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Abstract

The set of all effective moduli of a polycrystal usually has a nonempty interior. When it
does not, we say that there is an exact relation for effective moduli. This can indeed happen
as evidenced by recent results [4, 10, 12] on polycrystals. In this paper we describe a general
method for finding such relations for effective moduli of laminates. The method is applicable
to any physical setting that can be put into the Hilbert space framework developed by Milton
[13]. The idea is to use the W-function of Milton [13] that transforms lamination formula into
a convex combination. The method reduces the problem of finding exact relations to a problem
from representation theory of SO(d) (d = 2 or 3) corresponding to a particular physical setting.
When this last problem is solved there is a finite amount of calculation required to be done in
order to answer the question completely. At present, each candidate relation has to be examined
separately in order to confirm the stability under homogenization. We apply our general theory
to the settings of conductivity and two-dimensional elasticity.

1 Introduction.

Recent years have seen a lot of progress towards a more precise characterization of effective properties
of composites. Yet, almost all of that progress is due to two approaches: use of variational principles
and the “translation method”. The former was pioneered by Hashin and Shtrikman [5], while the
latter was discovered independently by Lurie and Cherkaev [9, 11] in the former Soviet Union and
Murat and Tartar [15, 16] in France. The term “translation method” has been coined by Milton
[13] and has become a universally accepted term since. The two methods mentioned above have
brought about complete solutions to many G-closure problems [3, 4, 8, 9, 10, 11, 12, 16] as well
as many optimal bounds on important functionals such as energy or complementary energy. The
accumulated literature on the subject is too vast to allow a complete list (see, however, [13] for
a review and comparison of the two methods). The results were almost always inequalities that
the effective tensors had to satisfy. On rare occasions, however, researchers were discovering exact
relations, or equalities for effective tensors [1, 4, 6, 7, 10, 12]. These results were in large respect
byproducts of the inequalities derived using one of the two methods mentioned above.

This paper provides necessary conditions for an exact relation for effective tensors to hold by
finding all exact relations for effective moduli of laminates. The already known exact relations from
the literature above serve as a motivation to pose such a question. The key to the solution is a
general lamination formula [13, formula (4.11)] of Milton that transforms the process of lamination
into the process of taking convex combinations. The idea to use this formula in order to study the
geometry of sets stable under lamination is due to Francfort and Milton [2].



Having outlined our sources we proceed to explain the idea. If there is an exact relation for
effective tensors then the corresponding G-closure (the set of all possible effective tensors) must have
empty interior. In all known such examples the G-closure lies on a smooth, even analytic manifold
M, possibly with boundary. The knowledge of the manifold itself is equivalent to establishing an
exact relation for effective tensors without finding any actual G-closures. Obviously, if a piece of a
manifold is stable under homogenization then the same piece must be stable under lamination. It
means that if one applies the mapping W, from [2, formula (3.21)] to this piece of the manifold the
image must be a convex set. This convex set will have the same dimension as the original manifold
as the mapping W,, is a diffeomorphism. But a “dimensionally challenged” convex set must lie in
the hyperplane of the same dimension. This observation alone is hard to use as it must hold for
a continuum many mappings W, labeled by a vector n on the unit sphere in R%. The following
observation comes to the rescue. If we restrict ourselves to polycrystals then if C* € M then so does
every rotation of C*. Therefore, by theorem 1 below, we need to require that only the W,, image of
M lies in a hyperplane. Here e; denotes the first standard basis vector. Thus we have arrived at a
remarkable conclusion that instead of searching for exact relations for effective moduli of laminates
we may look for rotationally invariant manifolds whose W, image lies in the hyperplane of the same
dimension. These conditions on M are very restrictive. Every such manifold will contain a set stable
under lamination and will be a serious candidate for an exact relation on effective tensors obtained
by homogenization. The problem is that in general the lamination closure is different from G-closure
[14]. However, in this special case we conjecture that stability under lamination implies stability
under homogenization.

In the present paper we solve the above geometric problem and apply our solution to the cases of
d-dimensional conductivity and 2-dimensional elasticity. For the conductivity we discover the well
known 2-d result that the G-closure of the set of tensors with the same determinant belongs to the
set of tensors with the same determinant. We also discover, and this is new, that there are no other
exact relations for conductivity in any space dimension d > 2.

For the 2-dimensional elasticity we obtain 7 different exact relations. One of them was discovered
by Hill [6, 7]. Two were found in [10, 12] and two more were described in [4]. One more is obtained
as an intersection of the two manifolds from [4]. The last one appears to be new. It says that a
mixture of isotropic materials with zero bulk modulus is again isotropic with zero bulk modulus.

2 A geometric problem.

We begin by a brief (and sloppy) review of the general Hilbert space setting of homogenization, as
developed in [13], for readers familiar with that paper. Those who are unfamiliar with it we strongly
encourage to read sections 2-4 of [13].
Let Hs = L?(Q), where the unit cube @ represents a period cell in R?. This space has the
orthogonal splitting
He=Us DF (2.1)

into the space of uniform (constant) and fluctuating functions. We then define a Hilbert space
H=H,®T, (2.2)
where 7T is an [-dimensional vector space of tensors over R%. Then
H=USF, U=U;RT, F=F,T. (2.3)

Examples of 7 include (but are not limited to) R? for conductivity and Sym(R?) for elasticity,
where Sym(V') denotes the space of selfadjoint linear operators on the linear space V. In the former
example | = d in the latter | = d(d + 1)/2. The inner product in H is determined by the inner
product (u,v) in 7. It is important to assume that this inner product does not depend on the choice
of an orthonormal basis in R?. Thus the rotation group SO(d) has a representation into SO(T),



which we will denote ©(R) for R € SO(d). Now we assume that we have an orthogonal splitting of
F into the scale-free, rotation-invariant, local in Fourier space subspaces (see [13] for definitions):

F=¢(aJ. (2.4)

Let T'1(k) and T'3(k) be projection operators onto £ and J respectively in the Fourier space. These

operators are functions of k = k/|k|, which is equivalent to £ and J being scale-free and local in
Fourier space. The rotation invariance is equivalent to

I;(Rk) = O(R)i(k)[O(R)]T, i=1,2, ReSO(). (2.5)

These conditions are satisfied for elasticity and conductivity settings [13]. Now we introduce the
Milton’s W, function. For any n € R, |n| = 1, the function W, is defined on an open dense subset
D C Y = Sym(T) with values in Y by [2, formula (3.21)]

Wa(S) = [S = Ty (m)] 1, (2.6)
where S is related to the Hooke’s law tensor C' by [13, formula (4.6)]

S=(I- 9)—1, (2.7)
Co
where I is the identity in algebra Y and ¢ is an arbitrary scalar. The formula for S is not important
here except for the fact that if the coordinate system in R? is rotated by RT € § O(d) then S changes
to O(R)S[O(R)]*. This formula will be used in section 5 to translate our results from S variables
to C' variables.

LEMMA 1
W (O(R)S[O(R)]") = O(R)Wr, (S)[O(R)]".

The proof follows from (2.5) and (2.6).

The key to our analysis is the theorem of Milton [13, formula (4.11)] or [2, formula (3.22)] that
the set G of tensors is stable under lamination if and only if W,,(G) is convex for any direction n.
The main drawback of this theorem is that one has to “check” convexity for each n, i.e. infinitely
many times. This small problem is is easily corrected by an additional assumption of rotational
invariance of our set GG. This assumption is satisfied by every polycrystalline G-closure.

Definition 1 The set G C Y = Sym(7T) is called rotationally invariant if for any S € G and any
R € SO(d) we have ©(R)S[O(R)]T € G.

THEOREM 1 Suppose G is rotationally invariant and We, (G) is convex. Then G is stable under
lamination.

In view of this theorem it is convenient to denote the mapping We, as W.

Proof. Due to the Milton’s theorem all we need to show is that W,,(G) is convex for any direction
n. Let {S1, So} C G we will show that for any A € (0,1) and any n € R, |n| = 1 there exists S* € G
(depending on n and A) such that W, (S*) = AW,,(S1) + (1 — )W, (S2). Let R € SO(d) be such
that Rn = e;. Then by lemma 1 we have

O(R) (AW (81) + (1= NI, (5:)) [(R)T = AW (O(R)S: [B(R)]") + (1 = NIW(O(R)S,[O(R)|").
(2.8)
By the rotational invariance of G we conclude that

{e(R)S1[O(R)]",6(R)S:[0(R)]"} C G.



Thus, by convexity of W(G) there exists Sy € G such that the right hand side of (2.8) is equal to
W(Sp). Then by applying lemma 1 again we have

W(So) = O(R)W,.([O(R)]" SO (R))[O(R)]". (2.9)
Once again the rotational invariance of G implies that
S* = [O(R)]'SyO(R) € G.

Thus,
Wi (S%) = AWa(S1) + (1 = \)Wo(S5) (2.10)

and the theorem is proved. O

Now we are ready to consider the problem in the title of the paper and reduce it to a geometric one.
Mathematically we are looking for smooth (real analytic) manifolds M C D (possibly with boundary)
that contain sets G stable under lamination. Suppose the manifold has dimension k < N = [(I4+1)/2,
then so does its diffeomorphic image W(M). Assume that G has a nonempty interior in the induced
topology of the manifold (otherwise there are more exact relations than the co-dimension of the
manifold). Then so does W(G). But W(G) is convex. Therefore W(G) C IIi, where Il is a
k-hyperplane in the Euclidean space ) =Sym(7), dim)y = N. Moreover W(G) has a non-empty
interior in the induced topology of IIx. There is one more restriction that comes from physics.

Definition 2 The operator S € Y is called isotropic if for any R € SO(d)
O(R)S[O(R)|" = 5.

We require the set G to have at least one isotropic point in its interior (in the induced topology)
because regardless of the anisotropy of the original materials we can always arrange them to form an
isotropic composite. Thus we will be looking for manifolds M that have rotation-invariant subsets
G with nonempty interior in the induced topology of M containing an isotropic point, and such that
W(G) C . In the next section we completely solve this geometric problem.

3 Solution of the geometric problem.

3.1 A necessary condition.

We are going to study the geometry of the manifold in a small (but finite) neighborhood of the
isotropic tensor Sy € M. Let us introduce a new notation that will simplify some of our formulas.
The action of R € SO(d) on S € Y given by O(R)S[O(R)]? defines a representation of SO(d) into
SO(Y). Let us denote this representation by g(R), or simply g, when there is no confusion:

9(R)S = O(R)S[O(R)]". (3.1)
Let G be the corresponding subgroup of SO()):
G={g(R) e SO(Y): Re SO(d)}. (3.2)

Let TsM denote the tangent space to M at S. Let £ denote Tg,M the tangent space at the isotropic
tensor Sy € M. Since M is an embedded manifold in ), the tangent space £ can be identified with
a linear subspace of ).

THEOREM 2 The subspace L C Y is G-invariant.

Proof. Let v(t) € M be a smooth curve with v(0) = Sp. Let X € £ denote the tangent vector to
v at t = 0. By rotational invariance () = g7(t) is a smooth curve in M!with 5(0) = So. Therefore
the tangent vector to 4 at ¢ = 0 must also belong to L:

Xel < gXelLl. (3.3)

The theorem is proved. O

INotice that the global group G maps a small neighborhood of Sp in M into a small neighborhood of Sg in M.



Remark 1 Notice that the same theorem applies to the tangent space at Sy to the N —1 dimensional
boundary of the polycrystalline G-closure with non-empty interior. Because of the fixed dimension,
N — 1, there are not many choices for L. In the case of d-dimensional conductivity L is defined
uniquely. For the d-dimensional elasticity there is a one-parameter family of choices. Unfortunately,
there are cases where all such points Sy are singular points of the boundary of the G-closure and do
not have a tangent space.

Theorem 2 immediately restricts £ to just “a few” special choices. For example in the setting of
d-dimensional conductivity there are only two choices for £: the space of isotropic dxd matrices or
the space of trace-free symmetric dxd matrices. In the setting of 2-D elasticity one can easily figure
out the 10 choices for £ from [1, formulas (2.24)—(2.26)] (see Appendix for the list).

Now we observe that since SO(d) is a compact Lie group then the orthogonal complement of L is
also G-invariant. Moreover, we may split ) into the orthogonal sum of subspaces (of which £ will be
a partial sum) on each of which G acts irreducibly. Therefore we may choose an orthonormal basis for
Y such that it may be grouped into bases for the subspaces entering the orthogonal decomposition
of Y into the irreducible subspaces. Let us assume that the first k& basis vectors span £ and will
be denoted L1, Lo,...,Lg. The rest of the basis spanning the orthogonal complement £+ will be
denoted by K1, Ko, ..., Kn_.

Let U be a neighborhood of Sy in M. Then W (U) must be a neighborhood of W (Sp) in the
hyperplane IIx. The diffeomorphism W between U and W (U) induces a linear isomorphism W,
between the corresponding tangent spaces. Therefore, the tangent space of Iy, at W(Sy) will have
a basis (not orthonormal in general)

P=W.L;, i=12,...,k. (3.4)
But for a hyperplane we have
I, = Span(Px, ..., Py) + W(So). (3.5)
Since
W(S)=[S-T], (3.6)

where I' = T’y (e1), we can compute W, X explicitly. For every X € L

WX = —[So —T] ' X[So — T . (3.7)
We see that W, is a self-adjoint operator on ). Therefore

M; =W, 'K;, j=1,....N—k (3.8)
is a basis (not orthonormal in general) of the orthogonal complement of Span(Py,..., P):

(Pi, Mj) = (W.Lj, W. 'K;) = (L;, K;) = 0.
Thus we can give II; a dual definition:
M, = {X €Y:(X,M;)=(W(So),M;),j=1,...,N —k}. (3.9)

This notation allows us to formulate the two conditions on M by a single formula. For any v =

(Al,...,/\k)ERk
k

> AP+ W(S) € Ty
i=1
therefore for small v i
Wl ( S NP+ W(SO)) € M. (3.10)

i=1



By rotational invariance

k
g1 ( S NP+ W(So)) eM
=1
for any g € G. Thus
k
W [gW_l (Z AP+ W(SO)) € .
=1

So, by (3.9) we get the desired formula

k
(MT,W lng(ZAZR+W(SQ))]> = (MT,W(S())) (3.11)

forall=1,...,N —k, for any v from a small neighborhood A of zero in R* and for any g € G. We
remark that (3.10) shows that £ generates the sought after manifold M if it satisfies the invariance
relation (3.11).

3.2 Necessary and sufficient conditions.

Let A denote the Lie algebra of G. Since we think of G as a subgroup of SO()), we would like
to think of A as a subalgebra of linear operators on ). Let {aq,...,am,} be a basis for A, where
m = d(d — 1)/2 is the dimension of SO(d). The action of A on Y is determined by (3.1):

anS =[4,,5]=AnS — SA4,, a=1,....m (3.12)

for any S € Y, where Ay,..., A, form a basis of a Lie algebra of a representation ©(R). Since we
think of {©(R) : R € SO(d)} as a subgroup of SO(T), we would like to think of operators 4, as a
basis of a subalgebra of Hom(7,7) the algebra of linear operators on 7. Notice that ) is another
such subalgebra. Therefore the products in (3.12) make sense. Then we have the following necessary
and sufficient conditions for £ to generate the manifold M with desired properties.

THEOREM 3 The manifold M generated by a G-invariant subspace L by (3.10) satisfies (3.11) if and
only if the following finite collection of identities are satisfied:

(Aa, Wo, LiK,L;]) =0, a=1,....m, r=1,....N—k, i,j=1,....k (3.13)

Proof. Let us prove first that the conditions above are necessary. Initially we will obtain three
sets of conditions and then prove that two of them are always satisfied. The third one will then be
reduced to (3.13).

Observe that if we let ¢ € G to be the identity then the equation (3.11) is identically satisfied
for every v = (A1,...,A\x) € R*. Then it is a natural idea to differentiate (3.11) with respect to g at
the identity using the explicit formula (3.6) for W. The equation (3.11) becomes

-1
k
{(Z)\igPi—i—gWO)_l—i—gI‘—l"} M, | = (M, We), veN, r=1,...,N—k (3.14)
=1

Differentiating in g € G at the identity, we obtain

k k
aoWo — Wo(aaD)Wo + > Xi(aaPs — Pi(aal)Wo — Wo(aal)P;) = Y MidjPi(ael)P;, M, | =0
i=1 i,j=1
(3.15)
for all « = 1,...,m. Since (3.15) must be valid for every v € N we get the promised three sets of
conditions:
(aaWo — Wo(aar)Wo, MT) = O, (316)



(aaP; — Pi(agD)Wy — Wy(aoD) Py, M,) =0, (3.17)
(Pi(aol)P; + Pj(a.T)P;, M,) = 0. (3.18)

In order to simplify these conditions we would like to express them in terms of basis operators
L; and K, and A, instead of P; and M, and a,. This is easily accomplished by the formulas (3.4),
(3.6), (3.7), (3.8) and (3.12). We obtain

([Aa, S0l Kr) =0, (3.19)
(An, WoL; K, So — So K, L;Wy) = (A, TWoL; K, — K,.L;W,T), (3.20)
(A, [0, WoL; K, LWy + WoL; K, L;Wy]) = 0, (3.21)
Now we use (3.6) to get
I'Wo = -1+ SoWy, (322)

where I denotes the identity in the algebra Y. Applying (3.22) to (3.20) and (3.21) we get:

([Aa, So], WoL; K, + KTLiW()) = ([Aa, Li], KT), (323)
(Ao, Wo, L;, K, Lj]) = ([Aa, So], WoL; K- L;Wg). (3.24)
First we observe that [As, So] = 0 because A, commutes with the isotropic tensor Sy for every
a=1,...,m. Then we observe that [A,, L;] is a linear combination of basis operators L;, because

L is a G-invariant subspace. Thus
([Aou Li]u Kr) =0

and (3.19) and (3.23) are identically satisfied, while (3.24) is reduced to (3.13).

Now let us show sufficiency, which is a corollary of the connectedness of SO(d). The derivation
of our equations is equivalent to saying that if S € M and a € A then aS € TgM, where M is given
by (3.10). Then for a given a € A consider a smooth vector field X (.5) in the neighborhood of Sy
on M:

X(S) =as. (3.25)

Now fix S and consider a curve &(t) = exp(at)S. Obviously, this curve solves the ODE:

[t 2 3o

Therefore £(t) € M for small ¢. Since the exp map is surjective on the small neighborhood of identity
in a Lie group G, we conclude that there exists a neighborhood U of the identity in G such that for
every g € U we have g5 € M. It remains to note two facts. One is that the whole group G maps
a small neighborhood of Sy € M into a small neighborhood of Sy, and the other one is that for a
connected Lie group any neighborhood of the identity generates the whole group. Thus g5 € M for
any g € G and for any S sufficiently close to Sy.0

In conclusion we will describe a subclass of solutions of (3.13).

THEOREM 4 A left (and right) annihilator of a G-invariant subspace is a G-invariant subspace sat-
isfying (3.13).

Proof. Let A be a G-invariant subspace. Define
L={L: LA=0} (3.27)
Observe that £ is a G-invariant subspace. Indeed,

0=g(LA) = (gL)(gA) = (gL)A.



Now let us write down the definition of the orthogonal complement to L:
K={K: (K,L)=0, VL: LA;=0, i=1,...,dimA}, (3.28)

where A;’s form a basis for A. The definition of K suggests a reformulation based on the Fredholm
alternative. Let .
A:Y — Hom(T,T)4mA  (\Y); = YA, (3.29)

where Hom(7,7) denotes the space of all linear operators on 7. Then by Fredholm alternative
(3.28) is equivalent to .
K={K: K=\Z, ZecHom(T,T)%m"} (3.30)

where \* : Hom(7,7)%™4 — Y is the adjoint map of . It is easy to calculate that

dim A
NZ =Y (Zihi+MZ]). (3.31)
i=1

Finally, (3.27), (3.31) imply that for any {L, Lo} C £ and for any K € K
LKLy =0. (3.32)

Thus an invariant subspace £ given by (3.27) satisfies (3.13). O

If the subspace £ in the above theorem is non-trivial then so is the annihilator of £ that contains
at least A. Thus the theorem produces pairs of mutually annihilating subspaces satisfying (3.13).
In section 5 summary items 1(a) and 3(b) form such a pair.

4 An example: conductivity.

In the case of conductivity we have

T=RY OR)=R, T=e ®e, Y=SymR?Y, Sy=sel. (4.1)
Therefore,
1 e1 ®eq
Wo=—1I1+———. 4.2
* s solso— 1) (42)

Applying the conditions (3.13) for this particular setting we obtain that e; must be an eigenvalue
of all matrices L; K, L; + L; K, L;.
It will follow from general results of part II of this paper that

Y={tI:teR}&{A: TrA =0} (4.3)

is the required decomposition of ) into a direct sum of G-invariant irreducible subspaces. In di-
mensions 2 and 3 this fact follows from the well-known form of isotropic Hooke’s law: x times the
projection onto the scalar matrices plus p times the projection onto the trace-free matrices. Shur’s
lemma then implies the decomposition (4.3). Thus we have just two choices for L.
Let
L={tl:teR}. (4.4)

Then for an exact relation to hold we need to require that e; be an eigenvector for K., i.e. for any
trace-free matrix. This is clearly false in any space dimension.
Let
L={A:TrA=0}. (4.5)

Then for an exact relation to hold we need to require that

e is an eigenvector for L;L; + L;L;. (4.6)



If d > 2 then we can easily choose two different trace free matrices Ly and Lo such that Tr(L,Ls) =0
that violate (4.6). In particular, if d = 3 we can take

0 0 O 0 0 1
Li=]0 0 1|, Le=1]0 0 O (4.7)
01 0 1 0 0
Then
01 0
Li1Lo+LsLi=1]1 0 O (4.8)
0 0 O

For d > 3 we can take the two matrices L] and LY that contain L; and Lo as their upper left 3x3
blocks with the rest of the elements zero. Then L} L/} will contain (4.8) as its upper left 3x3 block
with the rest of the elements zero.

If d = 2 then it is easy to check that £ given by (4.5) satisfies (4.6). This means that for d = 2
the subspace £ given by (4.5) generates a manifold corresponding to the exact relation for effective
moduli of laminates. The equation of this manifold is

TI'(WO_IW(S)WO_I) = TI'(WO_I) (4.9)
A simple Maple calculation then gives the well-known result:

det o* = constant. (4.10)

5 An example: two-dimensional elasticity.

In the case of 2-d elasticity we have
T = Sym(R?), Y = Sym(7T). (5.1)

For any A € 7 we let
O(R)A = RAR". (5.2)

It will be convenient to represent elements of ) by symmetric 3x3 matrices in the following orthonor-
mal basis of T [1, 10, 12]:

110 171 0] 1 701
B=slo1] B=glo 4] B0 o) >3
Then ~
st 0 O 1 1 1 0
So=] 0 s 0|, T=c|110]/. (5.4)
0 0 s 0 0 2

The decomposition of Y into the orthogonal sum of irreducible subspaces is easily inferred from
[1, formulas (2.24)—(2.26)]:

V=L1 DL D L3B Ly, (5.5)

where

El = Span(Xl), EQ = Span(Xg), Eg = Span(Xg,X4), £4 = Span(X5,X6), (56)
and

cost 0 0 —sint 0 0
1 . 1
X, = 0 Esmt 1 0 Xy = 0 Ecost 1 0 ,
0 0 —ssint 0 0 ——cost
V2 V2



0 1 0 0 0 1 0 0 O 0 0 0
Xz=|1 0 0|, X4y=]00 0], Xs=|01 0, X¢=]0 0 1
0 0 0 1 00 0 0 -1 0 1 0
Finally the one-dimensional Lie algebra of the representation ©(R) is spanned by
0 0 0
Ai=10 01 (5.8)
0 -1 0

in the basis (5.3).

Now we are ready to check conditions (3.13). There are 10 choices for £ (since £; becomes
L2 when parameter ¢ is replaced by ¢ + m/2). For each of the ten choices we compute the scalars
Parij = (Aa, [Wo, L;K,L,;]) using a Maple program. These scalars depend on components s; of Sy
and a parameter t. We get an exact relation whenever we can choose the values of the parameters to
make the array pari; identically zero. We list the ten arrays computed by Maple in the Appendix.
Examining each of the ten tables we easily pick out all those cases (7 in total) for which pari; = 0
for all o, r, 7 and j. Below we give a summary of what we have discovered. We have translated our
results from the S variables to the actual Hooke’s laws C' by means of (2.7). We will use H to denote

the corresponding manifold in C' variables. We still represent elasticity tensors as 3x3 matrices in
the basis (5.3).

Summary.
1. dimM=1

(a) £ =Span(X;) for sint = 0.
This case corresponds to the result of Hill [6, 7] that an effective Hooke’s law of a composite
made of components with the same shear modulus has that same shear modulus.

(b) £ =Span(X3) with sint =0 and (Sp)11 = 1.
This relation says that a mixture of isotropic materials with zero bulk modulus is again
isotropic with zero bulk modulus.

2. dimM= 2
(a) L :Span(Xg,X4) with (50)11 =1
This case describes a family of manifolds

H; = {C=c@c+tT| & =1*+c3 +c2}, (5.9)
where
-1 0 O
T=| 01 0 (5.10)
0 0 1

and c¢1, ¢o and c3 are coordinates of the 2 by 2 symmetric matrix ¢ in the basis (5.3).
This manifold contains only degenerate Hooke’s laws. It is the intersection of items 3(a)
and 4 below.

(b) ;C :Span(X5,X6)
Here we have a two-parameter family of manifolds H ;. The manifolds contain Hooke’s
laws of square symmetry with a given bulk modulus s and variable shear moduli p; and

1o that satisfy
1 1.1 1
(c+ )t
K M1 K 125)

This case was treated by Lurie and Cherkaev in [10].

)=t (5.11)
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3. dimM= 3

(a) £ =Span(Xy, X3, X4) with sint =0
This case describes a one-parameter family of manifolds

H; = {C =c®c+1tT| c € Sym(R?)}. (5.12)

This exact relation was discussed in [4]. Ttem 1(a) is contained here as a submanifold.
(b) £ =Span(Xs, X5, Xs) with sint =0
Here we have a one-parameter family of manifolds H,,. The manifolds contain Hooke’s

laws of square symmetry with a given bulk modulus . This exact relation was discovered
n [12]. Ttem 2(b) is contained here as a submanifold.

4. dimM= 5, L :Span(Xg,Xg,X4,X5,X6) with sint = 0 and (50)11 =1

Here we have a single manifold
H={C: detC =0} (5.13)

passing through isotropic tensors with bulk modulus equal to zero. This exact relation was
described in [4, section 4.3]. Item 1(b) is contained here as a submanifold.
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References

1]

2]

3]

[4]

M. Avellaneda, A. V. Cherkaev, L. V. Gibiansky, G. W. Milton, and M. Rudelson. A complete
characterization of the possible bulk and shear moduli of planar polycrystals. J. Mech. Phys.
Solids, 44(7):1179-1218, 1996.

G. A. Francfort and G. W. Milton. Sets of conductivity and elasticity tensors stable under
lamination. Comm. Pure Appl. Math., 47:257-279, 1994.

Y. Grabovsky. The G-closure of two well-ordered anisotropic conductors. Proc. Royal Soc.
Edinburgh, 123A:423-432, 1993.

Y. Grabovsky and G. W. Milton. Rank one plus a null-lagrangian is an inherited property of
two-dimensional compliance tensors under homogenization. Proc. Roy. Soc. Edinburgh, Series
A, 128:283-299, 1998.

Z. Hashin and S. Shtrikman. A variational approach to the theory of the elastic behavior of
polycrystals. J. Mech. Phys. Solids, 10:343-352, 1962.

R. Hill. Elastic properties of reinforced solids: Some theoretical principles. J. Mech. Phys.
Solids, 11:357-372, 1963.

R. Hill. Theory of mechanical properties of fibre-strengthened materials: 1. Elastic behaviour.
J. Mech. Phys. Solids, 12:199-212, 1964.

R. V. Kohn and R. Lipton. Optimal bounds for the effective energy of a mixture of isotropic,
incompressible, elastic materials. Arch. Ration. Mech. Anal., 102:331-350, 1988.

K. A. Lurie and A. V. Cherkaev. Exact estimates of conductivity of composites formed by two
isotropically conducting media taken in prescribed proportion. Proc. Royal Soc. Edinburgh,
99A:71-87, 1984.

K. A. Lurie and A. V. Cherkaev. G-closure of some particular sets of admissible material
characteristics for the problem of bending of thin plates. J. Opt. Th. Appl., 42:305-316, 1984.

11



[11]

[12]

A

K. A. Lurie and A. V. Cherkaev. Exact estimates of a binary mixture of isotropic components.
Proc. Royal Soc. Edinburgh, 104A:21-38, 1986.

K. A. Lurie, A. V. Cherkaev, and A. V. Fedorov. On the existence of solutions to some problems
of optimal design for bars and plates. J. Optim. Th. Appl., 42(2):247-281, 1984.

G. W. Milton. On characterizing the set of possible effective tensors of composites: the varia-
tional method and the translation method. Comm. Pure Appl. Math., 43:63—-125, 1990.

G. W. Milton. Personal communication. 1997.

F. Murat and L. Tartar. Calcul des variations et homogénéisation. In Les méthodes de
l’homogénéisation: théorie et applications en physique, volume n° 57 of Collection de la Di-
rection des Ftudes et Recherches d’Electricité de France, pages 319-369. Eyrolles, Paris, 1985.

L. Tartar. Estimation fines des coefficients homogénéisés. In P. Kree, editor, Ennio de Giorgi’s
Colloquium, pages 168-187, London, 1985. Pitman.

Appendix.

Here we give the results of the Maple program computing arrays parij = (Aa, [Wo, Li K, L;]) for all
possible choices of rotationally invariant subspaces £ in the context of Section 5. We display only
elements with ¢ < j since parij = parji- The array elements depend on 3 parameters s; > 0, so >0
and t € [0,27). Below each array we list all values of the parameters, if any, that make all array
entries vanish.

1. £L=L,.

p1,1,1,1 = 0
pi211 = 0

cos(t)v/2sin(t)
P1,31,1 = ——————————

2 S1 82 — 81 — 82
p1a1,1 = 0

1 —cos(t)? — s; + s; cos(t)?

Pi5,1,1

B 281 822—351 S2 + 81 —822+52
This array becomes zero if sint = 0, or if cost = 0 and s; = 1. The first possibility corresponds
to the result of Hill [6, 7], the second—to a new exact relation.

2. L=L1& L.
P11 = 0
P12 = 0
p1,1,22 = 0

B cos(t)+/2sin(t)

P121,1 =
25182 — 81 — S2
12 (—1 + 2cos(t)2)
P1212 = —3
2 25182 — 81 — Sp
Cos(t)\/ﬁsin(t)
P1222 = o
251 80 — 81 — 82
P1,31,1 =
p1312 = 0
p1322 = 0
_ —57 4+ s7cos(t)? +1—cos(t)?
P1a11 = 25,802 — 38, 80+ 8 — S22 + 80
- sin(t)cosétf(sz—l)
P14,12 = 281 822_351 52+51 —522+82
cos(t)?(s; —1
P14a22 =

251822 —35; 82+ 57 — 822+ 89

12



This array can never become zero because of the entries (1,2,1,1) and (1,2,1,2).

1= 1=y

3. L=2Ls.
p1,1,1,1 = 0
cos(t)(s;—1)

2571822 —35; 82+ 57 — 822+ 89

P1112 =

P1,1,22 =
pi211 = 0
sin(t)(s;—1)

257822 =351 50+ 57 — 822+ 89

P1,212 = —

P1222 =
P1,31,1
P1,3,1,2
P1,3,2,2
P1,4,1,1
P1,4,1,2
P1,4,2,2

Il
coocococoo

This array becomes zero if s = 1. This is the intersection of the two exact relations from [4].

4. L = L4.
P1111 =
P1,1,1,2
P1,1,2,2
P1,2,1,1
P1,2,1,2
P1,2,2,2
P1,311 =
P1,3,1,2
D1,3,2,2
P1,4,1,1
P1,4,1,2
P1,4,2,2

Il
Coocococoo0O0OoOO

\
o

This case corresponds to the exact relation discovered by Lurie and Cherkaev [10].
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5. L=L1® L.

Pi111
P1,1,1,2

P1,1,1,3
P1,1,2,2
P1,1,2,3

P1,1,3,3
P1,2,1,1
P1,2,1,2

P1,2,1,3

P1,2,2,2
P1,2,2,3
P1,2,3,3

P1,3,1,1

P1,3,1,2

P1,3,1,3
P1,3,2,2
P1,3,2,3
P1,3,3,3

cos(t)sin(t)
251 SS9 — 81 — 82

o~ O O

sin(t)(s;—1)
2571892 =351 50+ 57 — 822+ 89

V2sin(t)

28182—81—82

SO OIR OO O

—s7 +s3cos(t)?+1—cos(t)?

_251 592 — 351 89 + 81 — 522 + 89
1 V2sin(t)
2 25152—51 — 82

Il
cocoo

This array becomes zero if sint = 0. It corresponds to the exact relation discovered by
Grabovsky and Milton [4].

6. L=L1 DLy

Pi111
P1,1,1,2

P1,1,1,3

P1,1,2,2
P1,1,2,3
P1,1,3,3
P1,2,1,1
P1,2,1,2

P1,2,1,3

P1,2,2,2
P1,2,2,3
P1,2,3,3

P1,3,1,1

P1,3,1,2

P1,3,1,3
P1,3,2,2
P1,3,2,3
P1,3,3,3

cos(t)sin(t)(s; —1)
25 522—381 So + 81 —522—‘1-82

I
coocoo

cos( 1)
281 SS9 — 81 — S2

(I
oo o

B cos(t)v/2sin(t)

281 SS9 — 81 — S2
cos(t

28182—81—82
0

0
0
0

This array becomes zero if cost = 0. It corresponds to the exact relation of Lurie, Cherkaev

and Fedorov [12].
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7. L=L3® Ly.

Pi111
P1,1,1,2

P1,1,1,3

P1,1,1,4

P1,1,2,2

P1,1,2,3

P1,1,24
P1,1,3,3
P1,1,3,4
P1,1,4,4
P1,2,1,1

P1,2,1,2

P1,2,1,3

P1,2,1,4

P1,2,2,2

P1,2,2,3

P1,2,2,4
P1,2,3.3
P1,2,34
P1,2,44

cos(t)(s;—1)
251822 —35; 82+ 57 — 822+ 89

1 V2sin(t)

225152—51—82

V2sin(t)

28182—81—82

cCoOoCc oo~ O

sin(t)(s;—1)
2571822 =357 50+ 57 — 822+ 89

1 V2cos(t)

228182—81—52

V2cos(t)

25152—51—52

Cooc oI~ O

This array can never be zero because of the entries (1,1,2,3) and (1,2,1,4).

8. L=L1DL3D Ly.

P1,1,1,1
P1,1,1,2

P1,1,1,3
Pi1,14
Pi11,15
P1,1,2,2
P1,1,2,3
P1,1,2,4
P1,1,25
P1,1,3,3
P1,1,34

P1,1,35
P1,1,44
P1,145
P1,155

cCoo o~ O

cos(t)sin(t)
281 Sg — 81 — 82

o~ OO

cos(t)sin(t)(s; —1)
251822 —35; 82+ 57 — 822+ 89
0

sin(t)(s; —1)
281 822—351 S2 + 81 —822+52
0
1 V2cos(t)

225152—51—82

V2cos(t)

28182—81—82

This array is zero if cost = 0 and s; = 1. This case corresponds to the exact relation described

in [4, section 4.3].
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9. L=L1D LD L3.

P1,1,1,1
P1,1,1,2
P1,1,1,3

P1,1,1,4

P1,1,2,2
P1,1,2,3

P1,1,2,4

P1,1,3,3
P1,1,34
P1,1,44

P1,2,1,1
P1,2,1,2

P1,2,1,3
P1,2,1,4

P1,2,2,2

P1,2,2,3

P1,2,2,4
P1,2,3.3
P1,2,34
P1,2,4,4

This array can never be zero because of the entries (1,1,1,4) and (1,1,2,4

V2sin(t)

28182—81—82

V2cos(t)

28182—81—82

SO OoONNIr OO~ OO O

—s7 +s7cos(t)?+1—cos(t)?
2571822 —35; 50+ 587 — 822+ 89
cos(t)sinétf(sl -1
2571592 — 357189+ 51 — 8532+ 89
1 V2sin(t)
2 25152—51 — 82
0

cos(t)?(s; —1)
2571592 — 357189+ 51 — 8532+ 89
1 V2cos(t)

225152—51—82

o O OO

R b} P e
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10 L=L1D Ly D Ly4.

This array can never be zero because of the entries (1,1,1,4) and (

P11,1,1
P1,1,1,2
P1,1,1,3

P1,1,1,4

P1,1,2,2
P1,1,2,3

DP1,1,2,4

P1,1,3,3
P1,1,3,4
P1,1,4,4

P1,2,1,1

D1,2,1,2

P1,2,1,3

P1,2,1,4

P1,2,2,2

D1,2,2,3

D1,2,2,4
P1,2,3,3
P1,2,3,4
D1,2,4,4

0
0
0
cos(t)
251 Sg — 81 — 82

0
sin(t)

281 So — 81 — S2
0
0
0

B cos(t)/2sin(t)

28152—51—5

1v2 (-1 +2cis(t)2)

2 281 So — 81 — S2
cos(t)

281 So — 81 — S2

cos(t)/2sin(t)

25182 — 85 — Sg
smgt

281 So — 81 — S2

o O O

0
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