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Abstract

In this article we study quantitative rigidity properties for the compatible and incompatible
two-state problems for suitable classes of .A-free differential inclusions and for a singularly
perturbed 75 structure for the divergence operator. In particular, in the compatible setting of
the two-state problem we prove that all homogeneous, first order, linear operators with affine
boundary data which enforce oscillations yield the typical €3 -lower scaling bounds. As
observed in Chan and Conti (Math. Models Methods Appl. Sci. 25(06):1091-1124, 2015)
for higher order operators this may no longer be the case. Revisiting the example from Chan
and Conti (Math. Models Methods Appl. Sci. 25(06):1091-1124, 2015), we show that this
is reflected in the structure of the associated symbols and that this can be exploited for a
new Fourier based proof of the lower scaling bound. Moreover, building on Riiland and
Tribuzio (Arch. Ration. Mech. Anal. 243(1):401-431, 2022); Garroni and Nesi (Proc. R.
Soc. Lond., Ser. A, Math. Phys. Eng. Sci. 460(2046):1789-1806, 2004, https://doi.org/10.
1098/rspa.2003.1249); Palombaro and Ponsiglione (Asymptot. Anal. 40(1):37-49, 2004),
we discuss the scaling behavior of a T5 structure for the divergence operator. We prove that
as in Riiland and Tribuzio (Arch. Ration. Mech. Anal. 243(1):401-431, 2022) this yields a
non-algebraic scaling law.
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1 Introduction

Rigidity and flexibility properties associated with (nonlinear) differential inclusions for the
gradient have been objects of intensive study. They arise in a variety of applications, in-
cluding the analysis of PDEs, e.g. the study of regularity of elliptic systems [5-7], fluid
dynamics [8, 9], geometry [10-13] and various settings in the materials sciences, e.g. the
study of patterns in shape-memory alloys [14—19]. Motivated by applications of microstruc-
tures in composites [20, 21], optimal design problems [22—24] and micromagnetics [25, 26]
as well as by recent developments on more general differential inclusion problems [27-29],
in this article we study two instances of quantitative rigidity and flexibility properties of
differential inclusions for more general operators. On the one hand, we consider constant-
coefficient, homogeneous, linear differential operators for which we discuss quantitative
versions of the compatible and incompatible two-state problems. On the other hand, we
investigate quantitative properties of a 73 structure for the divergence operator.

1.1 On Quantitative Results for the Two-Well Problem for .A-Free Differential
Inclusions

A-free differential inclusions arise in many different settings, including linearized elasticity
[30, 31], liquid crystal elastomers [32, 33] and the study of the Aviles-Giga functional [34,
35] to name just a few examples. They have been systematically investigated in the context
of compensated compactness theory in classical works such as [36-39] but also in more
recent literature on compensated compactness theory [40—46], in truncation results [47], in
classical minimization and regularity questions in the calculus of variations [48-51] and in
the context of fine properties of such operators in borderline spaces [27, 52—54]. In the recent
articles [27, 28] general .A-free versions of the incompatible two-well problem in borderline
spaces and the study of Ty structures have been initiated. Motivated by these applications,
in the first part of this article, we seek to study guantitative versions of the compatible and
incompatible two-state problems.

Before turning to the setting of general A-free differential inclusions, let us recall the
analogous “classical” setting for the gradient: Inspired by problems from materials science
and phase transformations, the exact and approximate rigidity properties of differential in-
clusion problems for the gradient [14] (see also [18, 55-57]) with and without gauge invari-
ance have been considered. For two energy wells without gauge invariances this amounts to
the study of the differential inclusion

Vve{A,B}in Q (D

for A, B e R4 A £ B and Q C R? a bounded Lipschitz domain. It is well-known that
depending on the compatibility of the wells, a dichotomy arises:

e On the one hand, for incompatible wells, i.e.if B— A € R4*4 is not a rank-one matrix, the
differential inclusion (1) is rigid both for exact and approximate solutions: Indeed, if A,
B are incompatible, (1) only permits solutions with constant deformation gradient, which
is in the following referred to as the rigidity of the two-state problem for exact solutions.
Moreover, in this setting one has that for sequences Vuy with dist(Vuy, {A, B}) — 0 in
measure, it necessarily holds that along a subsequence Vu, — A or Vuy — B in measure.
We will refer to this as rigidity of the two-state problem for approximate solutions.

We remark that various far-reaching generalizations of these results have been ob-
tained: For settings with SO (d) symmetries a quantitative version of such a result was

@ Springer



Scaling for the Two-State Problem and a T3 Structure Page 3 of 50 5

deduced in [58]; a further proof was found in [59]. The one-state problem with continu-
ous symmetry group was studied in [60, 61].

The article [27] investigates a similar problem for two incompatible wells for a general
constant coefficient, homogeneous, linear differential operator A(D), providing qualita-
tive rigidity results for the associated exact and approximate differential inclusions, in-
cluding L'-based frameworks.

e On the other hand, if the wells are compatible, i.e.if B— A € R4*4 i5 a rank-one matrix,
then simple laminate solutions of (1) exist, in which the deformation gradient oscillates
between the two fixed values A, B and is a one-dimensional function depending only on
the direction determined by the difference B — A. Due to the failure of rigidity on the
exact level, also rigidity on the approximate level cannot be expected without additional
regularization terms.

In the first part of this article we seek to consider quantitative, L>-based variants of these
type of results for more general, linear differential operators A(D). In this context, we will
consider the following two guiding questions:

o Quantitative incompatible rigidity. For a constant coefficient, homogeneous, linear dif-
ferential operator A(D) and two incompatible wells, i.e. A, B € R" such that B — A ¢
A 4, cf. (5) for the definition of the wave cone, do we have a quantitative rigidity result
in terms of domain scaling for prescribed boundary data which are a convex combination
of the two states? Here the dimension n depends on the operator A(D); for A(D) = curl
(which corresponds to the gradient setting from (1) above) we would for instance consider
n=d xd.

More precisely, we seek to study the following question: Let A, B € R" be such that
B — A ¢ A 4. Is it true that

E(u, x) =/ lu— xaA — xpB|*dx > C(A, B, )|,
Q

ifu:R! > R", ADD)u=0inR?, y := Axs + Bxs € {A, B} in Q and x4, x5 € {0, 1}
with x4 + xp = 1 and if for some A € (0, 1) we have that u = F, :=AA + (1 — A)B in
R\ Q7

¢ Quantitative compatible rigidity. Let us next consider two compatible wells A, B € R",
ie. let A, B € R" be such that B — A € A 4, see (5) below, and let us again consider
boundary data F; := AA + (1 — A)B for some XA € (0, 1) as above and with the set of
admissible functions given by Dy, in (10). For a singularly perturbed energy similarly as
in (15) is it true that as in [62, 63] also in the setting of a more general constant coefficient,
homogeneous, linear differential operator A(D) the following bound holds

inf inf (Eez<u,x)+e/|vx|>zc62/3?
XEBV(Q;{A,B})MG'DF}\ Q

In what follows, we will formulate the set-up, the relevant operator classes and our results
on these questions.

1.2 Formulation of the Two-State Problem for .A-Free Operators in Bounded
Domains

Following [27, 28, 48], we consider a particular class of linear, homogeneous, constant-
coefficient operators. The operator A(D) : C*(RY; R") — C*®(R¢; R™) of order k € N is
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given in the form

AD) =) A,0%, )
|| =k
where o € N¢ denotes a multi-index of length |a| := Z‘j: Lo; and A, € R™*" are constant

matrices. Seeking to study microstructure, in the sequel we are particularly interested in
non-elliptic operators. Here the operator A(D) is said to be elliptic if its symbol

AE) =) Adt” 3)

|a|=k

is injective for all £ # 0. If A(D) is not elliptic, there exist vectors & € R \ {0} and u €
R \ {0} such that

AE)n=0. “

The collection of these vectors i € R" \ {0} forms the wave cone associated with the operator

A(D):

Aai= | ker(A@®)). ®)

EES‘1_1

The relevance of the wave cone A 4 for compensated compactness and the existence of mi-
crostructure is well-known. For instance, for any pair (i, £) as in (4) it is possible to obtain
A-free simple laminate solutions. These are one-dimensional functions u(x) := ph(x - §),
where i : R — {0, 1}, which obey the differential constraint A(D)u = 0 due to the choice
of i, & and u € {0, u}. More generally, if k = 1, and for u € A 4 (see, for instance, [64]) it
holds that

u(x) = ph(x-&,....x &)

is a solution to the differential equation A(D)u = 0 for vectors &, ..., & € R?\ {0} forming
a basis of the vectorspace

Vau={6eR': AE)n=0}. 6)

For the row-wise curl operator (n = d x d) this is an at most one-dimensional space, while
for the row-wise divergence operator (n = m X d), it is a space of possibly higher dimension
as Vg, = ker u, leading to substantially more flexible solutions of the associated differen-
tial inclusions than for the curl.

In order to study microstructures arising as solutions to the two-state problem, for the
above specified class of operators, analogously as in the gradient setting, we consider the
following A-free differential inclusion with prescribed boundary values:

uekin,
o @)
A(D)u =0in R?,

with K c R”, and  C R an open, bounded, simply connected domain, with appropriately
prescribed boundary data. For the two-state problem we consider K = {A, B} C R".
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Now, in analogy to the gradient setting, on the one hand, we call the differential inclusion
for the two-state problem (7) incompatible if it is elliptic in the sense that B — A ¢ A 4. In
this case it is proved in [27] that both the exact and approximate differential inclusion (7)
are rigid. We emphasize that incompatibility in particular excludes the presence of simple
laminates. On the other hand, the differential inclusion (7) is said to be compatible if B— A €
A 4. In this case, also in the setting of more general operators, a particular class of solutions
to (7) consists of (generalized) simple laminates. Moreover, in the compatible setting, we
further distinguish a particular case: We consider the subspace

L= () ker(A€)) = () ker(Aq). ®)

geRd la]=k

This is the space of values that are (algebraically) unconstrained by .A(D), meaning that for
all u € L2(R%; 14), we have that A(D)u = 0 without taking any regularity constraints on .
In the case of 14 = {0}, the operator .A(D) belongs to the class of cocanceling operators,
introduced in [65].

We seek to study both settings and the resulting microstructures quantitatively in the
spirit of scaling results as, for instance, in the following non-exhaustive list involving differ-
ent physical applications [2, 22, 62, 63, 66=77]. To this end, for 2 C R an open, bounded,
Lipschitz set, we introduce elastic and surface energies and consider their minimization for
prescribed, not globally compatible boundary data F;, = AA + (1 — 1) B for some A € (0, 1),
where again the set of states is given by K = {A, B}.

Motivated by the applications from materials science, we study the following ‘“elastic
energy”’

Eel(u,X)IZ/ lu — x|*dx, (C))
Q

which we minimize in the following admissible class of deformations

ueDp ={uel] R:R): ADu=0inR? u=F, inR'\Q}, x € L*(K).
(10)
For ease of notation, here and in what follows, we often use the convention that x := x4 A +
x8B with x4, xz € L*(€2;{0,1}) and x4 + xz = 1 in Q. Moreover, we further use the

notation

Eq(x; F) = €1ng Eo(u, x).
u %

In addition to the “elastic” energy contributions, we also introduce a surface energy con-
tribution of the form

Esurf(X):=/|vX|v X € BV(2:K) an
Q

and consider the following singularly perturbed elastic energy for € > 0

Ec(u, x) = Ea(u, x) +€Esurs (X)), 12)

and correspondingly

E(x; F)=Eq(x; F) +€Egp(x) = Mei%fF Ec(u, x).
A
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We note that this can be defined for an arbitrary set of states X and suitable boundary data
F;.

With these quantities in hand, we can formulate the following quantitative rigidity results
for the two-state problems:

Theorem 1 Let d,n,m,k € N, n > 1. Let @ C RY be a bounded Lipschitz domain, and
let A(D) be as in (2) with the wave cone A 4 given in (5) and let 14 be given in (8). Let
A,B eR" and let x = x4 A + xgB € L>*(Q; {A, B)). Further, let the elastic and surface
energies E,, Eg,y be given as in (9) and (11), respectively. For A € (0, 1) set F;, = AA +
(I = A)B € R" and consider Dy, as in (10). The following results hold:

(1) Incompatible case: Assume that B — A & A 4. Then there is a constant C = C(A, B) >
0 such that,

inf inf E.(u, x) > C(min{x, 1 — A)?|L.
x€L2(2{A,B)) UEDF,

(ii) Compatible case: Assume that A(D) is one-homogeneous, i.e. k =1 in (2), and
that B — A € A4 \ 1 4. Then, there exist C = C(A(D), A, B,2,d,\A) >0 and ¢y =
eo(A(D), A, B,2,d, \) > 0 such that for € € (0, €y)

inf inf (E,(u, €E, > Ce?l3.
xeBV(Q;(A,B})uEDFA( el(u X) + surf(X)) =

Furthermore, if we assume A(D) = div and Q = [0, 11, then there exists a constant
c=c(A, B, X) > 0 such that for ¢ > 0 we also have the matching upper bound

inf inf (E,(u, x) +€Esrr(x)) < ce?/?
X€BV(S4{A,B}) u€DF,; .

(iii) Super-compatible case: Assume that A — B € I 4. Then,

inf inf (Ee(u, x) + 6Esurf()()) =0.
XEBV(Q;(A,B})ME'DFK '

We highlight that in our discussion of the compatible case, we have restricted ourselves
to operators of order one. This is due to the fact that for higher order operators it is expected
that more complicated microstructures may arise. This is also reflected in the Fourier space
properties of the symbol A. We refer to Sect. 3.5, see Proposition 3.10, for a brief discussion
of this, illustrating that the scaling may, in general, be no longer of the order €3 in the higher
order setting.

Let us discuss a prototypical example of the above results:

Example 1.1 As an example of the above differential inclusion, we consider the case in
which A(D) = div : C®(R?; R"*?) — C®°(R?; R™) row-wise for matrix fields u : RY —
R™*4_In this case the boundary value problem under consideration turns into the following
differential inclusion:

ue{A,B}in Q,
divu =0in R?,
u=F, ian\ﬁ,
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for some F; :=XA + (1 — A)B, A € (0, 1). Such differential inclusions are related to appli-
cations in shape-optimization as, for instance, in [22].

The divergence is applied row-wise to matrix fields u : RY — R™*? ie. A(D)u =
Z;{:l (d;u)e; with the matrix vector product. Hence A(§)M = M& for M € R"™*4 and thus
the wave cone is given by

Adgiv = {M € R™ : there is &£ € RY with M& = 0}.
Moreover the divergence is a cocanceling operator as Iy, = {0}.

We emphasize that Example 1.1 is indeed a prototypical example and plays a central
role in the study of first order operators in that all first order operators can be reduced to
this model operator by a suitable linear transformation, see [28, Appendix] and also Sect. B
below. We emphasize that this reduction is particularly useful if the differential inclusion is
incompatible or if the boundary data are in A 4 \ 14. As a consequence, quantitative lower
bound estimates for incompatible differential inclusions for first order operators, e.g. for
Ty structures as qualitatively studied in [28], or for compatible, but not super-compatible
boundary data can be deduced from the ones of the divergence operator (see Proposition B.2
and, in general, the discussion in Sect. B). A reduction to an equivalent problem for a mod-
ified operator and modified boundary data to the setting involving a cocanceling operator
will be discussed in Sect. 3.4, see Proposition 3.8 and Corollary 3.9.

1.3 Quantitative Rigidity of a 73 Structure for the Divergence Operator

In the second part of the article, building on the works [2—4] and motivated by the high-
lighted considerations on the role of the divergence operator, we study the quantitative rigid-
ity of the T3 configuration

ue{A, Ay, Az} ae.in 2, divu =0in R, (13)

where Q =0, 1%, u : R? — R and

-1 00
A=033, 4= 0 3 0],A;=1Idsas. (14
0O 0 3

By virtue of the results from [3, 4] this problem is flexible for approximate solutions but
rigid on the level of exact solutions:

o More precisely, on the level of exact solutions to (13), only constant solutions u = A for
j €{1,2, 3} obey the differential inclusion.
e Considering however approximate solutions, i.e. sequences (uy)ien such that

dist(uy, {A1, Ay, A3}) — 0 in measure as k — 0o, divu, =0 for all k € N,

there exists a sequence of approximate solutions (u#; )y for (13) such that there is no sub-
sequence which converges in measure to one of the constant deformations {A;, A,, A3}.

Compared to the setting of the gradient, for the divergence operator rigidity for approximate
solutions is already lost for the three-state problem (while this arises only for four or more
states for the gradient [78, 79], see also [18] for further instances in which the Tartar square
was found and used).
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As in [2] we here study a quantitative version of the dichotomy between rigidity and
flexibility: We consider the singularly perturbed variant of (13) as in Sect. 1.2

Ee(u,x):/Iu—xlzderf/IVxl (15)
Q Q

under the constraint u € D, cf. (10), with A(D) = div and where F € {A;, A,, A3}9¢ (see
Sect. 2 for the definition of the .4-quasi-convexification of a compact set). Here the function
X € BV(2; {A1, Ay, A3}) denotes the phase indicator of the “phases” A, A,, Aj, respec-
tively.

Adapting the ideas from [2] to the divergence operator in three dimensions, we prove the
following scaling result:

Theorem 2 Let Q = [0, 11 and let K = {A}, As, A3} with A, jell, 2,3} given in (14),
F € K1°\ K, E be as in (15) above for the divergence operator A(D) = div, and consider
Dr given analogously as (10). Then, there exist constants c = c(F) > 0and C =C(F) > 1
such that for any v € (0, %) there is €y = €9(v, F) > 0 and c, > 0 such that for € € (0, €)
we have

1 . Ly . . 1
Clexp(—c,llog@IF ™) < _inf inf Ec(u.x) < Cexp(—cllog()|}).

Let us comment on this result: As in [2] we obtain essentially matching upper and lower
scaling bounds with less than algebraic decay behavior as € — 0, reflecting the infinite order
laminates underlying the T3 structure and the fact that the problem is “nearly” rigid. As in
[2] a key step is the analysis of a “quantitative chain rule in a negative Sobolev space”
which results from the interaction of Riesz type transforms and a nonlinearity originating
from the “ellipticity” of the differential inclusion. Both in the upper and the lower bound,
these estimates for the divergence operator however require additional care due to the three-
dimensionality of the problem. In the upper bound construction this is manifested in the use
of careful cut-off arguments; in the lower bound, a more involved iterative scheme has to be
used to reduce the possible regions of concentration in Fourier space.

Similarly, as in [76] the scaling law from Theorem 2 is obtained as a consequence of a
rigidity estimate encoding both the rigidity and flexibility of the T; differential inclusion (in
analogy to the T case from [76, Proposition 3]).

Proposition 1.2 Let Q = [0, 11 and let K = {A,, Ay, A3} with Aj, je{l,2,3} given in
(14), F e K9°\ K. Let x; denote the diagonal entries of the matrix field x € BV (2; K) and
denote by EP*" (x; F) the periodic singularly perturbed energy (see (32) and Sect. 4.3.2).
Then, there exists €y > 0 such that for any v € (0, 1) there is a constant ¢, > 0 such that for
€ € (0, €9) we have

3

Ly er 1
> 157 = X 2o, < eXplesl log()| 7H) EX (x: F)2.
j=1

We emphasize that in parallel to the setting of the Tartar square, this estimate quanti-
tatively encodes both rigidity and flexibility of the differential inclusion, as it measures the
distance to the constant state (and thus reflects rigidity of the exact differential inclusion) but
also quantifies the “price” for this in terms of a “high energy” scaling law (and thus reflects
the underlying flexibility of the approximate problem). Moreover, due to the flexibility of the
differential inclusion, we stress that such an estimate can only be inferred for a combination
of elastic and surface energies.
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1.4 Outline of the Article

The remainder of the article is structured as follows: After briefly recalling relevant notation
and facts on convex hulls related to the operator A(D), we first discuss the compatible and
incompatible two-state problems in Sect. 3. Here we begin by discussing the incompatible
setting, which is a consequence of direct elliptic estimates in Sect. 3.2 and then turn to
the lower bounds for the compatible setting in Sect. 3.3. The super-compatible case is then
treated in Sect. 3.4. It is also in this section that we discuss a reduction to cocanceling
operators. We revisit the scaling of a prototypical higher order operator from [1] in Sect. 3.5
and explain how our scheme of deducing lower bounds also yields a quick Fourier based
proof of the lower scaling bound from [1].

In Sect. 4 we then turn to the T3 differential inclusion, for which we first prove upper
bounds in Sect. 4.1 and then adapt the ideas from [2] to infer essentially matching lower
bounds in Sect. 4.2.

In the Appendix, we complement the general lower bounds for first order differential op-
erators with upper bounds for the specific case of the divergence operator (Sect. A). More-
over, in Sect. B.1 we discuss the reduction to the divergence operator.

2 Notation

In this section we collect the notation which is used throughout the article.

e For a set U, we denote by dy the (possibly smoothed-out) distance to this set: dy (x) =
dist(x, U) = inf,cy |x — y| and denote by x the (in some places smoothed-out) indicator
function of this set.

e For a set U with finite measure and a function f : U — R” we denote the mean by
()= g7 Jy Fax.

e For a function f € L2(T%) or f € L?>(R?) we denote the Fourier transform by

FUHK) = Fk) = 2m) 4 / e oy (ke T

T

or

FHE = f6) = @r) / e f(x)dx (& € RY).
R

d
For a function /& € L>®(R?), we denote by (D) the corresponding Fourier multiplier
h(D)f =F ' (h(-) f()).

e We usually denote the phase indicator by x € L?(Q; K), with the component functions
given by x = (x;), i € {1,...,n}. Moreover, we use F € K9° (where K% is introduced
below) as the exterior data.

e The set of admissible ’deformations’ u for an operator of order k > 1 is given by
Dp = D“F4 ={ue lem(Rd; RY) : AD)u =0inR?, u = FinR?\ Q}. Here the equa-
tion A(D)u =0 is considered in a distributional sense.

e As introduced in Sect. 1.2, for F € K¢ we consider the elastic energy with u € Dy,

x € LX(Q; K):

Eez(u,x)z/ lu— x1?dx, Eq(x; F) = inf E,(u, x), (16)
Q ueDp
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5 Page 10 of 50 B. Raitd et al.

and, for x € BV (R2; K), the surface energy as the total variation norm:

Eury (O =IIVXllrve =/ [Vl a7
Q

o The total energy with € > 0 is given by Ec(u, x) = E¢(u, x) + € Egurp (X).
e We write f ~ g if there are constants ¢, C > O such that cf < g <Cf.
e We use the notation || - || ;-1 for the homogeneous H~! semi-norm for f € H~'(T3; R):

1 4
Il =Y Wv(knz.

keZ3\{0}

We further recall the notions of the A 4-convex hull of a set (see [64]) and the .A-quasi-
convex hull of a set:

e Let A 4 C R" be the wave cone from (5) and let K C R" be a compact set. For j € N, we
then define K as follows:

K?:=K,
KY:={MeR": M=XA+(1—-MB: A,BecKY™D B—AecAy rel0,1]}.

Moreover, we define the A 4-convex hull K/¢:

o0

k= kY.

j=0

We define the order of lamination of a matrix M € R" to be the minimal j € N such that
M € K. In analogy to the gradient case, we will also refer to K'¢ as the laminar convex
hull.

e We recall that the A-quasi-convex hull K9¢ of a compact set K C R” is defined by duality
to A-quasi-convex functions [48]. We recall that the div-quasi-convex hull of the 75 ma-
trices from (13), (14) has been explicitly characterized in [21, Theorem 2] to consist of the
union of the closed triangle formed by the matrices S, S, S3 and the three “legs” formed
by the line segments A;S;. The matrices S, S2, S3 € R3*3 are introduced in Sect. 4 be-
low. Given the set {A|, A;, A3} C R¥*3 from (13), (14), as in the gradient case, we denote
its .A-quasi-convex hull by {A, A,, A3}9°.

3 Quantitative Results on the Two-State Problem

In this section, we study quantitative versions of the two-state problem for general, linear,
constant coefficient, homogeneous operators, always considering the divergence operator as
a particular model case.

Building on the precise formulation of the problem from (7), in Sect. 3.1, we first charac-
terize the elastic energies in terms of the operator .A(D). With this characterization in hand,
using ellipticity, we next prove the quantitative L? bounds in the incompatible two-well case
(Sect. 3.2) and lower € 5 -scaling bounds for the compatible case with first order, linear oper-
ators (Sect. 3.3). In Sect. 3.4, we prove Theorem 1(iii) and deduce a reduction to cocanceling
operators. In Sect. 3.5 we briefly discuss the role of degeneracies in the symbol of the elastic
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Scaling for the Two-State Problem and a T3 Structure Page 11 of 50 5

energies which may arise for higher order, linear differential operators and which may thus
lead to an alternative scaling behavior different from the € 5 -scaling bound.

Finally, in Sect. A we complement the lower bounds from this section with matching up-
per bounds for the special case of A(D) = div. Similar constructions are also known for the
gradient, the symmetrized gradient and lower dimensional problems from micromagnetics
[1, 66, 73, 74, 80].

3.1 Elastic Energy Characterization

We begin by recalling an explicit lower bound for the elastic energy in terms of the operator
A(D) (see, for instance also [49, discussion before Lemma 1.17]) in an, for us, convenient
form. In everything that follows, we will assume d > 1.

Lemma 3.1 (Fourier characterization of the elastic energy) Let d,n,k € N. Let @ C R?
be a bounded Lipschitz domain with associated indicator function xq and let I C R". Let
A(D) = ZlcxI:k A,0% be as in (2) with the symbol A, cf. (3), and E,; be as in (16) and F €
K4¢. Then there is a constant ¢ = c(A(D)) > 0 such that for any x € L>(Q2; K), extended
by zero outside of 2,

2
(= F) = (x = Fxo)| dx

E., (x; F)> inf
)= A(D)u=0 /]Rd

2
= [ s (a@ner e - Fio| e

é;—' 2
zc/ ‘A(—)(ﬁ—mg) e,
]Rd

3
where the infimum is taken over all u € L? (RY; R") that fulfill A(D)u =0 in R?.

loc

Proof The proof follows from a projection argument in Fourier space.

Step 1: Whole space extension, Fourier and pseudoinverse of the differential operator.
We begin by transforming our problem to one on the whole space R¢, introducing the whole
space extension w :=u — F:

Eel(u,)():/ﬂ‘u—x‘zdx:/sz’u—F—()(—F) 2dx

- \/}%d

where we have extended all functions in the integrand by zero outside of €2.
In the following, we write x := x — F xq. Fourier transforming the expression for the
elastic energy then leads to

2
w—(x = Fxa)| dx,

|2
Eel(qu):/ ’@—X‘ d§.
Rd

Further, seeking to deduce a lower bound, we relax the boundary data for w, obtaining

E (x; F)= inf/|u—x|2dx: inf/ lw— %|°dx > inf / [ — x 2dE.
ueDr Jq R4 R4

weDy A(D)w=0
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Minimizing the integrand @ (and still denoting the minimizer by @) for each fixed mode
& e R?\ {0}, we infer that

|#() = £(©)| = | Merse X©) = 1©)| = | Mrnser 16)|

=A@ (A©A©")"

where we view A(§)A(§)* :ran A(§) — ran A(§) as an isomorphism. This directly implies
the claimed lower bound for E,;(x; F) in terms of the symbol A and its pseudoinverse.

Step 2: Proof of the final estimate. Now to show the final estimate for the elastic energy,
we seek to bound [A(&)*(AE)AE))'A(E)x| for every £ € R?, x € R” from below in
terms of |A(§)x|. As the projection operator is zero-homogeneous, we can reduce to & €
S9!, and thus can use the continuity of S*~! 5 £ — A(£) and the compactness of S¢~! for
the desired bound: For any x € R”, £ € S?~! it hence holds

|A@)x| = |2©)A©) A ©EAG) MG |
<|a@r@a©aE) a@x

sup (JA(E)D.

Eegd—l

As A(D) # 0, we have that 0 < sup,ga-1 |A()] < C < oo. Dividing by this and plugging
this into the expression with the pseudoinverse, we obtain

A2
Eatw 0= [ @ (a@a@) a3 de

- d
—supgegde(c)P/‘ |$|)X‘ 5

which concludes the argument. ]

We emphasize that we are relaxing the boundary conditions for w (&) := Iierace) )%(5)
as we do not calculate the projection of x onto D, hence the above Fourier bounds only
provide lower bounds for the elastic energy.

We apply the lower bound from Lemma 3.1 to the two-well problem:

Corollary 3.2 Let d,n € N. Let 2, A(D), A, E, be as in Lemma 3.1. Consider K =
{A,B} C R" with F,, = AA + (1 — M)B for A € (0,1). Then there exists a constant
C = C(A(D)) > 0 such that for any x = xaA + xsB € L*(Q; K), extended to R? by zero,
it holds

2

Eu(x; Fx)>C ‘((1 =M Xa —AXp) A : )(A—B)| ds.

&1

Proof Using the expression of F; in terms of A, B, A yields A — F;, = (1 — A)(A — B) and
B — F, = —A(A — B). Thus, the fact that x = x4 A + x5 B and Lemma 3.1 imply

2
dé§

Eq(x: Fo) = / ’ (E)(X F; %)

2

:C/Rd‘((l_)\))zA_)L)%B)A(i)(A B)| d§. O

€]
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Remark 3.3 (The divergence operator) As seen in Example 1.1, in the case of A(D) = div,
we have for u € C®(R?; R??) (note that we chose square matrices out of simplicity)

d
A(D)u = Z(a,-u)e,- € C®(RY; RY).

i=1

‘With this we can calculate

d
AEM =) EMe; = ME.

i=1
This, in particular, shows that the adjoint operator is given by A(£)* : RY — R?*¢ with
AG)'x=x®E.

Therefore A(£)A(€)*x = (x ® £)& = |£|*x, and the projection in the lower bound for the
elastic energy of Lemma 3.1 takes the desired form

—1 1
AE) (A©AE®") AGOM = EME®D).

Furthermore it holds

£

AE (AGAE)) AEM|=|A(
| €1

M|,
3.2 The Incompatible Two-Well Problem and Scaling

As a first application of the Fourier characterizations from the previous section, we prove a
quantitative lower bound for the incompatible two-well problem. We emphasize that — as in
[27] — this argument is an elliptic argument and thus can be applied to all linear, constant
coefficient homogeneous operators. Indeed, the following result holds:

Proposition 3.4 Let d,n € N. Let Q C RY be a bounded Lipschitz domain, let A(D) be
given in (2) and A, B € R" with B — A & A4, cf. (5), further let F) = AA + (1 — \M)B
for some A € (0, 1), and let E, be as in (16) with Dr, given in (10). Then there is C =
C(A, B, A(D)) > 0, such that for any x € L>(Q; {A, B})

inf E,(u, x) > Cmin{x, 1 — A}?|€|.
ME'DF)L

Proof By virtue of Corollary 3.2, we have the lower bound

2

Eq(x; F) = C/Rd ‘((1 — M Xa — )»)?B)A(i)(A — B)| d§,

&1

where the constant only depends on the operator A(D).

As (A — B) ¢ ker A(¢) for all & € R? and thus |[A(£)(A — B)| > 0 for any & € R?,
by continuity of £ > A(£) and compactness of S?~!, this implies |A(é—|)(A — B)| >
C(A, B, A(D)) > 0. Hence,

Equ, x) > CZ/I [(1 = A)Xa — ARpl*dE = 02/1 I(1 —A)xa — Axpl*dx
R4 R4
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5 Page 14 of 50 B. Raitd et al.

> C%( (1—A)2dx+/ A2dx) > C?min{xr, 1 — A}?|9Q|,
QA QB

where 2,4 :=supp(xa) C Qand Qp 1= supp(xg) C Q. O

Remark 3.5 We emphasize that this result can be viewed as an incompatible nucleation
bound.

3.3 The Compatible Two-Well Case and Scaling

We next turn to the setting of two compatible wells and restrict our attention to first order

operators. In this case, we claim the following €3 -lower scaling bound. This is in analogy
to the situation for the gradient which had first been derived in the seminal works [62, 63].

Proposition 3.6 Let d,n € N. Let Q C R? be a bounded Lipschitz domain and let A(D)
be a first order operator as in (2). Let A, B € R" be such that B — A € A 4 \ 14 where
A4 and 14 are given in (5) and (8), and define F; := AA + (1 — A)B for some A € (0, 1).
Let E. := E, + €Eg,,s be given in (12) with Dy, defined in (10). Then, there exist C =
C(A(D),A,B,Q,d,)) >0 and ¢y = ¢g(A(D), A, B,2,d, \) > 0 such that for any € €
(0, €9) we have

eP<Cc  inf inf Ec(u, ).
X€BV(2:{A,B}) ueDr;

In order to deal with the compatible case, we invoke the following (slightly generalized)
auxiliary results from [2], see also [23, 71], which we formulate for a general Fourier mul-
tiplier m:

Lemma 3.7 (Elastic, surface and low frequency cut-off) Let d,n, N € N. Let Q C R?
be a bounded Lipschitz domain. Let m : R? — RY be a linear map and denote by
V :=kerm C R? its kernel and by Ty : RY — V the orthogonal projection onto V. Let
fe BV (R4 {—A,0,1 —A}) for A € (0, 1) with f =0 outside Q2 and f € {—X,1 —A}in Q.
Consider the elastic and surface energies given by

. E oo -
el = o d s Losurf = .
Eu(f) /Rd|m<|§|>f@>| £ Eon (/) /QIVfI

Then the following results hold:

(a) Low frequency elastic energy control. Let y > 1, then there exists C = C(m, 2) > 0
with

212 2~
”f”Lz({Ee]Rd: [y €)|<p}) = C/Vl* Eel(f)'

(b) High frequency surface energy control. There exists C = C(d, }) > 0 such that for pu >
0 it holds

113 2 e cpaseropy < CH ' Esurp (f) + Per(Q)).

Proof of Lemma 3.7 Since the property (b) is directly analogous to the one from [2, Lemma
2], we only discuss the proof of (a) which requires some (slight) modifications with respect
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to [2] (and [23]). We thus present the argument for this for completeness. We split £ =
& 4+ &, where & € V1 #£ {0}, £’ € V = kerm. With this in hand and by the linearity of m it
holds

& £ +&" 3 S '

m(—)=m( Y=m(--)=M—

&1 €] €] ISI
for some matrix representation M of m. Hence, using &’ L kerm, there is ¢ = ¢(m) > 0 such
that

Eu(f) = /Im(g)f(é)l ds>c/ ||E|f(€)|2d-§-

With this in hand, we argue similarly as in [23] and [2]: For a,b € R, a, b > 0 and the
orthogonal splitting £ =&’ + £” from above, it holds that

1. £ &2 .,
g, (f)z/‘—f Y 5 —
¢ H &7 + (&2
le le
1 n
> | i
< 41
g'1= 1. 1871< 4}
(18)
- / /Ifl . / \fPdg’ | ae”
h2 +1 1 1
|5”|< \4 {1&"1<7}
dimV+ )
za— || [ 1 - < ) sup | /17 | a”.
2z gevt
lg"<§y W+

Using the notation f(§) = f (&', &"), setting

Frsl &1N[2
gdmVE L odimvibn supgrcys | (', 6]

gev [ | fE ENPdE

and using Plancherel’s identity, the L>° — L' bounds for the Fourier transform and Holder’s
inequality, we obtain that

"
dimvifzdimviﬂ u S g,)”Ll(vi)
erev |1 Fer f (-, ’%—/)”LZ(VL)

a C(Q)zdimvj‘+l.

In particular, the constant a is well-defined. Returning to (18), we consequently deduce
that for b € (0, 1)

Eu(f) = C(Q.m)b / \FPde.
(&:16"1<3)

Choosing b = = < 1 and noting that {§ e RY : |TTy(§)| < pu} ={§ e R?: €] < 1} im-
plies the claim. O
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5 Page 16 of 50 B. Raitd et al.

With Lemma 3.7 in hand, we turn to the proof of the lower bound in Proposition 3.6:

Proof of the lower bound in Proposition 3.6 Since B — A € A 4 \ 14, there exists £ € RY \ {0}
such that A(§)(B — A) = 0. As A(D) is a first order operator, we have that A(£) is linear in
£eR In particular, we have that the set, cf. (6),

Ve_ai=Vapa=1{E €R: A)(B—A)=0}£{0}

is a linear space. Rewriting R? 5 & =&’ + £” with &’ € Vi , and §” € V_4 as in the proof
of Lemma 3.7, then Corollary 3.2 implies that

Eq(x; F) = C/ (=M )xa — ?»)?B)A(é—')(A — B)|’d,
R4

Esury () :/QN(X — )l :/Q|V((1 —M)xa —Axs)(A — B)ldx 19)

> c/ VI = 1) x4 — dxsll
Q

for a constant C depending on the operator A(D) and on A — B.

Now, setting m (&) := A(§)(A — B) and f := (1 — A)xa — Axp, yields the applicability
of Lemma 3.7 with V = Vz_, C R, This is the only place where we use the assumption
that A — B ¢ I 4. We deduce that by (19) and the decomposition of R? into the two regions
from Lemma 3.7 we have for u > 1

17122 = 2(xterz (D) F 122 + ez (D) £12 )

= C(12Ea (s B + (1€ e Euup (0 + 17 Per()),

where the constant C depends on A(D), A, B, 2, d, A. Now choosing p = e3> 1, noting
that then pu~le ! = €3 for € < 1, we obtain

2 1
I£17, <C(e 3 Ec(x; Fy) + €3 Per()),

where E.(x; F;) := Eq(x; F)) + €Eg,-p(x). Using the lower bound
I1£117. = /d |(1=2)%4 + AxpI dE :/l |(1 = 2)xa + Axsl’dx > (minfr, 1 — A}*|Q],
R R
then implies that

€3 < C(E.(x; Fy) + € Per()).

Finally, for € € (0, €y) and €y = €x(A(D), A, B, 2, d, 1) > 0 sufficiently small, the perime-
ter contribution on the right hand side can be absorbed into the left hand side, which yields
the desired result. g
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3.4 The Super-Compatible Setting: Proof of Theorem 1(iii) and Reduction to
Cocanceling Operators

In this subsection we will show that if we are in the setting in which the estimates of the
previous subsection degenerate, i.e., A(£§)(A — B) =0 for all £ € R?, then in fact there can
be no non-trivial bound from below. We will however also show that, in general for pairwise
not super-compatible wells, it is possible to reduce to an equivalent minimization problem
in the setting of cocanceling operators for suitably modified boundary data.

Proof of the super-compatible case in Theorem 1 1t suffices to give an upper bound construc-
tion with zero total energy. To this end, we consider x = Axq and u = Axq + F; g\ and
observe that

AD)u = AD)(u — B) = A(D)[(xe + Axrng)(A — B)] =0.

As a consequence, u is admissible in the definition of the elastic energy and the elastic
energy vanishes. Moreover, since y = A in € we also have the vanishing of the surface
energy. This concludes the argument. ]

We will show that for two not super-compatible wells, we can always assume that
14 = {0}, in which case we work in the class of cocanceling operators introduced by Van
Schaftingen in [65].

Proposition 3.8 Letn,d,k € N, let @ C R? be a bounded Lipschitz domain, A(D) a differ-
ential operator of order k as in (2) with I 4 given in (8). For x € L*(2; K) for some compact
set of states K C R" let E,(x; F) be as in (9) for F € K¢, cf. Sect. 2. Then for the restricted

operator A(D) : C®(RY; Ij‘) — C®(R?; R™) there exists a function x, € L*(, l'I,jIC)
such that

Ea(t: F) = EA(xu; F) = inf. / s — xuPdx.
Q

u LGD?L
Here we denote the orthogonal projection of F onto 1 j by F,.
Proof We use the orthogonal decomposition R" = I @ I 4 to write

u=u, +u;, x=xr+x,

with u, : R¢ — Ij, up R I4, x Q2 — Ij, X1 :  — I 4. By orthogonality we can
also split the elastic energy

Ee,(u,x)=/|u—x|2dx=/|uL—xl|2dx+/|u1—x[|2dx.
Q Q Q

Defining the restricted operator A(D) : C®*(RY; ) — C®R%GR™), A(D)u; =
A(D)u, and the restricted space of admissible functions as in (10)
Dp i=f{uy € L} R 12) : A(D)u, =0in R u, = F, inRY\ @),

loc

we see that for u € Dy itholds u, € D{, with F, = H,jF, and u; = F — F| outside 2.
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Thus, after minimizing the elastic energy in u, it holds

inf E,;(u, x)= inf inf /|uL—Xl|2dx+/ luy — x;17dx.
ueDFf Q Q

MED}& upel? (RI:14).uj=F—Fy in Q¢

As we have seen in the proof of Theorem 1(iii), the second term involving u; vanishes
and hence,

Eu(x; F) = EZ(xu; FL).

This reduces the elastic energy to the case of a cocanceling operator as indeed I; =
{0}. d

As the surface energy does not depend on the operator A (D), this result yields:
Ec(x; F) = Ejj(x13 F1) + €Equrr ()
As a corollary, we apply this to the N-well problem:

Corollary 3.9 (Finitely many, pairwise not super-compatible wells) Under the same as-
sumptions as in Proposition 3.8, with x € BV (Q; K), for the special case that K =

{Bi,...,By} CR" for N € N such that B;, j € {1,..., N}, are pairwise not super-
compatible, i.e. B; — B; ¢ 14 for i # j, there exists a constant C = C(By, ..., B,) > 1
such that

Cil Esurf (XJ_) = Esurf(x) = CEsurf (XJ_)
In particular, it hence holds that

Ec(x; F) ~ EX(x1: FL).

Proof Writing x = Y7, Bjxe, with xo, € BV(Q: {0.1}), Y1, xa, = 1 in Q, we can
calculate

IVx|=_|B: — Bj|H'7 (9"Q; N 9*Q)),
i<j

Vel =) I(Bi = B)) L IH"' (0" Qi N 9°Q)),
i<j

where we denote the reduced boundary of a set E with finite perimeter by 0* E' and used the
notation from above for B € R" to write B, =1I1,. B.

By assumption, for i < j itholds B; — B; ¢ I 4, and therefore also the projection satisfies
(B;i — Bj)1 #0. This implies |(B; — B;) | > 0 for all tupels (i, j) such that i < j and hence

. Bi—B;
there is a constant 0 < C~! < M < C such that
1(Bi—Bj)1]

0<CHVxl< IVl <CIVxd.

This together with Proposition 3.8 concludes the proof. |
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We emphasize that Corollary 3.9 in particular holds in the context of Theorem 1. There-
fore in the statement of Theorem 1(ii) we can assume without loss of generality that
I 4 = {0}. In fact, note that in the crucial bound of Corollary 3.2 we have

AE)(A—B)=AE) (AL — B =AE) (AL - B))

for || =1.

3.5 Some Remarks on the Compatible Two-State Problem for Higher Order
Operators

We conclude our discussion of lower scaling bounds by commenting on the case of the com-
patible two-well problem for higher order operators. Here the situation is still less transpar-
ent, yet some remarks are possible.

Indeed, on the one hand, it is known that, in general, for operators of order k > 2 the
two-well problem does not have to scale with e%. In order to illustrate this, we consider
the specific operator A(D) := curl curl. This operator is the annihilator of the symmetrized
gradient e(v) := %(Vv + (Vv)"). We consider the following quantitative two-state problem
(ford =2)

Ec, x) =Eaq(, x) + €Egrf (X)

__/ w— (! 0
o T T 0 1 -2y

with e(v) € D2, x € BV([0, 1]%; {0, 1}), « € (0, 1) and study the corresponding minimiza-

2

dx +e/ Vil Q0)
[0,1]2

tion problem with prescribed boundary data F := < (1) ?)

Proposition 3.10 Let & (v, x) and F be as in (20). Then there exists €y = €p(a) > 0 such
that for € € (0, €y) it holds that

4

5.

inf inf & (v, x)~e€
X€BV((0,112:{0,1}) e(v)eDA

We remark that this observation is not new; indeed, a geometrically nonlinear version
of this had earlier been derived in [1, Theorem 1.2]. As observed in [1] the reason for the
different scaling in Proposition 3.10 and [1, Theorem 1.2], compared to the more standard
€3 behavior from Theorem 1, consists of the higher degeneracy of the multiplier associ-
ated with the energy which is manifested in the presence of only one possible normal in
the (symmetrized) rank-one condition. On the level of the multiplier this can be seen as
AE)(era®er) = 512, opposed to A(é)(w) = —£§&, has only one root of multiplic-
ity two instead of two roots of single multiplicity on the unit sphere. For convenience of the
reader and in order to illustrate the robustness of the above approach within geometrically
linear theories, we present an alternative short proof (of the lower bound) of Proposition 3.10
based on our Fourier theoretic framework. We note that in the geometrically linear setting
this provides an alternative to the approach from [1] in which the lower bound for the en-
ergy is deduced by a local “averaging” argument, considering the energy on representative
domain patches with the expected scaling behavior.
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Proof Step 1: Lower bound. We note that the lower bound for this setting directly follows
from our arguments above: Indeed, for A — B = 2ae, ® e,, we obtain that

AE)(B - A) =20t x (£ x (e2®¢2)) =20k

With this in hand, an analogous argument as in Lemma 3.7 and, in particular, in (18) implies
that

X172 qeepo: <y < CHEa(xs F), @1

where we have used that in this situation the multiplier is given by m (&) = A(§)(B — A) ~
£2. The different exponent of w in (21) (compared to the one from Lemma 3.7(a)) is a
consequence of the degeneracy of the symbol m (&) and the higher order of the operator
curl curl (or put, more concretely, the quadratic dependence 512). Hence, replacing the bound
from Lemma 3.7(a) by the one from (21) and carrying out the splitting as in the proof of
Theorem 1, we obtain the following optimization problem: For f :=1+a(1 —2y)

(1 =) <IIf 172 < xgei=m (D) Fl52 + I xger<w (D) £1172

< C(1*€a(xs F) + ('€ DeEours (X) + 1" Per()).

Choosing p ~ €5 and rearranging the estimates then imply the claim.

Step 2: Upper bound. The associated improved upper bound makes use of the vectorial
structure of the problem in contrast to the essentially scalar “standard €%/ construction”
(see the arguments below). Recalling that the nonlinear construction from the proof of [1,
Lemma 2.1] also yields a construction with the desired scaling for the geometrically lin-
earized problem, we do not carry out the details of this but refer to [1, Lemma 2.1] for
these. ]

On the other hand, the arguments from [1, 73, 74, 81] show that still for A(D) = curl curl
ifA—B=y(e;®@es+ e, ®ey) for y € R\ {0}, then one recovers the €2/3 scaling for the
symmetrized gradient differential inclusion. In this case, the symbol reads m(§) = A(&)(B —
A) ~ &&, and the operator is “less degenerate”.

We expect that the scaling behavior of general higher order operators is in many inter-
esting settings directly linked to the degeneracy of the symbol A(§)(B — A). We plan to
explore this in future work.

4 Quantitative Rigidity of the T3 Structure from (13), (14) for

A(D) = div
In this section, we consider the T3 structure for the divergence operator introduced in (13),
(14). The upper bound construction is given by an approximate solution of the type de-
scribed in the introduction. The lower bound is motivated by the rigidity of exact solutions
as outlined in Sect. 4.3.1.

4.1 The Upper Bound Construction — an Infinite Order Laminate

To begin with, we construct an infinite order laminate similar to the one for the Tartar square
(cf. [2, 82, 83] for quantitative versions of this). This is based on [3] and will yield the
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Fig.1 The diagonal matrices Ay, As
Aj, A3z, S1, S, S3 with the \
dashed lines depicting the \
connections in the wave cone for \
A(D) = div and the \
Voronoi-regions of A; shown by !
the lines. As shown in [21] the
set C9€ is given by the inner
triangle formed by S5, 53 and
the “legs” connecting S; and A ;
for j €{1,2,3}

upper bound estimate from Theorem 2. We recall that for the divergence operator, instead
of requiring rank-one connectedness for the existence of a laminate as for the curl, in our
three-dimensional set-up we need rank-one or rank-two connectedness as can be seen from
the wave cone for the divergence operator, cf. (5). As a consequence, for two matrices A, B €
R3*3 such that rank(B — A) < 2 there exists a piecewise constant map u : R* — R3*3 such
that u € {A, B} a.e. in Q and divu = 0. The lamination can be done in any direction of the
kernel ker(B — A) # {0}.

Considering now the matrices Ay, A,, A3 givenin (14), we observe that rank(A; — A;) =
3 for i # j. Following [3], we introduce auxiliary matrices S;, S5, S3 € R3*3.

0 0 0 ;00 0 00
Si=(0 % 0].%=|0 2 o].S=(0 § O]. (22)
0 0 2 0 0 1 0 0 1

It then holds fori =1, 2, 3 that
1
ker(S; — A;) =span(e;), §; = E(AH—I + Siv1),

where A4 = Ay, Sy = S;. As proved in [21, Theorem 2], the .A-quasi-convex hull
{A1, Ay, A3}9¢ can be explicitly characterized as the convex hull of the matrices S, S»,
S3 together with the “legs” given by the line segments A;S; for j € {1, 2, 3}, cf. Fig. 1.

For simplicity and definiteness, we first assume, that u = F = S5 outside Q2 = [0, 1. In
this setting we prove the following energy estimate:

Proposition 4.1 Let Q = [0, 113, K = (A}, A,, A3} for the particular choice of matrices in
(14) and let E. be as in (12) and € € (0, 1). Then for any r € (0, %) with r~! € 4N there are
sequences u™ e W (R3; R¥>3), such that divu™ =0, u"™ = F := 83 outside [0, 1]°,
and x™ e BV (R3; K), and a constant C = C(F) > 1 with

m 1
E.u™, x"™)<cC (2’” +> 2% +r 4+ e—) .
rm
k=1

In order to achieve this, in the next subsections, we iteratively construct a higher and
higher order laminate (depending on € > 0). As in the setting of the Tartar square, we keep
track of the surface and elastic energy contributions which arise in this process.
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4.2 Proof of the Upper Bound from Theorem 2

We split the proof of the upper bound from Theorem 2 into several steps which we will carry
out in the next sections and then combine in Sect. 4.2.4.

First, we start by a simple lamination of A; and S, to obtain regions in which u € K
holds and to satisfy the exterior data condition u = F = §3 = %(Al + S1) outside 2. This
is followed by a similar construction replacing S; by a lamination of A, and S, achieving
a second order laminate. Iterating the procedure of replacing S; by a lamination of A;_;
and S;;; (with the convention that A4, = A;, S4 = S)) yields Proposition 4.1. Finally, we
optimize the parameter r and the number of iterations depending on € in order to show the
desired upper bound estimate in Proposition 4.3.

As we will use a potential for the laminates, we will define a “profile-function” once
in a more general form and will then refer to this in our construction for the higher order
laminates.

Lemma4.2 Let R =[ay, b] x [a, by] % [a3, b3] C R? be an axis-parallel cuboid, then for

bj “/

any direction e; with j € {1, 2, 3} and any scale r > 0 such that € N there is a contin-
uous function f;(-; R,r): R — R3*3 satisfying the following propertles

o The function fi(-; R,r) only depends on the j-th coordinate x; and is r-periodic.
o It holds fj(x; R,r) =0 if x € R is such that x = (x1, X2, x3) lies in one of the planes
characterized by x; € a; + rNy.

o The matrix-valued function curl f;(x; R, r) only attains the values Sj;Aj ,where A;, S;
is given as in (14) and in (22), respectively. Furthermore, the volumes of the level sets are

equal,ie. [{x € R: fi(x; R,r)=S;}|=|{x € R: f;(x; R,r)=A;}| = 1IR|.

Proof Without loss of generality by a translation, we may assume that R = [0, b;] x [0, b,] X
[0, b3] for by, by, b3 > 0. We consider the continuous one-periodic extension of the function

Ly t 1
he[0,1)— R, h(t) =2 e[(l)’z)’
Yi-0 reld D).
Furthermore, we define the matrices
0 0 O 0 0 1 0 1 0
Mi:={0 0 2] My:=[0 0 O, M3:=[-%2 0 0],
0 2 2 0 0 0O 0 O

satisfying e; x M; = S; — A;. With this at hand we define f;(-; R,r) : R — R¥»3:
X
fi(x1, x2,x3; R, 1) = rh(T)Mj.

It follows directly, that f;(-; R, r) is continuous, only depends on x;, is r-periodic, and
vanishes for x; € rNy. Lastly, we note that curl f;(x; R,r) = h'(Z)e; x M; € {:I:S’;Aj}
and thatindeed [{x e R: fj(x; R,r) =S;}|={x e R: fj(x; R, r)=A;}| = %|R|. O

4.2.1 First Order Laminates

We use a potential v : R* — R**? to construct our laminates attaining the prescribed exterior
data, i.e. we consider the row-wise curl: u = curl v.
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As S35 = %Al + %Sl and (S; — Ay)e; = 0 the first order lamination is in the e;-direction.

We seek to use Lemma 4.2 to construct v, but have to adapt the boundary condition. For
this we define a mapping S3: R — R¥3 withcurl §3 = §3 = F. A possible choice for Sy is
given by the following matrix-valued function

) 0 0 O
S =10 0 —ix
0 X1

Furthermore, we also define the cut-off function

0 t<%,
¢:R—>[0,11, p() =14t -1 e[l 3],
1 t> 3,

8

With this, we define the (continuous) potential for r € (0, i), r!

Lemma 4.2 for j =1, R =0, 1%

€ 4N by using

. Q- RS,
1 -
v (x) = ¢(;dasz(x))f1 (x; 2,7) + S3(x),
where dyq(x) denotes a smoothed-out distance function to the boundary 9€2. Without

change of notation, We~consider the (continuous) extension of v(" to R3 by 5‘3 (x), which is
possible, as vV (x) = S3(x) on 9.

We then set
uD = curlv®,
and note that in 2 it holds
uP(x) = curl vV (x)

dasz( ) ( ) .

=¢'(—— )h(—)Vdasz(x)XM1+¢( Yeurl fi(x; 2,r) + F
d; 1

= ¢'( aQ(x))h(—)VdaQu)xM]w( "“(")> WED(S = A+ 5 (51 + A,

With these considerations, we have obtained the following properties: It holds divu" =
div(curlv™™) =0in R?, uV(x) = F in R* \ Q and for x € Q \ djq ([0, 3r]) we have u") €
{A1, S1}. In other words, our deformation u(! is a divergence-free function satisfying the
desired boundary conditions and which, outside of the cut-off region, is a solution to the
differential inclusion uV e {4, S;}.

With the higher order laminates in mind we rephrase this using the decomposition of 2
into the three disjoint parts consisting of the S;-cells, the A;-cells and the cut-off region. To
be more precise, we define

RV :=(xeQ: ¢>(dm( )y 1 =5,

ddQ(x) Q) _

0V i={xeQ:ip(—)=1,uV = Ay},
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Fig.2 The x3 = % slice of the L 1 L L

projection x M blue represents
Ay, red Ay and green A3z. (Color
figure online)

CV={xeQ:( m( )) 1.

Indeed itholds @ = RV U QM UC® and |CV| = 63r and by Lemma 4.2 we know |RV| <
biai =

Choosing xV = IMxu™ as the pointwise orthogonal (with a fixed choice for the not
uniquely defined points) projection of u" onto K, see Fig. 2 for an illustration, up to a
uniformly bounded constant, the elastic energy can be bounded by the measure of the region
in which «" (x) = S, and the cut-off region:

Eq@™, x") =/ ™ — xVPdx < c(|R<”| + |c<”|)
Q

1 3 1
=c(5101+65) =C(5 +3r).

Furthermore, the surface energy is bounded by counting the interfaces at which x (") may
Jump. This consists of at most = 2 interfaces in the interior and at most 2 +2-6< ; new
interfaces in the cut-off region. For r e (0, 4), the surface area is thus controlled by

10
Esurf(X(l))=/ |VX(1)|§C_
Q r

4.2.2 Second Order Lamination

After this first order lamination, the differential inclusion u € K with divu = 0 holds only
in OV, In order to further reduce the energy, we now replace each of the & — many cuboids
in R® for which u" = §, = EA2 + 252 by a lamination in the e;- dlrectlon. For this, we
modify the potential vV in these regions:

For x € R and for r% € (0, 38 r 24 % € N, we define with the help of Lemma 4.2

v®(x) = ¢(daR(l)(X))f2( (R 4 fi0 Q.r) + S3(x)

and v® (x) = vV (x) else. Here, and in the following, we use the notation f;(x; R, r)
for R which is not a cuboid but an union of disjoint cuboids and mean depending on x
the corresponding connected cuboid. By this v® defines a continuous map, as inside R
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the cut-off attains the constant value one and therefore vV (x) = fi(x; Q,r) + S3(x) for
x € 9RW . By construction, the map u® := curl v is divergence free, i.e. the interfaces are

compatible.
As in the construction for first order laminates we set x @ = IT,cu®, and define the sets
R?:={xeRW: qb(daR(I)(X)) Lu?® =8},
0? = (xeRV: ¢(M) 1L,u® = A,),
C? .= (xeRV: ¢(d"’R(“(x)) <1}

Then indeed again we have the decomposition R’ = R® U Q@ UC? with [R?| < 1RV
and |C?| < %; 26 as the volume of the cut-off region can be bounded by the number of
cells in R times 3r? times six times the area of the biggest face.

As the elastic energy vanishes in Q®, we obtain

Eq®, x@) :/ u® — @ 2dx < C(|R(2)| +1C?| + |C”)|)

3
<C ( 3 - )
A
Indeed, this follows from the fact that we have improved our deformation in half the volume
of the region in which u" ¢ K but have added a new cut-off region in each cuboid in which
we do the second order lamination. For the surface energy it holds

o 10 110r 5
Esurf(X )SC( +___)—C(_ }’_2)’

as we add at most 4 + 12 < 19 many new faces in each one of the 1 ~ many cuboids and as
each surface has a surface area of size at most 5

4.2.3 lteration: (m+1)-th Order

Without loss of generality, we assume that the (m + 1)-th order lamination will be in e;-
direction, i.e. m = 3 for some j € N. Else, we only have to adapt the corresponding roles
of the directions.

We define iteratively the (m + 1)-th potential with the help of the sets R, for this we
set (for given v, u™ = curl v™)

R(m 1)(X)

R™ = (x e RV (L )=1u" =S85},

m m— d. (m 1)(x) m
Q() —{xeR< D. (b((mri):lvu():A_z}a
daR(m 1)()6)

C™:={x e R"V:¢( ) <1},

Inside R™ we then define v™+" by

m dygom (X) ") m - _ c
V) = (T il R 4+ 3 fig (e RED, ) + 8500,
k=1
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Fig.3 One S3-cell with the rm
corresponding lamination in 2

eq-direction. In green/red/orange
the inner boundary of the cut-off
region is depicted. (Color figure

online)

A B\

1 k=1mod3,
[k]1=132 k=2mod3,
3 k=0mod3,

and vV (x) = v (x) else for x ¢ R™. By induction we see that v**! is continuous,
that for x € R™ such that ¢( dR‘”’)m) =1 it holds that u™*V := curlv™*D € {A}, S}

m+1

and that we have the decomposition R™~" = R™ U Q™ U C™ with |[R™| < $|R™=D|,
|IC™W| < 27" I r = C27"r for a universal constant C > 0 independent of m, r. This

follows from the fact that the number of cuboids in R is bounded by C ——3 and

Fm— lrmZ
m—2 ym= -3

that the biggest face of each cuboid has an area of at most r
As the previous cut-offs still contribute to the total energy, we obtain the following elastic
energy bound (x "+ := Mcu™+D)

m+1 m+1
Ed(u("ﬁl)7 X(m+l)) < C(|R(m+l)| U U |C(k)|) =cl2"+r+ szjr
k=1 =0

This bound resembles the (iterative) decomposition of @ = RV U QW U C® = Rm+D y
Uit o® uJpt! ¢® and the fact that ™' = x +1 in 74 ®.
For the surface energy, we again calculate the new contribution of the next order lam-
ination and then sum over all previous ones. Each new face has a surface area of at most
m .m—1
7‘2 T
ones for the cut-off, cf. Fig. 3. Since we have at most C

energy is increased by

m—2 . . . m—2
. In each S3-cell, we add = new faces in the lammatlon and at most S + 12

m—1
—— new cells the surface

rmr”’ 1

m—2 m ,.m—1

8
C2™" ———(—— + (surf. in cut- off))— — = <Cc2™

ympm—1pm=2

ym+l ym+l1 ’

yielding the following overall surface energy bound:

m+1 C
Esurj'(X(m+l)) = c Zz_jr_j =

j=1

pmt+l’

For the total energy this implies

—m = —J 1
Ee(u(n1+l)’x(m+l)) < cl2 +r+22 jr+€rmT
j=1
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With this we have shown the claimed upper bound and have thus concluded the proof of
Proposition 4.1. ]

4.2.4 Combining the Estimates: Proof of the Upper Bound in Theorem 2
With the previous construction in hand, we conclude the upper estimate from Theorem 2:

Proposition 4.3 Let Q = [0, 113, I = (A, A,, A3} for Ay, Ay, A3 € R¥3 be given in (14),
let € € (0,1), and let E,. be as in (12), F € K%°\ K and Dr given in (10). Then there are
constants ¢ > 0 and C > 1, only depending on the boundary data F, such that

1
inf inf E.(u, x) < —c|logel|?).
L. . (u, x) < Cexp(—c|loge|2)

Proof Step 1: Conclusion of the argument for F = S;. Using the sequences constructed in
the construction from Proposition 4.1, implies

m

E.(u™, x™y<C (2_"’ + ZZ"‘r +r+ er"”) <C (2_’" +r+ er_’”) .
k=1

Optimizing the value of r depending on € > 0, we require that r ~ e#. Finally, we
balance the resulting contributions and seek for the optimal number of iterations m. This is
given by 27" ~ eﬁ, that is m ~ |10ge|%.

Plugging this into the upper bound results in

E ™, x™) < Cexp (— log(2)| log(e)] %) .

This concludes the proof for the special case F = S;.

Step 2: Conclusion of the argument for a general boundary datum. The situation of other
boundary data F € K¢ can be reduced to the one from Proposition 4.3 by at most two
further iterations. Indeed, a general matrix F € R3*3 in the convex hull of S;, S,, S3, can be
represented as

F=AF+0-0FE=AvA;+0-v)S)+A—-1WA+ (1 —12)S8)

with A, vy, v, €10, 1], j, k € {1,2,3} and k # j. Hence, after two additional iterations com-
pared to the argument from above, we arrive at similar iterative procedures as in the previous
subsections. In case that F' is an element of one of the legs S;A; a single iteration suffices
to reduce the situation to the above argument. This proves the result for a general boundary
condition F € K9\ K. ]

4.3 Proof of the Lower Bound

In this section, we present the proof of the lower bound from Theorem 2. To this end, sim-
ilarly as in [2], we mimic and quantify the analogous argument from the stress-free setting
which we briefly recall in the following Sect. 4.3.1 and for which we will provide a number
of auxiliary results in Sect. 4.3.2. The main argument, given in Sect. 4.3.3, will then consist
of a bootstrap strategy, similar to [2], in which we iteratively reduce the possible regions of
mass concentration in Fourier space.
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Contrary to the previous section, in what follows we will work in a periodic set-up.
Since the energy contributions on periodic functions provides a lower bound on the energy
contributions of functions with prescribed Dirichlet boundary conditions, we hence also
obtain the desired lower bound for the setting of Dirichlet boundary conditions. Indeed, for
the elastic energy this is immediate; for the surface energy there is at most an increase by a
fixed factor (see the discussion in Lemma 4.5 in Sect. 4.3.2).

4.3.1 The Stress-Free Argument

We begin by recalling the argument for the rigidity of the exact inclusion, as we will mimic
this on the energetic level.

Proposition 4.4 Let u : [0, 11> — R3*3 be a solution to the differential inclusion (13)-(14).
Then, there exists j € {1, 2, 3} such thatu = A; in [0, 1.

Proof In the exactly stress-free setting in which the differential inclusion is satisfied exactly,
ie. u € {A, Ay, Az}, the observation that divu = 0 and that u is a diagonal matrix leads to
the following three equations

d1uy =0, dup =0, d3u33 =0,
where u ;; denote the diagonal components of the matrix u. As a consequence,

uy = fi(xz, x3), un = fo(x1,x3), uzz = f3(x1, x2).

Next we note that the values of u j; determine the ones for uy if j # k, i.e. there are functions
hy,j such that iy ;(u;;) = uw. Hence, comparing the functions u; and u;,, we first obtain
that 11, and u, can only be functions of x3. Indeed it holds

du (x) = 0 (h12(un(x))) = 02 (h12(fo(x1, x3))) =0, (23)

and analogously 9d;u2,(x) = 0. Comparing this to #33, we obtain that all three functions must
be constant. Hence, any solution to the (exact) differential inclusion must be constant and
u is equal to one of the three matrices A, A, A; globally. The exact problem is hence
rigid. 0

Using the ideas from [2], we seek to turn this into a corresponding scaling result. The
main difference that arises can be seen in the qualitative rigidity argument above: Instead
of comparing only two diagonal entries like in [2], we have to compare twice to deduce
that the map is constant. This will be seen in the quantitative argument for the lower bound
below. Whereas in [2] there are cones around a single axis (the diagonal entries only depend
on one variable), we consider cones around a plane (the diagonal entries depend on two
variables). Furthermore, the bootstrap argument will be slightly modified as it resembles the
comparison of the diagonal entries in the qualitative argument given above.

4.3.2 Reduction to the Periodic Setting and Auxiliary Results for the Elastic Energy
In this subsection, we provide a number of auxiliary results which we will exploit in the

following bootstrap arguments for deducing the lower bound. As a first step, we reduce to
the situation of periodic deformations.
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Lemma 4.5 Let Q = [0, 113, let K := {A|, Ay, A3} be as in (14) and F € K9\ K. Let
E.(u, x) be given by (15) and set

EP (u, x) ;:/ Iu—xlzdx+€/ [Vxl.
'JTS ']1‘3

Let further DY :={u : R* — R¥3 : divu =0inR3, (u) = F}, where (u) := [15 u(x)dx.
Assume that E.(u, x) <1 and that there is €y > 0 such that for any v € (0, %) thereisc, >0
such that for any € € (0, €y) it holds that

EP(u, x) = exp(—c, | log(e)[ ™), (24)
Then, there exists a constant C > 1 such that for €y = €,(v) > 0 sufficiently small

Cexp(—c,|log(e)|2™") < inf  inf E.(u.x)
x€BV([0,113;KC) u€DF

for all € € (0, &).

Proof In order to infer the lower bound, we show that any function u : [0, 1] — R? with
constant boundary data can be associated with a suitable periodic function which has the
boundary data of u as its mean value and satisfies related energy estimates. Indeed, for given
u € Dp, we view it as a function on T? by restriction. By the prescribed boundary data it
still satisfies the differential constraint and further the mean value property. Moreover,

inf E’"(u,x):= inf / lu — x|?dx < inf E,(u, x).
ueD’;-” T3 ueDp

per
u€Dp

Next, viewing x : [0, 1]* — K as a periodic function ¥ : T*> — K, we infer that

/Ivilf/ Vx| +C.
T3 [0,113

Now, due to (24), we obtain that

1 . . . .
exp(—c,|log(e)|2T") < inf inf EP"(u, x) < inf inf E.(u, x)+ Ce.
X€BV(T3;K) ueDh”" x€BV((0,13;K) u€DF

For €y(v) > 0 sufficiently small, the last right hand side term may thus be absorbed into the
left hand side, yielding the desired result. 0

With this result in hand it suffices to consider the periodic set-up in the remainder of
this section. This will, in particular, allow us to rely on the periodic Fourier transform in
deducing lower bounds for the elastic energy. In what follows all (semi-)norms will thus be
considered on the torus. With a slight abuse of notation, we will often omit this dependence.

Lemma4.6 Let F € K4\ IC, where KC = {Ay, Aa, A3} with Aj in(14), and EX" and DY be
as in Lemma 4.5 and as in (10). Then, it holds for any x € L*(T?; K) and for EY" (x; F) :=

2
inf, prer Jpo lu— x| dx

3
er k12 A A
ENf(x:F)= ) ZW|X,-,,~|2+|)<(O)—F|2,
keZ3\{0} i=1
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where x; ; are the diagonal entries of x and X is the (discrete) Fourier transform of x.

Proof We first calculate EX" (u, x) in Fourier space

B w0 = [ = xRy =Y 1a - 2P
T

kez3

which allows us to characterize minimizers of the elastic energy.

In order to minimize this elastic energy in u € DL, ii has to be the (pointwise) orthog-
onal projection of x onto the orthogonal complement of k, as the differential constraint
divu = 0 reads ik = 0 in Fourier space. Noting that the row-wise orthogonal projection of
a matrix M onto span(k) can be written as I, (M) = (M%) ® “':—‘, the optimal # is given by

k k
A=Tut=>0d-TINE=% - (F—)® —
k g k"~ |kl

for any k € Z3 \ {0}.
Returning to our energy, this yields

er er A A k k A A
ENGu P =EY )= Y 1Z—Q)®—— R +IF=%0O)

kez0) [k|” |k
.k N
=y |xm|2+|x<0>—F|2
keZ3\{0}
3 k2
i o2 N 2
= Zwm,n +1%(0) - F|
kez3\{0} i=1
and shows the claim. O

Next, following the ideas from [2], for , A > 0, j =1, 2, 3, we introduce the cones
Cjpnr =1k eZ’:|k;| < plkl, k| <A}, (25)

and their corresponding cut-off functions m , (k) € C*(Cj 2,2 \ {0}; [0, 1]) fulfilling
mj o =1onCj, ;,supp(m; . ;(k)) C Cj2,2. and the decay properties in Marcinkiewicz’s
multiplier theorem (see, for instance, [84, Corollary 6.2.5]). The corresponding cut-off mul-
tiplier is thus defined by

Mjua(D)f = F " (mj () (). (26)

Furthermore, we use the following results which are shown in [2, Lemma 2, Lemma
3, and Corollary 1]. Following the conventions from [75], with slight abuse of notation
compared to our setting in the first part of the article, in the whole following section, we
now use d to denote the degree of some suitable polynomials and no longer the dimension
of the ambient space which in the whole section is simply fixed to be equal to three.

Lemma4.7 Let 8,8, u, > 0. Let m; ,, 5 (D) denote the Fourier multipliers associated with
the cones C; . 5 fori € {1, 2,3} as defined in (25) with the corresponding multipliers given
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in (26). Let f; € L*(T> N BV(T?) fori =1,2,3 and let hj;i: R — R be nonlinear poly-
nomials (of degree d) with h;;(0) =0 such that h;;(f;) = f; fori # j. If

3 3
SN fil <8 Y IV Aillrv <B.
i=1

i=l1

then there exist constants C = C(h; j, | fillo), C' = C'(hij, |l filloo, d), Co = Co(hy,j,
[l filloo, d) > O such that for any y € (0, 1) we have for any i # j

3
> i = Mg (D) fill2, < C(u™25+ 27" ),
k=1

C’ -
I fi = hij(mjus(D) fll2 < mllf/ —mj (D) f; ||1Lzy,

C
IR, (m 05 (D) f7) — i (D) fill 22 < yTdeax{(ﬂa +27') T w0 B)

Here we choose the constants such that Cy > 2C +2C'? + 3.

Let us comment on these bounds: The functions f; are representing the diagonal en-
tries of the phase indicator x € BV ([0, 1]*; K). Thus the first estimate corresponds to a
first frequency localization by exploiting the surface energy control for the high frequen-
cies and the ellipticity of the elastic energy away from the cones C; , ,. It can be viewed
as a quantified version of the statement that u;; is a function only depending on x,, x3 in
Proposition 4.4. The second estimate is a commutator bound that arises from the nonlinear
relation h; ;(f;) = fi for i # j. The third estimate combines the first two bounds. The sec-
ond and third estimate will form the core tool to iteratively decrease the Fourier support of
the characteristic functions of our phase indicators. We will detail this in the remainder of
the article.

Remark 4.8 1t is possible to make the mappings /;; for i, j € {1, 2,3}, i # j explicit for the
choice of matrices A;, Ay, Az, cf. (14). To this end, we may, for instance, consider

hat = e S By = 4 1
1.2(xX) = 9X 9)6, 1,3(x) = 3x 3)6,
PPN SR haaGry = 2Ly 4 B3
2,1)(3—4)( 4x, 23X) = 2x 2)6,
7 19 7 25
h =——x24+= h =——x2+=x.
31(x) 5 T 3.2(x) THEETE

4.3.3 Comparison Argument in Fourier Space

In this section, we carry out the iterative bootstrap argument which allows us to deduce the
final rigidity result.

As a first step of the bootstrap argument, we invoke the results from above which allow
us to decrease the region of potential Fourier concentration from the cone C, , ; to a cone
Ci . with A’ < . This resembles (23) in the exactly stress-free setting in a quanitified
version. As fj is determined by f> and f; with the help of 4 ; we can reduce A, similarly
as in our reduction of the dependences of u; in Proposition 4.4.
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Fig.4 Illustration of the cones ko
C1,u,». (red) and Cp 4, 5 (blue),
and also of Cp ;3 + C2 4y 3 in
Fourier space. (Color figure
online)

Lemma 4.9 Under the same conditions as in Lemma 4.7 and for

1 1 4dip
A>0, p€ 0, —=), V e ((=—F——=., 1)
H 24/2d? +1 V2 /1 =442

it holds
Ifi = mig (D) fill32 4 11 fo = Moy s (D) foll32 + 1L fs — m3,5.(D) f3117
C
< 10— max{(u26 + 27" B)' 77, u 726 + 171 B).
Y
Here the constant Cy is chosen to be the same as in Lemma 4.7.

Remark 4.10 We remark that the interval for A" is chosen such that it holds Cj ;2 \
iz <M

i.e. the interval for A" is non-empty.

Proof We first observe that the Fourier transform of 4; ;(m; , (D) f;) is given by a convo-
lution of the function mj,,mfj with itself. Hence, the support of &; j(m; . (D) f;) is con-
tained in the d-fold Minkowski-sum of C; 5, 2, with itself. For j = 2, 3 it therefore holds
that

F(hyjmj (D)) k) =0 for |k;| > ddpuh.
Further we introduce the sets K, = {|ko| > 4dulr}, K53 = {|k;| > 4du)r} and consider the
corresponding Fourier multipliers of the smoothed-out indicator functions xx, (D), xx, (D),

Xk,uks (D). This implies for i =2,3

Xk, (D)hyi(mi . ;(D) fi) = 0. 27)
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With this we can show that the Fourier mass concentrates in a cone with smaller truncation
parameter, depicted in Fig. 4: Indeed, in Fourier space xx,uk; < Xk, + Xk;- Thus,

3,013 (DY s (D) Fill22 < 11 Gty (D) + xiey (D) o (D) fill

< 2llxx, (DY (D) fill 72+ 2l xy (DYm i (D) il
(28)

Invoking (27) together with the bounds from Lemma 4.7, then implies for i =2, 3
| xx; (D)my (D) fi ||iz = | xx, (D)(m1,3(D) fi — hyi(mi (D) f3)) ||iz
< llm1ux (D) fi = himi (D) )72
0

C
< 2 max{(u 8+ 17 B)' T, u 8+ 171 B).

Combined with (28) this yields
2 Co -2 —1p\1—y ,, -2 -1
| X kz0k5 (DY 5 (D) fill72 < 4@ max{(u~8+A7B) ", u 8+ A BL

We observe that by the choice of the parameters Cj 2,21 \ C1,2.20 C (K2UK3)NC1 2225
and thus |m (k) —my 0 (k)| < xk,uk; (kK)my . 5 (k). Therefore,

1400 (D) fi = m1 s (D) FillZa <l xkauks (DI s (D) il

C
<4 max{( 027 IB) T w447 B,

In conclusion, (for Cy > C)
I i = mi (D) fills2 4 1L fo — mayus (D) foll2 + Il fs — m3 5 (D) £33

<|lfa = mau s (D) fall3s + I fs = m3 (D) 372

+ 2/ fi = m1 2 (D) fill72 + 2llm1 5 (D) fi = my (D) fill72

C
=20+ A + 8 max((u 0 +27IE) T w47 )
C
< 10)/7‘; max{(x 28 + A7 B) Y, 28 + A7 B). 0

Let us stress that the decomposition into K, and K3 is in analogy to the two compar-
isons from Proposition 4.4 in order to show that u;; is constant. The set K, resembles the
comparison of u;; and u, to show that u;; is constant in x, and the set K3 resembles the
comparison of u; and u33 to show that u;, does not depend on x3.

Applying the previous result for all three directions simultaneously then yields the fol-
lowing corollary which will serve as the induction basis for the subsequent inductive boot-
strap argument.

Corollary 4.11 (Induction Basis) Let 8,6, i, A > 0 and let C; ,, 5 be the cones in (25) with
corresponding multiplier m; , 5 (D), cf. (26), fori = 1,2, 3. Further let f;, h;; be functions
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as in Lemma 4.7. Let Cy > 0, y € (0, 1) and d > 0 be the constants from Lemma 4.7. For
— _ 4d g N
A=A>0,ue, oy ), A e( Ao) it holds that

Ny =T
11 =110 D) il + 11 f = 2,5, (D) ol + L fs = 3 0, (D) Fil1
0C
<~ max((W S+ A7) w407 B,
Y

With Corollary 4.11 in hand, we now iteratively further decrease the Fourier supports. To
this end, we will invoke the commutator bounds from Lemma 4.7.

Lemma 4.12 (Iteration process) Let B,8 > 0 and let C; ,,; be the cones in (25) with cor-

responding multiplier m; , ; (D), cf. (26), for i =1,2,3. Further let u € (0, Nﬁ)’

A >0, and let f;, hj; be functions as in Lemma 4.7. Let Cy > 0, y € (0,1) and d > 0

be the 4c;mstants Jfrom Lemma 4.7. Let A, > 0 be a sequence for k € N with Ay = A and
M

Ak € (ﬁf/:—iTl,ﬂ’ Ai_1). It then holds for every k € N\ {0}

It = m1pa (D) fill 72 + 1 f2 = My (D) fall3a + 1 fs — ms s (D) £

30C, \*
: (y24: ) max{(n 8 +27' 8 15+ B).

Proof We prove the statement by induction on k with the induction basis given by Corol-
lary 4.11. Assume that for some arbitrary but fixed k£ € N it holds

1fi = m1 s (D) fill 72 4 1o = ma sy (D) fall 2 + L fs = m3,5, (D) f3l72
(29)

30Co ‘ -2 —1p\(I=p)% -2 -1
< (=5 ) max(u 26 +27' ) w2 4071 ).
Y
Now for the induction step k — k + 1 we carry out the same argument as above to show

11 =M1 (D) Fill32 + 1 f2 = Mg, (D) fall72 + 11 fs = M3y, (D) £33

300, \ F! (30)
5(745) max{(n 28 +27' /) 125 4271 ).

We argue as in the induction basis and present the calculations only for the first term on
the left hand side of (30). By the triangle inequality,

It = m1 s (D) fill72
<2011 =M1 (D) fill3s + 20mi s (D) fr = my g, (D) fill72-

The first contribution is already of the desired form. It thus remains to consider the sec-
ond contribution. For this we consider an analogous argument as before: Let K§ = {lko| >
4d g}, Ké‘ :={lk3| > 4duAi}. Then, since x i (D)hy j(mj 5, (D) fj) =0on K;?,

J

101,40 (D) i = 101 gy (D) fill 72 < Itk (DI e (D) fill 2

3
= 22 ||XK§ (D)(ml,u,xk (D) fi — hl,j(mj,u,xk (D)fj))”iz

j=2
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3
<2 lmipa (D) fi = hyj(m s, (D) £

j=2

3
<4 [miua (D) fi = fill s + 1A = hejomj s (D) )17

j=2
3
=811y (D) fi = fill22 44> fi = b n s DV DI G
j=2
Again for the second right hand side contribution in (31) we use Lemma 4.7:
v =R (DY )72 < C—/z(llf- —m (D) fill7)Y
1 1L UM g Wiz = g M jllp2 .
Using the inductive hypothesis (29), overall, we arrive at the following upper bound

11 =M1 (D) fill72

<2 fi = mi s (D) fill%s 4 16m1 5 (D) fi — fill2
C/2 SN
+8 5w D i =M (D) f1172)
J

<18Ilfi =miun (D) fill72

C’? ((30c0

. 1-y
+16W y24d)kmax{(u’sz+A"ﬂ)“’”k,/f26+)»’lﬂ}> -

Arguing symmetrically for f, and f; then yields:

11 = 11 (D) Fill 22 4 1 o = Mgy (D) fall22 + 1 f5 = M3 iy (D) 3122
<181 fi = mi s (D) fill72 + L f2 = Mo (D) foll 72 + 1 f5 — M35 (D) f31172)

' 30C -y
+48W((VT“?)k max((u 28+ w26+ 478))

30Co * -2 —1g\(1=p)F -2 -1

C'? / 30C ~ e iy
+48 2 (( yz4;)k max{(u 28+ 17 B) T e 4 4 1/3}) .
Using that 2C'? < Cp, 1 — y € (0, 1) and that y% > 3, leads to
Ifi = 1 g (D) Fill20 4 1o = Mg (D) fo 2+ s = M350 (D) f311%

30Co \* ‘
=18 ( y24; ) max{(u 8 + 27" B) 17, w5+ 07 p)

Cy (30C
o4 b0 ( 0

k
y2d m) max{(n 28+ 171 B) 1 (w25 4071 8)! )
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_ 6Co 30Co
- )’24d V24d)

ax{(u 28+ 271 p) T 25 4 a1y

24Cy 30C _ _ okl _
g ) max((w28 47 )0 w7 407 )
30C
= Co max( 437 B0 w427,

This concludes the proof. ]

Now with the inductive procedure of reducing regions of Fourier space concentration in
hand, we turn to the proof of the lower bound in Theorem 2 and the argument for Proposi-
tion 1.2.

Proof of the lower bound in Theorem 2 and proof of Proposition 1.2 We argue in two steps,
first fixing the free parameters and then exploiting the boundary conditions.

Step 1: Choice of parameters and proof of Proposition 1.2. We seek to invoke
Lemma 4.12 expressing the bounds in terms of our energies, i.e. setting § = EL" (x; F) :=
infep, El" (u, x), B =E},;(x), and A~ = u2e. Moreover, we use the notation

EP(x: F) == EX (x; F) + € EXS (3. (32)

By virtue of Lemma 4.6 we obtain that for f; := x;; indeed Z izt 19; £: 112 1 = §. It follows

directly that also Z i1 IV fillrv < B and therefore the conditions in Lemma 4.7 are fulfilled.
As a consequence, the above iteration in Lemma 4.12 is applicable. With this in mind, we
choose = €“ for some o > 0 to be specified. Therefore,

A= )\'0 — 620{—1

and thus since without loss of generality E7*" (x; F) :=inf,cp, EZ" (u, x)+ eESp::f (=<1
(having the upper bound from Proposition 4.3 in mind), we deduce

3
S U f = mypn (D) 12 < (2 v Coeau pper ;Y1 (33)

Jj=1

‘We further choose
(2 /2d2 M) )\40 Mk Q+k)a— ]

where M = M (d) = 2\/ 2d? + 1 > 2. This is admissible in the sense of the assumptions in

Lemma 4.9 since ;7 =2+/2d> + ue(f\/%,ll

Next, for @ = a(e) € (0,1) and € > 0 we choose k € N to be given by

I
. (1 —2a)|loge| +log?2 - 1+ \?fgﬁzx
- alloge| —log M e L

Togel
This ensures that 1, < 1 . In what follows, we will choose the parameters €, o such that
g™ — ¢ which 1mphes k< 4 . Exploiting the discrete Fourier transform, then yields
|loge| 2

L5 =miwa D il =Y 1@ =1 — (I

£€Z3\(0}

@ Springer



Scaling for the Two-State Problem and a T3 Structure Page 37 of 50 5

and hence, by (33) results in the estimate

3 30C
Z If; = (g2 < (VT“‘?)

4
a

4
E—ZaEfer(X; F)(l—y)vt .

Using that (1 — y)f’v >1-— %y, we set y := ¢ € (0, 1) which leads to the bound

4
a

3
Z |f/ fj ”Lz < (30C0824d) G—ZOCEeper(X; F)%

Next, we fix the parameter o > 0: Observing that for any v > 0 there exists g > 0 such
that for o € (0, «p) it holds that

d 96d
a e = exp (96d log(ail)ofl) <exp (—oflf") =exp(C(W)a~ ™), (34)
ve

we choose o = | loge|_ﬁ for all € € (0, eo) with €y > 0 still to be chosen. In particular, for
€9 > 0 sufficiently small, such that |loge| 5 > 2log M, (34) holds and also log M‘ < 7 holds
as required above.

As a consequence, for v’

=5 +2v € (0, ) we arrive at

3
Z 1f; = (F)112 < explev]logel 7+ ) B (x: )}

Step 2: Conclusion. In order to conclude the estimate, we derive a lower bound for
Z] N =) || . For this we recall that f; = x; ; is the j-th diagonal entry of the phase

indicator x and hence Z‘}Zl ILfi = (fiI7 = llx = ()13, Thus, by the mean value condi-
tion in DL,

l(x) = FIP=1{x) — ) < / lu— x Pdx < E5" (u, x),
T
and, furthermore, as the left hand side is independent of u,
l(x)— FI> < EI"(x; F).

Overall this implies for the total energy EP* (x; F) = EX" (x; F) + €EXY (%)

surf

aisé(F k) < [ - FRax <2 [ - Gofder [ oo - Frdx
3 3 3
<2exp(ey |loge|2+" YEP (x5 F)? +2E!" (x; F)
<2exp(ey|loge| 2T )EP (x; F)T + 2EP (x; F)?
<4dexp(ey|loge| 2T )EP (x; F)?.
Finally, solving for EP*" () ; F) shows the desired estimate

EP (x; F) = 274 exp (— 2cy | loge| ) dist* (F, K).
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Fig. A.1 Self-similar
construction in Proposition A.3.
(Color figure online)

!

oy

S

~|F======

The desired claim follows by an application of Lemma 4.5. ]

Appendix A: Branching, Upper Bound for the Two-State Problem for
the Divergence Operator

We complement our lower bounds for the compatible two-well problem from Sect. 3 by an
upper bound in the case of the divergence operator acting on matrix fields as introduced in
Example 1.1. For simplicity, we only consider square matrices, i.e. m = d, and like before
in Sect. 3 only consider the case d > 1 in the following. For earlier, closely related, three-
dimensional constructions in the context of compliance minimization problems we refer to
[24]. While the E% construction is by now rather “standard” [1, 62, 63, 80], our argument
does provide a slightly different perspective, in that, in arbitrary dimension, we can ensure
boundary conditions on all faces of the domain Q = [0, 1] (see the upper bound construc-
tion for [76, Theorem 3] for a similar construction for the gradient).

In deducing the upper bound for the divergence operator, we first provide a construction
in a unit cell (Lemma A.1) and iterate this construction (Proposition A.3). This yields a
construction which attains the boundary data in two directions. In order to attain these also
on the remaining sides we use the flexibility of the wave cone for the divergence operator
(Proposition A.5). We remark that in two dimensions there would be no modification with
respect to the gradient construction since there the curl and divergence only differ by a
rotation of 90 degrees.

In our unit cell branching construction, we do not work on the level of the potential, but
directly consider the problem on the level of the wells. In this context, we recall the com-
patibility conditions for laminates formed by the divergence operator which is determined
by the associated wave cone: For M € R?*?, we have that M € ker A(£) if and only it holds
ME =0.

With this in hand, we introduce an auxiliary matrix which will play an important role in
our construction: Let A, B € R?*? be such that (B — A)e; =0 and let n = ¢; + y,v for a
unit vector v perpendicular to e¢; and for some y, € R, y, # 0. We then define E, by

E,=n(B-A®e (A.1)
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and the associated “perturbed” matrix A, = A + E,. By construction, this matrix obeys the
identities

(A, —Ayw=0, (B—A,)n=0. (A.2)

This in particular allows for interfaces of AV and A with normal v and of AV and B with
normal n which we will use in our branching construction below.

LemmaA.1 For0 <! < h <1, we define v =[0,1] x [0, h] x [0, 11972, Let A, B € R™4 pe
such that (B — A)ey =0 and let F;, = AA + (1 — X)B for some A € (0, 1). Then there exists
u: R4 — R such that

divu=0inRY,
u=F, forx; € (—00,0) U (I, 00).

Furthermore, there exist x € BV (w; {A, B}) and a constant C = C(A, B) > 0 such that for
any € > 0 the localized energy can be bounded by

13
E.(u, x; ®) ::/|u—)(|2dx+€/|Vx|§C(l—k)zz+56h.

Proof We consider the following partition of the domain w into subdomains:

AL AL (1T =)

M
= 07 — ), = A A )
w; = {x1 € ( 2)} o) {X1€(2 2+ 5 x2)}
( E(M N 11— N 11— ) € G + 11— D)
w3 ={x — X2, X))}, ws={x X2, D)}
PTWE 2n 7 2n T 2n
Based on this we define
A X €wy, A o U
x € w; Uws,
u(x)=1B X €wy Uy, X(X)={ e
B xecewyUuwy,
A+E, xews,
where E,, is given in (A.1) forn =e; — U;—}f‘)lez. We highlight that u is independent of x;

for k > 3. By definition of E.,,, the characterization of the wave cone (5) for the divergence
operator and the remarks on laminates in (A.2), this defines an divergence-free mapping.
Further, as (B — Fy)e; = (A — F;)e; = 0, the exterior data are attained in x; € (—o0, 0) U
(, 00).

To calculate the energy, we observe, that the only contribution to the elastic energy is
given in w;. Hence,

E.(u, x; w) ::/|u—x|2dx:/ |A+E62—A|2dx
w w3

5 (1 =)0

= |E,|*lw3| = (B — A)es] 7

As the surface energy is determined by the interfaces between w; and w;, we obtain (I < h)

(1—0)22 (1—2)2
Eurs(; )= | [Vxl=h+2 f+h2§h+2h 1 +1<5h.
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Fig.A.2 Setting of Lemma A.2

This shows the claim. O

As for analogous constructions for the gradient, we will use this unit cell as a building
block in order to achieve a self-similar construction attaining the boundary data on two
directions. For this to be admissible in the sense of an A-free map, we rely on the following
lemma. It shows that for first order operators corners in which interfaces meet do not give
rise to singularities.

LemmaA.2 Letd,n,m € N and let A(D) = Z?=1 Ajoj: C®[R%: R") — C®(RY; R™) be
a homogeneous, linear operator of degree one with symbol A given in (3) and let Q;, j =
1,...,1, be a polygonal set (the set is defined as the intersection of half spaces) with outer
unit normal nj such that

o RI= U[j:I £,
o the two sets Q;, Q41 have one common face (I +1=1),
e and such that they meet in one point, i.e. ﬂlj:1 Q; = {xo},

cf. Fig. A.2. Assume further that B; e R", j =1, ...,1,are such that B; — B € kerA(n;).
Then the map

u(x) = Bj for x € Q;

is A-free.

Proof First we note that u is indeed well-defined by the properties of €2;, further we notice
that for M € R" and U C R¢ a Lipschitz domain it holds for ¢ € cx (R?; R™)

d d
/M‘(A(D))*qadx:Z/ M-Bk(AW)dx:Z/ M - (AL@)ngdH* !
U k=1 U k=1 U

:/ A@M - pdH* L.
U

With this it holds

1 1
/du : (A(D))*(pdx:Z/ Bj.(A(D))*godx:Z/ A(n;)B; - pd M.
R j=1"% j=1"9%j
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Moreover on 9€2; N €24 it holds that n; | = —n; and thus by the assumptions on B;
[ g = Z / A1)(B) — Byi) - pd i =0
99, MIQ 11
As ¢ was arbitrary the claim follows. ]

With Lemma A.2 in hand, we now iterate the unit cell-construction from Lemma A.1, as
illustrated in Fig. A.1.

Proposition A.3 Let d,n € N. Let 2 =[O0, 1), let A, B € R" be such that B — A € Agy, cf.
(5), and let F5, = AA+ (1 —A)B for some A € (0, 1). Let E. be as in (12). Then there exist u :
R? — R and x € BV(2; {A, B}) with divu =0 in R? and u = F;, for (x1,x,) ¢ [0, 11?
such that for any € € (0, 1) and any N e N

1
EE(M,X)SC(W+€N)

for some constant C = C(A, B, A) > 0.

Proof Without loss of generality we may assume (B — A)e; =0, i.e. B — A € ker A(e;) for
A(D) =div.Let0 € (%, %). We argue symmetrically in the upper and lower half of the cube,
i.e. we give the construction of u on [0, 1] x [%, 1] x [0, 11972 and define u on the lower half
by symmetry. We define for N € N and for j e Ny

6/ 1 16
7,1j=mahj=)’j+l—)’j=9] 7

yi=1-
Furthermore, let j, € N be the maximal j € N such that /; < h;. We set
i = ((kly. ) + 10,11 X [0, ;1) x [0, 112

forke{0,1,...,N2/ —1},j€{0,1,..., jo};fork e {0,1,..., N2ot1 —1}, j = jo+1we
set

o+l

wj(H—l,k = ((klj()+la )’j0+1) + [07 lj()+1] X [Oa ]) X [07 1]d72

Letu;, x; in [0,1;] x [0, h;] x [0, 1172 be given by Lemma A.1 for j =1, ..., jo. Further,
in the layer j = j, + 1 we interpolate with the desired boundary data by a cut-off argument:
To this end, we introduce the cut-off function ¢ : [0, c0) — [0, 1] and the profile & : [0, 1] —
[0, 00) by setting

1 €0, 31,
—J_ 13 (I =x)r re]0,1),
¢@)={—4t+3 16(32 P h(t)_ik(l—z) .
0 t>3,

We consider the function i . : [0,;,] x [0, 9,-0;1] x [0, 11972 defined via

- 21 +1 ., 2XZ X1
o1 (%) == 9/'/(?+1 ¢ (9jo+| )h<

ljo+1

(A= Ben e
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2X2 f X1
+¢(0]‘0+] )h (

l.i<)+1

)(A—B)—i—FA.

The associated phase indicator is defined by
Xio+1(X) = X0.21,) XD A + Xy, 1) (K1) B.

We note that xj,4+1(x) = A’ (z ~1 )(A B) + F, and moreover for x; < 5 1t holds i j, 41 (x) =

Xjo+1(x) and for x; > Z correspondmgly ii j,+1(x) = F,_. Furthermore, for x; € {0, lj0+1}, we

know h(7) = 0 and thus (i, 11(x) — Fer = ¢ (2 )h( -

gJot!
With the help of this construction we meet the prescribed data for x, > 1, and we can
define u in the upper half of the full cube:

u(x) = lfj(X—(klj’)’j)) X €wjk,
Ujpr1 (X = (kljy, Yjp+1)) X € Wjot1 k-
For the lower half of the cube we argue similarly, mirroring the unit cell construction of
Lemma A.1, i.e. instead of E,, we consider E_,,. We define x in [0, 114 analogously.
We note, that this defines a divergence free mapping, as all the laminations are in com-
patible directions as (B — A)e; = 0 and by the choice of E,, in (A.1). Lemma A.2 shows,
that this function is divergence-free even thought interfaces meet in corners. Moreover, we

can bound the energy in the w; 4+« cells for any k € {1,..., N2/t —1}:
21; 2x by
. 2 | 2Ljg+1 0 2x2 1 _
i1 () = i () = | SR/ (2 )h(_z,0+1 )(A=Bres@en)
— @( 2% )—l)h( )(A B)‘
Qo+l Lip+1

2

+1 /2 2x2
<C(A, B, A)(9;30+2¢ (—9_/,0+1)+1),

and, since ;41 > hj,+1 and 090! ~ 4y,

+1 »
/ [t jo+1 — Xjo+1(X)] 2dx < Cl 0_H(/ j0+1¢/2(1)dt + gJothy
(0. +11x[0, 0t 0,142 9o

3

3
Jo+!1
< C(gj‘j)+1 + Ly 10701

B
< C Jjot+1 .

hjo+1
Furthermore, the surface energy is bounded by E,r (X jp+1; @jo+1.4) < C(A, B, Mhj 1.

Overall, we have a function defined on [0, 1]¢ and can extend it to be F; for (x;, x,) ¢
[0, 1]%. The energy then can be bounded by

jo+1N21 1 Jo+1 3
Ec(w,x)<2) Y E (u,,xj,w,k><CZsz( Lt eh;)
j=0 k=0 j=0
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Jo+1 Jo+1

<CZ( Uy ’)—CZ (—)f+ N6y

1
<C(55 teN). O

Remark A.4 We remark that in the situation of the divergence operator, there are situations
with substantially more flexibility than for the gradient: If for the two wells A, B € R¥*¢
it does not only hold that (B — A)e; = 0 but also that (B — A)e, = 0, there would not be
any elastic energy contribution involved. In this situation, for the above construction, we
would only have contributions to the surface energy, as then E,, =0 and hence A + E,, =
A € {A, B}. In particular, for boundary data which are only attained on two directions this
would yield a linear scaling law in €. For curl free mappings as in gradient inclusions, this
is not possible, as the direction of lamination is unique in that case, i.e. Vi ; is at most
one-dimensional.

As a last auxiliary step towards the upper bound construction from Theorem 1, in order
to achieve the exterior data on all sides of the unit cube, we adapt the branching construction
similarly as in [75], as the construction from Proposition A.3 does not yet satisfy F; at, e.g.,
x3 = 0. Thus, we combine Proposition A.3 with a further domain splitting for which we
split [0, 1]¢ into different regions. In each region, we prescribe a different direction for the
branching construction from Proposition A.3. To this end, we use that the choice of e, in the
above results was arbitrary and we also can choose any other direction ¢; for j € {2, ..., d}.
Combined with compatibility conditions at the resulting interfaces, this will allow us to
deduce the desired branching construction.

Proposition A.5 Under the same assumptions as in Proposition A.3 there exist u : R —
R4y € BV(Q; {A, B)) and a constant C = C(A, B, 1) > 0 such that u € Dy, for F, =
M+ (A —=21)B (A€ (0, 1)) and for any € € (0, 1) and N € N it holds

|
Ec(u, x) = Cl57 +€N).
Proof For simplicity, we first carry out the details for the case d = 3 and then only comment

on the changes in the case of arbitrary dimension. We split [0, 1]* into the following four
parts and use different branching directions in each part: Let

QF = (x €[0, 17 £ (0 — )20, &~y 2] = &~y — o,
2 2 2 2 2

QF = (x €[0, 1P £ — )20, s < E - Ly,
2 2 2 2 2

and consider the upper (Q]f) and lower (£2;) halves separately as in the proof of Proposi-
tion A.3.

Next, we define u, in Q1 and u3 in Q using Proposition A.3: The function u, is given
by the function from Proposition A.3 above, whereas u3 is obtained from u, by exchanging
roles of e; and e3, i.e. the branching is done in ez direction and we use E,, instead of E.,.
For v € {e;, e3} the error matrix E, is given in (A.1). We then define the overall deformation
uin QF UQJ by

ur(x) xeQf,
usz(x) xe€ Q;’

ulx)=
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Fig. A.3 The three-dimensional
branching construction to achieve
the boundary data on all sides.
The shaded regions are the
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This construction is depicted in Fig. A.3. As above u is defined in the lower halves @, , Q3
by symmetry.

We claim that this overall construction is divergence-free. In the individual regions Q;
and Q;r this follows by Proposition A.3. It thus remains to discuss the compatibility at the
interface x, = x3. Since all other values of u are given by (matching domains in which)
u € {A, B}, it suffices to discuss the compatibility of the error matrices E., and E,, at this
interface. To this end, we however note that (E,, — E,,)¢ = 0 for all { € span(ey, e3), i.e.
also this interface is admissible. This shows that u indeed defines a divergence free map.

The upper bound for the elastic and surface energies from Proposition A.3 remains valid,
thus yielding the claimed estimate which concludes the proof of the proposition.

In order to show the d-dimensional result, we split [0, 114 into 2d — 2 regions Q/i =
{x €011 :£(x; —3) > 0,3 — |x; — 3| =miny<g 3 — |xx — 3|} for j =2,...,d and
argue as above. ]

Finally, with Proposition A.5 in hand, we immediately obtain the proof of the upper
bound construction from Theorem 1 for the divergence operator.

Proof of the upper bound in Theorem 1 In order to deduce the upper bound of Theorem 1, we
choose N ~ e’% , which shows the claim. O

Remark A.6 (Generalizations) Building on the ideas from the gradient case and the ones from
above one can formulate (rather restrictive) conditions, allowing for similar constructions for
more general linear, constant coefficient differential operators. A key difficulty here consists
in the “hard form” of the prescribed boundary conditions. When considering “softer forms”
of these, as for instance in [66], constructions for general constant coefficient operators with
the desired boundary conditions would be feasible under much more general conditions by
using Fourier theoretic arguments as in [74]. We do not pursue these ideas here but postpone
this to possible future work.
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Appendix B: On the Role of the Divergence Operator

Following [28], in this section we highlight the relevance of the divergence operator which
also partially motivates our discussion of the scaling law for the 75 problem from Sect. 1.3.
To this end, we first recall that considering any first order homogeneous constant co-
efficient differential operator A(D) = th{:l Al 9;: C ® (R4 R") — C*(R?; R™), we can
rewrite A(D)u = div w, (u) with a linear map w; : R” — R”*¢. Indeed, let us define

n

o R = R g (x) = (ZA{kxk)i:I,m,m,~

=1 j=1,....d

Let u € C®(R?; R"), then it holds A(D)u = (div ow; ) (u) for the row-wise divergence.

Indeed this can be generalized for higher order operators A(D)u = Z\a\: « A%0%u, where
A% e R™" are coefficient matrices, as follows. For this we denote the space of symmetric k
tensors on R by Sym(R?, k). Let the k-th order divergence be given as

divk : C®°(RY; R" @ Sym(R?, k)) — C®(RY; R™),

(din M)j = Z 8,-1 N 8ikuj,~| g

l=ij<--=ix=d

(B.3)

For k =1 this is exactly the row-wise divergence as mentioned above.

Remark B.1 This definition is natural in that sense that this operator (up to a sign) is the
adjoint of the k-th derivative DF.

The linear map wy : R” — R”™ ® Sym(R?, k) then takes the form

(@ (X)) jiy.iy = (AZlk:'eiIX)j (B.4)

and by this choice it holds A(D)u = (divk oy ) (u) for any u € C®(R?; R") and kerw; =
L4 = ()= ker A%. In what follows, we omit the k dependence of w = @y in the notation.

With this in hand, it is possible to bound the energy for a general homogeneous linear
operator A(D) (of order k) by the corresponding energy for the (k-th order) divergence (cf.
[28, Appendix] for the corresponding qualitative result in the case k = 1).

Proposition B.2 Let d,n,k € N, K C R", and let Q@ C R? be a bounded Lipschitz domain.
Let A(D) be a k-th order homogeneous linear differential as in (2) and the elastic and sur-
face energies be given by (16) and (17). Moreover let w = wy. be the linear transformation
in (B.4) and div* the generalized k-th order divergence in (B.3) with the corresponding en-
W Then there exist constants Cy, Cy > 0 such that for any x € BV (R2; K),

; divk
ergies E,;" , EG..

FeR"
ok
E (x; F) = CLES (0(x); o(F)),
ok
Egury (X) = CEG (@(X)).

Moreover if A(D) is cocanceling (and thus w is injective), it also holds for all u € D,
X € BV(2; K) (¢f. (10))

Ea(ut, X) + € Equrp () ~ E& (@), 0(0)) + € E (0 ().
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Proof In order to obtain the desired result, we use the pointwise bound |u — x| > Clw(u) —
(x)| and consider the adapted boundary data: For any u € D with D denoting the set
from (10), the composition w (i) satisfies divf w () = A(D)u =0 in R and o (1) = w (F)

in RY \ Q. In other words, it holds that w (1) € Dj};’;) for the divergence operator and bound-

ary data o (F). For the elastic energy (denoting by E4Y, DSE(V;) the energy and domain for
the divergence operator) this implies

Eez(u,X)Z/Iu—xlzdxzc/Iw(u)—w(X)IzdxZCES}Vk(w(u),w(X)), (B.5)
Q Q

E.(x; F) > C inf /Iw(u)—w(x)lzdsz inf /Iw(u)—w(x)lzdx.
ueDp Q K Q

u:w(u)eDsz’F)

We emphasize that, in general, this only yields lower bound inequalities since w is possibly
not injective and thus there may be deformations # with A(D)u = 0 and u # F outside 2
but still fulfilling w (1) = w(F) outside 2 (see the example in Sect. B.1 below). Replacing
now o (u) by a general function w : RY — R” ® Sym(R?, k) such that w € DS}E’,’;) yields

Bt D)= C inf [ =GPy =CEY @Go: o).
Q

div’
weD,,(F)

Furthermore, as |V x| > ¢|V(®(x))|, we can also bound the surface energy

Euur0) = [ 19012 ¢ [ 9@00) =cES @00, (B.6)
Q Q

In the case of a cocanceling operator w is injective and we also have the bounds |u — x| <
Clow) —o()l, IVx] < C|V(w(x))|, thus in (B.5) and (B.6) also the matching upper
bounds hold, which concludes the proof. O

As a consequence, lower bounds for the divergence operator often also imply lower
bounds for more general operators. A particular setting (see [28]) for instance arises in the
three state problem with L = {A{, A,, A3} being such that A; — A; ¢ A 4. In this case also
o (K) consists of three states which is a result of the fact that the kernel of w is given by

d d
ker(w) = ﬂkerAj = ﬂkerA(ej) =14

j=1 j=1

In particular, if we find a T3 structure for a general linear, homogeneous, constant coefficient,
first order differential operator .A(D) such that it is mapped to the 73 structure in Sect. 4, we
can exploit the same lower bound as for the divergence operator. In addition to the relevance
of the divergence operator for applications, this argument serves as an additional motivation
for focusing particularly on the divergence operator in this article.

Moreover with Proposition 3.8 in mind, also for pairwise non super-compatible wells,
we can assume without loss of generality that /4 = {0} and thus w in injective.

B.1 Comparison of the Two-State Problem for the Divergence Operator

In this section, we discuss the comparison between the general two-state problem for linear,
homogeneous differential operators and the one for the (k-th order) divergence operator. In
particular, this yields yet another proof of the compatible case in Theorem 1.
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In the calculations from the first part of Sect. B, we notice that for an injective map o we
can also bound the quantities E.;(, x), Esurf(x) from above with the corresponding term
in which u, x are replaced by w(u), w(x); hence for I 4 = {0} it holds

Ec(u, x) ~ E (W), 0 (x)).

We here emphasize that this only holds on the level of fixed u, x and that after the mini-
mization in u, this does not necessarily yield a two-sided comparison of the energies any
more. Indeed, while the lower bound estimates always hold (cf. Proposition B.2), this may
not be true for the upper bound estimates. In fact, even if /4 = {0}, we can at the moment
not exclude that there may be w € Dgi(vli) \ @(DF). We postpone a further discussion of this
to future work.

The advantage of 14 = {0} is that we do not lose wells in that sense that for 7, = {0}
also kerw = {0} and thus, w is injective. As seen above in Sect. 3.4 for two wells A, B €
R"”, A — B ¢ 14 we can restrict to A(D) which fulfills I ; = {0}. This implies that for
two compatible wells, which are not super-compatible, in deducing lower scaling bounds,
we can use the corresponding lower bounds of the divergence operator as we do not lose
information.

Example B.3 In concluding this section, we give an example of an operator which is not
cocanceling. Consideringd =2,n =3, m =1 and

A(D)u = 31142 + 32143,

implies that w : R — R, w(x) = (x2, x3) and ker(w) = span(e;) = 1 4.
The reduced operator .A(D) would act on mappings taking values only in {0} x R> € R?.
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