 1.15) it follows that

D =Lli+"1+"J*+"J*) =i+ ") =1y [ Ig/o*e) + Iy [ [ 'o*e)
=(co* +(1—c)'o*)ed, (A1.18)
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and (A 1.18) implies
[T =L+ "+ FF+ "3 =[j+"j+' T+ "T*> — ). (A1.19)
By defining
[E*>=TIie+"e+'E*+"E*)=|E*+"E*), (A1.20)

and adding (A 1.16) to (A1.17) we deduce, via (A 1.5) and (A 1.19), that j, e, J*, and
E* are solutions to the field equation

j+J*>= ;1 o.xqde+E*>, (A1.21)

with e, je%, J*e€ ¢', and E* e &'. Together with (A 1.18), this implies the effective
tensor in the Hilbert space s is simply just the weighted average of ‘'o* and "o*,
given by (A 1.1). Thus the weighted average of two Q-functions is an Q-function.

This convexity property of Q-functions enables us to define classes of extremal
Q-functions: any Q-function that cannot be expressed as a weighted arithmetic
average of Q-functions is denoted as arithmetic extremal, and their inverses are
denoted as harmonic extremal. Clearly an arbitrary Q-function can be expressed
either as a weighted arithmetic average of arithmetic extremal Q-functions or as a
weighted harmonic average of harmonic extremal Q-functions. Presumably the
problem of finding all arithmetic (or harmonic) extremal Q-functions is related to
the currently unsolved problem of finding all the extremal measures of analytic
functions [55].

Appendix 2: Generating £2-Functions by Renormalized Single-Variable Rescaling

To establish that f6*(o,,0,,...,0,), defined by (3.19) and (3.20), is indeed an
Q-function, consider the Hilbert space 2 and for any field P e # let p*(P) and
1y~ (P) denote the fields obtained via the linear transformations

P P)=(I—y,)P+ 1'%y, P,

v (P)=(I—yx)P+A" 2y, P, (A21)
This definition ensures that
<y Py~ (P)y=<PIP, (A22)
for all P, P’ e s#. Next define
"u=[y*E@U]nly (S DU, (A23)

and let ¢ and T ¢ denote the orthogonal complements of % in the subspaces
P (ED@U) and v~ (f DU) respectively. We leave the subspaces 2, a=1,2,...,n,
unchanged. Now if the field equation

i+00>= (ot 3 o) e+ B (A24)
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is satisfied for some E*e &, J*e ¢, and e, je %, then (A2.1) implies that the field
equation

n

j+10%) = L outal'e+TE*) (A2.5)

has the solution
N+ =y (+INe'20' 7,
fe+E*=yp*(e+E¥)ec'wd's,

from which the components fe, fje %, TE*e1&, and TJ* e ¢ can be resolved by
projecting onto %, '&, and T #. In particular it follows that

Y ([(+JI*G)=v (e+E*e)e'% when o,=1, Va. (A2.7)

Conversely, any field in % generates a solution of (A 2.4) when the conductivities
o are all equal. Thus given any two sets of d fields e, j,,/=1,2, ...,d, each spanning
% and satisfying

(A2.6)

ir="Ne,, V¢, (A2.8)
we can take the fields
a,=yp (j,+JI*G))=vw"(e,+E*e,) at o,=1 Va (A2.9)
as a basis set for %. From (A2.2) and (A2.8) we have
Cajlagy={iley=<"NeJe,>, (A2.10)
and so to obtain an orthonormal basis set for % let us select
e,=Nx,. (A2.11)

None of these uniform fields e, are zero and consequently the orthogonality of %
to the subspaces '€ and T ¢ implies, via (A2.2) and (A2.9), that

"e=yp™(&), "=y (9, (A2.12)

which with (A2.2) establishes the orthogonality of '¢ to 7 ¢.

Now consider the solutions (A2.6) of (A2.5) for any set of conductivities a,,
a=1,2,...,n, that lic in one half of the complex plane. From (A2.6), (A2.9), and
(A2.2) we deduce

'y =<allj+I>=<eli>. (A2.13)
Substituting (1.1), (3.19), and (A2.11) in this expression gives
d
@l= % l'o*xo xd'Me, (A214)
where (3.20) defines fo*. Similarly, from (A2.2), (A2.6), and (A2.11), we have
Ca 'y =<(x,'Nle), (A2.15)

which in conjunction with (A2.14) implies that fo* is the effective conductivity
matrix associated with the Hilbert space # ='%@'¢@®* ¢. Thus an Q-function
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remains an Q-function under the renormalized single variable rescaling defined by
(3.20).

Appendix 3: Substitating a Scalar 2-Function in a Tensor 2-Function
to Produce a New 22-Function

Here we prove the (m+ n— 1)-variable function o*(6,,0,,...,0,,+,- ) defined by
(3.21) is an Q-function for all n-variable tensor Q-functions 'o*('¢,,’g,, ...,'s,) and
for all m-variable scalar Q-functions "6*("o,,"0,, ...,"d,,). To do this, we adopt the
notation of Appendix 1, letting '# and "5 denote the two Hilbert spaces
associated with the Q-functions ‘'c* and “¢*: all elementary vectors, projection
operators and subspaces associated with ‘2# and " are denoted by a single
inverted comma and by a pair of inverted commas, respectively. Since the
Q-function "o* is a scalar Q-function, the one-dimensional subspace "% is spanned
by a single vector "x.

By analogy with what happens when a composite is substituted as one of the

components in another composite, let us introduce the component spaces
P="PR"P for 1<asm
o (A3.1)
=P -m®@"U for m+1=<a<n+m—1

labelled by the component index a=1,2,...,n+m—1, the three alternative spaces

%Ela”@!l%’ é@lE(/éa®H%)@(rgl®uép)’ er(/f®ll%)(_B(/91®lI/),

(A3.2)
and the Hilbert space
H'=UDEDI =P @P2D.. 0P sy, (A3.3)
spanned by these spaces. These definitions and the commutability,
'"A"B="B'A, (A3.4)

of any operators ‘A and ”B associated with '# and "s# imply
I—E)E,FONIB, 1‘1=/I"1/IF0+/X1/II"1’ I}EII},/FO-i-IXlNI—'z’ (A3‘5)
and
=11 s for 1Zam
L=l (A36)
=Yar1-mlo for m+1=Zasn+m—1,
act as projection operators onto the subspaces %, &', ¢', and £, satisfying
1_1'1—;= 6ij1—; > XaXp = 5abXa . (A37)
Now suppose the field equations
i+ %= ¥ ‘o/wle+E,
. (A38)
l//j + !/J*> — Z /’O-a"Xaiue—i—' I/E*> ,
a=1
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are solved for the fields 'E*e’'S, J¥e’' ¢, "E*¥e"8, and "J*e” ¢ for any
'j="o%*ee'dU and "j="0*"e€ "%, and let us look for solutions of the field equation

n+m-—1

i+J%=" ¥ datle+E®, (A39)

where je#, J*e #' and the fields ee %, E* € &’ have the form
le>=le"e>,

(A3.10)
[E*) =[E*,"e) + 7, e+ E*, "E¥),
and the component conductivities are given by
g,="0, for 1Zasm
(A3.11)
='"0441-m for m+1=Zasn+m—1.
From (A3.6) and the above equations we have
n+m—1
Y oade+EF)=[j+"J% ")+ "y e+ EX"I*) +("0* —5,) e+ 'E¥,"}),
ot (A3.12)
and from (A 3.2) this represents a current field j+J*e#® ¢’ if and only if
‘o,="0%, (A3.13)

in which case (A 3.10) is the solution of the field equation (A 3.9) and we have
n+m—1
>=I Y ouletE*)=[]j"e)="0%'e"e)="c%e).  (A3.14)
a=1

This in conjunction with (A3.11) and (A3.13) implies that the function
0%(01,0,,...,0,+m—1) defined by (3.21) is the effective conductivity function in the
Hilbert space #” defined by (A3.3) and thus represents an n+m—1 variable
Q-function.

Appendix 4: Equivalence of Two Variable £2-Functions and Normalized >-Functions

In Sect. 3 it was established that the class of normalized X-functions [i.e. those
functions satisfying (3.1-3) and (3.6)] included all Q-functions. The converse is also
true for functions of two variables: any two-variable symmetric matrix-valued
normalized X-function, o*(o, d,), can be represented as a continued fraction of,
say, the form implied by (2.16) and (2.20-23) for a suitable allowable set of
geometric parameters. Qur proof of this result draws from the work of Bergman
[19] and Golden [28, 55] and thus parallels the approach of Nevanlinna [45, 46]
for generating a continued fraction expansion of a single variable Stieltjes or
Hamburger function.

To develop the continued fraction expansion, given the normalized X-function
o*(o,,0,), consider the single-variable matrix-valued function

FOs,)=l/—0*/c,, where s,=0,/(0,—0,). (A4.1)
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From (3.2), (3.3), and (3.6) this function is analytic in s, except at points on the real
line in the interval [0,1], is real-symmetric [i.e. has the property that
FOY5,)=F(s,), where the bar denotes complex conjugation] and satisfies

ImFO(s,)<0 when Ims,;>0, (A4.2)
FOM</, FOc0)=0. (A4.3)

Hence F°s,) has the integral representation
FOls)= | “(Z)dzz (A44)

5, —

where the measure pu(z)dz is real and positive-semidefinite. We define WA? to be the
zeroth moment,

W = i u(z)dz, (A4.5)
which is clearly positive-semidefinite, and from (A4.3) satisfies the bound
st [ HE) ‘Z <. (A4.6)
This implies the matrix
W =/— W (A4.7)

is likewise positive-semidefinite.
Following Bergman [19] and Golden [28, 55] note that the function
W+ [P j 2z (A4.38)

SI_Z

s F(o)( ) jsxu(Z)dZ

is real-symmetric, and after subtracting the constant W\? is a function of the same
form as F(s,) but with the new measure zu(z)dz. Therefore we have

Ims, F9(s,)<0 when Ims,>0, (A4.9)
which together with (3.11) and (A4.3) implies that the function
FM(sp)=1— WO s, FO s )]~ WA (A4.10)

is similarly real-symmetric, analytic except at points s, € [0, 1] on the real line, and
satisfies

ImFY(s,)<0 when Ims,; >0,

Ad11
FOMS UL, Foo)=0, (A41h
Consequently it has the integral representation
1M
F(sy)= I“ (Z)dz, (A4.12)

$;—z

where the measure u*)(z)dz is positive-semidefinite.
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By repeating most of this argument the two-variable function

3 Nay,05) =0, (WSO Ls FY(s,)] WO —/} (A4.13)
is recognized to be a X-function, satisfying (3.2), (3.3), and (3.6). If we choose
NY=331,1)  (=0), (Ad.14)
and define the normalized X-function,
Qg,,0,)=NDEMN(g,,0,) NV, (A4.15)
then (A4.1), (A4.10), and (A4.13) imply
o*lg, =1+ WO R OWO, (A4.16)
where
A D= WO T OWAD —5. 1, (A4.17)
M O=/+NOQOND/g, | (A4.18)

are defined in accordance with (2.20) and (2.21).

We can now iterate the procedure and obtain a hierarchy of effective tensors
Q9%e,,0,),j=1,2,...,0 and allowable d x d geometric matrices WA, WY, and NV,
The recursion relations, such as (A4.16-18), between the effective tensors generate
a continued fraction expansion for o*(c¢,, 0,) in terms of the allowable geometric
parameters. From (2.15) we have

YU WOWY,  PUrOU= WOWE for n=2, (A4.19)

and so the resulting continued fraction is clearly of the form implied by (2.16) and
(2.20-23). The equivalence of two-variable Q-functions and normalized X-func-
tions is thus established.
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