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We are interested in the cubic-to-tetragonal phase transition in a shape memory
alloy. We consider geometrically linear elasticity. In this framework, Dolzmann and
Miiller have shown that the only stress-free configurations are (locally) twins

(i.e. laminates of just two of the three martensitic variants). However, configurations
with arbitrarily small elastic energy are not necessarily close to these twins. The
formation of a microstructure allows all three martensitic variants to be mixed at
arbitrary volume fractions. We take an interfacial energy into account and establish a
(local) lower bound on elastic plus interfacial energy in terms of the martensitic
volume fractions. The introduction of an interfacial energy introduces a length scale
and, thus, together with the linear dimensions of the sample, a non-dimensional
parameter. Our lower Ansatz-free bound has optimal scaling in this parameter. It is
the scaling predicted by a reduced model introduced and analysed by Kohn and
Miiller with the purpose of describing the microstructure near an interface between
austenite and twinned martensite. The optimal construction features branching of
the martensitic twins when approaching this interface.

1. Introduction

1.1. Twins

In the geometrically linear version of elasticity theory, the strain e (a field of sym-
metric 3 X 3 tensors) generated by a displacement « (a vector field) is approximated
by

e=3(Vu+VTu). (1.1)
In the martensitic phase of a shape memory material that undergoes a cubic-to-
tetragonal phase transition, there are three different stress-free strains:

-2 0 0 1 0 0 1 0 0
eMi=clo0o 1 0], e@.=clo -2 0], e®=elo 1 0],
0 0 1 0 0 1 00 -2

(1.2)
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where € > 0 is a (dimensionless) material parameter (typically of the order 0.1).
The corresponding deformations u are taken with respect to the austenite lattice,
so that the stress-free strain in the austenite phase is e = 0. The fact that e(!),
e® and e® are trace-free means that we have restricted ourselves to the case
where the transformation is volume preserving (we refer the interested reader to,
for example, [1, chapters 4.1 and 11.1]).

It is a classical result in the theory of elasticity that a displacement field u with
a constant strain field e must be affine. It is well known in the theory of shape
memory alloys that there are non-affine (Lipschitz continuous) displacement fields
w such that the corresponding strain fields e only assume the three values e(!),
€@ and e®). These are the so-called twins, which we now describe. Dolzmann
and Miiller [5, theorem 3.1] have rigorously shown that these twins are the only
configurations with strain fields e that take only the three values (), e(®) and e(®):
a rigidity result. More precisely, they prove that

e ¢ (locally) only assumes at most two of the three values,

e ¢ (locally) only depends on a single variable (out of a fixed set of six possible
single variables).

More precisely, if e locally assumes both values e(*) and e(?), say, then e must be
either locally constant along the planes x1+x2 = const. or along the planes x1—x2 =
const. The two other cases are similar by cubic symmetry. These configurations
are called martensitic twins (or ‘simple laminates’ in the mathematical literature);
there are exactly six twins in a cubic-to-tetragonal phase transition (we refer the
interested reader to, for example, [1, chapters 5 and 11.3.1]).

1.2. Microstructure

It is natural to ask how stable this rigidity result is under perturbations, i.e. when
e is only close to the three values e, e and e®), that is, if the configuration is
not entirely stress-free. Since strain and stress are related via the elastic energy, we
first address the modelling of the latter. The stress-free strains (1.2) are typically
‘embedded’ into a piecewise quadratic elastic energy of e in the sample (or subset
of the sample) B,

Eelast = /Bmin{ec(o)e + wo, (e — 6(1))0(1)(6 . 6(1))7
(e — e (e —e?), (e — e®)C®) (e — e®)} du, (13)

where C(©, ¢ C®?) and C® denote the elastic moduli (tensors of rank 4) of the
austenite and the three martensitic phases. Moreover, wg > 0 denotes the differ-
ence in Helmholtz free energy of the austenite phase with respect to the martensitic
phases. In the mathematical literature, this model is known as the ‘three well prob-
lem’. We will assume that the phases are elastically isotropic with identical shear
modulus ¢ and vanishing second Lamé constant A. Moreover, we shall assume that
wo = 0, since we are interested in the behaviour of the energy at a given volume
fraction of the austenite. Hence, we obtain the simplest form possible for the elastic
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energy
Eolast = 2;1/ min{le|?, |e — e 2, e — @, e — e®))?} du,
B

where |e|? denotes the sum of the squares of all entries of the 3 x 3-tensor e (i.e. the
Frobenius norm). For later reference, we will reformulate this elastic energy as

Lelast := 2“/ le — x1eM) — xae® — xze® 2 dx,
B
where the minimum is taken over all functions x1, x2, x3 with

X1,X2,x3 € {0,1} and xo:=1-x1 —x2—x3 € {0,1}. (1.4)

These characteristic functions xg, X1, X2 and x3 can be interpreted as the indicator
functions of the austenite phase and the three martensitic phases, respectively. We
refer the interested reader to [1, chapter 12.1] for more details.

After these preliminaries, we address the question of stability of the rigidity result.
It is well known in the theory of shape memory alloys that the above-mentioned
rigidity for strains e with exactly vanishing elastic energy Fe.st = 0 is destroyed
on the level of sequences {e,}, 400 of strains with energies Eqagy — 0. The best-
studied rigidity result is related to a mixture of austenite and martensite. There
is no displacement field u with a stress-free strain field e assuming the value zero
and at least one of the three values eV, e and e®) on a set of positive measure
each. In particular, there is no exactly stress-free interface between a martensitic
twin (with twin plane x1 + xo = const., say) on the one side and an austenite on
the other side. However, the elastic energy of such a configuration can be made as
small as desired

e by letting the twin width ¢ tend to zero,

e by choosing the twin volume fraction A\ (i.e. the relative width of one layer
with respect to the other layer) appropriately (i.e. A = % or A = %),

e by choosing the habit plane (i.e. the plane between the martensitic twin and
the austenite) appropriately (i.e. 1 +x3 = const., x1 — x5 = const., 1 +z9 =
const., 1 — xo = const., 9 + x3 = const. or T2 — xr3 = const.).

In fact, any volume fractions of the three martensitic variants and of the austenite
can be reached at vanishing elastic energy. The interested reader is referred to [1,
§§7.1 and 11.3.2] for more information.

1.3. Interfacial energy

Clearly, one way to remove this degeneracy of the energy functional is to take
an interfacial energy between the variants into account. Again, since we are only
interested in scaling properties of the energy, we assume that there is a single,
isotropic energy per area of the interface . Typical values of x are between 20
and 200 mJ m~2 (see [11, chapter 6, table 5]; also Stefan Miiller, personal com-
munication, 2010). It is mathematically more convenient to attach this interfacial
energy to the characteristic functions (1.4) instead of the strain e. The BV-norm
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/, 5 Vx| dz of the characteristic function x is a mathematically robust expression
for the surface area of d{x = 1}. Hence, we consider

Byt ::K/(|VX0|—|—|VX1|—|—|VX2|—|—|VX3|)dx. (1.5)
B

Our result, theorem 2.2, shows that there is a qualitative difference between, on the
one hand, the scaling of the minimal energy Finterf + Felast for volume fractions
that allow for configurations with exactly vanishing elastic energy, and, on the
other hand, volume fractions for configurations that only allow for a sequence of
configurations with vanishing elastic energy in the limit. More precisely, we have
the following.

e In the first case, just a single interface is needed so that the minimal energy
scales as
kL2, (1.6)

where L denotes the diameter of B.

e In the second case, a microstructure is needed and the minimal energy scales

as
(kL2)?/3(2uL?)'/3. (1.7)

In this sense, we may say that the interfacial energy unfolds the degenerate elastic

energy. The pair of exponents %, % =1- % is familiar, as we point out next.

1.4. Twin branching

In their seminal work [8,9], Kohn and Miiller studied the effect of the interfacial
energy Eintert on the interface between a twinned martensite and an austenite phase.
They work on the level of a simplified and, in particular, scalar two-dimensional
model. As explained in [8, §2.2], the simplifications of their model with respect to
the above model Ejpterf + Felast are the following.

e The (implicit) selection of one of the six possible twin planes, say 1 + xo =
const., by restricting to displacements of the form

1
u=affine+ f|-1]1],
0

i.e. displacements that amount to a shear. In particular, the third martensitic
variant does not occur (i.e. x3 =0).

e The selection of one of the four possible habit planes (between the austenite
and a twin formed by the first two martensitic variants), say xo +x3 = const.,
by imposing that the half-space x5 + x5 < 0 is the austenitic phase (i.e. xo is
the characteristic function of the set {z3 + x5 < 0}).

e The restriction that all quantities only depend on the two variables 1 + 2
and x9 + 3.
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Naively, one would expect that the minimal energy is found by optimizing the
twin width £. On the one hand, the interfacial energy scales as kL3¢~!, since the
interfacial density scales as £~!. On the other hand, the elastic energy scales as
pe? L2¢, since the stresses are confined to a sheet of thickness £ around the austenite—
martensite interface. Hence, one would expect that the minimal energy scales as [8,
§3.1]

(KJL2)1/2(E2ILLL3)1/2.

This, however, is not the optimal energy scaling: a small twin width ¢ is only
required near the austenite—martensite interface. Hence, it seems advantageous to
refine ¢ by twin branching when approaching this interface (see, for example, [1,
plate 2(b), figure 1.2(b)] for experimental pictures of twin branching). However,
the branching of twins requires slight deviations from the twin plane and thus also
generates stresses. The reduced model of Kohn and Miiller allows the elastic energy
generated by branching to be assessed. They construct a branched configuration
with energy scaling as follows [8, §3.2]:

(KL?)?/3(e2uL?)'/3. (1.8)

Kohn and Miiller also prove [9, theorem 1.1] that their construction cannot be
improved in terms of scaling, provided the non-dimensional number xL?/e?uL? =
k/€2ul is sufficiently small (and that the neglected Lamé constant X is not much
larger than p). It is the main result of this paper (theorem 2.2) that this lower
bound also holds for the full model Eijtert + Felast-

Hence, loosely speaking, we may say that our analysis combines the qualitative
treatment (rigidity) of the full model in [5] with the quantitative treatment (Ansatz-
free lower bounds optimal in scaling) of the reduced model in [9].

This paper is an extension of [2]. The extension is twofold. Here, we treat the three
martensitic variants plus the austenite, whereas, in [2], no austenite was allowed
(i.e. xo = 0). In [2], we considered the (somewhat artificial) case of periodic bound-
ary conditions (in particular, B was replaced by (0, L)3), whereas here we obtain
a local result. The latter, in particular, rules out Fourier methods that were exten-
sively used in [2].

1.5. The geometrically nonlinear case

The situation in the geometrically nonlinear case is different. Miiller and Sverak
have constructed ezactly stress-free configurations that involve two martensitic vari-
ants in two dimensions that are not twins [10, example (c¢)]. Extending these ideas,
Conti et al. have constructed exactly stress-free configurations involving all three
martensitic variants [4, theorem 1.1]. In particular, their result yields an exactly
stress-free configuration that involves austenite and martensite. These configura-
tions are constructed by an iterative method (Gromov’s ‘convex integration’) and
thus have a complicated phase distribution. Indeed, Dolzmann and Miiller [6, the-
orem 1.1] have shown that, also in the geometrically nonlinear case, a mixture of
two martensitic variants in two dimensions with finite interfacial energy must be
(locally) twins. Kirchheim [7, theorem 1.2] extended this result to three marten-
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sitic variants in three dimensions. Hence, in the geometrically nonlinear case, the
finiteness of surface energy is needed even for the qualitative rigidity result.
2. Non-dimensionalization, symmetry and main result
We non-dimensionalize and rescale the model as follows:
e we measure energy density in units of 2ue,
e we measure length in units of the sample diameter L,
e we measure strains in units of e.

Hence, we are left with the single non-dimensional parameter

kL? K

B 2e2p L3 - 2e2ul’

n:
DEFINITION 2.1. The objects that we consider are as follows:

(i) The austenite and three martensitic phases described by their characteristic
functions, i.e.

X0, X1, X2, X3 € {0,1} and xo +x1+x2 +x3 =1 (2.1)
(ii) The strain described by

e € symmetric 3 X 3 tensors

such that there exists a field u € R® with e = 3(Vu+ VTu). (2.2)

(iii) The elastic and interfacial energies in the ball B; of radius 1 given by

2.0 0
Eelast ::/ €— X1 0 1 0
B 0 0 1
1 0 0 1o 0\
- X2 0 -2 0| —xs3 0 1 0 dzx,
0 0 1 0 0 —2
Brntert = /B (Vx| + [Vl + [Vxzl + [Vxa]) de.
1

(2.3)

The following axes and planes will play a special role in this cubic-to-tetragonal
phase transition.

e Three cubic axes, which correspond to the three martensitic variants 1,
X2, X3- Note that the model is invariant under the permutations and reflec-
tions with respect to the cubic axes; those are generated by (x1,x9,x3) ~
(x2,21,23), (x1,22,23) ~ (r3,22,21) and (z1, z2, x3) ~ (z1, T2, —T3).
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e Six planes (011), (011), (101), (101), (110) and (110), which, being of crystal-
lographic notation, are the planes defined by xs+x3 = const., xo—x3 = const.,
r1 + x3 = const., —x1 + x3 = const., 1 + x2 = const. and x1; — xo = const.,
respectively. These are the twin planes of the cubic-to-tetragonal phase tran-
sition. Each unordered pair of martensite variants admits two twin planes. For
example, the (unordered) pair of martensitic variants x1, x2 admits the two
twin planes (110) and (110). We occasionally identify these six planes with
the dual vectors with the coordinates (0,1,1), (0,1,-1), (1,0,1), (-1,0,1),
(1,1,0) and (1,—1,0), respectively. These planes first appear in proposi-
tion 3.9.

e Four space diagonals {[111], [111], [111], [111]}. We occasionally identify these
four axes with the primal vectors with the coordinates (1,1,1), (1,1,—1),
(1,-1,1) and (—1,1,1), respectively. These axes first appear in lemma 3.2
and mediate between the cubic axes and the twin planes.

THEOREM 2.2. There exists a small but universal radius v > 0 such that we have,
fOT’ any pammeter n < r, that ?’f X0, X1, X2, X3, € Einterf and Eelast are as in
definition 2.1, and if we abbreviate the rescaled energy in By as

L= nl/SEinterf + 7772/3Ee1ast7
then the following three dichotomies hold:

(i) we have

/|1—xO|dx5E or /|XO|dxsE; (2.4)

B, B,

(ii) in the case of [ |xo|dz S E, we have

[ baldes B2 or [ palde S B or [ palde s B
B

T T r

(2.5)
(iii) in the case of fBr Ixs|dz < EY2, there exist functions faioy, faioy such that
we have
/ Ix1 = fainldz S EY* or / Ix1 — f(1io)| dr < E1/47 (2.6)
B, r

where f110y, faio) denote functions only depending on z - (110) = x1 + x2
and x - (110) = x1 — x2, respectively. In the two other cases, the analogous
statement holds.

We close this section with three remarks. The first is that parts (i) and (ii) of
theorem 2.2 can be reformulated in terms of the volume fractions

0y := 7/ Xo dx, 01 := —/ x1 dzx,
B, B,

05 ::—/ x2 dz, 03 ::—/ x3dzx
B, B

r
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as follows:
(1—00)0 S E, 610,05 < EY2,

The second remark is that it is possible to reformulate theorem 2.2 in terms of
the strain e alone by introducing

E = min (2.7)
X0,X1,X2,X3 satisfy (2.1)
Indeed, provided E < 1, theorem 2.2 assumes the following form.
(i) We have
/ ef2dz < B (2.8)
or
/ min{le — D, je — €D, e — €D P} dz < E, (2.9)
B
where we use the notation (1.2) with e = 1.
(ii) In the last case, we have
/ min{le — @2, |e — e® 2} dz < B2,
B,
/ min{le — eV, Je— e®P}dz < B2, (2.10)
B
/ min{le — e |2, |e — e@ >} dz < EY/2,
B,
(iii) In the last case, we have
/ \6 - f(110)€(1) - (1 - f(uo))e(z)\2 dzr < E1/4,
) (2.11)

/ le — faine™ — (1 — faioy)e® P dz < BV,

where f110), f(110) denote {0, 1}-valued functions depending only on = -
(110) = 21 + 22 and x - (110) = 21 — x2, respectively.

These estimates follow immediately from those of theorem 2.2, as we shall argue at
the end of the proof of the latter.

The third remark points out the limitations of theorem 2.2. Zhang et al. [11]
prompted some interest in the nucleation of martensite in austenite. One natural
approach to characterizing the saddle point in the energy landscape is to deter-
mine the minimal energy given the volume of the martensite (here, we think of the
martensite embedded in an infinite matrix of austenite). By summation of trans-
lations of balls, the local estimate (2.4) would yield a lower bound on E (with
By replaced by R?) in terms of the volume [p(1— xo) dz. However, this lower
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bound does not have the optimal scaling in the volume [, (1 — x0)dz. In fact, a
more detailed argument within our approach (in particular, a quantification of the
scaling of estimate (3.17) in |h| 4+ |h'| < 1) would already lead to an improved
scaling. Hence, theorem 2.2(i), as it stands, does not contribute to the problem of
nucleation, although we believe that some of the methods may.

3. Structure of the proof and auxiliary lemmas

3.1. Lemma 3.2

The form of the elastic energy makes it convenient to introduce the following three
modified characteristic functions.

DEFINITION 3.1. We set
Xi=Xo+3xi—1 fori=1,2,3 (3.1)

noting that
X1+X2+X3=0 (3.2)
and that the elastic energy in the ball By can be reformulated as

2

x1 0 0
Bt = / er [0 % ol de (3.3)
B 0 0 xs

In view of (3.3), the compatibility constraints (2.2) for the symmetric strain
tensor e together with a control of the elastic energy Fejast yield some control on
the three functions x1, X2, X3 (this is the content of the upcoming lemma 3.2).
Since the compatibility constraints on e can be characterized as linear second-
order differential relations, this control will be formulated in terms of linear second-
order differential operators. Indeed, the gradient Vu of some displacement field «
is characterized by linear first-order differential constraints. The strain tensor e,
which is the symmetrized gradient %(Vu—i— VTu) in our geometrically linear setting,
is characterized by linear second-order differential relations.

Let us first discuss how lemma 3.2 relates to the symmetry of the cubic-to-
tetragonal phase transition by drawing its conclusion in the case of vanishing elastic
energy. In this extreme case, lemma 3.2 states that certain mized second derivatives
of X1, X2, X3 vanish. More precisely, these derivatives are in the direction of the four
space diagonals {[111],[111], [111],[111]} and the combinatorics are as follows. For
X1, which is associated with the [100] axis, fwo mixed derivatives, namely, 9j111)0[111)
and 9[11110[111), vanish. Let us argue that this is exactly the result we expect qual-
itatively. By an elementary argument (see statement (iii) before lemma 3.7), the
vanishing of these two mixed derivatives implies the decomposition of x; into four
functions of a single variable each. More precisely,

X1 = faoy + faon + faio) + fato) (3.4)

where f101), f(101)s f(110), f(110) denote functions that are constant along planes
perpendicular to (101), (101), (110), (110), respectively (that is, functions that only
depend on the coordinates (101) -z, (101) -z, (110) -z, (110) - z, respectively). With
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X1 replaced by x1, (3.4) is exactly what we expect qualitatively: (110) and (110)
are the two twin planes that the martensitic variant x; can form with y2; (101)
and (101) are the two twin planes it can form with ys.

Let us now briefly discuss the statement of the upcoming lemma 3.2 more quan-
titatively. Since the elastic energy is an L2-expression in the functions Y1, X2, X3
(see (3.3)), the above-mentioned mixed second derivatives of these functions are
controlled in the negative Sobolev space H 2. This means that they can be writ-
ten as a linear combination of second derivatives of functions (see (3.5)) that are
controlled in L? (see (3.6)). However, it will be important for lemma 3.4 that, on
the right-hand side of (3.5), only the three combinations of the two directional
derivatives that appear on the left-hand side (that is, 111, 6[111]) occur.

LEMMA 3.2. There exist three functions ppi11),(111], P111],[111]> P[i11],[111] With

119X
= OO 1Py, iy + 2001191 Pp 1), i1 + 919 P s (3-5)
such that
(P[2111],[111] + P[2111],[111] + P[2111],[111]) dz S Felast- (3.6)

1
The same statement holds if the pair of azes {[111],[111]} is replaced by what we
obtain from (x1,xa,x3) ~ (71,72, —x3), that is, {[111],[111]}. The same statement
also holds with x1 and {[111],[111]}, {[111], [111]} replaced by what we obtain from
(21,22, 23) ~ (22, 21,23) and (x1,x2,23) ~ (r3,22,21), that is,

e X2 and the two pairs of azes {[111],[111]} and {[111], [111]},

e X3 and the two pairs of azes {[111],[111]} and {[111],[111]}.

3.2. Lemma 3.4

The following lemma 3.4 encodes the information given in lemma 3.2 in terms of
finite differences instead of infinitesimal derivatives. As corollary 3.6 will show, the
passage from derivatives to finite differences is not just technical, but allows us to
connect, in a natural way, to the pointwise nonlinear constraint implied in our use
of characteristic functions.

DEeFINITION 3.3. For any function f, any vector a and scalar h, we define the
function 97 f via

(04 )(@) = f(z + ha) — f(x).
Note that we do not divide by the step size h.

Naively, one might expect that, since the mixed second derivative dj111)0111)X1
is controlled in H~2, the corresponding mixed finite differences 8[}1111]8&/11]21 are
controlled in L? for any shifts h and h’. This would be true in the sense that if
all second derivatives are controlled in H 2, then all second finite differences are
controlled in L2. It is not true for the control of just the two mixed derivatives

111911y and Op11119111)-
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In the case of periodic boundary conditions or of a formulation in the whole
space, a reformulation in the Fourier space shows that this loss of exactly one entire
derivative is unavoidable. Indeed, the Fourier multiplier of x; associated with the
control of J}11170111) and 9111)0)111) in H~2 (in the stronger sense of (3.5)) is given
by

(k- [111])%(k - [111])? (k- [111])%(k - [111])2
(- [LLID)2 + (k- [L00)2)2 (k- [LLTD2 + (k- [1TL)2)2

On the other hand, the control of, say, the finite differences 8[11116111]21 in H=¢
for some exponent « leads to the Fourier multiplier

(3.7)

|efihk~[111] _ 1|2|efih’k-[ill] _ 1|2

‘k|2a

(3.8)

In essence, we will now probe these two Fourier multipliers with a layer-within-layer
construction, where the outer layer can be thought to consist just in a phase shift
of the inner layer. Let us denote by

lUin K oy € 1 (3.9)

the periods of the inner and outer layers, respectively. The two families of planes,
along which the inner and the outer layer are constant, have to be chosen with care.

e The plane for the inner layer has to contain at least one of the axes [111],
[111] and at least one of the axes [111], [111], and has to be transversal to one
of the axes [111], [111]. Let us pick (110).

e The plane for the outer layer also has to contain at least one of the axes [111],
[111] and at least one of the axes [111], [111], but has to be transversal to the
other of the two axes [111], [111]. Let us pick (110).

This choice of scales and planes amounts to evaluating the Fourier multipliers at
wave vectors k of the form

27 (110) + ?i(no) (3.10)

k=
gout

For maximal effect, we probe the layers by shifts h, h’ in transversal directions
which correspond to a quarter of the layer period, that is,

o Ein ’ gout
h = vy and h'= < (3.11)
Note that 1 1
k- [111] 7” k [111]:—6”,
41n 4 out (312)
™ - T
k-[111 k-[111] = .
[ ] €1n7 [ ] eout
Using the separation of scales (3.9), this yields, for the Fourier multiplier (3.7),
(k- [111))* ( - [111]) (k- [111])%(k - [111])? &
1 + - ~Qin 3.13
(-2 + (- 022 * (Gh- (a2 + (k- =, O
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We now turn to the Fourier multiplier (3.8). The choice (3.11) of the shifts is such
that, in conjunction with (3.12), we obtain

hk-[111] =7 and A'k-[111] = —7,

so that -
|e—ihk-[111] _ 1|2‘e—ih’k~[1ll] _ 1|2 16

~ G" 3.14
|k|2a (27_(_)20[( m) ’ ( )
where we have used (3.10) and (3.9) to approximate the denominator. Now a com-
parison of (3.13) and (3.14) shows that, in case of @ < 1, the Fourier multiplier
(3.7) can be made much smaller than the Fourier multiplier (3.8) while preserving
(3.9).

In the theory of partial differential equations, this loss of one derivative (with
respect to the maximal regularity) is well known for the (one-dimensional) wave
equation, where the D’Alembertian can also be written as a single mixed second

derivative 0;0; — 0,0, = (0¢ + 0:)(0y — Oy).

LEMMA 3.4. There exists a possible small but universal radius v > 0 such that, for
any shifts |h|, [W'| < r, there exist three functions jui1), jjg1), J in By with

a[}in]a[hi,u]f(l = Omipu + Oy +J i By (3.15)
such that
/B (‘7[2111] +j[zill] +]2) dx S/ Eelast -

For lemma 3.2, the same statement holds with the pair of azes {[111], [111]} replaced
by {[111], [111]}. The same statement also holds with

X1 and {111, [111]}, {{111], 111]}
replaced by

Xo and {[111),[111]}, {{111], [111]}
and by

X3 and {[111],[111]}, {{111], [111]}.

3.3. Lemma 3.5

In order to proceed, we have to convert the weak H~!-control on the mixed
derivative 8{;11]8[”{11]2 stated in lemnlla 3.4 into strong L2-control (which coincides
with strong L'-control, since 8&11]8{%11]5( only assumes a fixed set of finite values).
Only on the level of a strong control are we able to connect to the additional
information that xg, x1, X2 and x3 are characteristic functions. This passage from
a weak to a strong topology can only be achieved with the help of the interfacial
energy. The scaling of (n'/3,772/3) (see (3.17)) in the parameter 7 is dictated by
the fact that, according to lemma 3.4, the elastic energy controls the square of a
negative gradient of 8};11]8[’%/11])21 (the square of the H~!-norm of 8&11]8{%/11]5(1),
whereas the interfacia% energy controls (the L'-norm of) a single gradient of Y

(and thus also of its finite differences 8[}111]8[’{11])21).
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In the proof of lemma 3.5, the above scaling argument is made rigorous by the
application of the interpolation estimate

2/3 1/3
/¢2 de < (/V¢dxsup|¢|) (/|j|2dx)

<3 / V6| desup || + 52 / 9P da, (3.16)

where the field j on the last factor on the right-hand side is related to ¢ via V-j = ¢,
so that the last factor defines the H '-norm of ¢. This interpolation estimate was
identified as being crucial in [3, lemma 2.3, eqn (2.3)] for the analysis of branching
phenomena.

LEMMA 3.5. There exists a universal radius r > 0 such that, for all parameters
n < r and shifts |h|, |h'| < r, we have

/B |8ﬁ11]aﬁ/11])21| dz ,S "71/3Einterf + 77_2/3Eelast- (3'17)

As before, the same statement holds with {[111],[111]} replaced by {[111],[111]}.
The same statement also holds with x1 and {[111],[111]}, {[111], [111]} replaced by
Yo and {[111], [111]}, {[111], (111]}. and by 5> and {[(111], [11T)}, {[111]. [111]}.

3.4. Corollary 3.6

Working with (second-order) finite differences has many advantages:

e it allows us to convert the H~2-control of lemma 3.2 into H~!-control (cf.
lemma 3.4);

e it allows us to transfer the BV-control given by the interfacial energy from
the characteristic functions themselves to their derivatives (cf. the proof of
lemma 3.5);

e it allows us to make efficient use of the fact that we are taking second deriva-
tives of characteristic functions.

The last point becomes apparent in the following corollary 3.6 to lemma 3.5.

COROLLARY 3.6. There exists a universal radius r > 0 such that, for all parameters
n < r and shifts |h|, |h'| < r, we have

/B |3ﬁ11]3ﬁ'11]x()| dz + L |8ﬁll]a[}{11]xl‘ dz 5 nl/SEinterf + 7772/3Eelast- (318)

As before, the same statement holds with {[111],[111]} replaced by {[111],[111]}.
The same statement also holds with the two characteristic functions xg, x1 and
the two sets of pairs of awes {[111],[111]}, {[111], [111]} replaced by xo, X2 and
(T 10, {1 (1]}, xou xa and {[111], 111}, {[111], 111},
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Note that, for the characteristic function g of the austenite, corollary 3.6 pro-
vides the strong information that the six mixed finite differences
h o ah' h  ah’ h o ok’
OOy OuyOnny 9y
h  ah’ h  ah’ h !
ooty Oum9map  9nig 9y
are locally controlled in L!. Suppose for a moment that they vanish (because, for

example, the elastic energy vanishes). Then the corresponding six mixed derivatives
also vanish. Note that the projection of the six 3 x 3-tensors

[111] ® [111], [111] ® [111], [111] ® [

11],
11]

1
[111] ® [111], [111] ® [111], [111]®[1
onto the space of symmetric tensors spans the space of symmetric tensors (Since
this space has dimension six, the number is minimal). This would yield that all
second derivatives vanish. Hence, yo would be affine. But an affine characteristic
function is constant. This is the basis of the proof of theorem 2.2(i).

3.5. Lemma 3.7

From the martensitic part of corollary 3.6 we would like to draw a quantitative
version of (3.4) (with x; replaced by x1). Since we do not know how to quantify
(3.20), we follow an algebraically more involved strategy that is somewhat similar
to the argument for vanishing elastic energy in [5, lemma 3.2]. In order to do so, we
need a quantification of two elementary statements of the following form. If certain
(second mixed) derivatives of a function f of three variables vanish, then f can be
written as the sum of functions which depend on one or two variables only.

In order to be more precise, we fix a basis {a,b,c} of R? and denote its dual
basis by {a*,b*,¢*}. In the applications, the basis will be formed by three out
of the four space diagonals {[111],[111],[111],[111]}, so that the dual basis is (up
to scalar factors) always formed by three linear independent vectors out of the
six face diagonals {(011),(011),(101), (101), (110), (110)} (for example, the dual
basis of {[111],[111], [111]} is, up to scalar factors, {(011), (101),(110)}). The two
elementary statements we refer to are the following:

(i) we have
Q0uf=0 = [=fatfo
where f, and f; are constant along the lines parallel to a and b, respectively,
i.e. 9,fa =0 and 9y f, = 0;
(ii) we have
QaOhf =0cf =0 = [=far + for,
where f,« and fp~ are constant along the planes perpendicular to ¢* and b*,

respectively, i.e. f,» and fp« are functions of a* - x and b* - x, respectively.

Lemma 3.7 quantifies and localizes these statements on the level of L!-estimates of
finite differences.

As mentioned above, it would be desirable for the treatment of martensite to
have a quantification of (3.4). Let us put (3.4) into the same form as (i) and (ii).
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(iii) We have

6[111]8[111]f = a[111]6[111]f =0
= f= faio) t faio) + fao) + faon)- (3.19)
Note that the decomposition result (3.19) formally has the pleasing algebraic form
ker(911)9111)) Nker(011119111))
= ker(é)[hl]) N ker(a[lm) + ker(a[nl]) N ker(a[lﬁ])
+ ker(9p111)) Nker(9111)) + ker(9pi11)) Nker(9111))- (3.20)
We observe that (iii) follows easily by applying (ii) twice. Note that g := Jj111)f
satisfies Jj11119 = 91111011119 = 0. Hence, we may apply (ii) to g and a = [111],
b= [111] and ¢ = [111], yielding the decomposition
g = g@110) + gao1)-

The form of this decomposition lifts to the anti-derivative f at the expense of an
additional [111]-independent term

= faiy + faon + fruiy- (3.21)

Applying 0111]9111) to the last identity, we find (since, by assumption, f and, by
construction, f(1109y and f(101) vanish under this operator) that

0111911 flia = 0.

Since, by construction, dj111) fi111] = 0, we may apply (ii) once more, this time with
f replaced by fi111) and a = [111], b = [111] and ¢ = [111]. This application yields

Ty = faony + faio)- (3.22)

Inserting (3.22) as desired into (3.21), we obtain, as desired, the right-hand side of
(3.19).

We were not able to quantify (iii) as we did for (i) and (ii). The proof of parts (i)
and (ii) of lemma 3.7 relies on the fact that three (independent) vectors a, b and
¢ in R? come with a ‘fundamental domain’, the parallelopepid spanned by these
vectors. There is no suitable equivalent for four vectors like our [111], [111], [111],
[111]. Likewise, it does not seem straightforward to mimic the above derivation of
(iii) from (ii) on the level of finite differences (controlled in L') instead of (vanishing)
infinitesimal derivatives. The operation of taking anti-derivatives as in (3.21) is ill-
defined on the discrete level in the sense that the anti-derivative depends on the
shift h.

LEMMA 3.7. There exists a possibly small but universal radius r > 0 such that, for
any function f on By,

(i) there exist two functions fq, and fy on B, constant along the lines parallel to
a and b, respectively, such that

/ f—fa—fldz < sup / 0l f] da, (3.23)
B, B

[hallho|<1
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(ii) there exist two functions fq« and fy- on B, constant along the planes orthog-
onal to a* and b*, respectively, such that

/ = fo—foldz S sup / (088l f] + [0 fl) do. (3.24)
B, B,

|ha‘>‘hb|"hC‘<1

3.6. Lemma 3.8

The second ingredient is the quantification of a uniqueness statement in decom-
positions of the type occurring in lemma 3.7. The uniqueness statement is as follows.
Suppose that a function f of three variables can locally be written as the sum of
six functions of a single variable each, more precisely,

I = fo1) + foin) + faon) + faor) + faio) + faioys

where, following the notation of lemma 3.7, fo11), f011), f101)s f(701)> f(110) and
f(li_o) are funct_ions which are constant along planes orthogonal to the vectors (011),
(011), (101), (101), (110) and (110), respectively. Then the uniqueness statement
is actually a uniqueness result modulo affine functions and reads as follows:

fisaffine = fo11),---, f(110) are affine. (3.25)

Since affine functions are characterized by the vanishing of all second derivatives
040p, (3.25) can be reformulated as

Va,b € R?, 9,00f =0 = Va,b€R®, 80y fio11) =+ = 0a0sf(170) = 0.
(3.26)
The statement(3.26) reflects the fact that the six symmetric 3 x 3-tensors

(011) ® (011), (101) ® (101), (110) ® (110),
(011) ® (011),  (101) @ (101),  (110) ® (110)

are linearly independent (note that six is the maximal number of linearly inde-
pendent symmetric 3 x 3-tensors). The following lemma 3.8 is a localization and
quantification of (3.26) on the level of finite differences in the L'-topology.

LEMMA 3.8. There exists a possibly small but universal radius r > 0 with the fol-

lowing property. If the functions fo11), fo11), fa01), fio1), f10) and faio) are
constant along the planes (011), (011), (101), (101), (110) and (110), respectively,
and are related to the function [ by

I = fou) + foin) + faoy + faon + fawo) + faioy on Bi, (3.27)

then we have

sup, [ 00 farl o+t s [ (ool g da
B, B,

a,bes? a,beS?
[hals|ho|<T [hals|ho|<r
ha ol
S sup / |0520," f| d. (3.28)
a,beS? B,
[halslho|<1
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3.7. Proposition 3.9

Bringing together corollary 3.6 and the two auxiliary lemmas 3.7 and 3.8 on the
existence and uniqueness of decompositions, we are now in a position to establish
an important intermediary result. Loosely speaking, it states that, up to affine
functions (which are factored out by second-order finite differences), and up to a
controlled error in L'(B,), the four characteristic functions behave as

X0 = Oa
X1 = —faon — fony + faio) + faioys
x2 = fo) t foin) —fa10) — faioys

X3 = —fo11) — fo11) + fror) + fon)-

Loosely speaking, proposition 3.9 is the counterpart of [5, lemma 3.2] in the case of
vanishing elastic energy.

PROPOSITION 3.9. There exists a small but universal radius v > 0 such that, for
sufficiently small parameters n < r, there exist functions fo11), fo11), f(101), f(ion)
f10), and fa1oy constant along the planes (011), (011), (101), (101), (110) and
(110), respectively, such that

sup /B (1028) xo| + 192 0p* (x1 + fo1) + Faony — fai0) — fato))l
a,beS? -
[hal,|ho|<r

+ 10290 (x2 — fro1) — froar) + Fanoy + fato))]
+1089)" (x5 + fo11) + forr) — faony — Faon)|) dz

5 nl/gEinterf + 7772/3Ee1ast-
(3.29)

3.8. Lemma 3.10

In proposition 3.9, when using lemmas 3.7 and 3.8, which are of rather algebraic
character, we have not yet leveraged the fact that we apply them to characteristic
functions. However, the non-convexity of the set of values of characteristic functions
has already been crucially used in corollary 3.6. Corollary 3.6 separated the amal-
gamated information on X1, X2, X3 into information on the characteristic function
Xo of the austenite, on the one hand, and on the characteristic functions x1, x2 and
X3 of the martensite, on the other hand.

In lemma 3.10 we again crucially use the property of a characteristic function.
Lemma 3.10 is the quantification of the following fact (in two space dimensions).
Let x be a {0,1}-valued function, let fi(z1) and fo«(x2) be functions of z; and
T9, respectively, and let ¢ be an affine function. Suppose that they are related by
X = fix + for +£. Then fi« or fo- are affine. Avoiding the notion of ‘affine’ at the
expense of second derivatives, this can also be formulated as follows:

0101(x — f1r — far) = 0102(x — f1+ — for) = 0202(x — f1+ — for) =0
— 81(91f1* =0 or 8282f2* =0.

https://doi.org/10.1017/50308210510000478 Published online by Cambridge University Press


https://doi.org/10.1017/S0308210510000478

290 A. Capella and F. Otto

Like the previous lemmas, lemma 3.10 localizes and quantifies this fact on the level
of second-order finite differences in the L!-topology.

In the same sense that corollary 3.6 is at the core of the dichotomy for the
austenite (theorem 2.2(i)), lemma 3.10 is at the core of the dichotomy (by a slight
misuse of language) for the martensite (parts (i) and (iii) of theorem 2.2).

LEMMA 3.10. There exists a small but universal radius r > 0 with the following
property. If x € {0,1} is a function of (x1,22), fi~ is a function of x1 and fa is a
function of xo, then

dxg}

mm{ sup / 0P fiedan, sup / 2L fo.
[h|,|W <7 S (=r,r) [hl,IW | <7 S (=r,r)

5( sup /( R0 (= i ) 4 1900 (= e~ £2)
—1,1)2

|hl,|h"|<1/2

+ |08 (x = fie = for)

1/2
) dl‘l d$2) s
(3.30)
provided the right-hand side is less than or equal to 1.

The following example shows that the loss of homogeneity through the square
root on the right-hand side of (3.30) is unavoidable. For ¢ <« 1 we consider the
following three functions:

e let f1+ be the characteristic function of the small interval z; € (—¢, €);
e let fo« be the characteristic function of the small interval x5 € (—¢, €);

e let y be the characteristic function of the thin cross (z1,z2) € ((—¢,€) x {0})U
({0} x (=€, €))-

Then, on the one hand, we have, for r > ¢,

sup / 000 -
(77""6)

|R],[ A7 |<r

dzo ~ €,
[h|, I |<r

dov~ s [ jool' s
(77’77‘)
but, on the other hand, we have
/ IX = fie = for|dzy dag = 4€?,
(—=1/2,1/2)2

and thus (at most) e2-scaling also for the L!-norm of the second-order finite differ-
ences of x — fi1« — fox.

3.9. Lemma 3.11

Suppose that a function f of one variable is periodic with two periods hi, hs
that are irrationally related. Then f is constant. This fact can be easily proved by
representing f with the help of Fourier series based one of the periods (hi, say)
and then expressing the other periodicity in that framework. This fact can also be
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expressed on the level of first-order finite differences as follows. Provided a set .S of
shifts contains irrationally related numbers, then, for all h € S,

Mf=0 = VheR, df=o.

As always, we need a localization and a quantification in terms of the L!-topology.
On the other hand, we may be generous on the cardinality of the set S and assume
that it is of positive Lebesgue measure. Lemma 3.11 will be extremely useful for
the proof of proposition 3.12.

LEMMA 3.11. There exists a universal radius r > 0 with the following property. For
any set S C [—r,r] and function f of a single variable 1, we have

(i)
sup / 100 | dar < (£1(5)) 2 sup / O flder,  (331)
(=r,r) (—1/2,1/2)

|h|<r hes

(i)

sup / 101 f| da < (£1(S)) / / 00 flderdh,  (3.32)
(=r,r) (=r,r) J(—1/2,1/2)

|hl<r

(ii

)
[ anamanses) [ [ 00 f|deydh. (3.33)
—r,r) J(=rr) S J(-1/2,1/2)

It is quite likely that such a result can be found in the literature; we do not claim
that the exponent of £(S) is optimal.

3.10. Proposition 3.12

We are now in a position to establish a prototype of the dichotomy also for the
martensitic part, that is, of theorem 2.2(ii). By ‘prototype’ we mean that proposi-
tion 3.12 merely states that one of the three characteristic functions x1, x2, X3 is
close to a quadratic function, or, more precisely, that its third-order finite differences
are controlled in L!. Hence, with respect to the austenitic part of proposition 3.9,
the kernel of the finite differences increases from affine functions to quadratic func-
tions. Since we are dealing with characteristic functions, this does not matter, as
lemma 3.13 will show.

PRrROPOSITION 3.12. There exists a universal radius r > 0 such that, for all suffi-
ciently small parameters n < r, we have

min{ sup /|82”8£b820)¢1|dx, sup /|5‘Z“8£”5‘?°Xg|dx,
a,b,ceS? B, a,b,ceS? B,
[hal,lhpls el <T |hal|hblslhe|<T
. ha 9y Hhe
sup / |0, 0," 0., X3|dx}
a,b,c€S? B,

[hals ol hel <7

5 (nl/SEinterf + 77_2/3Ee1ast)1/2-
(3.34)
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3.11. Lemma 3.13

Finally, we need a quantification (and localization) of the fact that a characteristic
function y for which all (distributional) second-order derivatives vanish, must be
constant, in particular y = 0 or xy = 1. As in the previous lemmas, we quantify by
measuring second-order finite differences in L. Of course, it is this lemma which
ultimately yields the dichotomy for both austenite and martensite, that is, yields
both parts (i) and (ii) of theorem 2.2.

LEMMA 3.13. There exists a small but universal radius v > 0 such that, for any
{0, 1}-valued function x, we have

min{/ de,/ (1—x)dx} < sup / o) o x| da. (3.35)
B, B, a,b,c€S? By

|h], IR}, IR <1

Alternatively, we could have stated lemma 3.13 in two steps. First, the state-
ment that smallness of third-order finite differences implies closeness to quadratic
functions, or, more precisely, that there exists a quadratic function g such that

h !’ h”
/|f—q\dxs sup /\aaab A" f) da,
B, a,b,ceS? B,

[h],|R'],|R"|<1

and, secondly, the statement that characteristic functions that are close to quadratic
are close to constant, or, more precisely, that, for any function y € {0,1} and
quadratic function g,

min{/ Xdax/ (1—X)d$}§/ Ix — q| dz.
B, B, By

However, the proof in one step is shorter.

4. Proofs

Proof of lemma 3.2. Let us start with a symmetry consideration. We remark that it
is sufficient to establish the result for x;. Indeed, the property of being a strain (2.2)
and the elastic energy (3.3) is invariant under permutation of the cubic axes, so
the results for xy2 and x3 follow by symmetry. We also note that it is sufficient to
establish the result for the pair of axes {[111],[111]}. Indeed, the second pair of
(non-orientated) axes, {[111],[111]}, can also be written as {[111],[111]}. Hence,
it remains to observe that, under the change of variables x5 ~» —z3 (and likewise
uz ~» —ug for the displacement field), strains transform as

€11 €12 €13 €11 €12 —€13
€12 €22 €23 | 7 €12 €22 —€23
€13 €23 €33 —€13 —€23 €33

In particular, the elastic energy (3.3) is invariant under this change of coordinates.
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The main step in this proof involves rewriting the compatibility conditions on
the strain e as

(014 (02 + 03)) (=01 + (02 + 03))x1
= —0101(e22 + 2e23 + €33 + X1) + 201(02 + 03) (€12 + e13)
— (024 03)(02 + 05)(e11 + X2 + X3)-  (4.1)
Before establishing formula (4.1), let us show how it yields (3.5) and (3.6). Express-
ing the directional derivatives 9; and 0z + 03 into directional derivatives dj111) and
Op111) according to dpy11) = 01 + (02 + 03), Oj111) = —01 + (92 + 03), 01 = %(3[111] -
Ji11)) and Oz + 03 = 2(Op1n) + Jji11)), (4.1) becomes
—40111)011111X
= (911 — 9111)) (Op111) — Fanap)(enn + X1)
= 2(0111) — O111)) (O + 9aiyy) (€2 + eas)
+ (On11) + 9p111)) (Oin) + 9a11y) (€22 + Xa) + 2e23 + (€33 + X3))- (4.2)
Factorizing the products of sums of derivatives shows that (4.2) turns into (3.5)
with the functions pp111),(111], p[111),[111)> P[i11),[111) 8iven by
—4pri1a), 11 = (enn +X1) — 2(e12 + e13) + ((e22 + X2) + 2e23 + (e33 + X3)),
—4ppa1,a11) = —(e1r + X1) + ((e22 + X2) + 2e23 + (e33 + X3)),
—4pi11),111) = (€11 + X1) +2(e12 + e13) + ((e22 + X2) + 2e23 + (€33 + X3))-

Hence, the functions pji11y,[111], P[111],[111]> P[111),[i11] are linear combinations of the
entries of the 3 x 3-tensor

x1 0 0 e +x1 e12 €13
et |0 x2 0= €12 €22 + X2 €23
0 0 X3 eis €23 €33 + X3

The Frobenius norm of the latter is the elastic energy density (see (3.3)). This
observation implies (3.6).

We now argue that (4.2) is indeed just a reformulation of the compatibility con-
straint

0101 (ea2 + 2e93 + e33) — 201 (02 + 93)(e12 + €13) + (02 + 05) (92 + 03)e1n =0 (4.3)

on the strain tensor
€11 €12 €13
€= | €12 €22 €23
€13 €23 €33

Indeed, this follows from the identity
(014 (02 4 03)) (=01 + (92 + 03))x1 = (0101 + (02 + 05) (02 + 03))xa
010151 — (82 + 85)(92 + D) (e + Xs).

which shows that the functions X1, X2, X3 drop out of (4.1).
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For the convenience of the reader, we derive the compatibility relation (4.3) from
(2.2). We first note that a two-dimensional strain tensor

€11 €12
€12 €22
is characterized by the linear second-order constraint

0101e22 — 20102€12 + 020211 = 0, (4.4)

which has the same structure as (4.3). Indeed, if the strain tensor comes from the

two-dimensional displacement field (Z;), ie.

€11 €12) _ 1 Orur  Gauy + 1 O1u;  Oruz
€12 €99 o 2 81’11,2 82U2 2 82’&1 62U2 ’
we have

0101e22 — 20102e12 + 0202e11 = 010102u — 5132(31U2 + 52“1) + 020201u1
= (),

since partial derivatives commute.
Next, we note that if
€11 €12 €13
€12 €22 €23
€13 €23 €33

is a three-dimenstonal strain, then

€1l e12 + €13
e12 +e13 e + 2e93 + €33

is a two-dimensional strain. Indeed, let the vector field

U1
U2
us

be a three-dimensional displacement field corresponding to the three-dimensional

strain. Then
U
Us +uz /)’

seen as a function of z; and x5 + x3, is a displacement field corresponding to the
two-dimensional strain

O1(uz + ug) + (02 + 03)ur = (Or1ug + Oauq) + (Orus + Ozuq)
=2(e12 + e13),
(02 + 03)(ug + uz) = O2us + (O2us + Jzusz) + Jsus

= eg2 + 2e23 + €33.

Thus, in view of (4.4), our three-dimensional strain satisfies (4.3). O
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Proof of lemma 3.4. Let a and b be two linearly independent vectors out of the
four {[111],[111],[111],[111]}. Let x denote one of the three functions x1, X2, X3-
Lemma 3.2 provides the following type of information. There exist three functions
Naas Mab and 7pp such that

aaabX - aaaanaa + 28aabnab + abal777bb in Bl~ (45)

Let 0 < r < 1 denote a generic but universal radius (‘generic’ means that its value
may change from formula to formula). In order to prove lemma 3.4, we have to
show that, for any shifts |hy|, |hs| < 7, there exist three functions j,, js, j with

X = Duja + Ojy +j in B, (4.6)
and
/ (2442 +j%)de / (Mo + oy + i) . (4.7)
B, B,

We reformulate (4.5) as
900y (X — 2Nab) = 0aOataa + OpOpmey  in B,
evaluate at « + hla + hyb (for |z| <), ie.

d d
dn!, dn,

(X = 2nap) (z + hga + hyb)
d / / /
8anaa(x + h‘aa’ + hbb) dh/ 8b77bb($ + h a—+ h b)a

~dn),
and integrate over
ha By
/ an’ [ any,
0 0

that is,

OO (X — 2nap) ()
= (X — 20ap)(x + hga + hpb) — — (X — 20ap) (x + hqa)
— (X = 21ap) (x + hpb) + (X — 21ap) ()

hy hy
=0, (/ Naa (T + hea + hyb) dhy, — / Naa (T + hyb) dhg)
0 0

ha ha
+ Oy (/ nbb(x + h:la + hbb) dh:l — /
0 0

Hence, the functions satisfying (4.6) are seen to be

ney(z + hla) dh;) .

hp hy
Ja(z) := / Naa(T + hoa + hyb) dhy, — / Naa (T + hyb) dhy,
0 0

ha ha
gu(x) = / ney(z + hla + hyb) dh!, — / ey (z + hla) dh!,,
0 0
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jlx) = —263“65”77(11)(33)
= =2(Nap (7 + haa + hpb) — Nap(T + haa) — Nap( + hpb) + Nap(2))-

Estimate (4.7) follows immediately from this representation. O

Proof of lemma 3.5. Let 0 < r’ < r < 1 denote generic, but universal radii (generic
means that the particular value may change from estimate to estimate). We fix the
shifts ||, |h’| < r and set, for abbreviation,

r . (3.1) '
¢ = a[hul]a[%u]M = 8[}111]8[]1111] (xo + 3x1)-
Since xo and x; are {0,1}-valued and the second finite differences are a fixed

combination of values at four points, ¢ has values in a fixed finite set. Therefore,
we have two estimates that defy homogeneity in both directions:

/ |¢|dx§/ #*dz and sup|¢| < 1. (4.8)
B, B, B,

Moreover, since ¢ is a linear combination of translations of xo and xi, we have
that the BV-norm of ¢ is controlled by the interfacial energy. More precisely, since
|h|, |h'| < r, we have

[ V612 S Buan(B1). (4.9)

T

Finally, we note that lemma 3.4 translates into the H ~!-control of ¢ by the elastic
energy

¢=V-j+join B, with/ (1712 + j&) dz < Fejast(B1)- (4.10)

T

Lemma 3.5 now follows from the interpolation estimate (3.16) in its local version

& de < '/ / V6| desup 6] + 723 / P+ 2 de, (411
B, B B, B,

which, in view of 5 < 1, holds for 0 < 7’ < r. Indeed, in view of the first estimate
in (4.8), the left-hand side of (3.17) can be estimated by the left-hand side of (4.11).
On the other hand, because of the second estimate in (4.8), and the estimates
in (4.9) and (4.10), the right-hand side of (4.11) can be controlled by the total
energy, that is, the right-hand side of (3.17).

For the reader’s convenience we reproduce the easy proof of (4.11). By rescaling
(with the universal radius ), we may, without loss of generality, assume that r = 1,
and rename ' to r. Let f. denote the convolution of the function f with a universal
Dirac kernel of scale e. We recall the convolution estimates for € < 1 as follows:

sup |¢¢| < sup @], (4.12)
B, B

/ jo . dw < / js da, (4.13)
B, B,
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[ 1oc-dlarse [ |volda, (1.14)
By

[d

/ (v-j6)2dx§e—2/ |7]? da. (4.15)
B

r 1

We also note that the identity in (4.10) turns into
P =V - je +j0,e in B,. (416)
We collect these results in

/Brd)QdmS/IBT(¢€_¢)2d$+/,BT¢de

(4.16)

< (swplod +swpiel) [ 160 olda

+/ (V~j6)2dx+/ 3. dz
B B

(4.12),(4.14),(4.15),(4.13)
< esup|¢|/ |v¢\dx+e—2/ |j|2dx—|—/ jg da.
B; B, B, By
We now see that the choice of € = 7'/% < 1 yields (4.11). O

Proof of corollary 3.6. In order to pass from lemma 3.5 to corollary 3.6, it suffices
to argue that, for two characteristic functions xg, x, for two vectors a, b and for
two shifts hg, hy, we always have

|00 xo| + |00 9p x| < 1909 (x0 + 3x)]- (4.17)

In fact, this is straightforward. For any {0, 1}-valued function Y, its second-order
finite differences can only assume the following values:

It x(x) = x(x+heathpb) —x(z+hea) = x(z+hb) +x(z) in {-2,-1,0,1,2}.
(4.18)
In particular, for the right-hand side of (4.17), that is, for

Ol (xo + 3x) = OOy xo + 3010 x,

the first right-hand side terms can only assume the values {—2, —1,0, 1,2}, whereas
the second right-hand side term can only assume the values 3{—2,—1,0,1,2} =
{-6,-3,0,3,6}. Hence, the sum of both terms vanishes only if both terms van-
ish individually. Since there is only a finite set of values involved, this qualitative
statement implies the quantitative statement (4.17). O

Proof of lemma 3.7. After an affine change of variables, {a,b, c} = {a*,b*, ¢*} may
be assumed to be the standard basis of R? (the Jacobian cannot degenerate since,
before transformation, the basis {a, b, c} is chosen from the fixed set {[111],[111],
[111],[111]}). At the expense of reducing r, we may replace balls by cubes so that
the statement of lemma 3.7 follows from the following statements.
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(i) There exist functions f1(z2,x3), f2(z1,23) such that
/ If = fi(wa, 23) — fo(z1,23)|dz
(~1/2,1/2)3
S sup / |0t a5 f| da. (4.19)
[hil,lh2|<1J(=1,1)3
(ii) There exist functions fi«(x1), for(22) such that
/ |f = fre(w1) — for (z2)| dz
(=1/2,1/2)3
S o swp o[ (ool shdr, (420)
[hil,|h2l,lhs]<1J(=1,1)3

We start with (4.19) and note that

sup / \8{“832f|dx
(_171)3

[hil,|h2|<1

sup / |f(z1 + hy, w0 + ho,23) — f(x1, 22 + ha, 23)
[hil,|h2|<1 /(=1,1)3

— f(x1 4 h1, 22, 23) + f(x1, 72, 23)| dz
5/ / |f(x1 + hi, 22 + ho,23) — f(21, 22 + ho, 23)
(_1)1)2 (_1>1)3
- f(l‘l + h1, 33‘2,.133) + f($1,$2,$3)| dz dh1 dh2

>[It — faraha)
(=1/2,1/2)? J(-1/2,1/2)*

— f(z!, 22, 23) + f(x1, 22, 23)| d2y d2e dwy d2) dal
(4.21)

g
(=1/2,1/2)3

L T8 20) 4

_/ f(],‘1,$/2,.133)d1'/2
(=1/2,1/2)

—/ f(ah, o, x3) day + f(x1, w2, 23)| doy dos das,
(=1/2,1/2)
(4.22)

where we have used the change of variables (z},xz}) = (21 + h1,22 + hg) in (4.21)
and Jensen’s inequality in (4.22). Hence, we obtain (4.19) with

1
fi(za, x3) :/( e f(ah, o, x3) da) — 2/( sy f, xh, x3) doy dak,

fa(z1,23) := / [z, xh, x3) dzy — / f(xh, b, x3) da’y dah.
(—1/2,1/2) (=1/2,1/2)2

(4.23)

N =
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We now turn to (4.20). In view of (4.19) and the triangle inequality in L, it
suffices to show that

/ |f1($271’3)*f2*($2)|d$2d$3+/ |f2(z1, 23) = f1- (21)| doy dag
(=1/2,1/2)2 (=1/2,1/2)2

Ssw [ jopslde. (29)
[h3|<1J(=1,1)3

where we define f1-, fo« via averaging in x3 € (—%, %) as follows:

fol)i= [ plenm)des ad felo) = [ fi(esa) do
(=1/2,1/2) (=1/2,1/2)
(4.25)
Let us show the second half of (4.24):
/ i) — faler, ) ey iy
(=1/2,1/2)?

(4.25)
< / / | fo(z1,2%) — falw1, 23)| doy das daf
(=1/2,1/2) J(-1/2,1/2)?

(4.23) 3
< */ / |f(z1, 22, 25) — f(21, 2, x3)| dzy dap dag dafy
2 .
(=1/2,1/2) J(-1/2,1/2)3

3
< 5/ / |f(z1, 22, 23 + h3) — f(z1, 22, x3)| dzq doe dzs dhs
(=1,1) J(=1,1)3
<3 sup / |f(z1, 12, 23 + h3) — f(21, 72, 23)| dzy dvg da3
|hs|<1J(~1,1)3

=3 sup / 0% f| da.
(=1,1)3

[hs|<1

O

Proof of lemma 3.8. First we note that, by symmetry, it is sufficient to show
sup / |8§“8£bf(011)| dr < sup / |8g“8£bf\ dx. (4.26)

abes® JB. a,bes® J B
|ha|7‘hb|<7' |ha‘1|hb|<1

Next, we note that for a sufficiently small universal r > 0 for all |h|, |h/| < r,

[ 0@l fonlde < [ 1oy ofi e (.27

(in fact, we have equality). Indeed, we apply the second-order finite differences
6[’}11]8{{11] to the identity (3.27) (because of the shifts, the identity on By dete-
riorates into an identity on the smaller ball B,) and note that 8[};11 a[hm] makes
the five remaining functions f11), f(101), f(101), J(110), f(110) vanish. Indeed,

e like its continuous counterpart Jpj11}, the first-order finite differences 8[};11]

make three of the five functions vanish

aﬁn]f(oﬁ) = aﬁu]f(im) = 8[}311110(110) =0,
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e the operator O makes three of the five functions vanish

[111]
' '
6[111]f(011) = a[111]f(101) = a[111]f(110) =0.
Both cover the remaining five functions.
It remains to integrate over B,..
We finally argue that (4.27) implies (4.26). Obviously, the right-hand side of

(4.27) is estimated by the right-hand side of (4.26). We turn to the integrand of the
left-hand side of (4.26) and note that, for all vectors a,b € R, we have, by definition,

9y fonny (@) = frony (@ - (011) + hga - (011) + hyb - (011))
= fo1y(z - (011) + hga - (011))
— foy(z - (011) + hpb - (011)) + fio11)(z - (011)),  (4.28)
(z

where we identify f11)(z) = fo11)(2 - (011)). In particular, with the choice of a =
[111], b = [111], he = h and b/ = hy, equation (4.28) turns into a representation of
the integrand of the left-hand side of (4.27)
0011300111 forny (@) = Fronny (z - (011) + 2(h + 1)) = fioryy (@ - (011) + 2A)
— fo1ny(@ - (011) + 2h") + fo11)( - (011)). (4.29)

From (4.28) and (4.29) we see that any second-order finite differences 9/« 9;" of the
single-variable function f(y1) can be expressed in terms of the particular second-

order finite differences 8[111]8[1/11] as follows:

abbf(on) = 3[111]8[111]f(011)
for the choice of h = 1a - (011)h, and A’ = $b- (011)h.

In particular, the left-hand side of (4.26) can be expressed in terms of the left-hand
side of (4.27). This completes the argument that (4.27) implies (4.26). O

Proof of proposition 3.9. Let 0 < " < r’ < r < 1 denote generic, but universal
radii. We use the shorthand notation introduced before lemma 3.7.

e For any vector a (like [111], [111], [111], [111]), f, denotes a function in B,
that is constant along axes parallel to a.

e For any dual vector a* (like (011), (011), (101), (101), (110), (110)), fa-
denotes a function in B, that is constant along planes perpendicular to a*.

Let us denote by E the quantity controlled by the rescaled energy according to
corollary 3.6, that is,

E:=max  sup /(Iaff“'@f"ml+|3§“3be1\+Iaﬁ“af”mlJrlaé‘“a?bx?)Ddx
@) [l |yl <r

where the maximum is taken over the six pairs of axes

(a,0) € {([111], [112]), ([111], [112]), ([111], [111)),
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It suffices to show there exist single variable functions f(110), fi011), f101)s f(101)
Ja10), f(110), such that, for the austenite, we have

sup / 910 xol < E, (4.30)
a,beS? B
|hal,|ho|<T’

7,/
and, for the martensite, we have

sup / 0101 (x1 + faony + faony — faio) — faioy) do
a,beS? B

!

[hal, |l |<T’
+  sup. /B 0107 (x2 — fronny — foumy + faroy + faioy) de
a,bes s
|ha\,\§b|<7"
+  sup / 0107 (x3 + fronny + formy — faor) — faony)| dz S E.
a,beS? B,
[hal,|he|<T’

(4.31)

We first establish the austenitic result (4.30), which amounts to the statement
that all second-order finite differences can be controlled by our siz mixed second-
order finite differences (note that six is the minimal number for such a result, since
it is the dimension of the space of symmetric 3 x 3-tensors). For that purpose we
need the auxiliary result that all first-order finite differences can be controlled by
three first-order finite differences. More precisely, for any basis {a, b, ¢} formed from
the four vectors [111], [111], [111] and [111], and for any function f on B,., we have

sup / 94 f|dz < sup / (08 f] + |0k 7| + |08 fyde. (4.32)
deS? J B, |h|<r J B,
IRl <r

The auxiliary result is easy to establish. Let a direction d € S? and a shift with
|h| < ' be given. Since {a,b,c} is a basis, there exist scalars «, 3, v such that d
can be written as a linear combination

d = aa+ Bb+ ~e. (4.33)
Since {a, b, c} is one of four possible bases, the coefficients cannot blow up:
lal, 18], 7] < 1. (4.34)
We first note that (4.33) implies
(05 f)(x) = f(z + hd) — f(2)
= (f(x + aha + phb + yhe) — f(z + aha + Bhb))
+ (f(z + aha + Bhd) — f(z + aha)) + (f(z + aha) — f(z))
= (3" f)(x + aha + Bhb) + (O™ f)(x + aha) + (82" f)(x).  (4.35)
We then note that, because of (4.34), the formula (4.35) yields the estimate (4.32).
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We now can establish the second-order result (4.30) by applying the first-order
result (4.32) twice. Let the two directions a,b € S? taken with the two shifts
|hal, [ho| < 7 be given. We apply (4.32) to {a, b, c} replaced by {[111], [111], [111]},
to f = 85”)(0, to d replaced by a and to h replaced by hg:

/B |94y xol d < Sup/B (19f11195" X0l + 19311105 Xol + 10311103 " xo]) dz

|R[< 7!

s

— sup /B (18081, x0] + 19111y xol + 107 Oy xol) da

|R|<r!

!

(4.36)

Let us treat the first term on the right-hand side of (4.36) (the two others are
treated likewise). We apply (4.32) to {a,b,c} replaced by {[111],[111],[111]}, to
f= aﬁﬂ]XOv to d replaced by b and h replaced by hy:

/B 10500311 x0] d

S sup /B (1001100110l + 10f110 13y X0l + 10011015y X0l da. (4.37)

Inserting (4.37) into (4.36) yields (4.30).
We now turn to the martensitic result (4.31). To ease the notation, we introduce
two equivalence relations:

e For two functions f and g, we write

f RJ‘O,E' g,

provided for some r > 0, the L'(B,) norm of f — g is estimated by E (as
usual, with a wuniversal multiplicative constant) as follows:

| 1t-gasE.
e For two functions f and g, we write
[~k 9,

provided that, for some r > 0, all second-order finite differences of f — g in
the L'(B,)-norm are estimated by F

h
sup [ |oleal(f - g)lds S E.
a,beS? B

|hal,| s |<r
In essence, f ~% p g means that f and g are L'-close up to affine functions.

In this language, the statement of proposition 3.9 takes on the compact form of

Xo ~2.E 0,
X1 2, E —faoy — faony  + fa) + fato), (4.38)
X2 A2,k fo11) + fo1) —fa10) — faioys

X3 ~2. 5 —fo1) — foir)  + faor) + faon-
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We will use the austenitic result that we just established in the following form:

2.1
X1+ X2 + X3 - X0 ~2,i 0. (4.39)

We start by applying lemma 3.7(i) to f, a and b replaced by

X1, a=[11), b=[I11],
X1, a=[111], b= [111],
X2, a = [111], b=[111],
X2 a = [111], b= [111],
X3, a=/[111], b= [111],
X3, a = [111], b=[111].

This yields 2 x 3 = 6 relations

X1 ~o0,E fi,n11) + f1,111)

—_

X1 &0,k Ji,u1 + f1,p11s
X2 ~0,E fo,111] + fo,111)s (4.40)
X2 ~0,B fo,111) + fo,[111]5

X3 &0,k [3,111] + f3,1111)

X3 ~0,E f3,111) + [f3,[111)-

We now insert these 2 x 3 = 6 relations into the austenitic result (4.39), giving us
potentially 23 = 8 new relations. But we are only interested in those new relations
where the functions f.. involved depend only on three out of the four possible
axes [111], [111], [111] and [111]. There are four of these relevant relations, which
can be thought of as being parametrized by the axis they omit. In the following
enumeration, the first relation omits [111], the second omits [111], the third omits
[111] and the fourth omits [111]:

02k (fi,ui + fipog) + (fo,uun + fo,nu) + (fsp1y + f3,111)

= (frpug + fopan) + (Fapryg + fuptyg) + (o + fan1);
0~o p (fi,pi1) + fipm) + (fonuyg + fo,ning) + (fapiyg + f5011)
= (fo,puy + fa,pun)) + (fs,un) + frpny) + (fupoyg + foping)s
0~2 r (fi,nuy + fia) + (fo,nun + fo,muny) + (fsn11) + f3,p11)
= (fa,py + frpuy) + (Foypag + fapag) + (Fupoyg + fona)s
0~ p (fi,nu + fio) + (Fopiyg + foptg) + (Fap1y + fa111)
= (fi,p1y + fopuuy) + (fo,pty + fapa) + (Famn + fiai)-

(4.41)

We now probe =~ g in (4.41) by our second-order finite differences 8(’}65, with
(a,b) one of the six pairs ([111],[111]), ([111],[111]), ([111],[111]), ([111],[111]),
([111],[111]), ([111],[111]). Since there are four relations and six operators, this
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potentially yields 6 x 4 = 24 new relations. However, we are only interested in
those relations that arise when 99} falls onto one of those four relations in (4.41)
where the omitted axis is neither a nor b, since, in this case, two out of three of
the parentheses on the right-hand side of (4.41) vanish. These leaves 3 x 4 = 12
relations of interest:

1Oy (frpan + fo,nam) =08 0,
3[111] [111] (f3, n1y + fi,p1) o.x 0,
8[111] fin (f2. 1y + f3,111)) ~o,e 0,
8[111] i1 (2,111 + f3,1111)) o, 0,
a[111] [111] (f3, n11) + fi,p11)) ~o,2 0,
8[111] (f1, n1y + fo,u11)) o, 0,
a[111] 11 (f3,011) + f1,011) ~o,e O,
A9 " (faag) + fapa1) ~o.5 O,
Ao (f1, a1 + f2,111)) ~o.E O,
8[111] 1y (f1,n11) + f2,p11) ~o,e 0,
a[111] [111] (fz, niy + fa,n111) ~o,e 0,
A9y (f3, 11 + f1,[111]) 0,6 0

Jrpag + fo s [111], [111], [111],
Ja,niy + fipis [111], [111], [111],
fo, 1y + fa 111 [111], [111], [111],
Jauun + f3, 11 [111], [111], [111],
f3,u11) + fipa, [111], [111], [111],
Jipiyg + fonis [111], [111], [111],
f3,u11y + S [111], [111], [111],
Ja, 11y + S 111 [111], [111], [111],
Jiayg + foanys [111], [111], [111],
Jipu + fo s [111], [111], [111],
Jontny + fa,n11) [111], [111}7 [111],
fa,11y + i1y, [111], [111], [111]

yields the 12 relations

Ji,pan + f2,n11) ®o,E go11) + 91o1)s
fau1y + f1,111) ®0,E 9(011) + 9(110)>
Jo,[i11) + f3,111] ®0,E 9(101) + 9(110)>
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Ja,u11) + f3,1111] o, E 9110y T 9(io1)
fa11) + f1,111) ®o.E 9(110) T 9(o11);
Ji,n1y + f2,n11) o,k 9cio1) + o1,
J3,111) + J1,1111] ®o,E 9110y T J(o11)>
fa11) + f3,111) ®o,E 9(110) T 9(101);
Ji,m1y + f2,[111) ®o,E 9o11) + 9101,
Ji,n1y + f2,111) o,k 9cior) + (oii)s
fauiy + f3,111) ®o.E 9(io1) T 9(110)
f3,111) + f1,[111) ®o.E 9o11) T 9(110)-

Here, and up to the end of this proof, the symbol g,+ will denote a generic function

that is constant along the planes orthogonal to the dual vector a*. We now consider
all four triplets {f1,4, f2,a; [3.a} With one of the four axes

a € {[111], [111], [111], [111]}

fized. In the above relations, the elements of a given triplet appear in the three
forms of fi4 + f2,0, f2,a + f3,a5 f3,a + f1,4- Since the 3 x 3-matrix

1 -1 0
0o 1 -1
1 0 -1

is non-singular, the above 3 x 4 relations yield new 3 x 4 relations. These we order
by the axes a in the usual order [111], [111], [111], [111]:

J1,111] ®o,E 9011) + 9o1) + 910y
J2,111] ®0,E 9011) + 9ior) + 9oy
J3.,1111] ®o,E 9011) T 9(101) + 9(110)5
Ji,n11) o, 9o11) + 9o1) + 911o)s
Ja,111) ®0,E 9(011) + gao1) + 9io)s
J3,111] o,k 9(011) T+ 9(101) + 9(110) (4.42)
Ji,n11) o, 9o11) + 9(io1) + 9(110);
Ja,111) ®0,E 9(011) + 9(io1) + 9110
J3,111] ®o,E 9(011) T 9(101) + 9(110)5
f1,[111] ~0,E 9(o11) T 9(101) + 9(110);
Ja,[111) ®0,E 9(011) + 9(101) + 9110

f3,[111] ®0,E 9(011) T+ 9(101) + 9(110)-

After this ‘unfolding’ to 12 relations, we ‘contract’ to 6 relations by inserting (4.42)
into (4.40). We stick to our notational convention that g,- denotes a generic func-
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tion, whereas f,+ denotes a function we (momentarily) want to give a specific name:

X1 RoE foiny  +90oy  t9dony  tF9a10)  + 9o
X1 ~oe foi +9ao1  t9dony TYaw) + 9o
X2 ~o,E  go11) T go1i) + faory  t9a10)  +9aios
X2 ™0, g1y T Yoy + faoy +9a10)  + 9daio)
X3 =0, Jo11) TYoil) TYaon + 9o + faioys
X3 RoE Y1) +Yoi) +9aony +9doy + faio)-

(4.43)
Contracting once more from six to three by taking the difference of an even and
the following odd row in (4.43) we obtain the three relations

0 =0, fo11) — fo11) + 9aon) + 9oy + 9aio) + 9oy
0 =0,8 g(o11) + 9eo11) + fon) — fior) + 9a10) + 910y
0 =0,E g(o11) + 9eo11) + 9101) + 9cior) + faio) — faioy-

According to the approximate uniqueness statement modulo affine functions in
lemma 3.8, this yields, for our ‘named’ functions (we are interested only in these),
fo11) 2,6 foi1) 2,6 0,
faon =2, o) ~2,e 0,
fai0) =2, faio) ~2, 0.

With this information, (4.43) can be updated to

X1 2B Ji,a0ny S0yt fua0) a0
X2 ~2E  fa011) + fo,011) + fo,10)  + fo,a10)s

X3 ~2e  f3011) t f3,011)  F f3,001) T+ f3001)
(4.44)
where we gave the remaining functions specific names.
Using once more the austenitic result (4.39), by contracting (4.44) we obtain the

following relation:

0 =~oF Ji,aon + fiqony T fi,a10)0 T 1,310
+ f2,0011) + f2,0011) +  fo,10) + f2,110)
+ f3,0011) + f3,011) +  f3,0101) T f3,(101)-
(4.45)
Applying lemma 3.8 once again, we obtain the six relations

02 g fa,011) + f3,011)5
0~2E fa,011) + f3,0011)>
0 =25 fi,(101) + f3,3101)
02 5 f1,(101) + f3,101)5
02 g fi,110) + f2,(110);
02k fi,110) + f2,(110)-
Inserting this into (4.44) yields the martensitic part of (4.38). O
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Proof of lemma 3.10. We first establish lemma 3.10 in a version without the affine
function, that is, in the case where there are no second-order difference quotients.
For two functions g1+ and go« depending only on z; and xo, respectively, we claim

min{ sup / |00 g1+| dzy, sup / |8§g2*dm2}
|h|<1/2J(—1/2,1/2) |h|<1/2J(=1/2,1/2)
1/2
([ e -slandn) L @
(_1)1)2

under the assumption that the right-hand side of (4.46) is < 1. We start by arguing
that we may assume, in addition, that there exist values a1, as such that

g1~ € {a1,a1 +1} and go- € {az,a2 + 1}. (4.47)

Let us give the argument for the first half of (4.47) (the argument for the second
half is the same). Since there always exists a point where a function is below its
average, there exists an x4 € (—1,1) such that

/( Iy, 95) e (e1) — - ) s
-1,1

1
< */ Ix(71,22) — g1= (1) — go= (w2)| dwy dza.
2 )12

Hence, the L'((—1,1))-distance of g;~ to the function

g1+ (z1) == x(@1,25) — go~ (3)

is controlled by the right-hand side of (4.46) (since it is at most 1, the square
root does not matter here). Clearly, the g;«-term on the left-hand side of (4.46) is
Lipschitz continuous with respect to the L!'((—1,1))-distance. So g1~ may indeed
be replaced by gi~, which, because of x € {0,1}, only assumes the two values
—go- (%) and 1 — go« (3), so that the first part of (4.47) can be assumed to hold
(with a1 = —go=(x3)).

We now turn to the proof of (4.46) proper. We introduce the volume fractions

M= L2 (fon € (41,1) g1 (1) = ), e
Ay i= 3L ({z2 € (=1,1) | go» (22) = a2})
and observe that, because x € {0,1},
€= / Ix — g1+ — go-|day das
(=1,1)2
(4.48),(4.47)

> 4N X\o dist(a1 + az, {O, 1})

F 41— M) (1= No) dist(ar + as + 2, {0,1)). (4.49)
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Since the two factors dist(ay + ag, {0,1}) and dist(a; + as + 2, {0,1}) cannot both
be small in view of

max{dist(a; + az2,{0,1}),dist(a; + a2 + 2,{0,1})}
= max{min{|a; + as|, |a1 + az — 1|}, min{|ay + as + 2|, |a; + az + 1|}}
> min{max{|a; + a2, |a1 + a2 + 2|}, max{|a; + az|, |a1 + a2 + 1|},
max{|a; + ag — 1|, |a1 + az + 2|}, max{|a; + az — 1|, |a1 + a2 + 1|}}
>

)

N

we obtain, from (4.49), one of the two cases
/\1/\2 < %6 or (1 — /\1)(1 — )\2) < %6.

This yields one of the four cases

)\1 S %6, /\2 < %6, 1-— /\1 < %6, 1-— /\2 < %6.

Let us just treat the first case (the argument in the other three cases is the same).
In this case we have

4.48),(4.47
/ |91* - (al + 1)| dl‘l ( ):( ) 2)\1 g V2€.
(71,1)

The fact that gi~ is L'-close to a constant yields, as desired, that the finite differ-
ences are small in L' on a smaller interval:

_—
|n|<1/2/(=1/2,1/2)

We now turn to lemma 3.10 in its original version (i.e. with affine functions).
We shall derive it by post-processing (4.46). Let 0 < ’ < r < 1 be generic but
universal radii. Let E denote the right-hand side of (3.30). Then we have

dzy < 2V/2e.

Ei=  sup /( 0080 = ue = o)+ 980K (e = o)
—1,1)2

[h],|R/]<1/2
+1050% (x — fir — for)

) dSCl dIQ.
(4.50)

Note that, since O (f1- + fo-) = 0, we have, for the mixed derivatives,
h ah'
sup / |0705 x| dz1das < E.
[h|,Ih|<1/2 /(~1,1)2

Hence, by lemma 3.7(ii) (to be more precise, we introduce z3 as a dummy variable
and apply lemma 3.7(ii) to a = [100], b = [010] and ¢ = [001]), there exist functions
g1~ and g9« of x1 and s, respectively, such that

/ IX — g1+ — g2-
(—rr)?
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We now apply (4.46) and obtain, because of (4.51) and FE < 1,

min{ sup/ 07 g1 | day, SUP/ |04 ga-
ini<r J(—rm) i< J(=r,r)

dxg} < EY2,

Say that

d.’L’l 5 E1/2.

sup / |0} g1+
h<r J(—rir)

Hence, by (4.51), Of'go- = 0 and E < 1, we have

sup / 90 x| dz < B2, (4.52)
|h|<r J (=r,1)?

Using 8f8flf2* =0 and FE < 1, we obtain the desired result:

(4.50) ,
dzy S E+ sup / |ofoY x| da
IRl R < I (=1 )2

sup / Dl fu.
(_T’)T/)

RIS
S E+ sup / |omx| da
|h|<r J (=r,r)?
(4.52)
< EY2 (4.53)
O

Proof of lemma 3.11. Let us drop the subscript 1 from the variable z; and the
differential 0;.

The main part of lemma 3.11 is part (i). We first prove an L2-version of (3.31),
that is,

sup / |ahf|2dx5(£1(5))*2sup/ O f2de. (4.54)
Ihi<1/4J(=1/4,1/4) hesJ(—1/2,1/2)

The advantage of this L?-version is that it is amenable to Fourier series techniques.
We first prove (4.54) under the additional assumption that the set S C [—1,1]
actually reaches as far out as possible, i.e. 1 € S or —1 € S. By symmetry, we may,
without loss of generality, assume

leScl-1,1]. (4.55)

We now give the argument for (4.54) under the assumption (4.55). Despite the
fact that f is not (exactly) 1-periodic, we introduce its Fourier coefficients on the
interval (—1/2,1/2) (which is of length 1):

Ffk) = / e*? f(x)dx for k € 2.
(-1/2,1/2)

We will re-express both sides of (4.54) in terms of the Fourier coefficients of f. We
shall first argue that the right-hand side of (4.54) can be minorated in terms of the
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Fourier coefficients. More precisely, for any || < 1 (hence, in particular, for h € S),

S (1 e EFR)E < /

ke2nzZ (=1/2,1/2)

|8hf|2d:c+/ |0Y fI>dx.  (4.56)
(-1/2,1/2)

Let us give the argument for (4.56). By symmetry, we may assume h € [0,1].
Momentarily introducing fper, the 1-periodic extension of f(_1/2,1/2), we see that
the left-hand side of (4.56) can be expressed as

Dol —e M FfR)P
ke2nZ

:/ ‘fper($+h)_fper($)|2dx
(-1/2,1/2)

- / @t h) — fa)? de + / @t h—1) — f(z) da.
(—1/2,1/2—h)

(1/2—h,1/2)

By the triangle inequality in L?((3 — h, 3)) and a change of variables, this yields,

as desired (4.56), ’
> —e )V Ff(k)
ke2nZ
< / F(z+h) — f(2)]? dz
(=1/2,1/2—h)
vz f |z +h) - f@) da
(1/2—h,1/2)
+2/ |f(x+h) = flx+h—1)*dx
(1/2—h,1/2)
- / @+ h) — f(z) da
(—1/2,1/2—h)
+2/ f(z+h) — f(@)da
(1/2—h,1/2)
+2/ |f(x4+1) — f(z)]*dz
(=1/2,—1/2+h)
<9 / @+ h)— f(o)de +2 / Fla+1) — f()P dr.
(=1/2,1/2) (=1/2,1/2)

We now argue that the left-hand side of (4.54) can also be majorated in terms of
the Fourier coefficients of f. Indeed, we have, for all |h| < i,

/ 10" fP? da = / fla+h) — (@) de
(=1/4,1/4) (—=1/4,1/4)
<2 / et h) - / f(a')yda'? de
(=1/4,1/4) (—=1/2,1/2)

vz - [ e
(=1/4,1/4) (=1/2,1/2)
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|h|<1/4

<y / @) - / f(a')yda'? da
(=1/2,1/2) (=1/2,1/2)

=4 ) |Ffk)P (4.57)
ke2TZ
k#0

In view of (4.56), (4.55) and (4.57), statement (4.54) follows from

STIFFRP S (L1(S) Psup > (L —e RV Ff(R),
ke2nZ heS yconz
k40

which, in turn, follows from its averaged version

> EF0E S @) [ Y 10 e EAR)E
ke2nZ s k€27rZ
k#0
This formulation in terms of Fourier series has the advantage that, as we now see,
it reduces to the following property of the set S:

/ |1 —e "k 12dh > £Y(S)® for all non-zero k € 277, (4.58)
S

Let us establish (4.58) and first argue that it is sufficient to consider the case of
k = 2m. Indeed, consider a general non-zero k € 27Z. Given the measure £!(S)
of the set S C [—1,1], the minimum value of [ |1 — e~ "*|2dh only depends on
the distribution of Values of the function g: [~1,1] 3 b+ |1 — e~ ""¥|2. In fact, the
best choice is always of the form S = {h € [-1,1] | |1 — e"1"¥|2 < a}. Note that g
is a rescaling of the 1-periodic function §: [~1,1] 3 h + |1 — e~2™"|2 by an integer
and, thus, has the same distribution function as §. Therefore, it does indeed suffice
to consider the case of k = 27 in (4.58), that is, it suffices to show that

/ |1 —e 2R 12dn > £1(S)3. (4.59)
S

Estimate (4.59) is easily seen to be true. The only zeros of the function [-1,1]

h |1 —e 22 are h € {~1,0,1} and those zeros are of first order. Hence, the

best strategy for minimizing f |1 —e~2mh12dh given L£1(S), sets S of the form
={he[-1,1||1l —e2™"2 < o}, leads to

L£Y(S,) ~a/? and / |1 —e 2R 2dp ~ o3/?

@

for o <« 1. This yields (4.59).
We now derive part (i) in its L'-version, that is,

sup / |0" fldz < (£1(S)) %% sup / 0" f| dz (4.60)
|h|<1/16 J(—1/16,1/16) heS J(—-1/2,1/2)

from the L2-version (4.54). For (4.54), we first prove (4.60) under the additional
assumption that the set S C [—1/4,1/4] actually reaches as far out as possible,
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ie. i e Sor —% € S. By symmetry, we may assume, without loss of generality,
that

tescl-Lyl (4.61)
In fact, we will apply (4.54) not to f, but to its convolution f ¢ with the function
¢ that corresponds to the average over S, i.e.

(Y s))"t forhe s,
o(h) = {0 for h ¢ S. (4.62)

Moreover, we will apply (4.54) in its rescaled version by a factor of 4 (to fit (4.61)),
yielding

sup / \ah(f*¢)|2dx§ (£1(S))_qup/ |8h(f*¢)|2d33.
|n|<1/16 J(=1/16,1/16) hes .J(—1/8,1/8)
(4.63)

We now argue that we can trade in the convolution against a passage from L? to

L' on both sides of (4.63).

We start with the right-hand side of (4.63), where the convolution (with some
L2-function) is necessary to replace the L2-norm by the L'-norm. Indeed, we have,
by the standard convolution estimate, for any h € [—1, 1] (and, a fortiori, in S),

/ 10 (f % )P de = / (8" ) « 6P da
(—1/8,1/8) (—1/8,1/8)

supp(6)C[—1/4,1/4] ) N ¥
< [repan(([ o tsa)
R (-1/2,1/2)
2
(.62) (51(5))—1</ 8hf|dac>. (4.64)
(-1/2,1/2)

We now turn to the left-hand side of (4.63), where the convolution (with a func—
tion supported on S) does not hurt, as we shall see. Indeed, we have, for all |h| < 16,

/ |oh f| da
(~1/16,1/16)

|h|<1/16 N
U O sz [ |feo-fla
(—1/16,1/16) (—1/8,1/8)
(4.62)
< / 0" (f * ¢)| dz + 2(LY(S // 0" f|da AR’
(—1/16,1/16) (—1/8,1/8)
<8_1/2</ |8h(f>k¢)|2dx> —|—2sup/ \8h f|da.
(~1/16,1/16) hes J(—1/2,1/2)

(4.65)
Now, inserting the square of (4.65) into (4.63) and then into (4.64) yields

2 2
( o [ |ahf|dx)5<<c1<5>>-3+1>(sup / Iahfldw>,
|h|<1/16 J(—1/16,1/16) hes J(—1/2,1/2)

which clearly implies (4.60).
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Finally, we have to get rid of the constraint (4.61). First we note that if we replace
(4.61) by
S C[—hw hs] and (he€Sor —h,€8) (4.66)

for some h, € (0, 1], (4.60) becomes

sup / 10" f|de < KL (S)) "2 sup / 0" f|dw, (4.67)
Ih|<h. /4 ) (=h, /4,h. /4) hes J(—2n. 2h.)

as can be seen by rescaling all length with 4h,. We now will get rid of the possibly
small h, on the left-hand side of (4.67) in order to obtain (3.31).

We start with the A in [, 1y, of (4.67). Note that the interval (—%, 1)
can be covered by the order of h* (more precisely, ih* many) translates of the
interval (—ih*, ih*). Because of h, < i, the translates of the enlarged interval
(—2h,, 2h,) are all contained in (-3, 1). Hence, summing these translates of (4.67),

we obtain

sup / |8hf|dx§hi/2(£1(5))73/25up/ |oh f|? dz.  (4.68)
Ih|<h. /4 ) (~1/16,1/16) hes J(—1/2,1/2)

We now turn to the h, in supj, s, /4 of (4.67). Since finite differences O f of f
with shift & of order at most one (or, more precisely, |h| < 55) can be written as the
sum of the order of h; ! terms (more precisely, at most %h* terms), each of these
terms being a translate of the finite differences o f (or, more precisely, translated
by at most 55) with a shift at most of order h, (or, more precisely, |1/| < Th.), we
can pass from shifts of order h, to shifts of order one. More precisely, from (4.68),
by the triangle inequality in L', we obtain

sup / 10" fl dar < hi V2 (£1(8)) 7/ sup / 0" f| da
|h|<1/32 J(—1/32,1/32) hes J(-1/2,1/2)

(4.66)

< (£1(S)) "2 sup / 0" flde. (4.69)
hes J(—1/2,1/2)

It remains to argue that an h, € (0, 3] with (4.66) exists. Indeed, by continuity in
h of the left-hand side of (3.31), we may assume that S is closed. Choosing r < i in
the statement of lemma 3.11 appropriately, we may also assume that S C [—i, %}
If we then set

h. = max|S| = max{|h||h € S},

we automatically have (4.66) and h, < %.

Finally, we address parts (ii) and (iii) of lemma 3.11, which will be easy conse-
quences of part (i). Since we trivially have

// \8hf|da:dh</ / |0" f| dz dh,
S J(-1/2,1/2) (=r,r) J(—1/2,1/2)

/ / 0" f|dz dh < sup / |0" f| du,
(=r,r) J(=r,r) |h|<r J (=r,7)
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it only remains to show that
sup / |0" f da < (51(5))—3/ / |0" f| dx dh. (4.70)
[h|<r J (=r,1) S J(-1/2,1/2)

In order to show (4.70), we introduce a density p and its average M on S:

= h x = 1 -1 . .
p(h) = /(1/2’1/2)@ flda, 2= (21S) [ ol (4.71)

Consider the subset S of S of shifts with not too much above-average density:
S:={heS|ph)<2M}. (4.72)
The set S has measure comparable to S. Indeed, because of

LYS —8)=LY{heS|ph)>2M})

<@ [ pn)an
S

(4.71)
= %El(s)’
we get _
£Y(S) = Lcl(S). (4.73)
We now obtain (4.70) with the help of part (i) of lemma 3.11, applied to S:

(4.69) -
sup | 0 flde 5 (£3) Psup [ 0" f|da
|h|<1/32 J(—1/32,1/32) heSJ(=1/2,1/2)
(470 (EI(S’))_2 sup p(h)
hes

(4.72) -
< (LY(9)22M

4.71 ~ . _ _
GID (£1(5))22(c1(8)) ! / / 0" f) daedh
5J(~1/2,1/2)
(4.73)
s e f 0" f| da dh.
sJ(=1/2,1/2)
O

Proof of proposition 3.12. Let 0 < " < r”" < v’ < r < 1 denote generic but
universal radii (by convention, ordered in the above fashion). We abbreviate the
(rescaled) energy as

E:= nl/SEintef(Bl) + 7772/3Ee1ast(81)
and observe that we may assume that

E<1 (4.74)

)

since the estimate (3.34) holds trivially for £ > 1 because the left-hand side of
(3.34) (finite differences of characteristic functions in L') is at most of order 1. To
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ease the notational burden, we introduce an equivalence relation similar to those in
proposition 3.9. For two functions f and g defined on B,., we write

f ~3 E1/2 9,

provided all third-order finite differences of f — g are controlled in L!(B,.), for some
r by EY/2,

ha hb qhe
sup [ ol ol (f — g)lde S B2
a,b,ceS? B

‘halvlhb‘vlhclgr

The starting point for proposition 3.12 is the martensitic part of proposition 3.9,
which, in particular (in view of (4.74), ~ g entails ~3 g1/2) yields
X1 A3 g1/ —faon — faony  + faio) + fato)
X2 N3 p1/z Jo1n) + foi) —fa10) — faioys (4.75)
X3 ~3 g2 —fowy = forry  + faor) + faon-

The main step of the proof involves using lemma 3.10 (and lemma 3.11) to establish
the three alternatives

Jaon) Rs g1/2 fion =12 0 o faio) ®3 p1/s faio) ~s,p1/2 0, (4.76)
f(011) N3 E1/2 f(01i) ~g g2 0 or f(uo) ~3,p1/2 f(lio) ~3 g1/ 0, (4.77)
Jo11) =3 g1/2 fo11) Rs 2 0 or  fon) ®s g2 fior) X3 g2 0. (4.78)

Before establishing (4.76)—(4.78), let us show how they imply the statement of
proposition 3.12. Since none of the three pairs (f(o11), fo11)); (f(101)s f(701)) and
(f10)> f110)) appears in all three lines (4.76)—(4.78) simultaneously, at least two of
these pairs must be controlled. Hence, one of the following three cases must occur:

(faon) ~3 g1z fo1) Rs,m2 fa1o) X3 g2 faio) Rs g2 0),
(f(on) ~3 p1/2 foi1) Rs,p2 f10) Rs ez faio) Rs g2 0),

(forr) ~3,m1/2 fo11) =3 g1z frion) =s pr/z f1o1) <3 p1/2 0).
A glance back at (4.75) reveals that these three cases translate one-by-one into
X1 ~3 g1z 0, X2 Rz p1/2 0, X3 ~3.p1/2 0,

which is just our compact reformulation of the statement of proposition 3.12.
We now turn to the proof of (4.76)—(4.78). By symmetry, it is sufficient to treat
(4.76). In this process, it is helpful to combine the pairs according to

Jioro] == —fao1) — faony and  fo1) == fii0) + friio)-

Note that this notation is in line with our usual convention: fig10) is a function
constant in zz and fjgo1) is a function constant in z3. We start from the statement
on X1 in proposition 3.9 but use only the three second-order finite differences in the
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direction of x5 and x3:
sup (|8§‘8§‘/ (x1 — f[010] - f[001])| + \333?()(1 - f[010] - f[001})|

[h],|R|<r ,
+ 0504 (x1 — fio10) — fioon))]) dz < E.
(4.79)

In order to prepare the application of lemma 3.10 to the variables (3, x3), we now
show, with the help of lemma 3.11(ii), that (4.79) can be strengthened to

/ sup / (1050 (x1 — fro10) — fioo1))!
(=) [RLIR < J (=7yr)2 ,
+ 10305 (x1 — Jro101 — flo017)!

+1050% (x1 — fior0) = fioony)|) dra dzz dzy S E.
(4.80)

Indeed, introducing the abbreviation g := x1 — flo10] — fjoo1), We shall show that
lemma 3.11(ii) yields the ‘inverse estimate’

sup / \830§,g|dx2/ sup / 0000 g| dwy dwg day. (4.81)
|h],|h|<rJ B (=r’,r") |h|,|W|<r" J (=7, 1")2

The passage of the second and third row of (4.79) to the second and third row of
(4.80), respectively, follows by the same arguments. The string of inequalities that
establishes (4.81) is as follows:

sup / 000 g| da

|h|,|h|<r J B

> / / / / / |02l g| dwy dh dR dzs day
( T’ /) ( ,’,/ /) ( ,r,/ TJ ( T/ Tl ,r\/’,’,/)
(3. 32) ,
/ / / sup / |08l g| day R’ das day
(=r' ") J(=r" 1’ r/,r’) |h|<r /')

(4.82)
. / / / / |03 62 gl dzo dh' dzs day
(=r'sr") |h|<r” (=7 "o o

(3.32) ,
Pe / sup / sup / |08 0 g| dzy dzs dzy  (4.83)
(7,,,/’7“/) ‘hlgr// (7,,“/77”/) |h’|<7"” (7,,"///’7”///)

2 / sup / 0505 9| dws das day. (4.84)
(=r ) |B|,|R [t S (=7t )2

In order to get to (4.82), we have applied (3.32) to the function 5 — 9% g(z1, 22, 3)
and to the shift h. In order to obtain (4.83), we have applied (3.32) to the function
T +> 00 g(x1, T2, 23) and the shift b’

Now comes the central step of the proof. We consider x; as a parameter and
apply lemma 3.10 to the characteristic function (x2,x3) — x1(21,z2,23) and the
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‘single-variable’ functions x3 — fioo1](21,22) and x3 — fio10)(21,73). We obtain

min{ sup /( )|8§8§/f[001]\dx2,| sup /( )3§18§l/f[010]|d173}

[al,[h"|<r’ k[, |<r

< ( sup /( )2(|8§8§'(X1 — fio10) — fjoo1))|

[h],[W|<r
+ |050% (x1 — for0) — Fioon)|

1/2
+ 10598 (x1 — Jro10] — floo17)]) d2 dl‘:a) .

We now integrate this estimate over 2y € (—r/, '), use the Cauchy—Schwarz inequal-
ity on the right-hand side and combine with (4.80) to obtain

/ min{ sup / \agag,f[omﬂdm’
(=r,r) [l [R < J (=ryr)

sup / |8§8§/f[010]\ dl‘s} dz, < EY2,
||| |<r S (=r,T)

We use this estimate only in its weaker form:

/ min{ / / 088 fiooy | dzes dR AR,

(=r.r) (=2 J (=)
/ / 02 O% fioro)| dzez dh dh’} dz; < EY2,
(=2 J (=)

Hence, there exists a set I C [—rg, o] (where rg is a small universal radius chosen
at the end of the proof) of x1-coordinates with the property that

L) ~1

and such that one of the following alternatives holds:

/ / / 0808 froo | dzo dRdR dzy S BY2,
IJ(=rmr)2J(=rr)

// )2/ ) ‘agbag/f[oloﬂdxf} dhdh/ d(]’}l 5 E1/2.
IJ(=rr —rr

By symmetry, it is enough to consider the first case and to show that it implies the
second case in (4.76), which we can also formulate as

(4.85)

sup [ ﬂ%%mﬁmwwﬂwwwwmmmwsyﬂ<ﬁm

[RLIR |, |R <

By symmetry, it suffices to show the first part of the preceding estimate, that is,

sup / 10202 0" f1109(s)] ds < EV2. (4.87)
‘h"‘h/Mh”‘ST (7T7T)

The rest of the proof is devoted to deducing (4.87) from (4.85).

https://doi.org/10.1017/50308210510000478 Published online by Cambridge University Press


https://doi.org/10.1017/S0308210510000478

318 A. Capella and F. Otto
The main step in passing from (4.85) to (4.87) involves showing that (4.85) implies

/ / 0RO 01" fr110)(s)| ds dh AR’ dh” < EV2. (4.88)
(=r,r)3 J(=rr)

The passage from (4.88) (average) to (4.87) (supremum) is again an easy application
of lemma 3.11(ii), as we shall see later. Note that, in view of the definition of fjo1],
(4.85) can be reformulated as

A AN IEI
(=77 IJ(—rr

+ 02O fri0) (1 — x2)| dwp dzy dhdh S BV (4.89)

Hence, in order to pass from (4.89) to (4.88), it suffices to show that

O 9" f110y(s)| ds dh dh’ dR”
’ /)3 ’ /) s s s ( )
—r!/r —r’,r

s ] 1000 fugler +
(=r,r)2 JIJ(=rr)

+OLOY fato) (21 — x2)| daa dzy dhdh’.  (4.90)

We now see that (h,h’) can be treated as a parameter so that (4.90) follows from

o] e sl san
(=r'r’) J(=r'r")
< //( l9a110) (%1 + 22) + gaio) (21 — 22)| dwp day, (4.91)
IJ(—rr)

where we have used the abbreviations

gaio) ‘= 8282 f(110) and gaio) ‘= 6282 f(lio)'

Let us now address (4.91), which we will do with the help of lemma 3.11(iii).
First, we have to eliminate g(;1py. To this end, we write down two copies of the
right-hand side of (4.91),

// ) l9(110)(z1 + 22) + g110) (21 — 72)| dz2 A2,
IJ(—rr

/, / otwao @+ 94) + gm0 0 ) e,

which we integrate over a dummy variable over I (since I C [—rg, 7] this does not
increase the value) in the following way:

/// : l9a110) (1 + 22) + 9110y (21 — 22)| dao dy day, (4.92)
IJI —r,r

/ / /( st @+ + i 0~ drhdedaf (499)
I1JI1J(—r,r

https://doi.org/10.1017/50308210510000478 Published online by Cambridge University Press


https://doi.org/10.1017/S0308210510000478

A quantitative rigidity result 319

We now change the inner variables

e in (4.92) from x5 to s such that z1 + zo = s with the effect that 1 — zo =
2x1 — s,

e in (4.93) from z) to s such that ) — x5 = 227 — s with the effect that
xh +ah=s+ 2] —x1).

This yields

/// ) 110) )+9(1io)(21‘1—S)|dsdx1dm/1,

///( : l9(110) (s +2(z] — 1)) + 910y (221 — 5)|dsdxy dz.
IJIJ(—r"r

By the above derivation, both terms are dominated by the right-hand side of (4.91)
and, hence, also the modulus of their difference. We therefore obtain, by the triangle
inequality in LY(I x I x (—r',7")),

///( oo (s 2001 = 22)) ~ 101 (4] ds o o}
IJIJ(—r"
5// l9(110) (21 + 2) + g110) (21 — x2)|dzo do.  (4.94)
IJ(—rr)

With (4.94) we have successfully eliminated g(119) and thus reduced our goal (4.91)
to the following statement on a single function g(110y of a single variable and on a
set I of full measure

o] el asan
(=r,01) S (=rt,7)
[ I+ 2 ) g () dsdn st (495)
I1JI1J(=r"r!

We finally show how to reduce estimate (4.95) from lemma 3.11(iii). Clearly, we
have to understand the shifts produced by 2(z] — x1). We note that the right-hand
side of (4.95) can be written as

/// ) 9110y (8 + 2(x] — 21)) — g(110)(5)] ds day day
:// |8;’”g(110)(s)|dsw(h”)dh”, (4.96)
R (77,/7,,,/)

where the weight function w can be computed to be the rescaled convolution of the
characteristic function yy of I with the characteristic function of —1I:

w(h") = 5(xr * x-1)(3h").
This implies
w< 3 and /Rwdh”: (LY(D))%.
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Moreover, since I C [—rq,70] and £L}(I) ~ 1, we have
suppw C [—4rg, 4r¢], w<1, /wdh” ~1,
R

so that there exists a set S of shifts with
w2 XS S C [—4ro, 4ro], L£HS) ~ 1.
In view of this, (4.96) yields

///( )|9(110)(5+2(96’1—xl))—g(uo)(s)|dsdx1dx’1
IJIJ(=r" '
Z// |ag”g(110)(8)|dsdh”. (4.97)
S J(=r"r")

If we now choose rg sufficiently small with respect to the generic but universal r’
n (4.97) (so small that 4rg < 717/, where ry is the small universal radius from
lemma 3.11), we may apply lemma 3.11(iii) (rescaled by the universal factor 2r')
to obtain

// )|a 910y (s |dsdh”>/ / )|a§”g(110)(s)|dsdh”. (4.98)

The combination of (4.97) and (4.98) gives (4.95). This establishes (4.88).
Finally, we need to argue how lemma 3.11(ii) allows us to pass from (4.88) to
(4.87). What separates (4.88) from (4.87) is the estimate

P / okol ol faioy(s)| ds
‘h|v\h/|7|h”\<r’ ( r 7"')

N / / 0RO O f110)(s)| dsdh dR dh”.
r,r)* r,r)

For (4.84), this estimate can be derived by iteratively (or, rather, inductively over
the dimension) applying lemma 3.11(ii):

/ / / / 010" 81" fr110)(s)| ds dh A’ dh”
(=r,r) J(=r,r) J(=r,r) J(=r,r)
(3.32) ,
> / / sup/ |ohol or" 1 fa10y(s)| dsdh” dn”
(=r,r) J(=r,r) |[R|<r! S (=0 1")

> sup / / / 01 101" f110)(s)| ds AR’ dh”
\h|<r rr) r,r) r',r!)

(3.32) T .
> sup/ sup / |0y 0,0, fr110)(s)|dsdh
( ( ,,// //)

nl<r J (—re) 7)<

> sup sup / / |1 O 9" f110)(5)| ds dR”
rr) ')

S N

(3.32) W b/ o
57 sup sup  sup / 08 O O fgy ()] ds. O
( //I ///)

[R|<r [B[<r' [h | <!
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Proof of lemma 3.13. The crucial object will be the unsigned moving average ¢ * x
of the function x defined via

(65 (@) = $(L3(By)) ! / x(@')da’ — 1(£3(Ba)) ! / x(@')da’. (4.99)
B (x) Ba(x)

As the notation suggests, we also think of it as the convolution with a radially
symmetric piecewise constant function ¢.
We start by arguing that

1 ’ 1"
/ ¢+ x — x|dx < 3 sup / "o ol x| du. (4.100)
B a,b,ceS? B,
[hl IR R <1
Spelling out the third-order differences
x(z+ha+hb+h"c) — x(x+ha+h'd)

't — x(z+ha+h"c) +  x(z + ha)
@Ohoy ol ) (@) = o . (4.101)

x(x+hb+h"c) + x(xz+h'd)

+ x(z+h"c) - x(2)

we see that, for a = b = c and h = —h’ = —h”, the third-order finite differences
collapse to

(0"0,"0,"x)(x) = —x(x — 2ha) + 3x(x — ha) — 3x(z) + x(z + ha).

Averaging this sub-family of third-order finite differences over ha € By, we obtain
¢ x:

e [ @horor @i an
_(r3 -1 l‘/ x/ 3 1 -1 l‘/ x/
(€3(By)) /BMX( ) da! + 3(C3(By)) /BM»A )d

— 3x(x) + (C3(By) ! /B )
= 3((¢+ (@) — x()).

This representation of ¢ % y — x directly implies (4.100).
We now turn to the proof of lemma 3.13 proper. By the symmetry x ~» 1 — x;,
we may assume that x has below-average volume fraction in Bj:

(£3(By))~! /B vz < L, (4.102)

in which case we will show, for some small but universal radius r > 0,

! 1"
/ xdzr < sup / ool ol x| d.
B, a,b,ceS? B,
|, IR), 1R |<1
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In view of (4.100), it is sufficient to show that

/ de§/3 |o* x — x| da. (4.103)

T

The argument for (4.103) is easy. In view of the definition (4.99), (4.102) and x > 0
imply that ¢ * x is strictly less than 1 at the origin:

(9+x)(0) < 45 =2, (4.104)

Note that ¢ * x is Lipschitz continuous with universal constant. (This can be seen,
for example, from the convolution estimate

sup|V(6 )| < [ Vol desupl| = [ [Voldo 51, (4.105)

using the fact that the three-valued radially symmetric ¢ has automatically finite
BV-norm [ |V¢|dz.) Hence, there exists a possibly small but universal radius r > 0
so that the boundedness (4.104) away from 1 is preserved in the small ball B,.:

o*x < % in B,. (4.106)
Hence, we obtain, finally using the non-convex constraint x € {0, 1},
/ |¢*x—x|dx>/ ¢+ x — 1] da
B, BTﬂ{X:l}
(4.106

)
> LB Nn{x=1})
x€{0,1} q
> 7/ x de,
4 B,

which gives (4.103) as desired. O

Proof of theorem 2.2. As we are dealing with characteristic functions we can, with-
out loss of generality, assume E < 1. Let 0 < r < 1 be a generic but universal
radius. We extend our shorthand notation from proposition 3.9 and 3.12. For two
functions f and g, we write
[ =ipe g,

provided for some r > 0, all ith order finite differences of f — g with shifts |h| < r
in the L'(B,)-norm are estimated by E®. In this compact notation, the statement
of theorem 2.2 involves the following three claims.

(i) We have
Xo ~o,g 1 or xo=or0. (4.107)
(i) In case of xo ~o,r 0,
X1 =g,z 0 or x2=gp20 or x3=~gpye0. (4.108)
(iii) In case of x3 ~g g1/2 0,
X1 R, p1/4 f(ii0) O X1 R /s faio)- (4.109)
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We now prove claim (4.107). By the austenitic part of proposition 3.9, we have
Xo ~2,E 0.

In particular, this yields xo ~3 g 0, so that (4.107) follows via lemma 3.13. Claim
(4.108) is also at hand. By proposition 3.12, we have

X1 ’&'53,E1/2 0 or X2 %3,E1/2 0 or X3 %37E1/2 0.

Hence, (4.108) follows from lemma 3.13.
Claim (4.109) requires a bit more care. We recall the martensitic part of propo-

sition 3.9,
X1 ~2.E —faon — faony  + fao) + faio)
X2 ~2.e  foiy + fo) —fa10) — faio)s (4.110)

X3 ~2,e —fo1) — foiry  + faon) + fion)-
Because of our assumption that x3 =~ g1/2 0, the last line of (4.110) turns into
0~ g2 —fo11) — foin) + faon + for)-
Because of lemma 3.8, this yields
0~ g1z flo11) Ro pr/2 fo11) Ra,p1/2 fo1) e, pr/2 fio1)-
Therefore, the first line of (4.110) reduces to
X1 R, p1/2 faio) + faio)- (4.111)

As in proposition 3.12, we use lemma 3.10 (with some assistance from part (ii)
of lemma 3.11) to deduce

X1 N p1/a f(110) OF X1 R g/ faio) (4.112)

from (4.111). Indeed, we probe (4.111) by second-order finite differences in direc-
tions orthogonal to x3 only:

Ya,b e {[110], [110]},

sup / |538£L/ (Xl - f(110) - f(1io))| dr < B2, (4-113)
[h],|W|<r J B,

We now appeal to the ‘inverse estimate’ (4.81) of proposition 3.12 (which is a
consequence of part (ii) of lemma 3.11) to upgrade (4.113) to

a,b € {[110], [110]},

/ sup / 0288 (x1 — fa10) — fatoy)| dar dza day S EYV2.
(=r,r) [l IW < J (=7,r)2

In particular, there exists an z} € (—r,r) such that
Va,b € {[110], [110]},

sup / 10200 (31 (23) — sty — foatoy)] den daa < B2,
[Rl,|h|<r S (—=r,r)?
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Hence, by applying lemma 3.10 to (z1,22) = x1(21, T2, 23), (21,72) = fr10)(z1 +
T3), (71,%2) = f10)(71 — z2) and the coordinates (s,3) = (z1 + 2,21 — 72), We
obtain

min{ sup /( )|323§/f(110)(3)|d8,

[Bl,[h"|<r

sup / |8?8?'f(110)(§)|d§} <EYA (4114)
|h‘,|h"<’r (77‘,7“)

Since f(110) and f(110) are single-variable functions, this just means

fa10) o, p1/a 0 or  f10) Rg pr/4 0. (4.115)

Inserting this into (4.111), we obtain (4.112).
Finally, we want to upgrade (4.112) to (4.109) with possibly modified single-
variable functions:

X1~ p1/4 §(110) O X1 g gi/a g(110)- (4.116)

Let us assume that the first alternative of (4.112) holds. We probe it only with
second-order finite difference quotients along directions in the plane (110) because
they make the f(;10)-term vanish:

Va,b € {[111],[111]}, sup / 00 x| da < EV/4.
[R], |0 |<r J By
We can add another finite difference at no cost:
Va,boee {11, [111]},  sup / 01 O x| da < BV,
[RL IR, |R <7 J By
Once again, we appeal to the ‘inverse estimate’ (4.81) to upgrade the above to
Va, b, c € {[111], [111]}, / sup / 020 O x1| da' ds < B4,
(=ryr) [RLIW LIRS S (=7,r)2

where s = (110) - z is the coordinate perpendicular to the plane (110) and z’ stands
for two coordinates in the plane (for example, in the direction of [111],[111]). We
may now apply lemma 3.13 (in two instead of three space dimensions) to z’ —

x1(x', s):
/ min{/ |X1|dx’,/ 1—X1|dx'}dS§E1/4.
(=mr) (=rr)? (=rr)?

This statement has exactly the same content as the first alternative of (4.108).

We finally give the argument for (2.8)—(2.11). Let xo, X1, X2 and x3 be minimizers
in (2.7) (the infimum is attained because BVNL™ embeds compactly into L?;
working with a minimal sequence would suffice for the following argument). We
first turn to (2.8) and argue that the first alternative of theorem 2.2(i) implies the
first alternative of (2.8). By the triangle inequality in L?(B,.), we have

/ e dz < / e = x16® — x2e® — xge® [ da + / 03 +3 +x3) da.

. N B,
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The second term on the right-hand side is estimated, since we assume the first
alternative of theorem 2.2(i):

(I.1) Il
/<x%+x§+x§>dx < /B<X1+X2+X3>dx(=’/3<1—xO>dx5E.

T

Hence, we obtain
n<l _

<
/‘M%xgﬁmﬁiﬂgE:E
B,

as desired. We now argue that the second alternative of theorem 2.2(i) implies the
second alternative of (2.8). We note that (2.1) implies

min{le — ], e — e[, e — @[}

< (1—xo0)le —x1e") — x2e'® — xze
+ xomin{|e — eM|,|e — e®|,]e — |}

(1) 2 @]
<le— e — yoe® — X3€(3)| + %o min{|e(1)|, |€(2)|, |e(3)|}_

Hence, we obtain
/ min{le — e % |e — @2, |e — e®) 2} da
B,
S / e — x1e® = yael® — XB@(S)|2 dx + / X(Q) dz.

B, B,

The second term on the right-hand side is estimated by FE since we assume the
second alternative of theorem 2.2(i). Hence, we have, as for the first alternative,

n<l _
/ min{je — e % je —e@|? |e — P2} dz < Foast + E < E=E.
B

We now argue that the last alternative in theorem 2.2(ii) implies the last alter-
native in (2.10). In the same manner as above, we use (2.1) to obtain

min{|e — e[, |e — e@|}

< O+ xe)le — xae™ — x2e®| + (x0 + x3) min{le — e, e — e[}
<le— )(16(1 — X2€ 2)| + (xo0 + x3) min{|e(1)\, \6(2)|}
< |€ X1€ —X2e(2) _X3e(3)|+x3|€(3)| +(XO+X3)min{‘€(1)|,|€(2)|}.

This implies, by the triangle inequality in L?(B,.),

/ min{|e — e %, |e — e >} dx
B

< / le — Xle(l) - X2€(2) — X36(3)|2 dz —|-/ X(Q) dz —|—/ X% dz.
B, B, B
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By the last alternative in theorem 2.2(ii), the last two terms on the right-hand side
are estimated by E and E'/2, respectively. Hence, we obtain

/ min{|e — eM %, |e — @} dz
B,

< 7\
gEm“+E+E“2;E+E”:E+EW;SEV?

We finally argue that the first alternative in theorem 2.2(iii) implies the first
alternative in (2.11). We first note that, without loss of generality, we may assume
that f110) is {0, 1}-valued. Indeed, we can replace f(110y by

- 1 for f110) = %7
f(110) = 1
§.

0 for f(llO) <

Clearly, f(no) inherits from f(110) the property of only depending on z; + x and
it satisfies |x1 — f110)] < 2|x1 — f(110)]- We next note that, according to (2.1) and
the last alternatives in parts (i) and (ii) of theorem 2.2, we have

/|X1+x2—1|dx:/ Xodx+/ xsdz < E+ EY2,
B, B, B

T

Hence, we may upgrade the first alternative in part (iii) of theorem 2.2 to

/am—ﬂmwﬂm—u—mmm+mmm5E+EW+EM.

r

Since all functions are {0, 1}-valued, we may reformulate this as

/<mr¢mmﬁwm—a—ﬂmmﬂwm%m5E+EW+Em.

r

In view of the triangle inequality in L?(B,), this yields

/ le — f(110)€(1) -(1- f(110))€(2)|2 dz < Eejast + E 4+ BEY? + B4
B,

n<l
< E+E'Y2 4 E'Y/4

Pl
— B+ BV YA < pY/A

as desired. O]
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