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Abstract

Marginal stability plays an important role in nonlinear elasticity because the associated minimally
stable states usually delineate failure thresholds. In this paper we study the local (material) aspect of
marginal stability. The weak notion of marginal stability at a point, associated with the loss of strong
ellipticity, is classical. States that are marginally stable in the strong sense are located at the boundary of
the quasi-convexity domain and their characterization is the main goal of this paper. We formulate a set
of bounds for such states in terms of solvability conditions for an auxiliary nucleation problem formulated
in the whole space and present nontrivial examples where the obtained bounds are tight.

1 Introduction

A classical problem of calculus of variation is to find global minimizers and identify in this way the most
stable configurations (ground states). A solution of a much less studied problem of finding all local minimizers
(metastable states) is obfuscated by the fact that local minima can be defined in different ways depending on
the choice of the topology on the set of configurations. In this paper we consider two such topologies associated
with weak and strong local minimizers. For each topology we pose the new problem of characterizing all
minimally stable local minimizers.

In nonlinear elasticity reaching the associated marginally stable states usually means either structural or
material failure [112, 29, 102, 7]. In this paper we do not address structural instabilities involving buckling,
barreling, microstructure collapse, etc. which are all global phenomena [57, 103, 75, 44, 50, 106, 18, 19].
Instead, we focus on material instabilities that manifest themselves at a point and are geometry and inho-
mogeneity independent. In mechanical terms such instabilities may lead to the nucleation of cracks, cavities,
second phase inclusions, dislocation loops and shear bands [58, 11, 13, 82, 76, 84]. Reaching local marginal
stability thresholds is often associated with the transition from statics to dynamics, moreover, marginally
stable states continue to be crucial in quasi-static flows. In particular, marginally stable states play a domi-
nant role in self organization towards criticality as observed in plasticity, friction, fracture, martensitic phase
transitions and damage [124, 4, 101, 100].

In applications it is important to identify states with disappearing reserve of stability in order to predict
large and sometimes catastrophic changes associated with ensuing instabilities. In this paper we formulate
the problem of finding the “unsafe loads” in the sense of the W norm topology and the W1:°° sequential
weak-* topology. Our choice of topologies is by no means exhaustive, for instance, it excludes cavitation,
while capturing phase transitions. For our two chosen topologies we propose a systematic procedure allowing
one to bound marginally unsafe loads by solving an auxiliary problem formulated either for a system of partial
differential equations or an algebraic system.

The simplest examples of material instabilities that can be linked to the two topologies studied in this
paper can be found in fluids where the loss of weak local stability is associated with spinodal decomposition,
and the corresponding marginally stable states lie on the spinodal [74], while the loss of strong local stability
is associated with nucleation, and the corresponding stability threshold is called the binodal [115]. In this
paper we study a far reaching generalization of these physical concepts in the context of calculus of variation.



In the absence of better choices we continue using the physical terms spinodal and binodal as the indicators
of weak and strong marginally stable states, respectively.

In mathematical literature the notion of weak global stability is associated with non-negativity of second
variation [14, 104, 45] and the full understanding of this concept in the scalar case was already achieved
in the classical work of Jacobi who characterized bifurcation points of the Euler-Lagrange equations for
second variation [87, 43, 45]. The general criterion of weak local stability is given by the Legendre-Hadamard
condition whose relation to ellipticity loss of the Euler-Lagrange equations and associated bifurcations has
been thoroughly studied [116, 8, 35, 30, 64, 9, 93]. In the context of nonlinear elasticity, the locus of weak
marginally stable deformation gradients can often be fully characterized analytically [63, 125, 31].

The mathematical notion of strong local, or material stability is expressed by the quasiconvexity condition
[86, 10, 102, 13, 32]. Unlike the Legendre-Hadamard condition, this constraint is non-local and is much harder
to explicate [69]. The quasi-convexification is known explicitly only in a few very special cases [61, 68, 67,
6, 95, 32] and our goal is to solve a simpler problem of computing the elastic binodal, without getting into
a task of relaxing a non-quasiconvex energy. The complete solution of the binodal problem remains elusive
even though we succeed in developing a systematic method of constructing a set of bounds distinguishing
(strongly) unstable states from the stable ones.

It is appropriate to mention here that both weak and strong versions of material stability have nontrivial
heterogeneous versions when the point of interest is located on the Neumann part of the external boundary
[2, 3, 20, 14, 105, 102, 85] or on an internal point of inhomogeneity [33, 75, 56]. Although the associated
instabilities play important role in applications, e.g. [110, 59], we leave this interesting subject outside the
scope of the present paper.

The main tool of our analysis is the notion of stability with respect to nucleation which we formulate,
building on some earlier insights [78, 77, 97, 98, 99, 61, 60, 41, 42, 40], in terms of solvability conditions for
an auxiliary problem in all physical space. The infinity of the domain reflects the fact that nucleation is
a manifestation of a local instability. We show that the nucleation problem can be formulated in different
equivalent ways depending on the assumed behavior of the nucleus at infinity. We observe that, the seemingly
natural requirement of attenuation at infinity is inadequate for capturing non-compact nuclei. Therefore we
raise the problem of extending the space of test functions in order to obtain the broadest possible notion of
the energy-neutral nucleus. Here, in contrast with the classical bifurcation theory, which is fully adequate
in the case of the spinodal [112, 93, 102], the implied generalized bifurcation problem cannot be understood
by linearization. We refer to the similar development in the theory of shape optimization where non convex
functionals arise naturally and our nucleation problem can be linked to the computation of 'topological or
Hadamard derivatives’ [107, 5].

More specifically, we show that by probing a homogeneous configuration with the test functions from
sufficiently large spaces one can indeed obtain a partial characterization of the binodal (see earlier related
work reviewed in [81, 24, 25, 26]). How tight are the ensuing bounds depends on specifics of the non-convexity
of the energy density function. While, it is unlikely that for a general energy density function there exists
even a single point on the binodal which can be identified exactly by solving the classical nucleation problem
for a PDE system, this is often a simple way to obtain surprisingly effective bounds. To supplement the PDE-
based bounds, one can consider gradient Young measures of the sequences of test functions converging only
weakly [121, 122, 12, 15, 94, 111]. Finding the optimal Young measures in the general case is hardly possible,
however, simple algebraic bounds on the binodal can be obtained by energy minimization with respect to a
subclass of Young measures represented by laminates. Even though such results are only partial from the
theoretical view point, the resulting bounds may be very useful in applications, where one has no hope of
computing the explicit quasiconvex envelopes. A nontrivial example presented in this paper shows that in
some cases the PDE-based methods combined with the laminate-based methods allow one to locate the entire
elastic binodal.

The paper is organized as follows. In Section 2 we introduce the concepts of elastic spinodal and elastic
binodal as the boundaries of the larger sets on which certain variational functionals are non-negative. To
identify these boundaries one needs to solve a bifurcation problem in the case of the spinodal and a nucleation
problem in the case of the binodal. The precise formulations of these problems depend on the functional and



the chosen space of test functions. Different formulations defining the same critical sets form an equivalence
class. In Section 3 we present several examples of equivalent formulations of the bifurcation and nucleation
problems and propose the existence and the computability of solutions as possible selection criteria. In Sec-
tion 4 we obtain an explicit characterization of the spinodal and binodal sets for some classes of test functions.
In particular, we study the case when the binodal is detectable by solving a system of PDEs complemented
with additional conditions allowing one to locate the singularities. A case study for an important class of
bi-quadratic energies with two isotropic wells is presented in Section 5. Here we treat the case of arbitrary
space dimensions and make the nucleation-based bounds on the binodal fully explicit. The last Section 6
contains our conclusions.

In this paper we will use subscripts like Wg(F') or Wgpr(F') to denote the array of partial derivatives
OW/OF;, or 8*W/0F;,,0F;p with respect to field variables F and we use Vy(z) to denote the matrix (Vy)io =
0y, [0z, of partial derivatives. We also use the inner product notation (a, b) to denote the dot product of two
vectors or a Frobenius inner product Tr (AB7T) of two matrices. The notation Az denotes the matrix-vector
multiplication and Wrp(F)H denotes the action of the operator W on the space M of m x d matrices:

2 Spinodal and binodal

Consider a rather general variational functional used in non-linear elasticity theory

E(y) = /Q W(Vy())de — /8 (t(x), 4)dS (x), (2.1)

QN
where € is a smooth open and bounded domain in R?, and 9y is the Neumann part of the boundary. We
assume that the values of y(x) are prescribed on the Dirichlet part 0Qp = 9Q\ Q. The energy density W
is a continuous and bounded from below function on the space M of all m x d matrices. Further regularity

assumptions will be stated below. We observe that in general it is possible to absorb the boundary term into
the volume integral by replacing the energy density with appropriate more general Lagrangian

E(y) = /QL(w,y(w)Vy(waw- (2.2)

To formulate our two notions of local stability (or metastability) we define Var = {u € C'(Q;R™) :
u(x) =0, x € 90p}. The weakly and strongly stable states are defined as follows.

Definition 2.1. A sequence w, € Var is called an admissible weak variation if ||u,|c1) — 0, as
n — oo. Correspondingly, we say that y(x) is weakly stable, if for all admissible weak variations w, we have
E(y + u,) > E(y) when n is sufficiently large.

Definition 2.2. A sequence s, € Var is called an admissible strong variation if ||s,|c@) — 0, as
n — oo. Correspondingly, we say that y(x) is stable, if for all admissible strong variations s, we have
E(y + sn) > E(y) when n is sufficiently large.

Suppose now that we are testing stability of a given configuration y € C*(Q;R™). We always assume
that the energy density L(zx,y, F) is of class C? on the extended graph {(x,y(x), Vy(z)) : * € Q} of y(z).
Consider a general (weak or strong) admissible variation {g.} C Var. We now expand the energy increment

AE(ge) = B(y +gc) — B(y) = 0B(ge) + 6°E(ge). (2.3)

where

0E(ge) = /Q{(LF, Vge) + (Ly, ge) Hdex.



The second term
52E(ge) = / L*(mvnggé)dwa
Q

where
L*(.’I:,’U,,H) = L(.’I:,y(.’l)) +u, Vy(w) + H) - L(:B) - (LF(w)vH) - (Ly(w)vu)v

can be formally interpreted as the “generalized second variation.” Indeed, for the weak variations of the form
ge = €u, u € CH(Q;R™) N Var, (2.4)

we have

2
PEg) = 5 /Q ((LrrVu, V) +2(LyrVau, u) + (Lyyu, u) tdz + o(?).

Since the linear term 0 E(g.) in the expansion (2.3) vanishes due to the Euler-Lagrange equation, the require-
ment AE(g.) > 0 implies, for the class of special weak variations (2.4), the non-negativity of the classical
second variation

/{(LFFVu, Vu) + 2(LyrVu,u) + (Lyyu, u)}de >0 (2.5)
Q

for all w € Var. The condition of non-negativity of the generalized second variation condition produces a
different result if the general variation is taken from the special class of strong variations

g, =n9((x —xo)/n, xOEQ, ¢ CHBR™). (2.6)

If Vy(x) is continuous at xg, then the generalized second variation has the form

5°E(gy) =n* | W°(Vy(xo), Vé)dz + o(n?),
B

where

WO(F,H)ZSL(iBo,y(ilto),F,F'i‘H), (27)

and
gL(:E,y,F,F/) :L(mvyaF/)_L(wava)_(LF(wava)aF/_F)

is the classical Weierstrass excess function for the Lagrangian L [123, 45]. We see that W°(F, H) can be
expressed entirely in terms of the localized version of the Lagrangian

W(F) = L(mO; y(mO)v F)a (28)

where the dependence on xy €  is suppressed in the notation. We note that if the Lagrangian L(x,y, F)
comes from the energy of the form (2.1) then our definition of W (F') differs from the original W (F') by at
most a linear term, which does not affect any of the subsequent equations.

The requirement AE(g,) > 0 for the class of special strong variations (2.6) is equivalent to the the
quasiconvexity at Vy(zo), [86, 10]:

: We(Vy(xo),Vo(z))dz > 0, (2.9)

for all ¢ € C}(B1;R™). Notice that the infinitesimal perturbation (2.6) at a point zo €  is transformed
by rescaling (zooming in) into a finite perturbation prescribed on the unit ball. Tt is well known that the
condition (2.9) does not depend on the support of ¢(x) and the unit ball B; can be replaced by any subset of
R?, as long as its boundary has zero d-volume. The smoothness of ¢(x) is also not important, in particular,
the condition (2.9) would be unchanged if we require that ¢ be of class C*°, or if we allow ¢ to be merely
Lipschitz continuous.



The removal of the linear term in (2.3) is natural since we consider stability of an equilibrium state and
this step is straightforward in the case of weak local minima. For strong local minima, the removal of the
linear term, dating back to Weierstrass, is also useful because finite perturbations in a small domain create
small perturbations outside this domain, and the latter become invisible if the linear part of the functional is
removed.

We emphasize that while the quasiconvexity condition (2.9) is domain-local, i.e. it depends only on the
behavior of the deformation y(x) in any neighborhood of the point xg, the second variation condition (2.5)
is domain-global. The two conditions, however, have a non-trivial intersection that can be achieved either by
performing the “localization” u(x) — nv((z — zo)/n) in (2.5) with v € C}(B1;R™) or by the “weakening”
d(z) — ev(z), in (2.9) with v € C}(By;R™). Independently of whether we take a limit € — 0 in (2.9) or the
limit 7 — 0 in (2.5) we obtain

/B (Wrr(Vy(zo))Vo(z), Vo(z))dz >0 (2.10)

for all v € CJ(B1; R™).
The necessary conditions (2.9) and (2.10) of strong and weak stability motivate the following definitions
of spinodal and binodal.

Definition 2.3. The deformation gradient F € M is called weakly locally stable if
/ (Wrr(F)Vv(z),Vo(z))dz >0 (2.11)
By

for all v € CY(B1;R™). The set
G ={F e M: F is not weakly locally stable}

is called the spinodal region. The boundary surface Spin = 06 of the spinodal region is called the spinodal.

Definition 2.4. The deformation gradient F € M is called strongly locally stable if

WC°(F,V¢(z))dz >0, (2.12)
B,

for all ¢ € CL(B1;R™). The set
B ={F € M: F is not strongly locally stable} (2.13)

is called the binodal region. The boundary surface Bin = OB of the binodal region is called the binodal.

Our goal is to formulate conditions on F' under which the inequalities (2.12) and (2.11) become violated.
The spinodal and the binodal regions can be characterized in terms of the parametric variational inequalities

6= {F eM: inf / (Wrr(F)Vv(z),Vu(z))dz < O}, (2.14)
¢€Cy(B1;R™) J B,

B = {F eM: inf We(F,V¢(z))dz < 0} . (2.15)
$€C; (B1R™) J B,

In view of the nonexistence issues neither (2.14) nor (2.15) allows one to characterize the corresponding sets

directly in the general case. For the weak local stability in the vectorial case d > 1 the absence of the non-

trivial solutions for the corresponding Euler-Lagrange equation does not imply stability because the boundary

conditions are too restrictive. We therefore extend the space of admissible test functions by eliminating all

unnecessary smoothness and growth conditions. While similar extension of the space of admissible functions



will not solve the non-attainment problem in the case of the general binodal, in many specific examples even
a limited extension allows one to obtain a fairly complete picture.

More precisely, we use a crucial observation that in order to characterize the binodal we do not need to
know the value of the infimum in (2.15) but only its sign. In this sense our problem is less difficult than
the problem of computing the quasiconvex envelope of W (F'). Most importantly, we can expect that various
functionals may fully characterize the binodal via their signs and other parametrized variational inequalities
equivalent to (2.15) can be used instead. This observation suggests the following definitions.

Definition 2.5. Let F C W1°(R%R™) and let I(F, @) be the functional on F. We say that the pair (I, F)
bounds the spinodal (binodal) if for every F ¢ & (F ¢ 8)

inf I(F > 0. 2.16

f I(F, ¢) (2.16)
We say that the pair (I, F) characterizes the spinodal (binodal) if, in addition to (2.16), for every F € &
(FeB)

inf I(F,¢) < 0. 2.17

Inf I(F, ¢) (2.17)

We already know that the pair

F = C§(By;R™), I(F,qb):/ (Wrr(F)Vo(z), Vv(z))dz

B

characterizes the spinodal, while the pair

F=Cy(Bi;R™),  I(F,¢)= | W°(F,Ve(z))dz
B
characterizes the binodal. Another well-known example of the binodal characterizing pair is ()2, A°), where
)Y is the space of homogeneous compactly supported gradient Young measures with zero first moment and
A° is a linear functional on yg defined by

A°(v) = /M W°(F + H)dv(H), ve)l. (2.18)

Since none of these characterizations of the binodal is practical, our goal will be to present other pairs (F,I)
that characterize the binodal. In particular, we are interested in finding the spaces F that allow one to
characterize the binodal in terms of computable solutions of a system of PDEs. Observe that the notions of
pairs characterizing and bounding the binodal may go beyond a simple extension of a function space. For
example, nucleation of a precipitate containing martensitic twins microstructure in a shape memory alloy
[97, 98, 99, 126, 66, 65], suggests that the set F may contain parametrized families of Young measures, while
the functional I in the pair (F,I) will then be derived as a limit of the original functional on the sequences
generating the Young measures.

3 Equivalent problems

In this section we present several examples of spinodal-characterizing, binodal-characterizing and binodal-
bounding pairs that are different from those given in (2.14) and (2.15) and are better suited for obtaining
explicit constraints for the sets Gpin and Bin.

3.1 Spinodal

In the case of spinodal, the functional in (2.11) is quadratic, and hence, it is natural to extend the space
C¢(B1,R™) to the space
So = {ve L} . (RLR™) : Vo € L3R M)}, (3.1)

loc



Then the pair (Sp, Iy) is spinodal-characterizing, where

Iy(F,¢) = /Rd(WFF(F)Vv(z),V'v(z))dz >0, v € Sp. (3.2)

Let us show that generically, when d > 1 the associated Euler-Lagrange equation
V- (Wpp(F)Vv) =0, wesS (3.3)
has no non-zero solutions. Indeed, taking the Fourier transform of (3.3) we obtain [116, 112, 102]
A(m; F)v(m) =0,
where the acoustic tensor A(m; F') at F is defined as the linear map on R™ given by
ar— A(m; F)a = (Wrr(F)(a ®@m))m. (3.4)
As we can see the L? function ¥(m) ® m must be supported on the union of rays Rn, where [n| = 1 solves

det A(n; F) = 0. Generically, this union is a closed and nowhere dense subset of R?, when d > 1. Hence

ﬁ)(m) = 0 for a.e. m € RY and the problem (3.3) has only trivial solutions in Sp. The reason for non-
existence in (3.3) is that the eigenfunctions of the second order differential operator with constant coefficients
are single Fourier modes ¢(™#)a, where a is an eigenvector of the acoustic tensor and these eigenfunctions
do not belong to Sp.

The set of functions containing the eigen-modes of the linear operator (3.3) should be sufficient to char-
acterize the spinodal. One possible choice is the set

Fs ={6((z,n))a: 6 € H'(R)} (3.5)

of functions, whose distributional Fourier transform is supported on a single ray Rn.

Observe that the functions from (3.5) decay at infinity only in one direction n and the quadratic functional
in (3.2) is no longer defined. To fix this problem we can approximate functions (3.5) by a sequence of functions
v, € Sy and consider an equivalent functional

fRd (Wrp(F)Vv,Vv)dz
I(F =
( 7”) J"Rd |V'U|2dz bl

Indeed, it is obvious that I(F,v) > 0 for all v € S if and only if (3.2) holds. Let p(x) be a smooth compactly
supported function then

veSp. (36)

liy I(F p(12)9((2,m))a) = (A(n: F)a, ). (3.7)

This formula follows from the relation

lim [ (Wpp(F)Vv,, Vv,)dz = (A(n; F)a,a) (/R ¢I(t)2dt) </(

n—0 Jra

where .
vy(2) =17 p(nz)é((z,n))a.
It is now easy to show that the pair (Fs, Is) with
Is(F,¢9((z,n))a) = (A(n; F)a,a). (3.8)

characterizes the spinodal. The Plancherel’s identity applied to (3.2) implies
/ (A(m; F)5(m), 5(m))dm. > 0. (3.9)
R4
It is obvious now, that if the acoustic tensor A(n; F) > 0 in the sense of quadratic forms for all n € S?~1,

then (3.9) and hence (3.2) holds. Conversely, (3.7) shows that (3.2) implies non-negativity of the acoustic
tensor.



Remark 3.1. Due to the homogeneity of the functional Is we can also write

Jnf Ts(F,¢) = ~Inde:(F) (3.10)

where Indg:(F) is the indicator function® of the complement to the spinodal region &.

3.2 Binodal

Here we proceed in parallel with the analysis for the spinodal. We begin by extending the space of admissible
test functions from C}(B1;R™) to the space

S={pecWH?R:ER™): Vo € L2 (R M)}, (3.11)

for which the integral
P(F,¢)= | WO(F,Ve(z))dz (3.12)
Rd
is convergent. We emphasize the additional assumption of uniform boundedness of ¢ and V¢ in the definition
of the space §. From a technical standpoint the assumption ¢ € Sy is insufficient to ensure convergence of
the integral in (3.12).

Interestingly, the phenomenon of cavitation [11, 109], which is outside the scope of this paper, can be
interpreted as existence of unbounded Sobolev test fields ¢ € WP (R%; R™) that in the hard device can lower
the energy of a homogeneous state, which is not in the binodal region. Thus, examples in [88, 96] feature
cavitation for globally polyconvex energies, whose binodal regions are empty sets.

THEOREM 3.2. The pair (S,1°) characterizes the binodal.

Proof. If the inequality (2.12) fails for some ¢ € C§°(B1;R™) then the inequality (3.12) fails, since ¢ € S, if
extended by zero outside of Bj.

First we prove (3.12), assuming that (2.12) holds. For each R > 0 let ng € C§°(Bar) be a cut-off function
such that nr takes values between 0 and 1, ngr(z) = 1 for all z € Bg and |Vng(x)| < C/R for all z € R?
with constant C' independent of R. We extend ng(x) by zero to the complement of Bag. The theorem will
be proved if we show that for each ¢p € S there exists a constant? ¢ € R™ and a sequence R, — 0o, such that

lim We(F,V(ng, (¢ —c))dz = W°(F,V¢)dz, (3.13)

k—oo Jrd R4

Indeed, if F' satisfies (2.12) then

» W (F,V(nr, (¢ - ¢)))dz = . W (F,V(nr, (¢ —¢)))dz > 0

for all k € N, and hence the relation (3.13) implies (3.12).
To prove (3.13) we use the inequality

(We(F,G+ H) - W*(F.G)| < C(IG||H| + |H|*) (3.14)
that holds for all |G| < M and |H| < M, where the constant C' depends on M, F and W. Taking
M = ||@|1,00, We have

W (R Tlan( - )~ W°(F.0659)| < C (11— cl[Vol + 16— f?)

1The indicator function of a set equals to zero on the set and +oco on its complement.

2When d > 3 there is a canonical choice of the constant ¢, such that ¢ — ¢ € L2%/d=2(R4;R™) (see Theorem A.1). When
d = 1 the choice of the constant is irrelevant. However, when d = 2 there is no canonical choice of the constant ¢, which can not
be chosen arbitrarily.



where the constant C is independent of @ and R. Lemma 3.3 below implies there exists a constant ¢ € R™
and a subsequence Ry, such that

lim We(F,V(ng, (¢ —c))dz = lim We(F,ngr,Vo)dz.

k—oo Rd k—oo Rd

The inequality W°(F,H) < C|H|? holds for all |H| < M, where the constant C' depends M. Using
this inequality with M = ||¢||1 0 permits the application of the Lebesgue dominated convergence theorem,
resulting in (3.13). O

Now we formulate the Lemma which we needed in Theorem 3.2.

LEMMA 3.3. For any ¢ € S there exists a constant ¢ € R™, such that

lim {§|¢—c||v¢| ¥ %w—cﬁ}dw 0,

R—ooJ AR
where AR = B2R \ BR.
The proof of the lemma is in Appendix A.

Remark 3.4. In the statement of Lemma 3.3 the liminf can be replaced by limit as R — oo (as we can see
from the proof), except when d = 2. When d = 2, the use of liminf is essential. Indeed, let ¢(x) = u(|z|),

where

cos(lnlnr)

u(r) = 2sin(Inlnr) + ) r>e. (3.15)

Inr
We compute

2R
(Prap = %/ ru(r)dr = %(r2 sin(Inlnr)) |%*= 2sin(Inln R) + o(1),
R

as R — oco. We see that (¢)a, has no limit as R — oo and that we can choose any ¢ € [—2,2] so that there
is a sequence Ry, for which (¢ —c)a, — 0, as k — oo.

3.2.1 Localized test functions

While the space S is adequate for test fields produced by compact precipitates, it does not contain functions
of the form (3.5) corresponding to nucleation of slabs. The proof of equivalence in Theorem 3.2, and especially
Lemma 3.3 suggests that the test functions ¢ must satisfy

1
[ ale ek + 9ol o
h(R)?2
liy ZAntm) LU =0, (3.16)

R—o0 / |V¢|2dcc
Br

for some constant ¢ € R™, where h(R) is a monotone increasing function, such that h(R)/R — 0, as R — oc.

Here
Ar(h) ={z € RY: R—h < |z| < R}.

Without attempting to achieve the maximal extension, we can simplify the foregoing exposition by pointing
out that in all of our applications we use only the functions ¢(x) for which

/ Vo Pda
lim Ar(h(R))

] =0 (3.17)
— 00 2
Vol dx
~/BR | |




for every monotone increasing function h(R) = o(R). This property can be restated as a relative uniform
continuity of the function

K(R) = /B |Vo|*de.

The notion of relative uniform continuity is the same as the classical notion of uniform continuity, except
the absolute errors are replaced with relative errors. More precisely, K (R) is relatively uniformly continuous
if for every € > 0 there exist § > 0 such that for any Ry > Ry > 1 for which (R; — Ry)/R; < §, we have
(K(R1) — K(R2))/K(R1) < e. We can also restate this property using classical uniform continuity. Observe
that the exponential function converts absolute errors into relative errors. Therefore, the relative uniform
continuity of K (R) is equivalent to the classical uniform continuity of f(x) =1In K(e*) on [0, +00).

Definition 3.5. We say that the test function ¢ € W1 (R R™) is localized if K (R) is relatively uniformly
continuous at infinity and there exists a constant ¢ € R™, and a monotone increasing function h(R) = o(R)
such that

1
h_mi/ ¢ — c|?dx = 0. 3.18
Rooo K(R)R(R)? J 4 (n(R)) | | (3.18)
It is easy to see that any localized test function ¢ satisfies (3.16). One can also construct radial test
functions ¢(x) = u(|x|) that satisfy (3.16) but are not localized in the sense of Definition 3.5.

Remark 3.6. If d = 1 or 2, then the condition (3.18) is a consequence of (3.17) for any choice of c. If
d > 3, then the condition (3.18) is not a consequence of (3.17).

Indeed, if d = 1 we have

1 / 2 ¢ —cll2
g | — c|*dx < ———==,
h(R)? J 4, (n(r)) h(R)

and (3.18) follows as long as h(R) — oo, as R — co. When d = 2, we consider two cases. If

lim K(R) < 400

R—oo

then ¢ € S and (3.18) follows from Lemma 3.7 below. If K(R) — 400, as R — oo, then

1 R

- & — c|?dx < 3nl|p — |2 =
/. NS 6 el e

The relation (3.18) follows from Lemma B.1 proved in Appendix B, where

1
‘= R®m

If d > 3, then the functions ¢(x) = |x|~ satisfy (3.17) but not (3.18), when 0 < a < (d — 2)/2.

The terminology “localized test function” reflects the fact that these functions retain those features of
the original smooth, compactly supported test functions that are essential for defining the binodal via the
localization (2.6). The definition suggests that we may regard the test function ¢ (or more precisely, ¢ — ¢)
as supported on a compact set K C Bpg for a sufficiently large R. This corresponds, via (2.6) to variations
supported on a small ball B, r(xzo) C Q.

If we now wish to distinguish between the the binodal and the interior of the binodal region we need to
further restrict our attention to the functions satisfying “zero volume fraction condition”

— 0, as R — oo.

lim |Vo|>dz =0 (3.19)

R—oo Br

In the blow up problem (3.12), the condition (3.19) represents additional constraint on the behavior of the
test function ¢ at infinity.
It is now natural to extend the space of admissible test functions from the space S to

Si ={¢ : ¢ is localized and satisfy (3.19)}.
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LEMMA 3.7. S C S..

The proof is in the Appendix B.
It is clear that for ¢ € S, the integral in (3.12) does not have to converge. By analogy with (3.6) we
replace it with the normalized functional

_ We(F,V)dz
I(F,¢) = m 28z . (3.20)
R—o0 / |V¢|2d.’13
Br

Observe that for any ¢ € S, the functional I,.(F, ¢) is finite, since V¢(x) is uniformly bounded.
THEOREM 3.8. The pair (S«, I.) characterizes the binodal.

Proof. If the inequality (2.12) fails for some ¢ € C5°(B1; R™) then I.(F, ¢) < 0, since ¢ € S.. Now assume
that (2.12) is satisfied. Our goal is to prove that I.(F,¢) > 0 for all ¢ € S,. Let us fix ¢ € S.. Let h(R)
and ¢ € R™ be as in the Definition 3.5. Let nr(z) be a Lipschitz cut-off function such that 0 < ngr(x) < 1,
nr(x) = 0, when |z| > R and nr(x) = 1, when || < R — h(R). In addition we can choose ng(x) such that

|[Vnr(x)| < 1/h(R). We have due to (3.14)
{182+ vl | .

/ W,V (nr( — ) — W°(F,Ve)|dz < C /
Br

Arr(r)) U A(R)?
Therefore,
L(F) >l JoaVE V(6 — ez
R—o0 fBR |Vo|>dx
The theorem is proved. ]

The next logical step is to write down explicit conditions on ¢ € S, minimizing (3.20). However, the
definition of the functional I, (F, ¢) makes it difficult to study its minima by classical variational methods.
It is not even clear if the space S, is a vector space. It is then natural to search for subsets of S, that are
vector spaces on which the functional I, (F', ¢) can be represented by a classical variational integral functional
without violating the pair-equivalence condition.

3.2.2 Periodic-decaying test fields

The analysis of spinodal in Section 3.1 suggests to consider the test fields that are periodic (or constant) in

some directions and decaying in the remaining ones. More precisely, we choose our test functions ¢(x) to be

in S “along” a k dimensional subspace £ of R? and to have (d — k) periods in the orthogonal complement £+.
More precisely, we assume that

o(x + uj) = p(x), {uy,...,uq_1} C L is a basis of periods. (3.21)
Let {ey,...,ex} be an orthonormal basis of £ and {€x1,...,eq} an orthonormal basis of L. We define
k d
¢(tap) :¢ thej+ Z Dj—k€j ’ t= (tlv"'vtk) GRkv p= (plv"'apdfk) eQdfkv (322)
j=1 j=k+1
where Qg is the period cell in p variables. We assume that ¥ € Si(Qq—r), where

Sk(Qa—r) = {1p € W (Yi; R™) : [ahy ] € LP(Vi; R™*D)}, Y = R* x Qq_.

11



Hence, we introduce the space of “periodic-decaying” test functions

Cp = {¢($) =Y(Rx,Qx) : ¥ € Sk(Qi—k), [ g } € S0(d), Qa—r —a parallelepiped} .

The k x d matrix R has rows eq,...,ex, while (d — k) X d matrix @ has rows eg41,...,e4. Observe
that the sets Cj, are the unions of the family of vector spaces smoothly parametrized by a finite dimensional
manifold G4 x GL(d — k,R)/SL(d — k,Z). The first factor is the Grassmannian of k-dimensional subspaces
L C R?, while the second factor is the set of all distinct oriented Bravais lattices in R?~*. Here GL(n,R)
denotes the set of all invertible real n x n matrices, while SL(n,Z) denotes the set of all n x n matrices with
integer components and determinant equal to 1. Such matrices map the lattice Z™ onto itself.

We remark that in the case £ = 1 the functions ¢ € C; correspond to the physical idea of the nucleation
of either a homogeneous plate (test field in Cy) [81, 80, 24] or a composite plate [97, 98, 99, 27] while the case
k = d can be viewed as nucleation of a fully localized precipitate [78, 77, 60, 25, 26].

We also distinguish special subspaces of C, generated by functions ¥ € Si(Qq—) that do not depend on
the p variables explicitly. We denote these subspaces by Sy and Cj, respectively.

S ={p € Whe(RF;R™) : Vop € L*(RF;R™F)};
Cr={¢(x)=1(Rz): ¢y €Sy, R:R" - RF, RR" =1 }.
For example, the test functions in C; must have the form
b(x) = f((n,x)), feW" S RR™), [ eLl’R;R"), (3.23)

where n € S9! is constant but arbitrary. In physical terms these test functions correspond to the nucleation
of long and thin platelets.

THEOREM 3.9. For any 1 < k < d we have Ci, C S, and

W (F, 9, R + Q) dpdt / WO (F, V)dw
_JY

I.(F,¢) = “%& , (3.24)

/ (Ie* + |9p|*)dpdt / \Vo|2dx
Yi Y
for any ¢ € Cy, where Y = [RT QT)Y, = L x QT Qq_.

The proof is in Appendix C.
Suppose now that A € GL(d — k,R) maps Qq_j onto [0,1]97F. If ¢ € Si(Qq_r), then

,‘/J(tup) = 1|b0(t7 Ap)u
where 1y € Si([0, 1]d’k)d§f82. Since the denominator in (3.24) is always non-negative, the conclusion of our
analysis is that the functional

(P . RQA) = [ WO(F pu(t.p) Rt y(t.p) AQ)pit (3.25)

defined on S is the desired replacement of the functional in (2.12). Here Y0 = R* x [0, 1]¢7%. Next we show
that the spaces Cj, contain enough test functions to characterize the binodal.

THEOREM 3.10. For any 1 < k < d, any orthogonal splitting [RT Q™| € SO(d) of R%, and any A €
GL(d — k,R) the pairs (S, Jy) characterize the binodal.

12



Proof. Theorem 3.9 implies that if for given R, Q and A there exists ¢ € S for which Ji(F, ¢, R, Q) < 0,
then the corresponding function ¢(x) = (Rx, AQx) € S. satisfies I.(F,¢) < 0. By Theorem 3.8 we
conclude that F' € ‘B.

Now assume that F € B. Then there exists ¢ € C}(By;R™) for which the inequality (2.12) fails. Let us
first extend the function ¢(z) by zero to all of R?. Let us split the space R? into an orthogonal sum R? =
RTR* @ QTRIF. Let ¥o(t,u) = ¢(RTt+ Q7 u). Let Qq_1 be the period cell mapped by A € GL(d — k,R)
onto [0,1]97F. Let ¢ € Qg_ be the center of Q4 and a > 0 be so large that Yo (t,u) = 0, if u € a(Q4_1—c).
Let 9 (t, u) be the a(Qq_y, — ¢)-periodic extension of 9 (t, ). Let 9(t, p) = a‘ep(at,aA~'p). Then 1) € SY.
Also

Ju(F.p,R,Q,A) =a % det Al [ W°(F,V¢)dz < 0.

B
O
Remark 3.11. We observe that if ¢ € Cr, and A > 0, then ¢ = A@p(x /) € Ci, and
/ We(F,Vy)dx = /\d/ We(F,V¢)dx.
Y Y
Therefore,
ot (P, @) = ~Indy(F),
where Indge(F) is the indicator function of the complement of the binodal region.
If ¢ € Cj, then the functional Jj, reduces to
J(F,,R) = | W°(F,V(t)R)dt. (3.26)

Rk

Observe that the pairs (Cy, Ji) only bound the binodal, while the pairs (S, J;) characterize it.

3.2.3 Laminates

Crossing the binodal may not be detectable by solving the Euler-Lagrange equations in one of the above
problems. For instance, one can show that in the example considered in Section 5 with d = 2 there are
parts of the binodal that can only be detected by test functions whose gradient is supported on three specific
gradients [49]. To construct such objects we need sequences of test functions in C; that converge only weakly.
The limiting value of the functional J; will then be expressed in terms of the finitely many parameters
describing the geometry and piecewise-constant elastic fields in the limiting configuration.

More precisely, we consider elastic fields described by finitely supported probability measures [28, 62]

v=> XNbm,, Y A=1 X\ >0. (3.27)
j=1 j=1

Given such a measure it is in general difficult to verify if v is a gradient Young measure. However, one may
easily construct a large class of such Young measures via the process of lamination [89].

Definition 3.12. Let 1 < jo <r, s € (0,1), 6 € [0,1] and {B1, B2} C M are such that By — By is rank-1
and H;, = sB1 + (1 — s)Ba. We say that the measure

vV =v+ 6‘/\]'0(8631 + (1 — 8)632 — 5Hj0)

is obtained from v by lamination.
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Definition 3.13. A finite rank laminate is a finitely supported probability measure (8.27) for which there
exists a sequence of probability measures v, ..., Vm, such that vi =0y, vy = v and for eachk=1,...,m—1
the measure V41 1S obtained from vy, by lamination.

For a measure v given by (3.27) we define its “center of mass” by
T
v=> X\H,.
j=1

We observe that if 2/ is obtained from v by lamination then v/ = . Hence, the matrix H in the definition of
a finite rank laminate Young measure is equal to .

THEOREM 3.14. Suppose v is a finite rank laminate with = a®mn. Then there exists a sequence {¢,} C C1,
such that ¢, — Po uniformly, where ¢g(x) is given by

1
0, (3.28)

and such that
ILm J(F, ¢, R,Q,I)=J(F,v) = / We(F,H)dv(H) = Z)\jWO(F,Hj), (3.29)
j=1
where the 1 x d matriz R can be identified with the unit vector n.

The proof of Theorem 3.14 can be found in Appendix D.
We can now define the space

£ = {v — finite rank laminate Young measure, rank(7) = 1}.
Corollary 3.15. The pair (£, J(F,v)) bounds the binodal.

Proof. If F ¢ B then J;(F, ¢, R,Q,I) > 0 for any n > 1, where the sequence {¢,} is as in Theorem 3.14.
The formula (3.29) then implies that J(F,v) > 0. Hence, the pair (£, J(F,v)) bounds the binodal. O

4 Characterization

In this section we use our equivalent formulations to derive explicit necessary conditions characterizing spin-
odal and bounding the binodal.

4.1 Spinodal
We recall that the deformation gradient F' is weakly locally stable if and only if
Is(F,¢((z,n))a) = (A(n; F)a,a) >0, for alla € R™, n € S (4.1)

The conditions of weak marginal stability can then be interpreted as the emergence of @ # 0 and n € S41
such that

Is(F, ¢((x,n))a) = 0.
If the above equality is satisfied because F' crosses into the spinodal region, then the pair (a,n) must be
minimizing for Is(F, ¢((x,n))a). Therefore, the equilibrium equations

Vaols(F,¢((xz,n))a) =0, (4.2)

Vaols(F,é((x,n))a) =0 (4.3)
must hold.
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Remark 4.1. The space Fg defined by (3.5) has m 4+ d — 1 degrees of freedom a € R™ and n € S¢~1.
The equation (4.2) describes equilibrium with respect to the variation of the local values of the field, as in the
Euler-Lagrange equation. The equation (4.3) describes equilibrium with respect to “configurational” degrees
of freedom m that describe the large-scale structure of the field (directions in which ¢ € Fg does not decay
at infinity). In this respect it is analogous to the Noether-Eshelby equation dealing with configuration of
singularities, [92, 38, 89, 83, 45, 55]. Indeed, the lack of proper decay of the field ¢p(x) can be regarded as a
singularity at infinity.

One can see that equations (4.2)—(4.3) always have a family of trivial solutions (a,n), characterized by
a = 0. Hence, we may regard the problem of finding the non-trivial solutions of (4.2)—(4.3) as a bifurcation
problem. Explicitly, equations (4.2)—(4.3) read

A(n;F)a =0, A*(a; F)n =0, (4.4)
where A*(a; F) is the co-acoustic tensor defined as the linear map on R? given by
m— A*(a; F)m = Wrp(F)(a ®m)) a. (4.5)

Observe that the equations (4.4) are not independent. There is one relation between the left-hand sides in
(4.4)
(A*(a; F)n, n) = (A(n; F)a, a).

Equations in (4.4) are also homogeneous in a and n and therefore, they can be regarded as m +d — 1
constraints on md + (m — 1) + (d — 1) unknowns. As such they describe a co-dimension 1 surface in M, which
we can interpret as “an equation of spinodal”.

Clearly, the points on the spinodal satisfy (4.4), however, the converse need not be true, i.e. some other
points inside the spinodal region may satisfy (4.4) as well. It is possible to reduce the size of the system (4.4)
by eliminating a in the case when rank(A(n)) = m — 1. In that case the vector a spanning its kernel is
determined up to a scalar multiple, or, if we normalize it to the unit length, up to a sign. Then

cof(A(n)) = aa ® a, a = Treof(A(n)) #0. (4.6)

Using Einstein summation convention, the second equation in (4.4) and the first equation in (4.6) can be
written as

1
mepjﬂaiajng = O, a;a; = —cof(A(n))ij,
o
respectively. Hence, we obtain
Wk, F;scof (A(n))ing = 0. (4.7
We can write (4.7) in index-free notations
(cof (A(n; F)),B(n,n; F)) =0, Trcof (A(n; F)) # 0. (4.8)

for all n € R?, if we introduce a bi-linear matrix-valued form
IB%(n, n; F)ij = WFiaFjB (F)”aﬁﬁ-

Conversely, if we take n = n in (4.8) we obtain det A(n) = 0. Hence, there exists a # 0, such that the first
equation in (4.4) is satisfied. The relation (4.6) also holds, since Tr cof (A(n)) # 0. Thus, the second equation
in (4.4) and the first equation in (4.8) are equivalent. We remark that the side condition Trcof(A(n)) # 0
in (4.8) is important, since for generic fully anisotropic tensors Wrpg the set {F € M : rank(A(n; F)) <
m — 2 for some |n| = 1} has full dimension, if d > 4. We regard conditions (4.8) and (4.4) as generically
equivalent, since at the spinodal we expect, in the generic case, the single smallest eigenvalue of A(n) to
attain its minimum value of 0.

It turns out that there are no other domain-local constraints on Vy(x) than Vy(x) ¢ & that follow from
stability with respect to weak variations under the assumption of non-degeneracy of A(n; F'). Indeed, due to
[104] and the van Hove’s theorem [116], the homogeneous deformation yo(x) = Fx is a weak local minimizer
of (2.1) on the unit ball with Dirichlet boundary conditions, provided A(n; F') > 0 for all [n| = 1.
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Figure 1: The double-well energy f(6) from the example in Remark 4.2. Spinodal region is indicated by the

bold line and spinodal points are S; and S,.

Remark 4.2. As a simple illustration, consider the energy [21, 1]
2

W(F) = f(Tre)+ple — é(Tre)I

In this model the acoustic tensor can be written explicitly
An) = p(Inf’T-non) + (f”(Tre) +2u (1 - é)) nen.
From (4.5) we immediately find that A*(a) = A(a). The system (4.4) then becomes
unl?a + <f”(Tr€) +u <1 - 3)) (a,n)n =0,
ulal®n + <f”(Tr€) +u <1 - 3)) (a,n)a = 0.

We see that a must be a scalar multiple of n and the system reduces to

F(Tre) +2p (1 - %) = 0.

The equation (4.8) can be written as

dpd=t (f”(Tre) +2u (1 — é)) n=0.

1
: 5:5(F+FT), w> 0.

(4.10)

and it is clear that this equation is equivalent to (4.10). The actual spinodal in this example is the union
of hyperplanes of the form Tre = 0, where 0 is any zero of ¢p(0) = f"(0) + 2u(1l — 1/d), around which ¢(0)
changes sign. The latter condition of transversality has to be imposed externally, since it is not captured by
the equation (4.10). Our general theorems will feature such external transversality conditions, enabling us to
assert the marginal stability of F. If the function f(0) has a double-well shape and its second derivative is
shaped like a parabola, then the spinodal and the spinodal region are shown in Figure 1. We see how according

to (4.10) the spinodal lies in the region, where f" < 0.

4.2 Binodal

In this section we consider different explicit characterizations of the binodal. In particular we distinguish the
PDE problem associated with nucleation of classical inclusions from the algebraic problem associated with

nucleation of laminates.
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4.2.1 Classical nucleation

To obtain specific constraints on the value of F' we need to study necessary conditions of equilibrium for
the functionals J, k = 1,...,d, defined by (3.25). Before writing these conditions it is necessary to identify
independent degrees of freedom associated with the spaces Cy: 1 € S, the subspace £ C R?, described by
the k x d matrix R satisfying RR” = I, and the shape and orientation of the period cells Qq_ described
by the matrix A € GL(d — k,R). As in the case of the spinodal we identify the finite dimensional parameters
R and A as configurational degrees of freedom associated with “singularities at infinity®” The lack of rank-1
convexity of W (F') allows the field variable 9 € Sp to possess additional configurational degrees of freedom
associated with singularities allowed by the Euler-Lagrange equations at finite = € R?.

Our next two theorems introduce the classical Euler-Lagrange equations and the configurational Noether-
Eshelby equations [92, 38, 39, 83, 45, 55].

THEOREM 4.3. Assume that for F' € Bin there exists 1 < k < d, orientation [RT QT] € SO(d), a period cell
shape Qq—i (i.e. A € GL(d— k,R)) and a non-zero function v € S) such that Ji(F,v, R,Q, A) = 0, while

J. >0
for all test functions ¢ € Ci.. Then
F +V¢(x) B for a.e. x € RY, (4.11)

and the test field ¢p(x) = Y (Rx, AQx) has to satisfy the FEuler-Lagrange and the Noether-Eshelby equations

{v .P(F +V¢) =0, (412)

V-P*(F+Ve¢)=0,
where* P(F) = Wg(F), and® P*(F) = W(F)I + FTP(F). The optimal orientation and the period cell
shape are determined by the additional conditions

/ P*(Vé)dx = 0, (4.13)
Y

where 13*(H) =W°(F,H)I - H'Wg (F,H).
Proof. By assumption, ¢ is the minimizer of the functional
& / W(V)da
Y
over all ¢ € Ci, where .
W(H)=W?°(F,H). (4.14)

The classical optimality conditions [10] then imply (4.11) and (4.12). Indeed,

~

P(H)=Wgy(H) = P(F + H) — P(F),

which means that the Euler-Lagrange for the energy density (4.14) coincides with first equation in (4.12). We
also compute R
P*(H)=P*(F+H)+F'P(F+H)+ N(H), (4.15)

3 The functions in the much larger space Si would possess infinitely many configurational degrees of freedom at infinity
corresponding to the infinite variety of possible asymptotic behaviors of ¢ € S..

4In elasticity theory the tensor P(F) is called the Piola Kirchhoff stress tensor.

5Tn elasticity theory the tensor P*(F) is called the Eshelby stress tensor.
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where

N(H)=H"P(F) - (H,P(F))I - W(F)I.

Therefore, the Noether-Eshelby equation V - P*(V¢) = 0 for the energy density (4.14) is equivalent to the
second equation in (4.12), since V - N(V¢) = 0 for any smooth vector field ¢. Finally, (4.11) follows from a

simple observation that H is a point of quasiconvexity for W if and only if F' + H is a point of quasiconvexity
for W.

The additional integral constraint (4.13) comes from variations in R, @ and A. If we fix ¢ and A, and
vary [RT QT] € SO(d) we obtain

/ Vo' P(V)dx € Sym(R%). (4.16)
Y
Fixing ¥, R and @ and varying A results in
/ QVe'P(Vp)QTdx = 0. (4.17)
Y

By assumption

/ WO(Fa V¢)d$ = Jk(Fv’l:baRanA) =0.
Y

This, together with (4.17) implies

| det A|

/ QP*(V¢)Q"dx = 0.
Y

Hence, in order to prove the theorem we need to show that
/ RP*(V¢)QTdx =0, / RP*(V¢)RTdx =0,
Y Y

since, according to (4.16) [, P*dx € Sym(R?). The relation (4.13) then follows from Lemma 4.4 below. O

LEMMA 4.4. The equations (4.12) imply that
/ P*(V¢)Rdz = 0. (4.18)
Y

The proof is in the Appendix E.
Several remarks are in order. The first remark concerns the necessary condition (4.11).

Definition 4.5. If ¢ € Ci \ {0} satisfies (4.12) and (4.13), but fails (4.11) then ¢ is called a spurious
solution.

The failure of quasiconvexity means that it is possible to modify the function ¢ locally, such that the
modified function still belongs to Cg, but gives a negative value to the functional J;. This implies that
F € %B. In other words, spurious solutions do not correspond to points F' on the binodal. Conversely, if ¢
satisfies (4.11)—(4.13), then obviously F ¢ 8.

The Eshelby-Noether equation (4.12)s is the condition of equilibrium with respect to the degrees of freedom
associated with the singularities of ¢ € Sg. Indeed, in the absence of singularities a well-know Noether identity
[92]

V- P (Vo) =—(V9)'V - P(Ve) (4.19)
says that (4.12)s is a consequence of (4.12);. If the singularities of ¢ € S are smooth surfaces of jump
discontinuity then the PDE (4.12)y can be replaced with an algebraic equation on the singular surface
[38, 39, 83, 45, 55, 18]

[P*ln=0, rey, (4.20)
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where [P*] = P} — P*, is the jump of P*(F + V¢(x)) across ¥. Here m is a unit normal to ¥. The region
into which n points is called the “+” region, while the region from which n points is called the “—” region.
It is well-known, the d algebraic equations (4.20) can be reduced to a single scalar Maxwell relation [34, 38]

p*=[W]-({P},[F]) =0, T ey, (4.21)

where { P} = (P} + P_)/2, interestingly (4.21) survives even in dynamics [114]. Now, if all the singularities
of ¢(x) are smooth surfaces of jump discontinuity the system (4.12) is equivalent to the system (4.12)1, (4.21).
However, while the relation (4.21) will be convenient in the analysis of the example in Section 5, in the general
theory we are not making any assumptions on the nature of singularities of V¢(x), and the equation (4.12)9
must be retained along with (4.12);.

It is clear that the verification of (4.11) may be difficult without the complete knowledge of the binodal.
Yet, even partial knowledge of the binodal region can be used to demonstrate that condition (4.11) fails,
thereby ruling out some of the spurious solutions of (4.12)—(4.13). For instance, there are several easy-
to-evaluate consequences of (4.11), especially on a smooth surface of jump discontinuity ¥ of V¢. These
conditions are discussed in detail in [54]. One important example is the roughening equilibrium equation [51]

[P(F+V®)]'[Vén =0, zc¥X. (4.22)

This condition and the optimal orientation condition (4.13) are related via a localization argument. Indeed,
consider the pair of fields Fy = F+ V¢4 (x) at a point &y on the surface of jump discontinuity. This implies
a configuration, where an infinite slab carrying the field is F_ is embedded in the infinite space where the
field is Fy. Such a configuration solves the (4.12); if and only if

{[[F]] = a ®mn, for some a € R™ (4.23)

[P]n =0,

where n is the normal to the boundary of the slab. It solves (4.12)3 if and only if (4.21) is satisfied and it
satisfies (4.13) if and only if (4.22) holds.
Another consequence of (4.11) is the roughening stability inequality [51]. It is stated as

Ayi(n) By(a,n)+ [P]

e l Bian’ <[P Al | .

in the sense of quadratic forms on the orthogonal complement of R[a,—n]|. Here Ai(n) = A(n;Fy),
A% (a) = A*(a; Fy) and

Bi(a,n)m = A(n,m; Fy)a= (Wgp(Fi)(a®@m))n

is the bilinear form satisfying B4 (a,n)n = A+(n)a and B (a,n)a = A% (a)n.
The second remark concerns condition (4.13). Its compact general form comprises two relations: (4.18),
which is a consequence of (4.12), and

/ P*(V¢)Q  dx =0, (4.25)
Y

which is an algebraic condition of optimality with respect to orientation and period cell shape. We observe
that there is an analogy between equations (4.12), (4.17) and the first equation in (4.4), and between (4.16)
and the second equation in (4.4). Observe that if we dot the first equation in (4.4) with a we obtain
that Is(F,$((z,m))a) = 0 implying that generically F' must lie in &—the closure of the spinodal region.
However, it cannot describe the spinodal alone. Indeed, if F' in the spinodal region is such that the function
S4=1 5 n s det A(n; F) changes sign then there will be an entire neighborhood of F where this is true.
Therefore, for each F' with this property we can find n # 0 with det A(n; F') = 0. This shows that existence
of non-trivial solutions of the first equation in (4.4) describes entire subregions of the spinodal region. The
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second equation in (4.4) eliminates most of these solutions and describes a co-dimension 1 surface containing
the spinodal.

Our next theorem relates the existence of non-zero solutions to the system (4.12)—(4.13), i.e. the general-
ized bifurcation, with the marginal stability of F'. More precisely, we show that generically, the existence of
nontrivial solutions implies that F' must be either on the binodal or inside the binodal region. The solutions
corresponding to the latter possibility are “spurious”, and one must use both the partial knowledge of 8B and
computable consequences of (4.11), (see [54]), in order to eliminate them.

THEOREM 4.6. Suppose 1 < k < d and ¢ € Cy, solves (4.12) and satisfies (4.13). Then Jp(F,¢, R, Q,A) = 0.
The proof is given in the Appendix F
Corollary 4.7. If (4.12) has solution (¥, R, Q, A) such that ¥ # 0, and

8Jk(Fa 1/’7 Ra Q7 A)
OF

£0 (4.26)

then F must lie in the closure of 5.

The Corollary 4.7 implies that F' can not lie in the interior of the complement of B, so F' € *Bin. Therefore
non-trivial solution of (4.12) corresponds to F' € Bin if and only if it is not spurious.

We give the following definition in order to distinguish parts of the binodal that could be identified by the
test functions from Cj.

Definition 4.8. We say that F belongs to the nucleation set Ny if there exists a fundamental domain
Y =L x QTQq_1 such that the system (4.12) has a non-zero solution ¢ € Cy, satisfying (4.13).

In Section 5 we show that sometimes the sets 91 can be characterized without a complete knowledge of
the binodal set ‘B.

Remark 4.9. As a simple illustration of a case where binodal can be fully characterized by our method,
consider again the energy (4.9) The Euler-Lagrange equation from (4.12) becomes

d—2
MA¢+V<f’(TYF+V-¢)+¥V-¢)=0. (4.27)
Taking divergence of this equation we obtain
d—1
A (Tr F+V-¢)=0, ®(0) = f(9) + Mﬁz. (4.28)

d

By assumption, V - ¢(x), and hence ® (Tr F +V - ¢(x)) is bounded on R%. Therefore, ® (Tr F+V - ¢(z)) =
const. Taking the curl of (4.27) we obtain

A(Vo— (Vo)) =0

in the sense of distributions. Hence, the boundedness of Ve (x) implies that Vo — (V)T = 2M, where M
is a constant anti-symmetric matriz. Therefore, ¢p(x) = Max + Vh(x) for some locally integrable function
h(x). The boundedness of ¢(x) implies that M = 0. Indeed, if M # 0, there exists a unit vector e; such
that Mey # 0. Let eo = Mey/|Mey|. Then, the unit vector es is orthogonal to ey, by anti-symmetry of M,
and (Mej,ez) = |[Mey| > 0. For any R > 0 let xr(t) = Rejcost + Ressint be a closed loop. We conclude
that

27
/0 (¢<mR<t>>,a:R<t>>dt‘ < 27 Rl

At the same time we have

27 27
/0 (Vh(zr(t)),zr(t))dt = 0, /0 (Mxg(t),&r(t))dt = 21 R*(Mey, es).
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Figure 2: Common tangent to the graph of the function ®(f) from Remark 4.9 and its image on the graph of
the function f(0).

Thus, ¢(x) = Vh(x), while ®'(Tr F + Ah) = C = const. We claim that C = ®'(Tr F). Indeed, if C # Tr F,
then for every © € R the number V - ¢(x) = Ah(x) must belong to a finite set of solutions of the equation
®'(Tr F +n) = C, none of which is zero. Hence, |V¢(x)| > § > 0 for all x € R? for some positive number §.
But then, condition (3.19) will not be satisfied. If the graph of function f(6) has the shape shown in Figure 1
then the equation

' (Tr F +1n) = &'(Tr F) (4.29)

will either have a unique solution n = 0, or three solutions, two of which n1 and 12 are non-zero. In the
former case the Euler-Lagrange PDE (4.12)1 has only trivial solutions in S.. In the latter case condition
(4.11) helps us to rule out some of the spurious solutions. Observe that one of the three solutions of (4.29)
is always inside the spinodal region. Hence, assuming that Tr F' is not in the spinodal region we only need to
consider solutions of the form

Ah = nxa(z), (4.30)

where 1 is the unique non-zero solution of (4.29) for which Tr F + n is not in the spinodal region, and Q is
an arbitrary measurable subset of R?, satisfying “zero volume fraction condition”

. [N Bg| _
A B Y

so that the corresponding solution ¢ satisfy (3.19). In this case any choice of an open and bounded subset
Q C R? provides a solution ¢ € S to (4.12)1 via the solution h € H*(R?) of (4.30).

The equation (4.12)y is difficult to use directly in this example. Instead we restrict the class of solutions
of the bifurcation system (4.12) only to those, where the set Q has smooth boundary. In this case the equation
(4.12)2 can be replaced by the Mazwell relation (4.21)

2

JTeF + ) — [(Tx F) — f/(Ts Fy + ][[Wh]] - t1an =o.

Observe that due to the assumed smoothness of the boundary of 02 and elliptic reqularity we conclude that
[VVh] must be a rank-1 matriz on Q2. Hence, [VVA] = mm(x) @ n(x), € 00. Thus, we obtain

FTvF + ) = f(Te F) — f'(Tx Fyn + (1 - é) 0

Rewriting this in terms of the function ®(0) we obtain

O(Tr F +n) — ®(Tr F) — &' (Tr F)n = 0. (4.31)

21



Equations (4.29) and (4.81) have a geometric interpretation. They say that the straight line connecting the
points (Tr F,®(Tr F)) and (Tr F 4+ n, ®(Tr F + 1)) on the graph of ®(0) must be a common tangent at both
points. Figure 2 shows that if f(0) is as shown on Figure 1 then there is a unique common tangent to the graph
of ®(0), touching it at the points 8 = 01 and 6 = 0y. Thus, either Tr F = 61 and Ah(x) = (62 — 61)xa(x), or
Tr F = 63 and Ah(x) = (01 — 62)xa(x).

Suppose now that Q is an arbitrary (d — k)-periodic array of arbitrary smooth inclusions where
Ah(w) = []xa (). (4.32)

Computing Fourier transform in t variables and Fourier coefficients in p wvariables in (4.32) we can easily
verify that ¢ € Ci. It remains to verify condition (4.13). We have, after straightforward calculations, taking
into account (4.29) and (4.51)

1 ~
;P* = (IVVA[> = (Ah)*) I + 2 (ARVVh — (VVh)?).
Integration by parts gives

/ |VVh|*de = / (Ah)*de, / (VVh)?dx = / AhVVhdz.

Y Y Y Y

Therefore, (4.13) is satisfied. Hence, the sets My are all the same for all k and are given by
Ny = {F :Tr F € {6‘1,92}},

where 01, 02 are determined as 6-coordinates of the two points of common tangency, as shown in Figure 2.
In [58] we show that in this example Bin = Ny It is also clear that if the graph of ®(0) admits more than
one common tangent, then the system (4.12)—(4.18) will also have spurious solutions corresponding to the
interior points of the binodal region.

4.2.2 Microstructure nucleation

The main difference between the Legendre-Hadamard condition and the quasiconvexity condition is that in
the former case the finite-dimensional set of test functions (3.5) “exhausts” possible localized instabilities.
This leads to algebraic system (4.8), whose nontrivial solutions signal instability whenever F' crosses the
spinodal. Similarly, it may be intuitively appealing to think that crossing the binodal always manifests itself
through the bifurcation in (4.12)—(4.13) in the class of decaying-periodic fields. However, we know that some
points F' on the binodal can be revealed only by studying nucleation of finite rank laminates. In this case the
functional

”
J(F,v) =Y X\W°(F, H)) (4.33)
i=1
is non-negative for any finite rank laminate v, with ¥ = @ ® n, while achieving its minimum value of zero at
a specific finite rank laminate, a # 0 and n € S?~!. Finding the corresponding bounds for the binodal leads
to an algebraic problem formulated below.

We recall that on each step of the construction of the measure v in Definition 3.13 by means of lamination
we introduced free parameters that can be varied in order to minimize J(F', v) given by (4.33). The equilibrium
equations obtained from such a minimization are constraints on the matrices H; and weights A; in (3.27)
get more and more complicated with the growth of the rank of the laminate. Below, we exhibit the recursive
structure of the ensuing algebraic system by examining the passage from rank-1 to rank-two laminates.

The rank-1 laminate corresponds to v1 = dqgn. This Young measure is attained on the special test field
¢o € C; given by (3.28). In that case

J(F,v1) = Ji(F,¢0,n) =W°(F,a®n).
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The field value F' is marginally stable if the following equations are satisfied

We(F,a®n) =0,
VoW (F,a®n) =0, (4.34)
VW (F,a®mn)=0.

This system places F on the jump set J (see [51]). The second rank laminate v is obtained from v by means
of lamination in the sense of Definition 3.12.

=(1-0)0agn + 0sdm, +60(1 — )0k, sHi+(1—-s)Hy=a®n, H;— H;=b@m.

Observe that J(F', v9) is affine in 8. Hence, it is minimized either at § = 0 corresponding to a rank-1 laminate
or at # = 1. The goal of using rank-r laminates is to capture points on the binodal that cannot be captured
using rank-(r — 1) laminates. Therefore, we only need to consider the case § = 1. Then

J(F,1n)=sW°(F,a@n—(1—s)b@m)+ (1 —-s)W°(F,a®n + sb®@m).

The field value F is marginally stable when the laminate with s € [0, 1], {a, b} C R™\{0}, and {n,m} C S¢~!
delivers the global minimum to J(F', v2), which is equal to 0. Observe that both s = 0 and s = 1 correspond to
rank-1 laminates, and are therefore excluded from the analysis of rank-2 laminates. Hence, we are interested
only in the case when s € (0,1). If the minimum of J(F,vz) is attained at a rank-2 laminate, then the
following system of equations must hold

SW(FL) + (1 — s)W (Fy) — W(F) — (P(F),a®n) =0
W(Fy) — W(F) — (sP(Fy) + (1 - 8)P(Fy), Fy — F{) =0
(sP(F}) + (1 — 8)P(Fy) — P(F))n = 0 )
(sP(F1) + (1 —5s) ( - P(F))

(P(F2) — P(Fy

(P(F) — P(Fy

where

Fi=F+a®n—(1-s5b®m, F,=F+a®n+sbam

are the values of the deformation gradient in the internal laminate. There are 2m + 2d independent equations
n (4.35) with 2m + 2d — 1 unknowns s, a, b, m and n, where n and m are constrained to be unit vectors.
We conclude that the system (4.35) restricts F' to a co-dimension 1 surface corresponding to nucleation of
second rank laminates.
Next we observe that
F2 — Fl =b®n. (436)

Therefore, in view of either the 5th or the 6th equation in (4.35), we can rewrite the second equation in (4.35)
as the Maxwell relation

W(Fz) — W(F1) = (P(F), F> — F1) =0, (4.37)

The system (4.35) can then be decomposed into two systems: the micro-level system and the macro-level
system. The micro-level system consists of the 5th and the 6th equation in (4.35), as well as (4.36) and (4.37):

W(Fz) — W(F1) - ( ( h), Fy — F1) =0
(P(Fz) — P(F1))m

(P(F:) — P(Fy )Tb 0

F2 — F1 =b®n.

(4.38)
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This is exactly the same system as in (4.34) defining the jump set J. In particular, {Fy, F5} C J. The
structure of the macro-level system becomes clear if we introduce the notations

F=sF+(1-5F, P=sP(F)+(1-s5P(F), W=sW(F)+(1-sW(F). (4.39)

Then the macro-level system can be written as follows

(4.40)

Observe that the system (4.40) has a structure very similar to structure of the system defining the jump set
J, except the energy density W (F) is replaced by a modified function W (F'). To define this function we first
introduce the set R

J={sFi+(1—s)F;:s5¢€[0,1], Fi, F, solve (4.38)}.

Next, for F ¢ J we assume that W(F) = W(F), while for F € J we define

W(F)=_  min {sW(F1) + (1 — s)W(F) : F1, F; solve (4.38)}. (4.41)
F:SF1+(1—S)F2

One can see that W (F) is a Lipschitz continuous function that agrees with W (F') on the complement of J.
We claim now that F' is located on the jump set of W(F), i.e.

W(F)=W, Wg(F) =P, (4.42)

where F, ﬁﬂld_W are given by (4.39). We say that the point F € 3 is regular if the minimum in the
definition of W (F') is achieved at a unique pair F;, Fb.

THEOREM 4.10. Assume that F & § and F € § is reqular. Then, there are unique values Fy, Fy and s
minimizing (4.41). Then, Fy and Fy are on the jump set J of the energy W(F), and F and F are on the
Jjump set J of the energy W(F) if and only if F, Fy, Fy and s solve (4.35).

Proof. By definition of Fy, Fy the system (4.38) is satisfied. The system (4.40) places F' and F are on the
jump set J of the energy W (F) if and only if (4.42) holds. To prove (4.42) we perturb a regular point F'
within J. Then, the values Fy, F5> and, hence, b and m will also be smoothly perturbed. Therefore,

5F = 6F, — s0[F] — (58)[Fl,
where [F] = Fy — Fy. We also get
0W = (P(F),6F,) — (05)[W] — s((P(F»),0Fz) — (P(F1),0FY)).
Replacing [W] = W (F) — W(F,) with (P(F}), [F]) and 6F, with 6F, — 6[F] we obtain
SW = (P(F1),0F) + (1 —s)([P],6F,) = (P(Fy),5F) + (1 — s)([P],dF),

since
([P], [F]) = ([P, 6[F1) = 0,
due to (4.38). Thus,

Wr(F)=sP(F)+(1-s)P(F,)=P.
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We conclude that the set of field values F' for which the system (4.35) has a non-trivial solutions can be
interpreted as the jump set J for W (F) defined by (4.41). By replacing the function W (F') with W (F'), and
by iterating this process, we can continue to define higher order jump sets for laminates of any rank. By
analogy with (4.26) we also have a simple non-degeneracy condition.

THEOREM 4.11. If a finite rank laminate v given (3.27) minimizes J(F,v) with the minimal value of zero
then F' must lie in the closure of B, provided

A(n; F)a # 0. (4.43)
o OJ(F,v)
Proof. To prove the theorem it is enough to show that (4.43) guarantees that —5F # 0. Indeed, we
compute
OJ(F — —
((?T’V) =P —-P(F)-Wrr(a®@n)#0, P= / P(F + H)dv(H). (4.44)
M

It is clear that if ,
I — . ’
V= Z )\JaHj
j=1

is a finite rank laminate with 7’ = 0, then the measure

T
V=2 Nl tasn

Jj=1

is also a finite rank laminate with 7 = @ ® n. Hence, if H ]’ are fixed, then the function

jla,n,v) = Z)\jWO(F,H§ +a®n)

Jj=1

must be minimized in a. Hence,

0=V.j(a,n,)=(P— P(F))n.
Therefore, according to (4.44),
OJ(F,v)
OF
The theorem is now proved. O

n=A(n; F)a.

Observe that by minimizing j(a,n,r’) in n we also obtain
(P—-P(F)Ta=0, (4.45)

which is the macro-level roughening equilibrium condition (4.40)3. For an example where a part of the binodal
can be captured only via the equations (4.35) we refer to [49].

The fact that the binodal of W (F) must lie in the closure of the binodal region of W (F) is illustrated
in Figures 3. The original energy W (F') is shown by a solid line, the quasiconvexification—by a dashed line
and W (F)—by a dotted line. The left figure illustrates the case, where the jump set (points B; and By in
the figure) captures the binodal, without W (F) necessarily capturing the values of QW (F). In the vicinity
of points B; and By the dashed and dotted lines may or may not coincide. The right figure shows a different
situation, where the jump set is strictly inside the binodal region, while the binodal (points By and Bs in
the figure) can only be delivered by studying other nucleation patterns, for instance, precipitates of a more
general shape or higher rank laminates.
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Figure 3: Possible relations between the envelopes W (F) and QW (F).

Remark 4.12. By the rank-one convezity of the quasiconvexr envelope we have QW (F) < W(F) and
QW (F) = QW(F). The points F corresponding to the non-trivial solutions of (4.12)-(4.13) with W (F)
replaced by W(F) can be regarded as unstable to the nucleation of composite precipitates represented by a

continuously varying first rank laminate. The iteration process W(F) — W(F) — W — - brings additional
flexibility to the binodal detection by allowing composite precipitates represented by a continuously parametrized
rank-r laminates. Examples of such composite precipitates have been studied in [97, 98, 99, 126, 66, 65].

Remark 4.13. As a simple illustration of a complete characterization of the binodal by studying nucleation
of simple laminates, we consider again our test case (4.9). Let us begin with the system of equations (4.34)
describing the jump set. Straightforward calculations show that the third equation in (4.34) follows from the
other two, and that the system can be reduced to the following one

TctF=0_, a=][0n, [®(©®)]=0 [®O6)]-[0]{®©6)}=0,

where ®(0) is given in (4.28). We see that the jump set is characterized in terms of 6 = Tr F, where 0 is a
point where the tangent line to the graph of ®(0) touches the graph at some other point, see Figure 2. For the
double-well shape of ®(0) shown in Figure 2. The jump set consists of the surfaces Tr F = 01 and Tr F = 65.
This is the same set of points identified by the nucleation conditions obtained in Section 4.2.1. This is not
surprising, since the analysis in Section 4.2.1 showed that the shape of the precipitate in this case can be
arbitrary, including a slab used for computing the jump set. We also observe that each F' = F_ € J can be
paired with Fy = F_ + [0]n ® n for any unit vector n.
Now a straightforward calculation gives the formula for W (F')

W(F), Tr F & (61,02)
W(F) =< _ 1 2
f(Tre)+p E—E(Trs)I , TrF € (61,603),
where 0y — T Tre -0 (d—1)
— b2 — re re—yu; 1% — 9

One can show that in fact W(F) = QW (F) [53], which means that, in this case, studying simple laminates
is sufficient for a complete characterization of the binodal.

5 Bi-quadratic energy

In this section we apply our approach to a nontrivial example where a rather complete picture of the binodal

can be obtained by studying several specific families of test functions. The spinodal in this example is
degenerate and will not be the focus of our analysis.
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More specifically we consider the bi-quadratic energy density of the form

W(F) =min{fo(e), ()}, e=5(F+F"), fule)=5(Coee) +us, 6.1)

We assume that the elastic tensors C are isotropic:
Ci€ =Ae(Tré)I +2p:€,  for any € € Sym(R?),

and elliptic
Ay +2p4 >0, Ao +2u_ > 0.

Additionally we assume that

Aetue£0, [l £0, KX +2[u] £0. (5.2)

This energy plays an important role both in the mathematical theory of composite materials [79, 46, 25, 26, 22]
and in the modeling of martensitic phase transitions [70, 41, 42].

Even in this piece wise linear example we can not find all solutions to the system (4.12)—(4.13). However,
we can obtain bounds on the binodal by computing in Section 5.1 nucleating solutions in Cx, 1 < k < d that
have ellipsoidal k-dimensional cross-section. In Section 5.2 we also present an example of a solution in C; \ Cy
in 2D.

5.1 Isolated cylindrical inclusions

The goal of this section is to obtain bounds on the binodal in arbitrary dimensions using elliptical cylinders as
test functions. Expanding on prior work [78, 77, 36, 17, 60, 70] we can compute the solutions of (4.12) for the
bi-quadratic energy (5.1) corresponding to infinite elliptical cylinders explicitly. The explicit representation
of these test functions in [72, 71, 73] allows us to estimate their decay at infinity and prove that they are in
Ck, so that our general theory applies. In 2D these solutions can be viewed as limiting cases of composite
strips computed in Section 5.2, as the period p goes to infinity.

For each k > 1 we will look for a solution of the system (4.12) in the form of an elliptical k-cylinder. We
therefore define the sets M$! as in Definition 4.8.

Definition 5.1. We say that € belongs to the elliptical k-cylinder nucleation set ‘)’(2“, k=1,....d, if
there exists an elliptical k-cylinder inclusion satisfying (4.12) and (4.13).

Observe that for £ = 1 such a cylinder is a plate, while for k = d, it is an ellipsoid. Moreover, general
elliptical k-cylinders can be regarded as ellipsoids with some of the aspect ratios going to infinity [70, 40] This
suggests that in order to map the entire binodal it is enough to consider only ellipsoids. However, the parts
of the binodal identified by the elliptical cylinders are of the same dimension (md — 1) as the parts of the
binodal identified by the ellipsoids. Thus, for the strategy of passing to the limits in the space of ellipsoid
parameters to succeed one needs to test against arbitrary ellipsoids and then optimize the explicit results over
orientations and aspect ratios, allowing infinite values of the parameters to capture plates and cylinders. It
is a challenging technical problem. Our approach, that treats elliptical & and r-cylinders as distinct, when
k # r, has the advantage of identifying singular optimal shapes directly.

If we align our coordinate system with the cylindrical inclusion in such a way that vectors ey, ..., eq are
directed along the coordinate axes, then we can write = (¢1,...,t, Tk41,...,2q). The test field ¢p(x) = ¥ (t)
and we write the field & at infinity in the block form

€0 ET
€= ,
E ¢
where ¢ is a k x k matrix, E is a (d — k) x k matrix and &’ is a (d — k) x (d — k) matrix. We also use the
notation

AE) = A-(1=x(@#) +Aex(t), p(t) =p—(1—x(t)) + pyx(t),
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where x(t) is the characteristic function of the elliptical cylinder. One can see that the label “+” refers to
the materials and fields inside the inclusion, while the label “—” refers to the materials and fields outside the
inclusion. Finally, let C(¢) be the local elasticity tensor defined by its action on an arbitrary strain & by

C(t)€ = A\(t)(Tr &)I +2u(t)€, for any &€ € Sym(R?).

We observe that the elastic tensor C(t) and the elastic constants A(t) and u(t) are piecewise constant with a
jump discontinuity across the boundary of the elliptical k-cylinder.

5.1.1 Euler-Lagrange equations

The isotropy of the materials cause Euler-Lagrange equation in (4.12) to decouple into separate PDEs for

Po(t) = (Y1(t),...,ve(t)) and ' (t) = (PYr41(F), ..., Ya(t)):

V. Ct) (e(¢0) +eo+ %h) _o,

V- u()(Vy' +2E) = 0.

(5.3)

The equations (5.3) decouple into equations of elasticity in R* and an additional generalized anti-plane shear.
The elastic strain field )

e(o) (V¢

e(¢) = 1V , 0
S VY

is smooth inside and outside of the elliptical k-cylinder

k

t
=1 4
;a , (5.4)

but has a jump discontinuity across its boundary. Thus, in the application of the general theory we may replace
the Noether-Eshelby equation (4.12)s with the Maxwell relation (4.21) on the boundary of the cylinder.

We know that both e(tg) and V)'(t) are uniform inside the ellipsoid [90]. The values of these fields are
determined uniquely by the fields at infinity and the shape of the ellipsoid described by the k& x k matrix
a =diag(ay, ..., ar). Eshelby [36, 37] has presented the solution for 3D isotropic ellipsoidal inclusions in the
isotropic external medium. We will use the elegant formulas that are valid in any dimensions and for general
anisotropic media due to Kunin and Sosnina [73].

Recall the definition of the fourth order tensor Kc¢(n), which is a Fourier space representation of the
fundamental solution for the equations of linear elasticity in the general anisotropic medium C. Suppose u(t)
solves

:rw|?rm

V- Ce(u)=V- T, t € R,

where the symmetric external stress field 7(¢) is smooth and compactly supported. Then the Fourier transform
of the strain will satisfy

p—

e(u)(w) = Ke(w)7(w).

Explicitly,
Kc(n)é = Ac(n) Yénon,

where Ac(n) is the acoustic tensor of C.

THEOREM 5.2 (Kunin and Sosnina).
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(a) Suppose that u : RF — RF satisfies
V- -C(t)(e(u)+e*)=0

where C(t) = (1 —x(t))C— 4+ x(¢)C4 and x(t) is the characteristic function of the ellipsoid (5.4). Then

e* =et + (Kc_(n))a[CleT, (5.5)

o0

where T = e(uy) + &> is the strain field in the inclusion, and

(Ke_(n))a = ]ém Kc_(a"'n)dS(n), a = diag(aq, . ..,ax).

(b) Suppose that v : R¥ — RP satisfies
V- ()T + e) = 0,

where pu(t) = (1 — x(t)p— + x(t)p4- Then

e =et + %e*ﬂ‘(n)}a (5.6)

where et = Vv, + €™ is the strain field in the inclusion. Here

(T'n))e = ]ékill"(a_ln)dS(n), N(w) =

jw[>

The proof of part (a) can be found in [73]. Part (b) is proved in exactly the same way (with simpler
calculations). In particular, the explicit formulas for the solution shows that both p¢(t) and ¥)’'(¢) are
bounded and Vipg € L2(R¥;RF*F) and V' € L?(RF;R?~***). Hence, the corresponding test function
¢ € Ci, and our general theory applies.

Remark 5.3. The tensor (Kc_(n))q has the property that
S =(Kc_(n))aC_

is the Eshelby tensor [36] for the ellipsoidal inhomogeneity relating the eigenstrain €* = [C~1]ot and the
inhomogeneity strain €% = et — .

Theorem 5.2 provides a relation between the strain at infinity and the uniform field in the inclusion. For
instance, the explicit Fourier space representation of the field in the exterior of the inclusion can be written
as 4l

— R —~ u]
e(u)(w) = —X(w)Kc_ (w)[Cle™,  Vo(w) = —M—X(w)6+F(w)-

For our purposes, however, we would only need the relations (5.5) and (5.6).

5.1.2 Noether-Eshelby equations

In this problem the Noether-Eshelby equation provides additional conditions only at the discontinuities of V¢
and reduces to the Maxwell relation (4.21). In [70] Kublanov and Freidin studied the ellipsoidal inclusions
in 3D space that satisfy the Maxwell condition, where they also computed the Eshelby tensor explicitly for
such ellipsoids. Here we generalize some of their results to elliptical cylinders with arbitrary dimension %k of
cross-section in R

In [49] we have shown that the Maxwell relation for the energy (5.1) takes the form

[w] + %([[C]]ar, €4)+ %(Kc, (n)g+.q+) =0, (5.7)
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where ¢y = —[Cley and n is the outward unit normal on the boundary of the inclusion. For isotropic
materials C. we can choose the coordinate axes aligned with the ellipsoid’s principal directions and the
generators of the elliptical cylinder. In that case the normal n has the last d — k components equal to zero,
while the first k& components form an element of the unit sphere S¥~. We will denote this n € S¥=! for short.
It will be convenient to write the matrix g4 in the block form

0@ p*
q+ = ’ )

p g

where g is k x k, pis (d — k) x k and q’ is (d — k) x (d — k). Hence, the Maxwell relation (5.7) becomes

lgon|* +pn|* (A~ + p—)(qom,n)
f— p— (A= +2p-)

4 DI(Tre )2 + 2lulles ? + 2[u] = 0 53)

for all n € SF—1.

LEMMA 5.4. Let o # 0. The function
f(n) = lgon|* + [pn|* — a(gon, n)?

is constant on SF1 if and only if qo = qolI and pTp = piIi. In particular, this implies that p = 0, if
k>d/2.

Proof. Let
f(n) = fi(n) + fa(n) — afs(n),
where
fl (n) = (q(2)n7 ’I’L), f?(n) = (prn7 ’I’L), f3(n) = (q0n7 n)2'
The function f(n) is constant on the sphere S¥~! if and only if its differential is zero on at any n € SF~1.
Let mo be an eigenvector of g (and therefore of g2). Then dfi(ng) = dfs(ng) = 0. Hence, we must have
df3(ng) = 0. Therefore, my must be an eigenvector of p”p. Hence, gy and p”'p have a common orthonormal

eigen-basis. Suppose, n1 and ng are orthogonal unit eigenvectors corresponding to the eigenvalues v, and v
of qo and eigenvalues 71 and 75 of pTp. Let ¢(0) = f(n1 cosf + ngsinf). We compute

d(0) = (V2 4 71) cos? 0 + (vg + 7o) sin? O — a(v; cos? O + o sin? 0)2.

Now it is easy to see that ¢(6) is constant if and only if 1 = v and 71 = 72. We conclude that both gy and
pTp must be multiples of the identity, since the pair of eigenvectors was chosen arbitrarily. Conversely, if
qo = qoI) and p"p = p3I; then f(n) = (1 - a)qd + pi. O

The assumption (5.2) ensures applicability of the lemma to (5.8). We conclude that

1
(i) +eo (VL) +ET l efl, ET
E+ = =

B o 1 E1TE, = E3I, (5.9)
+ &+

1
§V'I,b3’_ + FE €/
where the scalars E(J)r and Fy satisfy the Maxwell relation

(TkA + 2uled + [N Tre’)?
Ao+ 2u—

+ [\I(egd k + Tre")? + 2k[u] (e )?

Alpl (kp— + [pl)

. E2 +2[u]le'* +2[w] = 0. (5.10)

+
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Applying Theorem 5.2 to (5.3) and using (5.9) we obtain

e [kXA +2u] + [N Tr e’
Ao+ 2p—

E= E+( M< I'(n >>a)-

We note that the explicit expressions for (I'(n))q is available for k = 1 (I'(n))q = 1), k = 2 (I'(n))q =
cof(a)/Tra) and k = 3, when it can be expressed in terms of the elliptic integrals. However, we do not need
to know (I'(n)), explicitly, we only need the set of diagonal matrices

€0:EarIk—|—

(T'(n))a,
(5.11)

G ={{l'(n)q: a=dag(a,...,ar), a; >0, i=1,....k}.

LEMMA 5.5.
G ={A=diag(A1,...,Ax), A; >0, i=1,...,k, TrA=1}.

The proof of the lemma is in the Appendix G.
We now apply Lemma 5.5 by taking the trace of the first equation in (5.11). We obtain
+ (A +2u)Treg — [A[Tre’

- . 5.12
co Ty + 2kp— + 2] (5.12)

The denominator in (5.12) is positive if either [A] > 0 or [u] < 0. It could change sign if [A] < 0 and
[] > 0. We therefore place the material with larger A or smaller p inside the inclusion. In the well-ordered
case (A > A_, puy > p—) , either material can be placed inside the inclusion, while in the non well-ordered
case only the material with larger A and smaller ;1 can be placed inside.

5.1.3 Optimal orientation

In our example the optimal orientation equation (4.13) becomes

Q/ (C(8)(e + e(¢)) — C_e>)Vapdt — 0. (5.13)
Rk

We can rewrite the left-hand side in (5.13) as the sum of two terms 77 and T

T, = Q/ N[Cle™)Vapdt, Ty = Q/ Vipdt.

We compute

Ty = (2UIEVYE + N(Treo + Tre') Ve, + 2[ule’ Ve, ) / (bdt.

Rk
B::A;&AﬂV¢WWm+A@XV-¢wV¢?ﬁ-

Using integration by parts we can rewrite 1o as
To=— | ¢ V- (Clt)e(po))dt+ | V- (u(t)VY') @ hodt.
R R

Using equations (5.3) we get
V- (Clt)e(yho)) = =V - (x(D)[Cleo), V- (u(t)VY') = =2[u]V - (x(t)E),

where
[A]Tr &’

RN T 20

o =60+
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Thus, we obtain
7, = [ XOEVW([CE) + 2l B(T0) .

Computing [C]€p and combining with T} we write (5.13) as

Ee(ty) + %s’V@b; - %V%e‘o =0. (5.14)
Substituting the values

e(py ) = €9 I — €0, %V@bﬁr =FE, - F,
obtained from (5.9), into (5.14) we get
(efIn —€)E=E g0 —€'Ey. (5.15)

Substituting the second equation in (5.11) into (5.15) we obtain
I +p o _ e
V(e I~ €)B (D0))a = By (e - < ).

Applying the first equation in (5.11) and the invertibility of (I'(n)), we finally conclude
[(A=[u] = kp—[NDeg — n-INTreEy = (A= + 2u-)[u]e’ E-. (5.16)

The equations (5.9) and (5.16) say that, provided Ey # 0, the k columns of the (d — k) x k matrix E/Ej are
orthonormal eigenvectors of the (d — k) x (d — k) matrix &’. All of them correspond to the same eigenvalue

A=l = kp—[ADeg — p-[\ITr e’
(A= +2p-)[1] '

(5.17)

UV =

5.1.4 Explicit bounds

If Ey = 0 then E; = 0 and the relation (5.16) is identically satisfied. In that case the equation for the sets
MNel introduced in Definition 5.1 is provided by the relation (5.10), which becomes

(A= + 20 ) ([kA + 24 Treo + kA Tre’)® | 2[\][u] (Tr ')

[ex + 20 (FA+ + 2kp_ + 2[u]) it o Rl el =0 (5.18)

Equation (5.18) provides a characterization of the union of (Z) surfaces in the space of eigenvalues of e.

Different surfaces in this union are obtained by choosing k of the d eigenvalues of € forming the diagonal

of the k x k diagonal matrix €9. Another union of (Z) surfaces are obtained by exchanging “4” and “—”

subscripts in (5.18). The entire collection of Q(Z) surfaces comprises the part of the set ’)?Z“ corresponding to
Ey=0.

If Ey # 0, then the optimality of orientation condition (5.16) requires €’ to have k equal eigenvalues.
Together with the relation (5.10) this places € on a co-dimension k surface in Sym(R?). Such surfaces cannot
be candidates for the binodal when k& > 1 and are therefore discarded, leaving only the case k = 1. In this
case (I'(n))q = 1 and the matrices E and E, are vectors in R?~!, related via (5.11)

E=-"E.. (5.19)
j.
If we choose one of the coordinate axes to be aligned with E then, according to (5.16), € must have the
following structure

€0 'M—JFEQ 0

€= M_J’_EQ v 0 ’ (520)
H—
0 0 e”
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where v is given by (5.17) with k£ = 1. Writing it in terms of ¢ and €”, using (5.12) we obtain

. (A=[p] = p=[ADeo — M+[[/\]]Tf5”' (5.21)

e [A 4 20] + Ay [y

In order to write the equation for M in terms of the eigenvalues of € we introduce the notation

E1= | py

The eigenvalues of € are split into two groups: the group of d — 2 eigenvalues, comprising the diagonal of &”,
and the group containing the two eigenvalues of €;. It will be convenient to introduce variables

Tre; 5 1 9 Tre”
X=— Y = =((Trey)® —4detey), Z = —,
\/5 2(( 1) 1) \/5

which are well-known functions of the eigenvalues. Then the formula (5.12) becomes

4+ (2] + A [i)eo — V212 (5.22)
0 p A+ 2u] + A4 1] ' '

From the equation €y + v = Tre; we find

(Pt [A + 20] + A [0D) X + py [[/\]]Z'
V2[ul (At + py)

2F2 = (“—‘)2 (W - (u+ [A+ )X + NZ>2> . (5.24)

(5.23)

We also have

M ] (A+ + 1)

If we now substitute (5.21), (5.22) and (5.24) into (5.10), taking into account (5.23), we obtain a representation
for the Ey # 0 part of M5! in terms of the eigenvalues of e:

[elle”? = —[wl.  (5.25)

At p )+l o Ot )N I ) o Ty
At + py A+ By A+ pg M

We interpret (5.25) as the union of (g) surfaces. Each of these surfaces is characterized by two (out of d)
eigenvalues corresponding to €;. Another union of (g) surfaces is obtained from (5.25) by interchanging “+”

and “—” subscripts in the well-ordered case. The entire collection of 2(3) surfaces comprises the part of the
set NS corresponding to Ey # 0.

When k& > 1 (and hence Ey = 0), we have only used the fact that Tr (I'(n))q = 1. The positive definiteness
of (T'(n))q gives us the validity domain for the equation (5.18). Substituting (5.12) into (5.11) and solving
for (I'(n))q we obtain

()\7 + 2,[L7)Ik < [[k)\ + 2[&]]60 + [[/\]](TI‘ E/)Ik < ()\7 + 2u4 + k[[/\]])_[k
Fay + 2kp + 2[u] — [kh+2u]Treo + kINTYe = kAg + 2kp + 2[a]

(5.26)

This statement is equivalent to the inequalities 0 < (I'(n))q < Ir understood in the sense of quadratic forms.
It is easy to check that the upper bound in (5.26) is a consequence of the lower bound, due to the fact

that N 5
Sk >0

EAy + 2kp_ + 2[u] ’
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and we conclude that for k > 1 (5.18) is the equation of M, provided

[[k/\ + 2#]]50 + [[/\]] (TI‘ E/)Ik > ()\, + Z;L,)Ik
[Fh+ 2u]Treo + KNI e = Fay 1 2kn_ + 2[4

(5.27)

in the sense of quadratic forms. Equation (5.18) and inequality (5.27) reduce to the results of Kublanov and
Freidin [70], when k& = d = 3.

If the materials are well-ordered, we may interchange the materials (i.e. consider an inclusion of phase
“—” in the matrix of phase “+”). In that case the inequalities in (5.26) and (5.27) are reversed, while the
subscripts “+” and “—” are interchanged.

Notice that when k& = 1 we have (I'(n))q = 1 and there are no extra inequalities in the case Ey = 0.
However, when Ej # 0, equation (5.24) implies that the values of the variables (X,Y, Z) must satisfy

A+ u]X + [N Z
[l (A4 + 1)

Y] > s (5.28)
This is the range of the validity of equation (5.25).
Let us verify that all solutions to (4.12) satisfy the non-degeneracy condition (4.26) of Corollary 4.7. An
easy calculation shows that
W2 (e e(9)) = [Cle"x (). (5.29)
Hence, 8Jx(F, ¢)/0F = 0 if and only if e = 0. However, €™ = 0 contradicts (5.10).

Remark 5.6. It will be shown in [{9] that the surface patch MSY given by (5.18), (5.26) is indeed a part
of the binodal when d = 2. If we choose F € NS and the corresponding elliptical inclusion, then the field
e + e(¢p) will stay strictly away from the singular boundaries of the quadratic energy wells. Hence, if we
choose F ¢ B sufficiently close to F and solve (5.30) then the solution will also be a nontrivial solution of
(4.12)1, with W (F) given by (5.1). Therefore, the “bifurcation” in (4.12)1 alone is not sufficient to obtain
any bounds on the binodal region.

5.2 Interacting cylindrical inclusions

In this section we give an example of the test field ¢ € C; \ C; satisfying (4.12)-(4.13). More specifically,
we construct a 1-parameter family of energetically equivalent C; test fields interpolating between the Cs test
fields (corresponding to elliptical inclusions) and the rank-two laminates discussed in Section 3.2.3.

5.2.1 Euler-Lagrange equations

We are looking for equilibrium configurations where the materials “4” and “—” occupy complementary
subdomains 24 and Q_ that are periodic with period 1 in y-direction. We further assume that the material
“+” occupies a compact subset in the fundamental region Y7 = R x [—1/2,1/2] with smooth boundary X.
The first equation in (4.12) is

V- (C(z)e(u)) =0, x € R? (5.30)

understood in the sense of distributions. Here

( )71 8u1‘+811,j
euz]_2 6,Tj 6:51- '

The equation (5.30) can be written as the standard Lamé system in 21 together with the interface conditions
[u] = o0, [Ce(u)]n =0, rel. (5.31)

The method of complex potentials [91] allows one to characterize the set of solutions to (5.30)—(5.31)
completely in 2D. Accordingly, the vector u = (uy,uz) € R? is written as a complex number u = uy + iug. If
u solves the Lamé system then

u(z) = Ag(z) — B(¥(2) + 2®(2)), (5.32)
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where ) 1 1
P(z) = ¢’ A= -+ — B=—.
(:)=9(2), o o

Also, any 2 X 2 matrix M can be written as a pair of complex numbers M = [p, ¢|, according to the rule

p1 —Pp2 AR
M = + )

P2 N a2 —q1

where p = p1 +ipy and ¢ = ¢ + ig2. Then, the complex representation of the vector Mw, v € R?, is pv + ¢v,
and 0w 9
u Ou

Vu=|—,—]|. 5.33
{Bz 8?] (5:33)

Applying (5.33) to (5.32) we obtain Vu = [A® — B®, —2BII], where
1
() = () 430D, () = v/(2).

We also obtain

e(u) = P%%(z),—y} . o= [2Red(z), —2T0(z)).

The continuity of displacements [u] = 0 can be conveniently written in differential form, via the representation
(5.32): _ _
[A® — B®]z — 2[BII]z = 0, (5.34)
where £ is the derivative of the parametrization z(¢) of the interface I'. The continuity of tractions reads
[Re®]z + [TI]Z = 0, (5.35)
since the complex representation of the unit normal n is —iz/|Z|. In terms of the variables z = |]e!® |

®(z) = X and II(2)e*® =Y, the system (5.34)—(5.35) can be written as

{[[AX — BX] - 2[BY] =0, (5.36)

[ReX] + [Y] = 0.

5.2.2 Noether-Eshelby equations

Under the assumptions of the smoothness of the interfaces the second equation in (4.12) can be replaced by
the Maxwell relation (4.21), as discussed in Section 4.2.1.

W] - {Ce}[e@]) =0, @ex, (5.37)
which in the X and Y variables we can be written as

[2TRe(X JRe(X ) + [[%]me(yj_) ~ [u]. (5.38)

5.2.3 Optimal orientation

In addition, the necessary condition (4.11), though not computable by itself, implies an easily verifiable
additional condition (4.22), as discussed in Section 4.2.1. It can be written in terms of X, Y as

[ReX][AX — BX] + 2[ReX][BY] + [Y][AX — BX] +2[Y][BY] = 0.
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If we eliminate [Y] and [BY] by means of (5.36) we obtain
[ReX][(A + B)IJmX] = 0. (5.39)
Hence, there are two possibilities. Either [ReX] = 0, corresponding to [o] = 0 or [(A + B)ImX] = 0,

corresponding to @ = An and [o] = fnt ® n'’ for some scalars A and 3.
Case [ReX] = 0. In this case we get

ReX, = ReX_ = ReX,

1., (.1 (1 1\ .
Y; —1Y T [[;]]7 <[[E]]§RiX —11[[<E + ;) Jlm)l(]]> ) (5.40)
[ + 10 + [[(E + ;) ImX]* = Skl

Then, the function
Re®,(2), zin + region
flz) =

Red_(z), zin — region
is bounded and harmonic on R?. Hence, it is a constant. We conclude that ®/, (2) = 0 and hence the functions

1 .
JmX4, and therefore Y3 = §\Ifi(z)z/2 are constants on X. Hence, we obtain ¢4 (z) = 2Y;Z+ v4 on . By

assumption region “+” contains a compact inclusion D with smooth boundary. Then we must have Y, = 0,
since
0= [ 4(2)dz =4iY,|D|. (5.41)
aD
This contradicts (5.40).
Case [(A+ B)JmX] = 0. Then the function

1 1
(— + —) Jm®,(z), zin + region
Ky Bt

(— + —> Jm®_(z), =zin — region
K -

must be both bounded and harmonic. Therefore, it is constant. Hence, ® 1 (z) is constant in the “+” region.
We can assume without loss of generality, that ®_(z) is a real constant. Hence, & (z) is also a real constant.

It follows from (5.36) that Yy are constants on Y. By assumption, region “4” contains a compact inclusion
D, then we must have Yy = 0 due to (5.41). Hence, from (5.36) we get

ReX, = o (- + M_)%eX_,
Ko (kg +p-)
while 1 1
X_=ReD_(2) = ZTraoo = §I€_Tl“€(>o.

Substituting these relations into (5.38) we get

_ 2w (p- +54)
(Tres)? = Wl 1) (5.42)
Hence, in terms of Tre,, we obtain
_ )Tres
i) =0, 64(2) = ’”(g“(,: L ;) 2 6(2) = y(Trew)n (5.43)
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Figure 4: Conformal mapping of the exterior of the periodic array of slits onto the exterior of the periodic
array of inclusions.

We also have KT
- . €00
(2)=cz+~v, z€d c=—. 5.44
V- (z) gl PR (5.44)
The parameter 7 is locally constant on ¥ and can be chosen to be zero if ¥ is connected. Observe that the
trivial solution u = e,,x corresponds to the complex potentials

1
0(2) = 5(Trese)iz,  (x)=bz,  b=p (8 -V —2il?).

Hence, the function p(z) = ¢_(z) — bz must be i-periodic. Thus,
b (2 +14) = Y_(2) + bi. (5.45)

It is now easy to verify that the as yet unused condition (4.13) holds automatically for any solution of the
Lamé system satisfying (5.43). In fact, we have P*(z) = 0 for all z.

5.2.4 Optimal shapes

We are now in a position to look for i-periodic structure of inclusions satisfying (5.43) and (5.44). The
analysis here is an adaptation of the analysis in [117, 118, 119, 120, 48] for the case of simply-periodic array
of inclusions. Following [23, 48], we map the exterior of a periodic array of slits in the ¢ plane conformally
onto the region “—” in the z plane (see Figure 4). More precisely, let z = w(¢) map the i-periodic array of
slits

M,={z=z+in:z€[-a,a]}, neZ

of length 2« (to be determined) in the ¢ plane to the i-periodic array of inclusions with smooth boundary in
the z plane. The map w must satisfy the following conditions:

w(C + i) =w(C) +i (5.46)

At the endpoints of the slits w(¢) = O(/C — () as ¢ — ¢, where ¢, = *a + in is an endpoint of the slit
M,,, on account of the smoothness of the boundary of the inclusion in the z plane.

Let us now substitute z = w(¢) in (5.44) and differentiate along the slit. Using notation ¥(¢) = ¥_(w(())
we obtain:

(') = cw'(¢), C€M. (5.47)

We can represent (5.47) using the following trick of Cherepanov [23]: Consider two analytic functions F and
G chosen such that

FI(Q) = =¥ (Qw'(¢) + cw'(Q), (5.48)
G'(¢) = =T (Qu'(¢) = ew'(Q). (5.49)



Then (5.47) becomes

ReF'(C) =0, (€ M,
} (5.50)

ImG(() =0, € M,.

Besides (5.50) the analytic functions F' and G have the following properties: they are i-periodic, since both
U(¢) and w(() are, and at the endpoints ¢, of the slits M,

1 1
F'(¢) = O(——=) and G'(¢) = O(——=) as ¢ = (u;
C - Cn C - Cn
also F’ and G’ are single valued and have no other singularities. Once such functions are found, using (5.48),
(5.49) we can easily reconstruct w(¢) and ¥({). The result is

(5.51)

1

T2

w(¢) (F(¢) = G()) + Co, (5.52)

where C is an arbitrary constant of integration, and

() = —c%. (5.53)

Now let’s construct the functions F' and G. Consider the function [23]

cosh(27¢)

v(¢) = m, A = cosh(27a). (5.54)

We claim that v(¢) has the following properties:

1. v(¢) is single valued analytic function in the exterior of the periodic array of slits {M,, : n € Z};

o

v(¢) is i-periodic;
3. v(¢) = O(ﬁ) as ¢ = (n, and v is bounded everywhere else;
4. Re(v(¢)) =0 on M,

To justify the claim we choose the branch of the square root such that /1 = 1, with the branch cut along
the negative real axis. Then the function v(¢) has a branch cut wherever

cosh(27() — 1

cosh(2nd) 3 < (5.55)

This is equivalent to the condition that cosh(27¢) € (1, A), which is satisfied only along the cuts M,, (this is
how the function (5.54) was constructed). Thus, properties 1 and 4 are proved. Property 2 follows from the
i-periodicity of cosh(27¢). And property 3 follows from the fact that points (,, are simple points for cosh(27()
(the derivative 27 sinh(27a) # 0).

We look for the functions F’ and G’ in the form

{F’ =r1v(¢) +ids, (5.56)

G/ = iTQ'U(C) + d2,

where r;,d; € R are constants to be determined. It is easy to see that equations (5.50) are satisfied, as is the
condition (5.51). In order to recover F' and G from the above formulas we have to use the function

¢
V() = //QU(Z)dZ. (5.57)
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This function is single valued in the exterior of the periodic system of the slits because er v(¢)d¢ = 0, where
I'r is a rectangle with vertexes +R 4 i/2. Indeed, the function v(¢) is even and i-periodic. Therefore,

R -R 1/2 —1/2
/ v(z —1i/2)dr = —/ v(z +1i/2)dz, z/ v(R+ iy)dy = —i/ v(—=R + iy)dy.
—R R —-1/2 1/2
The i-periodicity of v({) implies that V(¢ 4 ¢) — V(¢) is independent of ¢. Therefore,

1/2

V(C+i) - V() = lim z/ o(R + iy)dy = i. (5.58)

R—oo _ 1/2

The periodicity condition (5.46) together with formulas (5.52), (5.56) and (5.58) implies

dlzT‘Q, Tl_d2:2c.
So that ;
T —1r
w@) =rV(Q+ A =7  r=—p (5.59)
Thus by (5.53)
o (w(()) = —c(FV(¢) + (F — 1)¢) + const. (5.60)
Now using the translation law (5.45) for the potential ¢_ we obtain:
1 b
r=51-7, q=-. (5.61)

2

c

We need to place further restriction on the value of parameter r (i.e. on €4 ) so that the map w(¢) given by
(5.59) maps the exterior of the i-periodic array of slits {M,, : n € Z} one-to-one and onto the exterior of the
i-periodic array of inclusions D,, = w(M,,). A necessary condition for univalence of w(¢) is that w’({) # 0.
In other words v(¢) # (r — 1)/r. The principal branch of the square root in (5.54) can take any value in
the right half-plane $ev > 0. Hence, we require that Re((r — 1)/r) < 0. In other words |r — 1/2| < 1/2, or
equivalently, |¢| < 1, i.e.

622 — (D) _9;.02)2 o 2[wllr] . (5.62)

w e (s + i)+ )

It is easy to show that |g| < 1 is also sufficient for univalence. Indeed, we only need to prove that w({1) # w((z2)
for any ¢ # (2, such that Jm(¢;) € (0,1), 7 = 1,2. Observe that we can connect the points ¢; and (2 by
straight line without crossing any slits. Thus, we can write

w(Cr) —w((2)
G — G

If w(¢1) = w(¢2) then we must have

1
=1 —r—i—r/ v(t¢ + (1 —t)¢Ga)dt
0

1 j—
/ v(t¢ + (1 —t)¢)dt = ! 1.
0 T

However, the left-hand side is in the right half-plane $e(v) > 0, while the right-hand side is in the left
half-plane, when |¢g| < 1. Thus, the map w(() is univalent if and only if (5.62) holds.

The inequality (5.62) together with (5.42) describes a surface known to be in 9B, since the non-degeneracy
condition (4.26), that has the form (5.29) in our example, is obviously satisfied. The surface (5.42), (5.62)
coincides with (5.18), (5.27) for d = k = 2.

We compute that for any & € [—a, a]

V(E+0i) = %arccos <M) .

cosh(ma)
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Figure 5: Periodic array of inclusions for a = 3 and ¢ = —0.4v/2(1 +1).

a=1 a=4 a=10
4 1
0.5
2 05 W
> 0 > 0 > 0
-2 -0.5 j
-0.5
-4 -1
-5 0 5 -1 0 1 -1 0 1
X X X
Figure 6: The shape of the component of a periodic array of inclusions for ¢ = —0.8 and o = 1, 4 and 10.

Therefore the parametric equations of the upper half of the inclusion are

1+q
xr=
2

:1—Q1
21

§- V), V(Ee) -5 gel-aal.

1 2

where ¢ = q; +igo. The parameter « is arbitrary. The structure for o = 3 and ¢ = —0.4v/2(1 + i) is pictured
in Figure 5.

Now, for simplicity let us examine in more detail the case when the periodic direction is chosen to be the
eigendirection of £,,. Then b € R, and hence r € (0,1). The parameter o > 0 can be chosen arbitrarily.
The resulting shapes are different for different values of «, yet all have the same energy. The equation of the
upper half of the inclusion centered at the origin is

2nx
_1-a — % arccos 7(308}1 (l_ﬂ) x € _U+da (1+g)a
Y= Ton cosh(ma) |’ 2 72

When o — 0 the inclusions degenerate into the i-periodic array of small ellipses

:CQ y2 012

AtqZ (-gf 1

When a — oo the structure becomes a periodic array of horizontal layers of thickness r. However, for each
large value « one needs to rescale the structure to keep the width of the inclusions constant, i.e. we change

variables
2x 2y

(1+q)a’ (1+q)a’
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In the new variables the array of inclusions is p-periodic, where

R
p= 1+ 9

is large, while the upper half of the inclusion centered at the origin has the equation

1 1—9¢ cosh(raX)
Y = . arccos ( cosh(ra) )’ X e [-1,1]. (5.63)

When a — oo both the period p and the vertical dimensions of the inclusions will go to zero and the structure
will converge to a second rank laminate with inner volume fraction r, which is also known to permit detection
of this part of the binodal.

Figure 6 shows the shapes of single inclusions given by (5.63) for ¢ = —0.8 and « = 1, 4 and 10. For each
fixed value « the decay of the elastic fields along the x-direction is exponential. Therefore, the corresponding
test function ¢ = u — e is in the space C;.

In summary, for each fixed value e satisfying (5.42) and (5.62), that are identical to (5.18), (5.27) for
d = k = 2, we found a l-parameter family of C; test fields satisfying (4.12)—(4.13) degenerating into Co
test fields (corresponding to elliptical inclusions) when o — 0 and to rank-two laminates when a — oo.
In other words, each member of the solution family identifies exactly the same marginally stable value of
€ as the simple elliptical inclusions, confirming previously obtained bounds. The isotropy and high non-
convexity of this example contributes to the abundance of rank-1 connected pairs F, F_ on the jump set
[561], described in Section 4.2.2. This in turn provides sufficient flexibility for multiple structures to identify
same marginally stable values of deformation gradients. For more general energies we expect fewer binodal
points to be detectable through classical nucleation. For example in [47], essentially the same model with
anisotropic tensors Cy was considered in 2d. It was shown there that the regime analogous to (5.42), (5.62)
can be detected only by second rank laminates, since the support of the optimal Young measure in (2.18)
consists of specific three points which are inconsistent with classical nucleation.

5.3 Laminates
We have the following equations for € on a second rank lamination set. The “micro-level” system is
el=bom

[
[Celm =0
[

1 1
w] + 5([[C]]€i,€i) = :FE(C1 [e], [€])-
while the macro-level system is

se_+(l1—s)ey—e=aGn
(sC_e_+(1—-5)Cier —Cie)n=0

(sC_e_+(1—-s)Cier —Cie)a=0 (5.65)
[w] + 3 (Ile.€) = 75 (Craom,acmn),

where the upper sign corresponds to the situation when e lies in the “+” well, while the lower sign corresponds
to the situation when e lies in the “—” well. The detailed analysis of this system of equations in 2D shows
that by studying laminates one can confirm the bounds obtained in the analysis of classical nuclei and obtain
new bounds inaccessible by the methods based exclusively on solving the associated PDE problem [49].
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6 Conclusions

In this paper we systematically juxtaposed the conditions of marginal stability for weak and strong local
minimizers in nonlinear elasticity. While the case of weak marginal stability, allowing one to determine the
spinodal, can be studied in full detail, the case of strong marginal stability, bringing about the crucial notion of
the binodal, is much less transparent. The reason is that binodal coincides with the boundary of the typically
inscrutable quasiconvexity set.

It is essential that in order to locate the binodal one does not have to solve the difficult minimization
problem for a non-convex integral functional of non-linear elasticity. Instead, one needs to deal with an
equivalence class of parametric variational inequalities with a possibility that a particular formulation delivers
a tractable characterization of the binodal. We used this freedom to obtain several characterizations of the
binodal in terms of either PDEs or algebraic equations. In the former case the test functions are “well-behaved”
members of a function space, in the latter they are weakly convergent sequences of gradients-generating
laminate Young measures described by finitely many parameters.

We observe that our examples illustrate two types of nucleation patterns: isolated and interacting inclu-
sions. Characterization of isolated inclusions reduces to solving a PDE problem in an infinite domain. To
characterize interacting inclusions one needs to solve the same problem with periodic boundary conditions
imposed at least in some directions. The most dramatic example of collective nucleation is provided by
multi-rank laminates. In physical terms the periodicity of the boundary conditions means that the elastic
interaction between individual inclusions is necessary for optimality and that we are dealing here with a
cooperative phenomenon.

The variety of optimal patterns considered in this paper is in no way exhaustive which is exemplified by
the concept of partially relaxed energy density introduced in this paper. This energy density is obtained
by minimization with respect to a particular subclass of Young measures and can be used in the secondary
nucleation PDE-based problem. The generalized bifurcations in the resulting PD can be interpreted as
nucleation of composite precipitates that were left outside the scope of this paper (see, though, [97, 98, 99,
126, 66, 65]).

Although we succeeded in building some conceptual links between the notions of spinodal and binodal,
the ensuing thresholds remain fundamentally unconnected in the framework of classical nonlinear elasticity.
The situation changes fundamentally if one considers regularized theory where the jumps of deformation
gradients are replaced by smooth transition layers. In such settings (e.g. gradient theory, phase field theory,
etc.) binodal and spinodal become parts of a single bifurcational diagram where the (regularized) spinodal
indicates the actual bifurcation of a homogeneous configuration while the (regularized) binodal marks the
transition between the trivial and the nontrivial branches of the global minimization path (see [16, 113] for
1D examples).

Several important issues have not been addressed in this paper. For instance, we did not attempt the
differential characterization of the binodal (Clausius-Clapeyron type relations) and did not specifically study
the nucleation conditions at the vertexes of the binodal associated with activation of essentially distinct
nucleation mechanisms. Likewise, we had to exclude from our analysis material instabilities associated with
internal and external surfaces. In the case of weak local minima the corresponding theory is rather well
developed [105, 102, 85] and the associated concept of surface spinodal is straightforward. For strong local
minimizers, one needs to find the limits of the mysterious quasiconvexification-on-the-boundary set [14, 104,
102], making an explicit characterization of the surface binodal a formidable challenge. We leave all these
issues for future studies.
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A  Proof of Lemma 3.3

We note that S = W1>°(R% R™) N Sy. It will be important to use the following embedding theorem for the
space Sp

THEOREM A.l. Assume that ¢ € Sy and d > 3. Then there exists a unique constant ¢ € R™ such that
2d
¢ —c <€ L2 (R4 R™).

Proof. First, we remark that without loss of generality we may take m = 1. Now recall the well-known
potential theory operators. The Riesz transforms R; are defined by

where

F(f)(€) = f(€) = (@ )e2mi®E) g

is the Fourier transform. The operators R; map L? (Rd) into L2(R?). The Riesz potential I; is defined by

7(€)
2m[€]

F(Lf)(E) =

It maps L?(R?) into L7 (R%), [108].
If ¢ were smooth and compactly supported, we would have

Sk (22
. J al'j

Jj=1 :
Hence, we define

d
x) =1 [ Y Rg;) |
j=1

where g = V¢ € L2(R%RY).
Let n(x) be an arbitrary smooth compactly supported function. By definition of the distributional deriva-

tive we have p p o2 o2
on Ul n n
dz — — _
/ { BIJ ~ 9., Oz, } * (9, B:Ckaxj> + (o B:Cj('“)xk> 0

By Plancherel’s identity

| @& ~a,0e =0,

We conclude that

for a.e. € € R%. Thus,
—2migp (€ Z §&i0,(8) k(&)

due to (A.1). By Plancherel’s identity

0 = ~ =
| v@rgide = 2mi | b7 = - [ e =~ [ a@n(a)ds

Rd

Therefore, Vi) = g = V¢ as distributions. The theorem is proved. O
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The proof of Lemma 3.3 proceeds in different ways depending on the dimension d. If d = 1, then

_/2R |@||@’ (= ”¢HOO </ | ’(I)|2dx> v —0, as R — oo
VR \UJg ’ '

1

i 2 ||¢>H2
ﬁ/ |p(x)|?dx < — 0, as R — oc.
R

Let d = 2. We estimate

1 1/2
E/A |9||Voldz < ||p]|oc V3T (/A |V¢>|2dw> — 0, as R — oc.

By the Poincaré inequality
[ 18@) ~ @anPde < ot [ [Tode,
AR AR

where Cj is the Poincaré constant for A;. The boundedness of ¢ implies that there exists a sequence R = Ry,
such that

lim ($)a,, =c.

k—o0

Hence, by the triangle inequality

1/2 1/2
(/ |¢>—c|2dw) s(/ |¢>—<¢>>AR|2dw) A2 () ap — €.
AR AR

1/2 1/2
1
—2/ |p — c|*dx < C'O/ |V|*dx + V3n[(¢)a,, —c| = 0asn— oo
Ry AR, ARy,

Now assume that d > 3. By Theorem A.1 there exists a unique constant ¢, such that ¢—c € = (R%;R™).
Using the inequality ab < (a? + b?)/2 we get

Then,

|qb— cl*dx.

1 1 , 1 3
— — J— — < —
R/AR|¢> c||Vo|dx + B /AR|qb cl“dx < 2/A |Vo|?dx + — IR2

By Holder inequality

1 a
—2/ | — c]*dx < (/ |¢—0|%dw> — 0, as R — oo.
R AR Agp

The lemma is proved.

B Proof of Lemma 3.7

Let us begin with a technical lemma.

LEMMA B.1. Suppose a(R) > 0 is such that a(R) — 0, as R — co. Then there exists a monotone increasing
function h(R) with h(R)/R — 0, as R — oo, such that

Jim. <%> a(R) = 0. (B.1)
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Proof. We define
h(R) = max (r a(r)) .

r<R

Then h(R) is monotone increasing and h(R)/R — 0, as R — oo. Indeed, for any € > 0

h(R) < max (r\/W) + max (r@) < eR\/a(0) + Ry/a(eR).

r<eR eR<r<R

Therefore,

lim h(R) < ev/a(0).

R— o0

R
Hence, h(R)/R — 0, as R — co. By definition of A(R) we have h(R) > R+/a(R). Therefore,

R 1
h(R) a(R)

IN

Thus,

<%)Q(R)§\/WR)—>O, as R — oo.

Now let us prove Lemma 3.7. First observe that for any ¢ € Sy
lim Vol*dz = ||Vel|3,
R— o0 Br

while

lim |Vo|>dx = 0.
R0 JAp(h(R))

Hence, we only need to prove that there exists ¢ € R™ and a monotone increasing function hA(R) = o(R) such

that )
lim —/ | — c|*dx = 0. (B.2)
R—o0 h(R)2 Agr(h(R))

Remark 3.6 implies that we need to prove (B.2) for d > 3. In that case, the constant ¢ € R™ is chosen so
that ¢ —c € L# (R4;R™), which is possible by Theorem A.1. The Holder inequality gives us

[ et
Ar(h(R))

g Ha=1
a(R) = / | — c|7-2dx — 0, as R — o0.
2| >R/2

d—2

2(d—1) d-2
3 d

: o <0 (5735)
- —clPdx < O [ =
h(R)? /AR(h(R)) ¢ = el < h(R)

By Theorem A.1

We see that in each of the three cases we have a function a(R) — 0, as R — oo, which is independent of
h(R). The application of Lemma B.1 concludes the proof of Lemma 3.7.
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C Proof of Theorem 3.9

Step 1: Asymptotics of fBR |Vo|?dex.
We write ¢ = p+ RTt and |z|? = |p|? + |t|2. Therefore,

BrCVp={zcR':z=p+ R"t, |t| <R, |p| <R}

/ Voda = / / (ebel? + [ 2 dtdp.
Vr {ItI<R} J{|p|<R}

If we make a change of variables p = Ru we obtain

1
e [ VoPdr= [ [ (e R+ (e, R dude.
Vr {ltI<R} J{|u|<1}
Hence,
1
e [ VoPde< [ [ {lt B + (e, R e
Vr {lu|<1} JR-

By the Riemann-Lebesgue lemma we get

1
T s [ (VoPde <wis | [ (Wotp) + [0plt.p) )t
R0 Vr Qa—r /RF

where w,, is the volume of the n-dimensional unit ball. Thus,

R—o0

— 1
T s [ IVéPde <win § [ {nlt.p) + wolt.p)Phatdp,
Br Qa—r JRF

To get the reverse inequality we write

/ VoPdw = / / (4bel? + |9 2 dpt,
Br {ItI<R} J{Ip|<r(R,t)}

where (R, t) = \/R? — [t|2. If we make a change of variables p = r(R, t)u we obtain

/ VoPdx = / r(R, 1) / (et (R, V)P + [p(t, (R, ) 2 dudt.
Br {|t|<R} {lu|<1}

By the Riemann-Lebesgue lemma we get

lim {lpe(t, (R, )w)|* + [¢p(t, r(R, t)w)|* }du = wa—i ]Z {lwe(t.p)|* + [¥p(t, p)|*}dp

R=00 J{|u|<1} Qa—r

for a.e. t € R*. By Fatous’s lemma we get

R—o0

Hence, we obtain the asymptotics of fBR |Vo|*dz:

R—o0

In particular, we get

—_— 2 — Wq 2
< —— =
L f, VePdes T 2 [ (9efda =0

46

. 1
lim Tk / |V|?dx > Wdfk/ ][ {|:(t, p)|* + |1,bp(t,p)|2}dpdt.
BR RF Qd—k

. 1
fin o [ IVePde —wan [ {0t ) + (e )it
Br RF Qd—k

(C.1)



establishing (3.19).
Step 2: Proof of (3.17).
For any h(R) = o(R) we have, using (C.1)

[ et [ wePae- [ [VoPi -
Ar(h(R)) _ /Ba Br_n(r) 1 (1 _ h(R)) .
IBR |Vo|*dx IBR |Vo|2dx

where ug — 1, as R — co. Thus, (3.17) is proved.
Step 3. Proof of (3.18). We have

/ 62de < / / (¢, p) [2dpdt
Ar(h(R)) [t|<R J|p|<R

The periodicity in p variable implies that for any domain ¢ R?—*

/ 4 (t, p)Pdp < () ][ b (2, p)|2dp,
Q d—k

where v(2) is the (d — k)-volume of all period cells intersecting Q. We further estimate that
v(Q) < [Q+ Bul,
where M is the diameter of the period cell Q4—;. When R > M we obtain
v({lpl < R+ M}) < wa—r(2R)*"

Hence, we get the estimate

1 / )
el || d ~
MBS anin) 2 / ][ p(t, p)[*dpdt.
[t|<R Qa—r

R—o0 |V¢|2dm o qubHLz (Y) R~>oo
Br

For convenience we introduce the truncated L? norm

HszR—/ / £(t,p)Pdpt

LEMMA C.1. For every ¥ € Sk(Qa—k) there exists a constant ¢ € R™ such that

i 1¥ =l
Y

=0.
R—o R?

Proof. The proof of the Lemma is different depending on whether k =1, k=2 or k > 3.
If £ =1 we can use the assumption of uniform boundedness of ¥ and conclude that

lel3r _ 2012
RZ - R

— 0, as R — oo.

(C.2)

If k£ > 3 then, according to Theorem A.1, for a.e. p € Qq— there exists a unique vector ¢(p) such that

/ (2, p) — e(p)| 7 < .
]Rk

However, we need a sharper statement
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LEMMA C.2. There exists ¢ € R™ such that ¢(p) = ¢ for a.e. p € Qq—.
Proof. Let
1

<1/’>Qd—k(t) - m Qa—k

P(t,p)dp.

The Poincaré inequality implies

1% — (V). ®)]3.r < Clivpl3 &-
Therefore, |9 — (), . (t)||2,r is bounded as R — oco. Next observe that (¢)g, ,(t) € S as a function of ¢.
Hence, there exists ¢ € R™ such that (¢)g, ,(t) —c€ L (RF). Tt follows that

le(p) = ¢llo,r < lle(p) = Pllz.r + ¥ = ($)u_ B2,k + () Qu_i (B) = ¢ll2,r-

Let us apply the Holder inequality to the first and third term on the left-hand side of the above inequality.

letw) = 6ln < C8 [ ([ letr) i) " ap

)00 el < CRIQusl ([ 108100 - i)

We conclude that 1
i —=le(p) — el 5 < +o0.
— 00

However, this would contradict
le(p) — cl3.r = |Bxl le(p) — c[*dp,
Qd—k
unless ¢(p) = ¢ for a.e. p € Qu—k. O

We will now establish Lemma C.1 in which the constant vector ¢ is coming from Lemma C.2. For simplicity
of notation (¢, p) will now stand for ©» — ¢. In order to prove Lemma C.1 we split the t-integral in the
definition of ||3]|2,r into the integral over the ball {|t| < eR} and the annulus {eR < [t| < R}. Then we
apply the same Holder inequality to both integrals and obtain the estimate

k—2

1 k k
R2 / Wit PPt < wie </ (¢, p)| 72 dt)
[tI<R [t|l<eR

Lwb (- ety / (8, p)| 2
eR<|t|<R

Lemma C.2 then implies that for a.e. p € Qq—k

k—2
— 1 k o =
i [ wepPas ol ([ e Pa)
R—oo R? Jiy<p F RE
Thus, for a.e. p € Qa—k
1
lim —/ [ (t,p)|*dt = 0. (C.3)
R—oo R2 [t|<R
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By Hélder inequality and Theorem A.1

k—2
k

1
<c [ ot
Rk

— t.p)[2dt < w) t,p)|* 2 dt
o L COIE: (/.MW’( ) )

By the Lebesgue dominated convergence theorem ||4]|5 /R* — 0, as R — oo, since the function

b(p) = [ ntt.p) e

is integrable over Qq—p.
The case k = 2 is the most delicate. Let us define

cr(p) = Y(t, p)dt.
[t|<R

Let R, — oo be a strictly monotone sequence such that
lim <CRn>Qd72 =c

n—r oo

for some vector ¢ € R™. We claim that
i ler(p) — {cr)a, ll2dp = 0.

Indeed,
ler(®) — (er)au L2 < C ][

t|<R

/Q p(t.0) — (%), (£) dpdt.

Applying the Poincaré inequality for the inner integral we get

ler — (er)an 412 < C ][

/ [p(t, p)[>dpdt — 0, as R — oo.
t|<R d—2

We now prove that

n—oo

) 1
lim — (t,p) ~ el x = 0.
By triangle inequality we have
[ (t,p) — cllz,r < |¥ — cr(P)ll2.r + ller(pP) — (crR)Qull2.r + [[{cR)Qs—2 — €ll2.-

We compute

||<CR>Qd—2 - c”%,R = |Qd—2|7TR2|<CR>Qd72 - C|2.
Hence,
. 1 9
nh_)ngo R_%H <cRn>Qd72 - CH2,R =0.
ler(P) — (crR)Qu 3. = TR?|lcr — (cR)Qu_. 3
Therefore,

. 1
Jim —ller(p) — (er)o, .3 5 = 0.

Finally, we have

W-ce®Ba=[ [ w-cawlPatdpr [ [y cn)Pdrdp
a—2 J{|t|<eR} d—2 J{eR<|t|<R}
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Using the uniform boundedness of ) for the first term and the Poincaré inequality for the second term we
get

I enlln < CCRG —clf+ 2 [ [ )it

{eR<|t|<R}
Thus,

Jim —IIIZJ cr(P)|3r < CE|lY - c|l%.
The arbitrariness of ¢ > 0 implies that
lim 46— en(p)]3.n = 0.
Rsoo R2 :
Lemma C.1 is proved now. O

Let R,, — oo be the monotone increasing sequence for which ||¢p — ¢l|2,r, /Rn — 0, as n — oco. Let

1% — cliz.r.,

a(R) = R,

, R,<R<R..

Then a(R) — 0, as R — oo. By Lemma B.1 there exists a monotone increasing function h(R) such that

h(R)/R — 0, as R — oo and
. R
A (m) a(R) =0.

Hence,

: ¥ —cll2r )\ _ . R, ?
1 — ) <1 R,)| =0.
The estimate (C.2) together with (3.17) now implies (3.18). Thus, we have proved that C;, C S, for any
1<k<d.
Step 3: Proof of the formula (3.24). We have

T k/ W (F,V)d :/ / WO (F,vi(t, Ru)R + 1, (t, Ru)Q)dtdu.
R It <Ry/T—ul®
By the Riemann-Lebesgue lemma

lim We(F,(t, Ru)R + 1p(t, Ru)Q)dtdu =

R—o0 lu|<1 JRF

aie | [ W E PR+ (e p)Qdtdp,
Qd—k
Thus, in order to finish the proof of the theorem we need to show that

= lim

W2 (F, 44 (t, Ru)R Ru)Q)dtdu = 0. C4
R%oo/u|<1/t|>RW (F,¢¢(t, Ru)R + ¢¥p(t, Ru)Q)dtdu (C.4)

Recall that ¢ € W1 >°(R%; R™). Hence, there exists a number C' > 0 depending on ||@||1.00, but independent
of R such that

p < C lim

Ru)l? Ru)|?}dtdu.
Rﬁm/u|<1/t>RW{|¢t(t’ w)|” + [¢p (¢, Ru)|" }dtdu

For any € € (0,1) we have

/ /t>R ST ‘Z{It/a(t , Ru)|? + |3p(t, Ru)[*Ydtdu = Ty (R, ¢) + To(R, ¢),
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where

_ 2 2 dtd
GICCES Y ppp— RO I T

nra-[ {9l Ru)P + [4hp(t, Ru) )t
? 1—e<|u|<1 JIt|>R\/T_[u]? ¢ P
If lul < 1—¢€and [t| > Ry/1—|ul? then |[t| > R\/e(2 —€). In particular, [t| > /(2 —¢€)/e, if R > 1/e.

Therefore, by the Riemann-Lebesgue lemma

1-_ T R TOO — _ 2 2 d d .
TR ST =0ee [ () W) i

Also, by the Riemann-Lebesgue lemma
T nro <T@ =10l <0 | (el + il dpit
o0 d—k JR

We conclude that p = 0, since
lim T7°(e) = HH(lJ T (e) = 0.
e—

e—0

D Proof of Theorem 3.14

We may assume, without loss of generality, that n = e;. By Lemma 3.2 in [89], applied to the bounded
domain Q = [0,1]%, there exists a sequence of functions w,,(x) converging uniformly in Q to ug(x) = 1a
and such that ||Vu,|le is a bounded sequence and for all 1 < j <r

1Lm Hx € Q : dist(Vun(z), Hj) < 1/n}| = Aj.

Let p,(x) denote the function defined in the layer 0 < 21 < 1, which is periodic with periods es, ..., eq and
equal to u,(x) on Q. Finally, we let

a, if ¢1 > 1,
v, () =<0, if z1 <0,
pn(x), f0<z <1,

Clearly, v, (x) — ¢o(x) uniformly in R?. However, the functions v, (x) have jump discontinuities across
the surfaces I'j, = {x; = k,0 < 21 < 1}, j = 2,...,d, k € Z, as well as the planes IIy = {1 = 0} and
IT; = {21 = 1}. Let €, = ||[vn, — ¢ollco. Then €, — 0 as n — oo. Let

d
r=T,ulhu||J <U r{,‘,k>
j=1 \kezZ

be the entire singular set. When n is sufficiently large there is a C°°(R?) function 7, (x) that is periodic
with periods eg,...,eq, which is equal to 0 on " and 1 on {x € R? . dist(x,I') > /e, }, and such that
IVinlloo < C/y/€n. It follows that the function

bn(@) = (1 = nu(2))d0(2) + M0 ()00 (2)

is Lipschitz continuous with
[Vénulloo < [Volloo + [Vunlloc + C/en.
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Obviously, ¢, (x) converges uniformly to ¢o(x). In addition Ve, (x) = 0 whenever z; < —,/€, or x; >
1+ /e,. It follows that (3.19) holds. Observe that ¢, (x) has periods es, ..., eq, since both v, (x) and 7, (x)
do. Thus, 9, € SY, where

d
'¢n(tap) = ¢, | ter + ijej
j=2

Hence, ¢, € C;. To finish the proof of the theorem we need to establish (3.29). This is a consequence of the
formula (3.24) and the relation

n—oo n—oo
Q

lim (/ We(F,V,)dzs ... dwd> dry = lim [ W°(F,Vu,)dx = J(F,v).
R’ \J[0,1]4-1

E Proof of Lemma 4.4

The lemma is best proved in the (¢,p) variables, where instead of [0, 1]d_k periodic field ¥ we use Q4_k
periodic field, that we denote ¥ as well, so that

¢(x) = ¢(Rz,Qz)  P(t,p) = (Rt +Q"p).
In terms of 1 equations (4.12) become
Vi (P(F+ R+ ¥pQ)R") + Vp - (P(F + R+ 4,Q)Q") =0,

Vi (RP*(F + ¢ R+ ¢pQ)R") = V- (i P(F + Y R+ ¢pQ)Q"), (E.1)
Ve (QP*(F + ¥t R+ %pQ)Q") = Vi - (Y P(F + ¢ R+ ¢pQ)R")

while relation (4.18) reads
/ RP*R"dpdt = 0,
RF JQa—p

R (E.2)
/ / ¥, PR" dpdt = 0,
RF JQq
where R R
Replacing P* by its expression from (4.15) and using equations (E.1) we obtain
Vi (RP*R") = V- (% PQ") = V,, - (RFTP(F + ¢, R+ ¢,Q)Q"), (E.3)
since
Vi  (RN(p1R+ pQ)R") = =V, - (¢{ P(F)).
Let
fi(t) = RP*R"dp,
Qd—k
fot) = YI PR dp = YIP(F + ¢, R+ ¢,Q)R  dp.
Qd—k Qa—k

Integrating (E.3) over Q4—j and using the periodicity we obtain that V¢ - f1(t) = 0. Similarly, Integrating
the third equation in (E.1) over Q4—j we conclude that V- fo(t) = 0. We estimate

[P < Cpe* + [9p*), 18y Pl < Cllabel + [4bpl*),
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since 1 and 1), are assumed to be uniformly bounded. Then ¢ € Cj implies that {f1, fo} C L*(R¥). The
statement of the lemma follows from

fi(t)dt =0, Fo(t)dt = 0,
Rk ]Rk

which is a consequence of a simple observation that any L' divergence-free vector field f(t) on R* must satisfy

~

Jgr fdt = 0. Indeed, f € L' implies that its Fourier transform f(w) is continuous. V - f = 0 implies that
w - f(w) = 0 for any w € R*. Fixing w # 0 we obtain

w- flew)  ew- f(ew) _o.

wl el

~ ~

Passing to the limit as e — 0 and using continuity of f(w) we obtain w - £(0) = 0. Thus f£(0) = 0, since
w € R\ {0} was arbitrary.

F Proof of Theorem 4.6

When the subspace £ described by R is fixed we can simplify our notation by regarding first £ components of
x as t and the remaining components as p. Then V¢ = [P, 1p]. We then have the corresponding splitting
of P = [Py, P5] and

T 0 T P/ —l'P
p*zw(mwt,zpp])[ N ] - [ ) ] P, Py = [ e me ]
_ o 2

Similarly, splitting the ¢ and p components we have

P(H)=[P,,P)), Pi=P(F + [, p)) — Pi(F), i =1,2.
. P P
P (H) - [ T D D* 1 ’
_’IppPl P2

where
Py =W°(F. [pe. pp)) s —p{ P P5 = W°(F, [tpr. ) Ta—sic — 9oy Po.

Next we use the generalized Calpeyron’s theorem [52] for /V[7(H ):
= 1
/ W (Ve)dpdt = = (T1 + Ts), (F.1)
t1<R JQu s d

where
T = / / {(P{n,t) — (l/’p Ping,p) + (Ping, ¥) }dpdS(t),
[t|=R J Qa_x

T, = / / {(P5np.p) — (4] Pomp, t) + (Pamp, ) }dS (p)dt.
[t|<R JOQa—w

Next we observe that
/ Q/)zﬁ?npds(p) = 07 / (ﬁanu ’lnb)ds(p) = 07
OQd—k 0Qa—k
since ] 132 and (132)T1/; are (Qq—k-periodic. By divergence theorem we obtain

[ Bimpasw)= [ (- Pip)+ TPy ap

d—k
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The Noether-Eshelby equation gives N N
Vp Py =V (¢ Pr),

We also compute N _ ~
TPy = (d— k)W — Tr (4] P,)

Hence, we obtain
Ty = (d— k)/ W(V)dpdt + T},
[t|I<R JQa—k

where
- [ [ wiPmpipase) - [ T (4 By dplt.
[t|=R JQa—r [t|<R JQa—k

Substituting this back into (F.1) we obtain

~

/ W(Ve)dpdt = 1 (Ty(R) + To(R)),
[t|I<SR JQa—k

where

Ti(R) = /M_R /Q ((B{nat) + (P, ) s 1),

Th(R) = — T P,)dpdt.
fa) /|t|§R/dk Tr(l/’p 2)dpde

We observe that due to (4.17)

lim Th(R) = —Tr ( / ¢§132dpdt> =0.
Yi

R— o0

To finish the proof of the theorem we need to show that T3 (R) — 0, as R — co.
We have |P| < C|V¢| and |P*| < C|V¢|?, due to the uniform boundedness of V¢, where the constant
C depends on ¢, but is independent of R. Thus, |T1(R)| < CK(R) for a.e. R > 1, where

K= [ [ RO 16 el alipds(o)

where ¢ € R™ can be chosen arbitrarily. We have, after an application of the Cauchy-Schwartz inequality

e l6—c v
L Ky <2 / / V|2dpdt + 12— Cllz2R / / Vel2dpdt | .
R R R<|t|<2R d—k R R<|t|<2R d—k

If K =1 or k = 2 then the boundedness of ¢ implies that
2R

. 1
ngr(l)o}—% ; K(r)dr =0. (F.2)

If & > 3 then Lemma C.1 guarantees the choice of the constant ¢ € R™ such that (F.2) holds. Therefore,

lim K(R)=0.

R—o0
Hence,

<C lim K(R)=0.

R— o0

/Y W(Ve)dx

The theorem is proved.
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G Proof of Lemma 5.5

We will prove that G = Gy, where
Go = {Azdiag(Al,...,Ak), A;>0,i=1,...)k, TrA= 1}
If we write (I'(n))q in components

(@)=

Uz

k-1a;a Z];:l a;an dS(n)
we immediately see that G C Gy.

To each a = (a,...,a;) € RF we associate (without relabeling) the diagonal matrix a =diag(a1, .. ., ax).
Let A ={(a1,...,ar):a; >0, Zle a; = 1}. Then the smooth map F(a) = (I'(n))s maps A into itself. To
prove the reverse inclusion Gy C G we need to show that the map F': A — A is surjective. We first show that
the differential of the map F is non-degenerate. This implies, via the inverse function theorem that F(A) is
an open subset of A.

In order to simplify the calculation we first change variables b= a~!/Tr (a™!). Then

F(a)_G<T?Tl_1>, G(b) = ékl%dsm).

We compute

a ! \a 'Tr(a'na™')—a'na'Tra!
dF(an = —dG (Tr a1> (Tra—1)2 ’

where 7 is a diagonal trace-free matrix. If
a 'Tr(a'na™) —a'na 'Tra ' =0
then m = Aa for some scalar \. Taking traces we conclude that A = 0. Hence, the map

a 'Tr(a 'na=')—ana'Tra!

—
K (Tra—1)2

is a non-degenerate linear transformation on the space of diagonal trace-free matrices. Hence, dF' is non-
degenerate if and only if dG is non-degenerate. We compute explicitly

mobn  bn e bn
dGn =2 ]ékl{ b [on]d (bn,nn) > dS(n),

where 7 is diagonal and Trn = 0. Suppose dGn = 0 for some non-zero  The Lemma will be proved if
we show that only for n = 0. If this is not the case then we have Tr (nb~'dGn) = 0. We compute (using
commutativity of the diagonal matrix multiplication)

[nnf*|bn|? — (bn,nn)?

Tr (nb~'dGn) = 2 ][ dS(n).

Sh—1 |br |4
The Cauchy-Schwartz inequality implies that the integrand is non-negative. For it to be zero we would need
nn = a(n)bn for almost all n € S¥~1. The equivalent relation b~'nn = a(n)n means that every unit vector
is an eigenvector of b~ 17n. Hence, there is a constant ag such that n = aob. Taking the trace, we obtain
ap = 0 and the non-degeneracy of dG is proved.

The lemma will follow, if we show that if a@,, = a® € 0A and F(a,) — f°, as n — oo then f° € 9A. Let
1 <i,j < k be a pair of indexes such that a; = 0 and aj # 0. Such a pair exists, since a® € JA. We claim
that f7 = 0, finishing the proof of the lemma. We estimate

“n? 2,2
fila) = ][ r T TS = ][ L dS ().
sk-1a;n? 4 a;  ng g1 a2n? + a?n?

4 J
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Now,

by the Lebesgue bounded convergence theorem,

£ = lim Fj(a,)=0.

J n—oo

Lemma 5.5 is now proved.
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