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ON THE ENERGY SCALING BEHAVIOUR OF SINGULAR
PERTURBATION MODELS WITH PRESCRIBED DIRICHLET DATA
INVOLVING HIGHER ORDER LAMINATES*
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ANGKANA RULAND®™® AND ANTONIO TRIBUZIO

Abstract. Motivated by complex microstructures in the modelling of shape-memory alloys and by
rigidity and flexibility considerations for the associated differential inclusions, in this article we study
the energy scaling behaviour of a simplified m-well problem without gauge invariances. Considering
wells for which the lamination convex hull consists of one-dimensional line segments of increasing order
of lamination, we prove that for prescribed Dirichlet data the energy scaling is determined by the
order of lamination of the Dirichlet data. This follows by deducing matching upper and lower scaling
bounds. For the upper bound we argue by providing iterated branching constructions, and complement
this with ansatz-free lower bounds. These are deduced by a careful analysis of the Fourier multipliers
of the associated energies and iterated “bootstrap arguments” based on the ideas from [A. Riiland and
A. Tribuzio, Arch. Rational Mech. Anal. 243 (2022) 401-431]. Relying on these observations, we study
models involving laminates of arbitrary order.
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1. INTRODUCTION

Motivated by the study of multi-well energies in the vector-valued calculus of variations [14, 15, 18, 27, 28, 44]
and, in particular, the modelling of shape-memory alloys within the phenomenological theory of martensite
[3, 7, 42], in this article we study the scaling behaviour of a simplified m-well problem without gauge invariance
(i.e. without frame-indifference and hence without SO(n) or Skew(n) symmetries) for prescribed displacement
boundary conditions. This leads to highly non-convex singularly perturbed energies consisting of an “elastic”
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2 A. RULAND AND A. TRIBUZIO

and a “surface energy” contribution: For € > 0 and p € [1,00) we consider energies of the following type

EWP (u) := / dist? (Vu, K)dz + € Egyrf (u). (1.1)
Q

For the corresponding models from elasticity, 2 C R™ denotes the reference configuration, the set K C R™*"
consists of the possible energy wells and Eg,,s(u) models the surface energy which penalizes high oscillations
between the wells. In what follows, we will restrict our attention to (two types of) sharp interface models, e.g.
Esurf(u) := ||D?ul|7y, where || - |7y denotes the total variation norm, see [9-11, 32, 33, 46] and [7], Chapter

12 for similar models. The contribution [ dist?(Vu, K')dz models the elastic energy and the exponent p is often
Q
taken to be equal to two.

Motivated by the hierarchical structures predicted by the phenomenological theory of martensite [2, 3, 6, 8,
12, 50], the theoretical analysis of convex hulls and (higher order) laminates [31] and the relevance of scaling
in possibly selecting particular classes of (wild or regular) microstructure [47, 49|, we study the influence of
the order of lamination of the Dirichlet boundary conditions on the energy scaling behaviour (see Def. 2.2 in
Sect. 2 for the definition of laminates of finite order). In order to derive quantitative upper and matching lower
bounds, we consider settings which, on the one hand, are flexible enough to allow for higher order laminates,
but which, on the other hand, are still rather rigid in the sense that we restrict our attention to energy wells in
which only a single rank-one connection is present and where the lamination convex hull is a one-dimensional
object. This leads to a special class of finite order laminates which we will here refer to as “staircase type” (see
[24] for related but not equal staircase laminates).

As a main objective of this article, we study how the hierarchical structure of Dirichlet boundary data in
terms of its order of lamination is reflected in energy scaling results. In this context, we

e revisit the two-well problem. Here we study the detailed scaling of the two-well problem in dependence of
the choice p € [1,00). This is motivated by the observation that for p = 1 twinning structures provide the
same scaling as branching structures (see [18] and also [41]). In accordance with the results from [36, 37],
for p > 1 we show that branching structures provide a better scaling behaviour than simple laminates.
Our proof follows the strategy from [11]. We highlight that such behaviour was hinted at in [18] and upper
bounds for such type of constructions with an arbitrarily large number of wells consisting of vectors were
studied in a finite element setting in a non-published manuscript by Chipot and Miiller [17]. We use the
upper bound constructions for p = 2 as building blocks in the higher order branching constructions in the
later sections.

e cousider a particular three-well model which had been introduced in [41] for which double laminates may
be enforced by corresponding boundary conditions. While [41] investigated this problem for p = 1 in which
case both twins and branching twins are expected to provide the same scaling behaviour, we explore the
setting for p = 2 which is expected to enforce (doubly) branched structures. In order to deduce the optimal
lower bounds, we rely on a combination of the ideas from [48] and [39] (which in turn build on the earlier
works [9, 10, 33]). We prove the typical L?-based branched second-order lamination scaling of size €'/2.
Both the upper and lower bounds show a hierarchical structure which is not present in the two-well setting
and is a consequence of the full matrix-valued setting.

e explore the scaling behaviour for a three-dimensional four-well model which allows for laminates of order
three. Using similar ideas as for the three-well setting, we prove that the order of branching of the boundary
data determines the energy scaling behaviour. We show that the top-order branched laminates scale of
the order ¢2/5 and provide scaling results also for the lower-order laminates.

e provide an example of a “staircase laminate” in n dimensions with n + 1 energy wells and a “one-
dimensional laminar convex hull” with a scaling of the form €2/("*2) for the top order laminates. We
provide the full hierarchy of scalings depending on the lamination order of the Dirichlet data.

We discuss the corresponding models and results in detail in the following sections.
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FIGURE 1. Representation of the set Ky on the plane of diagonal matrices (see Sect. 1.1). The
red hashed segment depicts the set Kélc).

1.1. First-order laminates and the two-well problem: LP elastic energies and minimizers

We first investigate the problem of Dirichlet boundary data corresponding to first order laminates. This
is a well-studied setting [9-11, 20, 23, 25, 26, 51] which builds on the foundational results from [36, 37]. We
emphasize that in this setting even finer properties of minimizers such as their asymptotic self-similarity have
been studied [20]. Relying on the techniques from [11], we here explore the scaling behaviour of such a setting
in which we allow for different choices of p in (1.1). More precisely, in (1.1) we select p € [1,00) arbitrary but
fixed, define the surface energy to be given by Fyy,¢(u) := || D?u|l7v and choose the set K to be equal to

w0 06G )

see Figure 1. We consider the first-order laminate F € K39\ K, = {(g 8) Dl < 1} (see Def. 2.2) as

affine boundary condition. We remark that the choice of K is generic, if one requires it to contain a rank-one
connection and that this form and the two-dimensional setting may thus be assumed without loss of generality.
Further, while — in view of Taylor approximations of general stored energy functions — the choice p = 2 often
is the most natural choice, also other values of p € [1,00) have been considered in the literature and arise in
applications, e.g. in plasticity. In this context, we prove the following matching lower and upper scaling bounds:

Theorem 1.1. Let Q = [0,1]2, let E® be as in (1.1) with K = K2 and Esyr¢(u) = ||D?ul|lry, and let F €
K9\ Ky. Let

EW(F):= inf EW®(u), (1.2)
ue A%,
where
AP = {u € WEP(R%:R?) 1 u(z) = Fa +b in R\ Q for some b € R?}. (1.3)

Then, there exist constants 0 < ¢ < C such that for every e € (0,1)

cer1 < EP)(F) < Cevtt,

where both ¢ and C depend on p, F' and Ks.
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FIGURE 2. An illustration of the microstructures used in the heuristic explanation on the
differences between p = 1 and p € (1, 00). On the left a branching construction. The hashed lines
mark the building blocks of different refinement generations. On the right a simple laminate.
The darker regions represent the boundary layer.

We emphasize that these types of upper scaling bounds can already be found in the unpublished manuscript
[17] which was made available to us by the authors. In deducing our scaling bounds, we follow the very robust
strategy from [11].

We remark that the restriction to Q = [0, 1]? is just for convenience and that any (non-degenerate) sufficiently
regular domain yields an analogous result. Let us further point out several aspects concerning Theorem 1.1:
Firstly, for p = 2 we recover the well-known €3 scaling result (see [37]). Secondly, for p = 1 we obtain the €z
behaviour from the discrete model from [18] (see [40] for work relating discrete and continuum scalings). We
emphasize that, on the one hand, for p € (1, 00) the upper bound constructions are obtained through branched
twins and the lower bound constructions distinguish between branched twins and non-branched twins and favour
branching (see [36, 37] for a first observation on this). On the other hand, this is not the true for p = 1: For
p =1 the scaling behaviour of branched and non-branched twins coincides.

Also, upper bound constructions for higher order laminates confirm this (however in this case only for second
order laminates matching lower bounds are known, see the discussion in Sect. 1.2, Appendix A and Rem. A.3
below).

Let us give a heuristic back-of-the-envelope argument for this difference between p € (1,00) and p = 1 by
considering upper-bound constructions for p = 2 and p = 1. Arguing, for instance, as in the computations in
Lemma 2.4 of [11], we obtain the following energy contributions for upper-bound constructions.

L2-based energies:
In the case with branching, one obtains (see Lem. 3.1)

e for the elastic energy per building block a contribution of ( %)Qhé ~ hTf,
e for the surface energy e/,

where h and ¢ denote respectively the vertical and horizontal length of the block, being h ~ 2le and ¢ ~ 67
where j denotes the generation of the block of the self-similar construction and N its frequency, see Figure 2 (left
panel). Here 6 is a geometric constant smaller then 1. There are no essential contributions that come from the
interpolation layer which are different from the ones above. So, after summation and non-dimensionalization,
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the energy is given by
€ (U) ~ N3 €),

where u is the construction described above (Lem. 3.2). This implies the choice N ~ ¢~3 when looking for
optimal constructions (in terms of scaling) which leads to an energy scaling of the order €3.

Compared to this, the scaling without branching would correspond to €2 which is strictly larger for e small:
Indeed,

o the elastic energy contribution would consist of a boundary layer that scales as N1,
e the surface energy originating from fine N laminates of size 1 x N~ would be given by Eg,.r ~ N,

(Fig. 2, right panel). Thus, optimization of N in terms of ¢ would result in an €3 scaling behaviour.
L'-based energies:

In this case one has (with branching):

e clastic energy per building block (%) ht ~ h2,
e surface energy €/,

per building block. The total energy then becomes after summation and non-dimensionalization

EW (u) ~ N(% + e).

Hence, on the one hand, the choice N ~ €2 s optimal for such constructions, leading to a scaling of order
ez for branching constructions. On the other hand, the scaling of twins without branching does not change,
since the twinning heuristics from above remain true for p = 1, too. As a consequence, for p = 1, the scaling of
branched and twinned construction is the same.

We remark that in addition to the full scaling result from Theorem 1.1, we also provide upper bound con-
structions for the setting of Dirichlet boundary data F of higher-order lamination and with general p € [1,00)
(see Appendix A).

1.2. Three wells and second-order laminates

In this section we consider a problem with three wells giving rise to laminations of order up to two. Contrary to
the two-well setting, this is a consequence of the matrix-valued differential inclusion which allows for hierarchies
of laminations. For simplicity, we focus on the following explicit model setting in which we make the following
choice for the set of wells:

10 -1 0 -1 0
K3:{A13A2aA3}’WhereAl<O 0>’A2(0 —1>’A3(0 1)'

We however emphasize that the results from below could also be formulated more generally. We observe that
Ay, A3 are rank-one connected, that A; is neither rank-one connected to As nor to As, that the laminates of

first order are given by
-1 0
KOs ={ (1) <},
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FIGURE 3. The set of matrices K3 from Section 1.2. In blue Kél), in red K:glc) \K:gl) = Kéz) \
K?()l). Jq is rank-1-connected to all the matrices of K3.

those of the second order by

v 0
K§2>\K§1>{<0 O): |y|<1},

and that K. élc) =K éz) (see Def. 2.2 for the definition of the order of lamination). All of these sets of matrices are
depicted in Figure 3. In the sequel, we prove that for the problem with prescribed Dirichlet data, the order of
lamination determines the scaling of the singularly perturbed elastic energy. To this end, we consider an energy
of a similar type as in Section 1.1 with only slight differences which are mainly due to technical considerations.
More precisely, in the following discussion, analogously to [9, 10, 48], we consider

3
Ees(u, x) = Ee(u, X) + €Esurf(X) := / Vu—x[Pdz + €Y | Dx;lrv, (1.4)
Q J=1
where on the left hand side of (1.4) we have
3
X = diag(x1 — x2 — x3, —x2 + x3) = ijAj :(0,1)% —» R?*2,
j=1

and, for j € {1,2,3}, x; € BV((0,1)2;{0,1}) such that

3
D=1
j=1

The functions x;, j € {1,2,3}, play the role of phase indicators, showing to which of the energy wells the
deformation is closest. It is expected that the energies in (1.1) with p = 2 and K = K3 behave analogously. Due
to the very helpful Fourier characterization (see Sect. 4), we here focus on the setting outlined in (1.4).

Theorem 1.2 (Scaling of the three-well problem). Let Q = [0,1]%, let E.3(-,-) be as (1.4) and assume that x
is as above. For F € Kélc) \ K3 let

Ap = {u € W2(R%:R?) 1 u(z) = Fr +b in R2\ Q for some b € R?}.

oc
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Set

E.3(F):=inf inf E.3(u,X). (1.5)
X u€EAp

(i) If F € Kél) \ K3, then there exist constants 0 < ¢ < C such that for every e € (0,1)

wlivo
@l

ce3 < E.3(F) < Ces.

)

(i) If F € K§2) \Kél), then there exist constants C > ¢ > 0, g = €o(F) > 0 such that for every € € (0, )

Nl
Nl

ce2 < E.3(F) < Ce2.

All constants ¢, C' depend on F and Ks.

This result provides an L? version of the scaling behaviour captured by Lorent in [40] where an L' based
elastic energy was considered. The fact that the scaling from Theorem 1.2 and the one in [40] differ (in [40], in
our notation, a scaling of the order €3 for boundary conditions in the second order lamination convex hull is
obtained) is a consequence of the different choice of the p-growth condition of the elastic energy. Indeed, the
result from [40] corresponds to the choice of p = 1 while our result holds for p = 2. As in Section 1.1 this has
consequences on the microstructure: While for the case p = 1 both branched and twinned microstructures lead
to the same scaling (see the Appendix A for general upper bound constructions for second-order laminates with
arbitrary p € [1,00)), for p = 2 branched microstructures are favoured for small e. This difference is also strongly
reflected in our proofs: While [40] uses a careful counting argument keeping track of the double laminates, we
rely on a Fourier space decomposition in the spirit of Hashin-Strikman estimates [30] (see also [9, 10, 33, 38, 39]).

By exploring the model setting from Theorem 1.2, we illustrate that the energy scaling of the simplified
three-well problem from (1.4) without gauges is determined by the order of lamination of the Dirichlet data.
A similar phenomenon also arises in the setting of periodic boundary data and the nucleation setting, even
though in those latter cases different scaling laws emerge (see Sect. 5.3 for a detailed discussion on the periodic
setting for the three-well case). As is well-known for simple laminates [9-11, 21, 36, 37] boundary data in the
first-order lamination convex hull without compensation effects lead to the typical €3 scaling (see the references
in Sect. 1.6 below for other, related settings and models from the calculus of variations). Similarly as in [39] in
which a more complicated model for compliance minimization was considered, in the case of data which are in
the second lamination convex hull, this behaviour changes and an €z scaling is obtained. We remark that in
the formulation of the theorem, for technical reason (since we are working with periodic extensions), we have
restricted our attention to the square as the underlying domain. It is expected that for other domains which
are not extremely elongated in one direction one would obtain the same scaling behaviour but would need to
overcome technical challenges in working with zero extensions into R™ instead of periodic extensions.

1.3. Four wells in three dimensions and third-order laminates

Building on the observations in the previous section and seeking to study the scaling behaviour of higher-
order laminates, we next consider a four-well problem in three dimensions in which laminates up to order three
are present. To this end, we consider the set

K4 = {Al, .. .,A4} C R3x37

100 (1.6)
with A1: 0 0 O ,A2: 0 -1 0 ,A3:
0 0 0

o = O
o O O
b
W~
|
o O O
o O O
—_ O O
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FIGURE 4. The set of matrices K4 in the space of diagonal matrices (see Sect. 1.3). In blue
Kil), in red Kf) \Kil), in green Kilc) \Kf) = Kf’) \Kf).

Again, Ay and As are rank-one connected and the lamination convex hulls are given by

(KK U P\ K

K = K U(K{"\ Ky U
: 1.0 0
EPVEK =0 w 0):jul<1y,
0 0 0
v 0 0
KO\NKM =0 0 0]: <1},
000
000
KP\KP ={lo 0 0o|:0<y<1},
0 0 ~

with K ilc) =K f), see Figure 4. We remark that, while it would be possible to also consider sets K C R?*? with
three orders of lamination, the set K, from above has a particularly simple structure, in which int K ilc) =0
and K ilc) only consists of line segments. This allows for a direct transfer of the ideas from Section 1.2 to this
higher-order lamination setting. In the next section, we generalize this even further, showing that any scaling

order of the type eﬁ, m € N, can be obtained for matrices of a similar structure as the set Kj.
As in the previous section, we consider a singularly perturbed variational problem and define

4
Ee,4(u7 X) = Eel(”? X) + EEsqu(X) = / ‘VU - X|2d$ +e Z ”DXJ”TVu (17)
Q i=1

where the function x on the left hand side of (1.7) is defined as

4
X = diag(x1 — X2 = X3, —X2 + X3, X4) = Y _ x;4; 1 (0,1)% = R¥?,
j=1
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and, for j € {1,2,3,4}, x; € BV((0,1)3;{0,1}) such that

4
> oxi=1
j=1

With this notation fixed, we prove that again the order of lamination of the Dirichlet data determines the
energy scaling behaviour for this four-well problem:

Theorem 1.3 (Scaling of the four-well problem). Let Q = [0,1]3, let E. 4(+,-) be as in (1.7) and assume that x
is as above. For F € Kilc) \ Ky let

Ap:={ue€ Wllo’f(Rs;R?’) s u(z) = Fx+bin R3\ Q for some b € R3}.

Set

E 4(F) :=inf inf FE.4(u,X). (1.8)
X u€Ap

(i) If F € Kil) \ K4, then there exist two constants 0 < ¢ < C such that for every e € (0,1)

wo
o

ce

SE54(F)SC€ .

B

(i) If for m = 2,3 it holds that F € Kim) \Kimfl), then there exist constants C > ¢ > 0, ¢y > 0 such that
for every e € (0,¢)

All constants ¢, C' and €y depend on F and K.

As in the previous section, we here consider a set in matrix space, K4 C R3*3, whose lamination convex
hull is iteratively built up from a single laminate by adding further lines in each lamination step. The overall
lamination convex hull thus consists of a union of lines. In this situation the above result illustrates that the
energy scaling behaviour of the associated energy is determined by the order of the lamination of the Dirichlet
boundary datum. It proves that each additional order of lamination requires a fixed quantitative additional
amount of energy.

1.4. Arbitrary order of lamination and (n + 1) wells in n dimensions

Last but not least, we extend the results from the previous subsections to the setting of a set K,,+1 consisting
of n + 1 matrices in n dimensions. The structure of the n + 1 matrices are chosen such that only two matrices
in K, 41 are rank-one connected and such that the lamination convex hull consists of one-dimensional line
segments. In this case, laminates up to order n are possible and, as indicated in the previous sections, we again
prove that the scaling of the energy minima for prescribed Dirichlet conditions in K¢} only depends on the
order of lamination of the Dirichlet data.
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More precisely, as a generalization of the setting from the previous two sections, given parameters v; € (0,1)

for j=5,...,n+ 1, we define Ay,..., Apt1 € R™*" inductively as follows:
1 0 00 0 -1 0 00 0
000 0 ... 0 0 -1 0 0 0
A=10 000 ... 0f 4,0 0 00 0],
000 0 0 O 0 0 00 0 O
-1 0 0 0 0 0 0 0 O 0
0 1 0 O 0 0 00 O 0
Az:=| 0 0 00 0l 4,:=]0 0 10 0 7
0 000 0 O 000 0 0 O

and A1 = diag(0,0,vs,...,v,11,1,0,...,0) € diag(n,R) for j € {4,...,n}. With this we define
KnJrl = {Al,...,An+1}. (19)

We observe that in this setting, we have that K ,Sli)l =K ,(Lﬁ_)l and that the laminates of order 3 < j < n consist
of the following line segments

K9\ KUY = {diag(0,...,0,v5,...,v541,1,0,...,0) € R™": v e (0,1)}.

In particular, there exist genuine laminates of any order up to (and including) the order n.
As above, for Q C R™ open, bounded we again consider associated elastic and surface energies:

Ee,n-l—l(uv X) = Eel (’LL, X) + 6-Esurf (X), (110)

where

n+1
Eel(“’?X) = /|V’U, - X|2d$, Esurf(X) = Z ||DXjHTV7
Q J=1

n+1
and where the functions x; € BV((0,1)";{0,1}) for j € {1,...,n + 1} are such that >  x; = 1. We further
j=1

define

n+1
X =30 (01" 5 RV
7j=1

With this notation, as in the previous set-up, we prove the scaling of these singularly perturbed energies in
the limit € — 0 and illustrate the resulting hierarchy of scaling results which are determined by the order of
lamination of the Dirichlet data.
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Theorem 1.4 (Scaling of the (n + 1)-well problem). Let Q = [0,1]", let E. n41(-,-) be as in (1.10) and assume
that x is as above. For F' € K(lc1 \ Kyt let

Ap:={u e Wllz(R" R™): u(x) =Fz+bin R\ Q for some b € R"}.
Set

E. p41(F) :=inf 1nf Ee nt1(u, x)- (1.11)
X u€A

(i) If F € K,(Ll_gl \ Kp+1, then there exist constants 0 < ¢ < C such that for every e € (0,1) there holds

m\m

CE% S Es,nJrl(F) S Ce
(i) If form € {2,...,n}, it holds that F € Kn+1 \Kfﬁ;l), then there exist constants C > ¢ >0, g > 0 such
that for every e € (0, €)

2 2
cem+2 S EE,’I’LJrl(F) S Cen1+2.

All constants ¢,C and g depend on F' and K, 41.

We emphasize that in the specific setting in which the lamination convex hull consists only of line segments
Theorem 1.4 yields the dependence of the minimal energy scaling purely in terms of the boundary data.

1.5. Structure of the sets K,,

Let us stress that the sets K, for which we study differential inclusions in this article are constructed such
that only a single rank-one connection is present in the set K, and that the lamination convex hull is obtained
iteratively in a hierarchical procedure adding one new one-dimensional line segment in each lamination step. In
particular, the overall lamination convex hull consists of a finite union of one-dimensional line segments. With
slight abuse of notation compared to [24], we refer to these boundary conditions and wells K, as a “staircase
laminates”. It is this structure which allows us to apply the commutator arguments from Section 4 in deducing
lower bounds for the energy scaling laws. We emphasize that with this observation it is possible to construct
many further examples of sets K having a similar property and that thus our sets K,, from above should be
regarded as prototypical model cases which can be generalized substantially. We however caution that while this
analysis provides a systematic treatment of scaling laws for such “staircase laminates” and while this procedure
can also be applied to certain sets K C R™*™ whose lamination convex hulls are not one-dimensional, it is
expected that with more complicated sets K, new, interesting behaviour can be observed.

1.6. Relation to the literature

Let us embed the outlined results into the literature: While not including a gauge invariance, our model
is strongly motivated by the investigation of singularly perturbed problems in the phenomenological theory
of martensite and, more generally, by vector-valued phase transition problems [2, 3, 27, 42, 44]. These have
in common that they lead to highly non-convex variational problems and are associated with vector-valued
convexity notions. The analysis of these models and their (potentially very complex) minimizers by means of
singularly perturbed models has a long tradition (see [36, 37] and [42] and the references therein) and has been
studied for a rich set of physical applications. Closest to our setting are the articles on the phenomenological
theory of martensite [4, 5, 9-11, 21-23, 26, 32, 33, 35-37, 40, 41, 45, 51-53], compliance minimization problems
[38, 39], various scaling results on micromagnetism [19, 34, 43], the more abstract matrix-space analysis in
[31, 47] and the discrete model problems from [13-16, 18]. In particular, as in the latter class of articles, we
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seek to investigate the role of the order of lamination on the energy scaling and have simplified the models from
applications by, for instance, not taking into account gauges. It is our objective and one of the main novelties
of this article to contribute to “closing the gap” between the celebrated €3 branching scaling from [36, 37] and
the extremely rigid scaling of the T structures from [48] and to thus also capture the scaling behaviour and
properties of higher order laminar structures.

1.7. Outline of the article

The remainder of the article is structured as follows:

e In Section 2 we recall our notation, central definitions and some auxiliary results.

e Building on [11], in Section 3 we first study the p-dependence of the energy scaling for simple laminate
boundary conditions by proving Theorem 1.1.

e In Section 4 we present a number of technical auxiliary results which will play a crucial role in the proof
of the lower bounds of Theorems 1.2-1.4. In contrast to the results from Section 3 these strongly rely on
L?-based Fourier techniques.

e Building on the discussion from Section 4, the lower and upper bounds of Theorems 1.2-1.4 are then
presented in Sections 5-7.

e Last but not least, in Appendix A we provide higher-order two-dimensional branching constructions for
the general energies in (1.1) and deduce corresponding upper scaling bounds.

2. NOTATION AND AUXILIARY RESULTS

In this section we collect some of the notational conventions and background results which we will use in the
following sections.

Throughout the article, when writing @ ~ b we mean that ¢ 'a < b < ca where ¢ > 0 is a fixed constant
independent of € (but which may depend on other quantities such as the dimension n, the choice of p € [1, 00)
etc). Analogously, a < b and a 2 b stand for a < ¢b and a > cb, respectively.

Given n € N, we use the notation diag(n,RR) to denote the n x n diagonal matrices with real entries. With
e; € R", j € {l,...,n}, we denote the j-th vector of the canonical basis of R".

Given d,m € N, Q C R" open, bounded and a summable function f : Q@ € R® — R™*% we denote the average
of f on Q by

1
0= | #aya.

In the case that this notation is ambiguous, we will write (f)o. Let Q@ =[]}, _,[a;,b;], given j € {1,...,n},
let Q' := H?,;éj[aj/,bj/} and let @’ = (z1,...,2;-1,%j41,...,T,) € R", we will denote by (f); : @' C R*~! —
R™*4 the function defined as follows

bj
)= [ Fla)ds,

bjfaj

which is well-defined almost everywhere (and summable) in Q' thanks to Fubini’s Theorem.

h
Given a set M C R™ and a positive integer h, we use the notation S,M = {> > m; : m; € M} to denote
j=1
the h-fold Minkowski sum of M with itself.

We collect our notation on the energies defined in the introduction and in the remainder of the article. Given
p € [1,00) and Q C R™ open, bounded, we consider
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e the following LP-based elastic and surface energy

EW) (y) = /distp(Vu,K)dm+e||D2u||TV
Q

in Section 3, together with their localizations E® )(u7 R) for R C Q C R?,
o the L2-based, phase indicator type energies

Een+1(u, X) = Eer(u, X) + €Esurg(x) = / [Vu— x[’dz + > | Dx;llrv
Q J=1

with x as in the introduction and n € N. We also use a number of related quantities in which we minimize
over x or u and emphasize the role of the boundary condition.

Further, for the characteristic functions from the introduction, we set

Xjj = Xjj — Fjjs (2.1)

and often view these as functions on T™ (instead of as functions on € = (0,1)™) by considering the periodic
extension.

Moreover, since our lower bound estimates will rely on arguments in Fourier space we introduce our notation
of Fourier multipliers. A function m : R® — R with [m(k)| < C(1 + |k|?)* for some s € R (and in particular for
s = 0) gives rise to a Fourier multiplier m(D) defined as

F(m(D)u)(k) := m(k) F u(k). (2.2)

Here given u € L'(T™)
Fu(k) ::/ e 2"k Ty (p)dx, ke L,

denotes the k-th Fourier coefficient of u. If there is no ambiguity we will also use the notation 4 = F u. Also,
for clarity of exposition, we will denote with = the space variable and with &k the frequency variable.

For further use, we recall a corollary of the Marcinkiewicz multiplier theorem on R™ (see, for instance, [29],
Cor. 6.2.5) which, in combination with the transference principle (see e.g. [29], Thm. 4.3.7), provides LP-LP
bounds of C™ regular Fourier multipliers provided a suitable decay of their derivatives holds.

Proposition 2.1. Let m be a bounded C* function. Assume that for all h € {1,...,n}, all distinct jy,...,jn €
{1,...,n}, and all k; € R\ {0} with j € {j1,...,jn} we have

10j, ... 05, m(k)| < Alkj, |71 [k, |7 (2.3)

for some A > 0. Then for all p € (1,00), there exists a constant Cp, > 0 depending on the dimension such that
for every uw € LP(T™; C) there holds

1 6n
Im(Dyullzs < Julles Ca(A + ) max {p, ~= }

We conclude this section by recalling the notion of lamination-convexr hull (see for instance [28, 42]).
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Definition 2.2 (The lamination convex hull). Let K C R™*™ for m,n > 2. The lamination convex hull of the
set K, K9 is defined as

K0 = | JKY), with K© = K,
j=0
and
KUt .= KO U{M A+ (1 -NB: A, Be KY; rank(A—B)=1, A€ [0,1]}.

The elements in KU+ \ KU) are called laminates of order j + 1.

3. ON THE TWO-WELL PROBLEM WITH ELASTIC ENERGY OF p-GROWTH:
PROOF OF THEOREM 1.1

In this section we consider elastic energies of p-growth of the form

el

E®) (u) :/ dist” (Vu, {4, B})dz,
(0.1)2

where A, B € diag(2, R) are rank-1-connected and where u attains affine Dirichlet data in R? \ [0, 1]? which are
in the lamination convex hull of {A, B}. Without loss of generality, by rotation and scaling, we may assume
that

1-X 0 -2 0
A_< 0 0>, B_<O 0), for some A € (0,1), (3.1)

with u attaining zero boundary conditions. We will consider perturbations of these elastic energies by a higher
order, “surface energy” contribution of the form

Egury(u) = || D*ullpv(0,1)2)

in order to detect the energy scaling of microstructures via minimization and to prove Theorem 1.1. We thus
study upper and lower scaling-bounds of the total energy

E@)(u) := B (u) + eBur s () (3.2)

where p € [1,00). We also denote the localized total energy by

EW) (y; Q) = / dist?(Vu, {4, B})dz + €| D*ul| 7y () (3.3)
Q

for every Q C (0,1)2. Both for the upper and lower bounds we borrow the techniques used in [11], as they can
be adapted to general p-growth conditions without much effort.

3.1. Upper bounds: first-order branching

We obtain the upper scaling bounds of energies of the form (3.2) by means of a branching construction. These
constructions originate from the work [36, 37], similar constructions are present in the unpublished manuscript
[17] which was made available to us. The result below, proved in the case of p = 2 in Lemma 2.1 of [11], quantifies
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w2

Wy

14

FIGURE 5. Example of a building block of a (vertical) branching construction as given in
Lemma 3.1.

the total energy contribution of a building block of a branching construction. We here repeat the proof for the
reader’s convenience.

Lemma 3.1. Let 0 < { < h <1, w=[0,¢] x[0,h], A, B asin (3.1) and let E® be defined by (3.3). Then there
exists a piecewise affine function v € W1 (w; R?) such that

v(l,z9) = v(0,22) =0, for every x4 € [0, h), (3.4)
v(ﬂ h) = v(g + 2 h) = 1v(acl 0), for every x1 € [0,/] (3.5)
2 ) 2 2 ) 2 ) ) ) b
and
op+1
EP) (v;w) + ePer(w) < (1 — )P oot 8eh, (3.6)
for every p € [1,00) and € > 0.
Proof. We subdivide w into the following subsets:
A
wy = {(xl,xg) cEw:0<z < ?},
A Mo (1=MNlx
CUQ:{(Il,LEQ)Ew : ?<$1<?+$},
B M (T =Ml (I =XN)lxo
wg = {(ml,xg) Cw: o+ <u <M+ T},
1—X)¢
Wy = {(ml,wg) cw: M+ (2% < <€},
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V/?

;. WO TR T

i

——

e

Y1

T Tko(0)
FIGURE 6. Branching construction on R’ as described in the proof of Lemma 3.2.

(see Fig. 5) and define v with va(x1,22) = 0 by integration of 01v1 (-, z2) on (21,22) € wj, where Ojv; =1 — A
on w; Uwsz and 01v1 = —A on wo Uwy ;

(1 =Xz (z1,22) € wr,
—Ax1 + % (w1, x2) € Wa,

v1(x1,T0) = Nz
1( ! 2) (1 — /\).131 — % ($1,JJ2) € w3,
7AI1 + pVA (1‘1,172) € wy.

Here we have chosen the initial value of the integration to be zero at z; = 0. Thus, we have that v € W1*°(w; R?),
(3.4) and (3.5) are satisfied and (3.6) follows by noticing that Vv = A in wy, Vo = B in ws Uwy and

_ _a=n¢
Vv-(lo)‘ 02h > in ws.

O

Using the building block construction from Lemma 3.1, we now quantify the total energy of a periodic
branching construction on rectangles of dimension L x H (see Fig. 6). We mimic the proof of [11], Lemma 2.3.
Relying on this lemma in many further upper bound constructions in the following sections, we here formulate
the result in general rectangles and thus slightly more general than needed for the upper bound in Theorem 1.1.

Lemma 3.2. Let0 < L,H <1,z € [0,1— L] x [0,1— H], R =20 +[0, L] x [0, H] and N € N such that N > 4k
and let E® be as in (3.3). Let A, B € diag(2,R) be such that A— B =|A—Bley®e1, F = A+ (1—-\)B for

some 0 < A\ < 1. Then there exists u € W1>°(R;R?) with Vu € BV (R;R?**?) and with u(x) = Fx + b for every
x € OR, b € R? such that

p+1

EP (u; R) < dist”(F, {A, BY) 1y

+eHN (3.7)

for every p € [1,00) and € > 0.

Proof. We first consider A and B as in (3.1), F =0, b =0 and 2y = 0. We will then recover the general case at
the end of the proof.
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Let 6 be a geometric constant such that

Consider the upper half of the rectangle R, that is R’ := [0, L] x [, H]. Set
H .
= H g
Yj 57

we cut R’ horizontally at height y; obtaining the intervals [0, L] x [y;, y;+1] with j € {0, ..., jo + 1} where jo
is chosen below. We further subdivide each of these horizontal rectangles in N2/ smaller intervals (of the same
width), by cutting [0, L] X [y;, y;4+1] vertically. Set

H(1-6)

2 , (3.9)

li=g ad by =y —y; =0

we have reduced R’ to a union of rectangles of dimensions ¢; x h; (see Fig. 6). In order to use Lemma 3.1
to define a self-similar construction, we stop this subdivision when j = jo, with jg the last index for which
l;, < hj,. Notice that on the one hand by the condition N > %, ly < hg, and on the other hand, by the
condition that 6 < %, for all j > 0 large enough, it holds that ¢; > h;. As a consequence such a jo exists. We
define the rectangles wj; ; described in the lines above as follows

(kéj,yj)—F[O,fj]X[O,hj] jZO,...,jo, kZO,...,NQj—l,
Wy = = (3.10)
@@myﬁ+g4-mjm]xﬁx§ﬂ%“} i=do+1, k=0, .. N2 _1

From Lemma 3.1, for every j € {0,...,j0}, we can find on each rectangle [0, ;] x [0, h;] a test function v; :
[0,2,] x [0, h;] — R? satisfying (3.4), (3.5) and (3.6). We thus define v € W1°°(R/; R?) by setting

vj(z = (kej,y;)) T € Wik,
v(z) =
H — T2
=gy 0 (@1 = Kljo, hjy) & € Wjgt1ks
for every j € {0,...,jo + 1}, k € {0,...,ko(j)} with ko(j) := N27 if j < jo and ko(jo + 1) := N27°. Reasoning
symmetrically on [0, L] x [0, ], we obtain v € Wy ™°(R; R?) thanks to (3.4) and (3.5). By construction and
(3.6) we have

Jo+1 ko(4) jot1 Nzt
E®(y;R) < Z Z E®) (v;w; 1) + €Per(wjx) < Z N2’ ((1 — AP hjp_l + 8€hj).
j=0 k=0 j=0 J

In the inequality above we have also used the fact that the contribution of the cut-off term on wj 41, is of
the order hj,/;, + €h;, which is comparable with the (jo + 1)-th term of the sum above for the definition of jo.
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Substituting (3.9) into this expression, we obtain

[e%¢) LP+1 1
®) (- R) < — AP
E; (v R) ~ Z ((1 )‘) NpHp—1 (2?’91’*1

j=0

)j + 6(29)jHN>.

This is a converging series thanks to the condition (3.8) and eventually, we obtain

Lrtl

(P) (- _\)pP=_
EE (D’R) 5 (1 A) NpHp_l

+€eHN. (3.11)

We now return to the general case. Then considering u(z) = |A — Blv(z + zo) + Fz + b with v as constructed
in the particular case from above, the following relation holds

dist(Vu, {4, B}) = |A — B| dist (W’{ (10A 8)’(0A 8) }>

and (3.7) comes from (3.11) and by possibly switching the roles of A and B in the construction of Lemma 3.1
so that |A — B|(1 — X) = dist(F, {A, B}). O

We refer to the construction in the normalized setting (for which A, B are as in (3.1)) of the proof of
Lemma 3.2 as a branching construction with oscillation in the direction e; and branching in the direction es.

An immediate consequence of the previous lemma is the following upper scaling bound for the two-well
problem for elastic energies of p-growth.

Proposition 3.3. Let A, B € diag(2,R) be such that rank(A — B) = 1, let A\ and F be as in the statement

of Lemma 3.2 and let Ee(p) be defined as in (3.2). Then, for every e € (0,1) sufficiently small there exists
ue € WH*((0,1)%;R?) with Vu, € BV (R?;R?*?2) and with u.(x) = Fz +b for every x € 8(0,1)? and b € R?
such that

E®) (u,) < dist?(F, {A, B})ewit.

Proof. Up to switching the roles of x; and xo we can reduce to the case A — B = |A — Ble; ® e;. We then apply
Lemma 3.2 with H =L =1and N = % for some 0 < r < 1 obtaining u such that

) (u) S dist? (F, {4, B}) (1" + ).
Optimizing in r, we infer that r ~ eﬁ, and the result follows. O

3.2. Lower bounds through a localization argument

In order to obtain lower scaling bounds for every p € [1,00), we proceed along the lines of [11] which in
contrast to other, e.g. Fourier-based techniques, generalizes easily to arbitrary values of p € [1, 00).

We premise the following well-known result which will be useful in the sequel. This is a Poincaré inequality
for BV functions stated in [11], compounding the results from Theorem 3.44 and Remark 3.45 in [1].
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Lemma 3.4. Let A C R"™ be a bounded, connected, Lipschitz reqular domain. Then for every v € BVj,.(R™; R™)
there holds

/ v~ (v} aldz < C|Dollzv(A)
A

where C < diam(A) is a positive constant.

Exploiting this together with the ideas from [11], we obtain the following lower bound scaling estimate:
Proposition 3.5. Let A, B € diag(2,R) be such that rank(A— B) =1, F = AA+ (1 — \)B for some 0 < A < 1
and let EP) be defined as in (1.2) with K = {A, B}. Then, for every € > 0 there holds

E®)(F) > min{dist”(F, K), dist(F, K ) }e7 1.

Proof. From the translation invariance of the energy we can reduce to consider functions u = Fz in R?\ [0,1]2
(i.e. taking b =0 in (1.2) and in (1.3)). Let u € Wllo’f(]Rz;]R2) be given such that u(x) = Fz on R?\ [0,1]2.
Reasoning as in the proof of Lemma 3.1 in [11], for every 0 < p < 1 small enough we can find a vertical stripe
S =[s,s+ p] x [0,1] C [0,1]? such that

EP (u; S) < pE® (u), (3.12)

where B (u;-) is as in (3.3). Consider now

B 1 s+
F(xzg) := ;/ Vu(t, z2)dt

and define f; : [0,1] — R as the first entry of a projection of F onto the set K, e.g.,

|[F(x2)

F ZTo B|7
| F'(22)

<
< Al.

L Al,l lf |F($2) — A| —
file) = {B i |F(z2) — B -

From the triangle inequality we have

[01u1 = fillpisy < 100wy = Fialls) + [l dist(Fry, {A11, Bia )l
< 2”81’111 — F1’1||L1(5) + || diSt(Vu,K)HLl(S).

We apply Lemma 3.4 on the right-hand-side above with yu; (-, z2) — F1 1 (x2) in the interval (s, s + u) for every
x9 € (0,1). This yields

[Ovur — fillics) S pll0Furllov (S) + || dist(Vu, K) | 11(s)-

From (3.12) and Hélder’s inequality we obtain

2
|vur = fillrcs) < 5 EP () + B (w)7.
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The (standard) Poincaré-Wirtinger inequality in the z; variable implies
I 1
/ lut (21, 22) = fi(@2)®1 + a(zz)|dzides < ?Ee(p)(u) + 2EP (u)» (3.13)
s

for some function a depending only on z5. Moreover, (standard) Poincaré’s inequality in the x; variable, the
diagonal structure of the matrices in K and (3.12) give

1
lur(z) — Frazilpisy < |02unlpesy < pBEP (u)v. (3.14)

Notice that in the application of Poincaré’s inequality above we used that u(z1,0) — Fy 121 = 0. Combining
(3.13) and (3.14), the triangle inequality yields

3
/ |(F11 — fi(z2))z1 + a(2z)|dardas < %Ee(p)(u) + (i + p2) EP) (u) v
s
I |
S —EP (u) + pEP (u)7.
€

Recalling the definition of f7, we notice that by linearity in z; the left-hand-side above is bounded from below
by dist(F, K)u?; hence

3
dist(F, K)p® < " EP) (u) + pEP (u)7.
€
From this we obtain that
T \
dist(F, K)u?  max { B0 (u), uED (u)?
€

which in particular yields that either E (u) 2  dist(F, K) or E® (u) 2 pP dist?(F, K) and therefore

~

E® (4) > min { dist(F, K)<, dist? (F, K)M’} > min{dist(F, K), dist? (F, K) }e 7T,
i

where the last step comes from the optimization p ~ €PiT. O

Eventually, the combination of Propositions 3.3 and 3.5 conclude the proof of Theorem 1.1.

4. PRELIMINARIES FOR THE LQ—BASED LOWER BOUND ESTIMATES FOR
HIGHER ORDER LAMINATES
Heading towards the proofs of Theorems 1.2-1.4, in this section, we present some auxiliary results which
will be used in the derivation of the lower bounds. Many of the arguments follow similar ideas as in [48] and

[39] with only smaller changes necessary due to the n-dimensional setting in this article. They strongly rely on
L?-based Fourier techniques.

4.1. The elastic energy and its Fourier multiplier

We begin by deducing the multiplier formulation of the elastic energy for which we work with periodic
extensions of the function v := u — Fx.
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Lemma 4.1 (Fourier characterization of the elastic energy). Let Q = (0,1)™ C R". Let F € diag(n,R) and let
n+1

x; €{0,1}, j € {1,...,n+ 1}, denote characteristic functions such that x; € BV (,{0,1}), and > x; = 1.
j=1

Let further

Eeni1(x, F) = mf /|Vufx| dez, (4.1)

n+1 n+1
where x = Y x;jA; and define x := > x;(A; — F) = x — F : Q — R"*". Then, identifying x with a function
Jj=1 j=1

on the torus T™, we obtain

Eernti(x, F ZZ Z |2|‘7:ij )|27

J=1 t£j keZ"

with the convention that the multiplier is equal to one for k = 0.

Proof. We first note that in what follows, we view X as a function on T". Next, we observe that by the
assumptions for the characteristic functions x; it holds that

Eeint1(x, F) = 1nf /|Vu—x\2dx

= inf /\Vu — x|?dz
vEW, 2 (,RM) J

> inf /|W - x*dz.
(v)=0

veWL2(T" R"):
T"'L

Here, in the last inequality, we have viewed VVOI’2 (,R™) functions as a subset of the periodic functions and
have changed the integration to an integration over T™. Hence, an application of the Fourier transform yields
that

/|vax\2d:c— Z |21 Fo @ik — F x|%
o kezZn

Minimizing this leads to the Euler Lagrange equation

2n(Fo®ik)k = F xk for all k € R™ \ {0}.

Thus, by the diagonal structure of the matrices x, we obtain F v; = _ﬁ% Fxjjforje{l,...,n}and k # 0.
Inserting this into the expression for E.; ,+1 and taking into account the case £ = 0 separately, implies the
desired result. We note that the above function v yields a minimizer for the periodic elastic energy given a fixed
matrix-valued function y. O

4.2. Low frequency bounds

As a direct consequence of the identity relating v and x, we observe the following estimate which we will use
in controlling low frequencies.
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Lemma 4.2. Let Q = (0,1)" and let X;; be as in Lemma 4.1 (viewed as a function on T™). Then, for every
w € (0,1) and for every j € {1,...,n} there holds

Z |‘7:>2j7](07 e 707 k]7 0) LR 0)|2 S C,U/_2Eel7n+1(X7 F)
{k;€Z: |kj|<p=1}

Remark 4.3. In the result above the boundary conditions play a very important role. This becomes clear when
looking at the stress-free case. Indeed, in case of affine boundary conditions, purely one-dimensional solutions
must be constants, whereas in the presence of periodic conditions we have nontrivial laminate solutions.

With this point of view, one can see that in order to rule out (nontrivial) one-dimensional solutions, it is
sufficient to consider affine data only on two (couples of) facets of J€ that are orthogonal to two independent
directions, see also Remark 4.4 below.

We emphasize that the proof of this lemma fails in general for the “periodic setting” in which the elastic
energy Eg;(u,x) is minimized among u € Wllof (R™; R™) such that Vu is periodic with (Vu) = F. This however
is not only a technical artifact of the method of proof; in fact, in the periodic case, a different (shifted) scaling
behaviour is expected. We refer to Section 5.3 for an example of such a result.

Proof. Let v € Wol’z(Q;]R"). We first estimate Fv;. Assuming first that j = 1, Plancherel’s formula, the
vanishing Dirichlet conditions and the fundamental theorem of calculus give

Z |./—"U1(k1,0,...,0)|2§Z|./—"’U1(kl,0,...,0)|2

lka|<p—t k1 €2

1 2
:/ (/ vl(:rl,xg,...,xn)dxg...d:z:n) dz;
0 [0,1]n—1
1 T2 2
= / (/ / 82vl(x1,s,x37...,:En)dsdxg...dacn> dz;
0 [0,1»=1 Jo

1 2
/ (/ |82v1(m1,s,x3,...,a:n)|dsda:3...dxn) dz.
0 [071]n—1

IA

Next, we specify v € VVOI’2 (€2, R™) to be such that [ |[Vv — x|*dz < 2E,; ,4+1(x, F). This is always possible since
Q

Eeint1(x, F) =0 if and only if x = F, as a consequence of Lemma 4.1. With this specification, we obtain by
Jensen’s inequality and the diagonal structure of ¥

Z \]-"vl(kl,O, e 7O)|2 S Hagvl‘liz('ﬂa) S 2Eel,n+1(X7F)- (42)
|ki|<p—?

Moreover,
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Z | FX1,1(k1,0,...,0)]> <2 Z F(0rv1)(k1,0,...,0) = F X1,1(k1,0,...,0)>
[k1|<p—1t [ky|<p—1
+ 2 Z 811}1 k1,0,...,0)|2
[ky|<p—t
S4B (G F) 4872072 Y [ For(ks,0,...,0)
|k |<p—!

S CM_QEel,nJrl(XvF)-

In the last step, we have used the estimate (4.2).
Let now j > 1. With an analogous reasoning we obtain

1 2
Z | Fv;(0,...,0,k;,0,...,0)? g/ (/ |61vj(s,x2,...,mn)|dsdx2...dxj_1dxj+1...dxn) dz;.
0 [0,1]n—1

[kjl<p—?!

As in the case j = 1, specifying v € Wg’z(Q,R") to be such that [ |Vv — x|?dz < 2E¢;n11(x, F) then yields
Q

> [ Fui(0,.0 k50,000 < (1010172 (r2) < CBernia(x, F).
{Ik;1<p=1}

Combining the above bounds concludes the proof. O

Remark 4.4. We highlight that, in the proof of Lemma 4.2, the homogeneous boundary condition on v can
be relaxed, requiring v to be periodic and vanishing only on two couples of (opposite) facets of the cube (.
Namely, given j',j” € {1,...,n}, j' # j” we let v: T® — R be such that

. -/ /A
(@1, 1,0, Thg1y ey Tn) =0 =0(21, ..., Tho1, 1, Thg, ..., Tp) With B = 5"

Indeed, in applying the fundamental theorem of calculus in the proof, we have only used that
v1(21,0,23,...,2,) = 0 = wvi(x1,1,23,...,2,) for all zy,23,...,2, € (0,1) when j = 1, and that
v;(0,22,...,2,) =0=v;(1,22,...,2,) for all z9,...,z, € (0,1) when j > 1.

In particular, this means that the result of Lemma 4.2 still holds for elastic energies

Eeint1(, F) = inf{/ |Vu — x|?dz : Vu € T", (Vu) = F,u=Fz+bon T UFJ-”}
Q

where I'; = {z € 002 : z; =0,1}.

For such boundary conditions one can find constructions (simpler than those shown in Sects. 6 and 7)
matching the upper bounds of Theorem 1.4. These are the most general boundary conditions that “force” the
highest order of lamination possible, see also the discussion in Section 5.3.

4.3. High frequency estimates

Next, we recall the phase-space bounds resulting from the interplay between the Fourier multiplier for the
elastic energy and the surface energy. This leads to low frequency localization results in certain truncated cones.
The argument for this follows along the lines of [48] but is formulated for n dimensions here.
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For arbitrary but fixed u, puo > 0, we start by introducing the notation for truncated cones which we will be
using in the sequel:

Cippn = {keZ: Z |ke|? < 12|k, |k| < pab, je{1,...,n}. (4.3)
]

Corresponding to these truncated cones, we also assign associated Fourier multipliers x; , u,(D). These are
determined by non-negative C°°(R™) functions such that x; . ., (k) =1 for k € C; ,, ., and x; .., (k) = 0 for
ke Z"\ Cjau2u,- For |k| < ps they are chosen to be essentially zero-homogeneous (due to technical reasons
in the regularity conditions required for applying the transference principle, a small neighbourhood of the
zero frequency has to be treated separately). A possible explicit choice would for instance be x; . ., (k) =
(1- zb(k))go(iW)cp(‘%) + (k) where ¢ € C>(R) is a positive function which equals 1 on [—1,1] and
vanishes outside [~2, 2] and ¢» € C*°(R") which equals 1 on By and vanishes on R\ By. The multipier X; . ., (D)
is then defined as in (2.2). In this article we will almost exclusively restrict to the choice p = €* for some « € (0, 1)
which will be determined in the respective settings below. The role of us will vary depending on the iteration
step in our argument.

Further, we recall the notation x; ; := x;,; — Fj ; from (2.1), where the functions x; ; denote the components

of the diagonal matrix x from above and where F' € diag(n,R).

Lemma 4.5 (A first localization result to cones). Let Q = (0,1)", u € (0,1), us > 0 and let Eeppn11(-,-) be as
n+1

in (4.1) and Esurf(X) == Y [|Dx;llrv (). Then,
j=1

D N F R = X (D) F X5l 72 S 12" (Bsur () + Per(2)) + w2 Eetna (X, F)-
j=1

Proof. We argue in two steps: First, using the surface energy, we show that high frequency contribution can be
cut off. Secondly, using the multiplier for the elastic energy, we show that it suffices to restrict to certain cones.

Step 1: High-frequency cut-off. We argue as in the proof of Lemma 4.3 in [33]. Using that |x;| < 1, we obtain
that for any ¢ € R™ it holds that

Per(Q) + |1 Dx;llrve) = 1DX;llrvrm

1 1 o
> [ =R > 2 3 - Pyl
Tn kezZm

Here, as above, we have viewed x; as a function on T™ after extending it periodically. Integrating over 0 B|. we
hence deduce that

|C|2||DX]'||TV('H‘") > C|c| Z |-7:Xj|2~
{kezr: |k|> g}

Tel
Choosing |¢| = p5 ' and summing over j € {1,...,n + 1} yields the following bound
n+1

CY > IFX P <Y Y IF xR < Oy (Bourp (%) + Per(Q)). (4.4)

J=1{lk|zp2} J=1{|k|Zn2}
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Step 2: Conical cut-off. Using the multiplier from Lemma 4.1 in combination with the definition of x; ;, we
obtain

Benii(x, F ZZ > |k|2|fx],g B)> > ) > F 5.5 (k). (4.5)

j=14+£j ke J=1{3 0 kel >p? k|2 }

Combining the two cut-off bounds from (4.4), (4.5) by a triangle inequality argument then yields the claim. O
Next, we formulate the following nonlinear commutation result:

Lemma 4.6 (A commutation result). Let g be a polynomial of degree d € NU{0}. Let A\; € R and assume that
for some £ € {1,...,n}

Xee=9 > N
i
Then, for any v € (0,1) there exists a constant C' > 0 depending on v, g, F' such that

190> AiX 1 (D) X55) = Xegunn (D) A%5.5) 22

it it
<O (M) 1 (15,5 = Xows (D)Xi51122) + Kee = Xegunn (D) Ree 2,
it

where 5(z) = max{|z|,|z|?} for B > 0.

Proof. Step 1: Dealing with the lack of global Lipschitz bounds for g. Using the convention that Ay = 0, we begin
by proving the following auxiliary result: For any v € (0,1) there exists a constant C' > 0 depending on g,y
such that

llg( Z/\jXJJ Z)‘]XJ,M,,HQ WXilllze < CZmaX{P\ 4, (AN = Xiopome (D ))Nijj”};’y' (4.6)

Jj=1

By the triangle inequality, we may assume without loss of generality, that g(t) = t¢ for some d € NU {0}.
We now argue as in Lemma 4.5 of [48]. Expanding a? — b? = (a — b)G(a,b) for d > 1 (and noticing that the
differences cancel completely for d = 0), where G is a polynomial in a, b of degree d — 1, we obtain by Hélder’s
inequality for any v € (0,1) that

n

||9(Z ner) Z/\ijuuz )Xi.) 2

Jj=1

M:

n n
IG5 = Xgopas (D) XG,5) Z JijZ Xz (D)X5,5) || 2 (4.7)

J=1

M:

INillIXG, — X pspiz (D)Xj.jll2+2v HG(X} AiXj.gs z; Aj X otz (D)f(j,j)HL@ .
j= j=

<.
Il
—

By interpolation, the LP-LP boundedness of Fourier multipliers given by Proposition 2.1 (which results in
uniform in p and pe bounds for the operator norms of x; .., (D) and 1 — x; .., (D)) and the boundedness of
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the functions x; ;, we further obtain

X5 = Xgupuz (D)X, || 227

- 1=~ - - 4.8
< 155 = Xs0as DI 12155 = XDV 210 < Clis = XDl 4

where C' > 0 is a constant depending on v and F. We deal with the remaining nonlinear contribution as in [48]
and estimate by Holder’s inequality

||G<Z ijj,jvzij]—,u,M(D>>zj,j>||L@

d—1-h
< Z | Z /\]X]JH @+2m)d=1) | Z AjXi,mnz (D)X;.51 (21+2'Y)(d—1) :
Yy

h=0 j=1

Using again the (uniform) LP-L? boundedness of our Fourier multipliers, the boundedness of the functions ¥;
and inserting (4.8), (4.9) into (4.7) thus finally yields (4.6).
Step 2: Conclusion. With the result of Step 1 in hand, the conclusion now follows from the triangle inequality:

190> XX (D) %5.3) = Xewun (DIIOD - A% 2

L L
n n
< HQ(Z Aj Xz (D) X5,5) Z)‘JXJJ 22+ [lg( Z)‘]XJJ Xﬂ,u,uz(D)g(Z AiXii)lleez
i=1 j
<CY (MDY (1.5 = Xgws (D)X 51l 12) + ||>Ze,e = Xtz (D) Xe,
J#e
In the second inequality we have used the assumption that x,, =g <Z /\jf(j’j) . O
it

Remark 4.7 (The linear case). The commutation result of Lemma 4.6 is designed for nonlinear (polynomial)
relations g, that is d > 2. While the case g constant (i.e. d = 0) is trivial, it is worth commenting on the linear
case d = 1. Indeed, take for simplicity g(t) = ¢, by simply adding and subtracting x¢ . and applying the triangle
inequality we have

[ Z)‘ij,u’#z (D)Xjj = Xeuus (D)Xeyel[ 22 < Z IG5 = Xgaaue (D) X5l p2 + [[Xee = Xe,pups (D)X,
it it

We, in particular, highlight that there are no losses (manifested in the presence of the parameter v > 0) occurring
due to the interpolation in the linear case.

Finally, we combine the information from the previous two auxiliary results into an improved conical
localization statement.
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Proposition 4.8 (Exploiting the nonlinearity). Let A\; € R for j € {1,...,n} and assume that for some ¢ €

{1,...,n} it holds that X¢e =g (Z AjXj,j |, where g is a polynomial of degree d € NU {0}. Let p3 := Mppuo
J#e

for some M > 0 depending on d. Then, for any v € (0,1) there exists a constant C' > 0 (depending on g,7, F)

such that

1Xe.e = Xe,pus (D) Xe el 2

<Y ba(IND 1 (1.5 = X (P)X51122) + Cll%ee = Xt (D)X,
7t

Proof. We argue as in Lemma 4.7 of [48]. We first note that by the construction of the cones, we have that

max  |ke| < dpop, j# L. (4.10)

k€C;) 20,20

Hence, since g is a polynomial and due to the fact that multiplication is turned into convolution by the Fourier
transform and recalling that supp(x;,u,u.) N Z"™ C Cj2u,2u,, We obtain that

F(9O A Xg s (D)X55)) (k) = 0 for [ke| > Mpupy,
it

where M = M(d) > 0 depends on the degree of g. Setting Xy ., to be the characteristic function of the set
{k € R™: |k¢| > Mpps} and recalling (4.10) as well as Lemma 4.6, we infer that

X € 1122 (D) X, a0 (D Z AjXig) L2
Jj#e
= ||Xé,uu2(D) Xtz (D ZAJX]J ZAJX]MIQ XJ’J))||L2
J#t J#Ll
< Ixepue (D Z)‘JX]J ZAJX]#HQ )Xi.) |l 2
Jj#t Jj#t
<CY va(IN )1~ (16,5 = Xgas (D)X 511 22) + Kt = Xt (D) Kol 2
J#L

In particular, by virtue of the pointwise bound | Xz, — Xe,p.ps| < X0 pupo Xt,1,100, We Obtain

X112 (D)g D Xi%sd) = Xewuns (DYIOY - A% ) 2

it Fo,
< Xt iz (D)X 1,102 (D Z)‘JXJJ [h%
J#l
<Y ba(IN D)1 (1.5 = X (D)X51122) + IR0 = Xeguus (D)Xt 22

J#l

As a consequence, by the triangle and by the bounds from above

9> Ai%.3) = Xeuus (D)9 A% 2

i i
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<90 S Ai%3) = X (D)9 %55 2
it it
F X1 (D) Xi%5.3) = Xeus (DIIO - Ni%s.5) 2
AL Py,

< Czwd(p‘j‘)wlfv(‘b@,j - Xj,u,uz(D)S(jJ”LQ) + ||)~(£,£ = Xl 2 (D)XZ,ZHLZ-
J#L

Here, in the last line, we used that Y, =g (Z )\j)zj,]). O
i

For technical reasons we will need a slight modification of the previous result that lets us deal with “non-
symmetric” frequency localization on cones.

Corollary 4.9. Let \; € R for j € {1,...,n} and assume that for some ¢ € {1,...,n} it holds that X¢, =

g <Z Ajij7j>, where g is a polynomial of degree d € N U {0}. Let us := Mpps and py := M’ uus for some
J#e

M, M' > 0 depending on d such that 0 < pg < pus < pa. Then, for any v € (0,1) there exists a constant C > 0

(depending on g,v, F) such that

1Xe,e = Xe, s (D)X,

<O a(IND) 1~ (16,5 = Xgs (D)X551122) + K6 = Xtguan (D) Rl 2
7t

Proof. Working analogously as in the proof of Proposition 4.8 we have that

max |ke| < 4usp, jF# L,
ke€Cj2p,203

and since g is a polynomial we obtain

Q(Z AjXgo s (D)X5,3)) (k) = 0 for [ke| > M’ pps.
J#L

Setting x¢ .., to be the characteristic function of the set {k € R" : |k¢| > M’ pps}, from equation (4.6) (exploited
with ps in place of ug) we infer that

1€, s1125 (D)X, p102 ( Z)‘JXJJ L2
J#
= ||X€,uu3(D) Xe,paps (D Z)‘JXJJ Z)\JXJ#HS Xjﬁj))HH
J#L J#l
< Xtz (D Z)‘JXJJ Z)‘ijuus )Xi.) |2
J#L J#L
< xes (D) Xee = Reellzz + 190 S Ni%55) = 9O NiXguns (D)X.5) |22
J#L J#e

<Y ba(IN D)1 (1.5 = X (D)X
it

£2) + IXe.e = Xepus (D) Xe,el| L2
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Using the bound |x¢ 0 — Xe,upma| < X pps X, and the triangle inequality as done at the end of the proof
of Proposition 4.8 we obtain the claim. O

5. THREE WELLS: PROOF OF THEOREM 1.2

In this section, we study a model problem involving three wells without gauges which gives rise to laminates
of order up to two. As the main result of this section, we provide the proof of Theorem 1.2 illustrating that
the order of lamination of the displacement boundary data determines the energy scaling of the problem. We
split the proof into two parts: First, in Section 5.1 we discuss the upper bound construction (which essentially
follows [11] or [39]) and then combine the ideas from [48] with the ones from [39] to deduce the lower bound
scaling behaviour in Section 5.2. Finally, in Section 5.3 we illustrate the difference between the periodic and
Dirichlet settings by proving scaling bounds in the periodic setting.

5.1. Upper bound

The upper bound in Theorem 1.2 (i) directly follows from Proposition 3.3 with A = Ay, B = A3 and p = 2.
To obtain the bound of Theorem 1.2 (ii) we perform a second-order branching construction. We therefore
consider the auxiliary matrix

1 1
Ji1 = §A2 + 5143 =—A (51)

which is rank-1-connected to all the stress-free states (see Fig. 3). We remark that in this case F' € Kélc) \Kél),
that is a second-order laminate of the set K3, can be written as F' = AA; 4+ (1 — A\)J; for some A € (0,1).

Proof of the upper bound from Theorem 1.2 (ii). Due to translation invariance we assume b = 0. We work in
several steps for the sake of clarity of exposition.

Step 1. Consider u™) € W1°°((0,1)%;R?) defined by Lemma 3.2 with A =J;, B=A;,p=2 H=L=1
and N = %, where 0 < r < 1 is an arbitrarily small length scale. We set x*) to be the projection of Vu(!) onto
{A1,J1}. Note that such a projection function is well-defined almost everywhere by construction of u(%).

Step 2. We will define u(®) by replacing u") with a finely (branched) oscillation between the states Ay and
Az on {x) = J;} (outside of the cut-off region) with boundary datum u("). We make this substitution inside

each cell w;;, with j € {0,...,jo} as defined in (3.10). Here we have {x") = J;1} Nw; = w]u,g U w](?’,g with

A
wj(lk) = [ijkgj + TJ} X [y, yj+1]

A 1—=Mli(x2 —y;
wj(?’k) = {TJS-TI—( )2jf§2 yj) —kjfjg)\fj,$2€[yj,yj+1]}.
J

(5.2)

We recall that £; = 57, y; = 1 — %j and h; = y;11 — y; = 15267 as defined in (3.9). Notice that the sets above
correspond to w; and ws in Figure 5.
Step 3. We fix a second small length scale 0 < 7, < 7. We apply Lemma 3.2 (with switched roles between

z1 and z2) on wj(l,g with F' = J;, A= Ay, B= A3 and N = N; := %. Notice that the hypothesis N > %

in Lemma 3.2 is satisfied for such choices. Thus, we can find a function v§1,€) S Wl"’o(wj(-l,g; R?) such that vj(lk) =

u® = Jiz+bon 8W§,lk) and

3
dist?>(Vo'l), K3)da + ¢| D% | + ePer(wi)) < M N+ eh, (5.3)
(1) g,k 3 J.k TV(UJ;%) gk~ N2€j J J* :
J.k
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FIGURE 7. An example of the second order laminate construction «(?) used in the proof of the
upper bound for Theorem 1.2(ii) in a cell of generation zero, e.g. wp . Each color corresponds
to a well of K3.

Here the quantities £;, h; refer to the ones from Step 2 which determine the length scales in the inner branching

construction, see Figure 7. The construction inside w](3,2 is obtained from the one above, thanks to an affine

change of variables, i.e.

(1]3 (-131 o (1 - A)ej(x2 —yj) _ A_ej’mQ) + (_ Aéj + (1 _)‘)gj(xQ _yj)’o). (5'4)

2h, 2 2

3
”3(,13(1171,372) =v 2 2h,

J»
We thus get

(A=1)¢; (A=N)¢;
dist? (Vo' Ka)de = | dist? (vu(.l,g U= ) (0 =), Kg)dx
w® 7 ) PR\ 1 0 0
Js

“ik

(5.5)

We have now everything in place to define the function u(®?> € W°((0,1)%;R?) to be equal to vj(llz (z) and

vj(glz(x) on wj(llz and w;?’,z respectively and to u(!) otherwise. We recall that in &}, := wj \ (wj(lk) U wj(3,2) only
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surface energy is present and thus

/ dist*(Vul?, K3)dz + €| D*uV |y 1 ) + ePer(w) ) < eh;.
. ,

’
gk

Combining the inequality above with (5.3) and (5.5), for every j € {0,...,j0} and k € {0, ..., % — 1}, we have
that

) 3 03
/ dist®(Vu®, Ks3)dz + €| D*u® ||py (o, ) + ePer(wje) < NTJ& + el;N + hi] + eh;.
Wik

Eventually, summing over j and k, and controlling the (jo + 1)-th term as in the proof of Lemma 3.2, we get

- | (5.6)
SE () () )5 (2) e

for some i <0< %, where x(?) is the projection of Vu(? on Kj. In the first inequality in (5.6) we have also

used that |[Dx®||ry < C||D*u®||7y. Optimizing the expression above we get 7o ~ 2 and thus r ~ 3. We
can therefore define u. € W1°°((0,1)%; R?) with u.(x) = Fx for every z € 9|0, 1]? and

EGB(“&X&) S 5%7
where u, = u(® and y. = x?. -

Remark 5.1. The choice N = % in Step 2 is motivated by the fact that it preserves the “self-similarity”
of the construction. This seems the most natural one among all the choices that keep the summability of the
quantity in (5.6), which is possible.

We also refer to Appendix A for two-dimensional constructions with general p € [1,00) and an arbitrary
number of wells.
5.2. Proof of the lower bounds

The proof of the lower bounds in Theorem 1.2 in part mimics the argument from the stress-free case. We
thus begin by recalling the rigidity proof in this setting.

5.2.1. Motivation for the lower bound: The stress-free case

Before turning to the proof of the lower bounds in Theorem 1.2, we give an argument for the proof of
the corresponding stress-free rigidity result. We will mimic parts of this in our proof of the lower bounds in
Theorem 1.2.

In the stress-free case, we observe that the problem reads

_ (X1 —XxX2—X3 0 .
Vu = ( 0 st X3> a.e. in Q. (5.7)

We claim the following rigidity result for this problem:
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Proposition 5.2. Let u € W1°(Q,R?) be a solution to (5.7). Then, the following dichotomy holds:

e Fither Vu = Ay or Vu € {Ag, A3} a.e. in Q.
o IfVu € {Az, As} a.e. in 8, then u is (locally) a simple laminate.

Proof. The differential inclusion (5.7) implies that dyu; = 0 and d1us = 0 a.e. in Q. Hence, there exist functions
f1 and f> of a single variable each, such that

Ohurp = fl(xl) S {:l:l}, Ootig = fg(:ﬂg) € {0, :l:l}

Now, since x1,1 =1 — 2)@12, we obtain that f; = 1 — 2f2. Hence, due to the different x; and x5 dependences,
f1 is constant. Thus,

iffi=1 = fo=0
iffi=—1 = fye{xl}.

This concludes the proof. O]

5.2.2. Preliminaries for the lower bound

We seek to deduce the lower bounds by mimicking the argument from the stress-free setting. However, we
caution that the dichotomy arising from the differential inclusion yields important structural information but
not directly the full information. Only in combination with the Dirichlet boundary data, the desired scaling
behaviour is obtained. This matches the observation that there is a different scaling for the problem with
imposed Dirichlet data and the periodic problem (with prescribed mean) if one considers data from the second
lamination convex hull, see Section 5.3.

As indicated, our proof combines

e the Fourier multiplier ideas from [48] (see also [9, 10, 33]) in order to deduce structure on the Fourier
support of the characteristic functions x;, j € {1, 2,3},
e the bound from Lemma 4.2 used to bound the correspondingly matching range of low frequencies.

We begin by recalling the notation from Section 4. In the three-well setting from Theorem 1.2, the diagonal
components of y read

X1,1 7= X1 — X2 — X3, X22:= —X2+X3
and, denoting by F' the affine boundary datum, we write
X1,1 = Xx1,1 — F1,1, X2 = X222 — Fope.
Moreover, the conical domains defined in (4.3) now are given by:
Crpps =k €22 [ko| < plkl, [kl < o}y Coppy = {k € 2 [ka| < plkl, k] < po}.
As above, to these cones we associate Fourier multipliers X, ..., (D) which are determined as in (2.2) by C*(R?)
functions, (essentially, in the same sense as above) zero-homogeneous for |k| < e, non-negative, such that
Xz (k) = 1 for k € Cj iy and Xj o, (k) = 0 for &k € Z2\ a2

In the following, we will always presuppose the first localization result in the frequency space which is provided
by Lemma 4.5 and which in our three-well setting reads

X110 = Xtpue (D)X11 1172 + [X2,2 = X202 (D)X2,20172 S €% (Ees(x, F) + € Per(Q)), (5.8)
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where E. 3(X, F) := €Esurt(X) + Fer,3(x, F) and where p ~ €* and pg ~ €2*~1 (the choice of the prefactors will

be made in the following steps). In the sequel, we combine this localization with further reduction steps origi-
nating from the choice of the boundary data (and their order of lamination) and further nonlinear dependences.
We deal with the case of first order laminates and second order laminates separately, although the case of first
order laminates (with affine boundary data) could essentially be reduced to the discussion in Section 3 with

p=2.

5.2.8. One order of lamination

As an illustration of the tools and ideas which we are employing in this section in a simplified setting, we
first present a Fourier-based proof of the lower bounds for boundary data F' involving first order laminates, i.e.

of the lower bounds in Theorem 1.2 (i). We recall that the elements in K?El) \ K3 are of the form

-1 0
F(O J
where |p| < 1.

Proof of the lower bound in Theorem 1.2 (i). In order to apply the low-frequency control of Lemma 4.2, we
choose p = €%, pug = %620‘_1 and o = % With these choices of parameters the truncated cones Cj , ,.,, that are
of thickness 8upo = 1, reduce to be one-dimensional, namely C; 2, 2., = {kje; : |kj| < %e’%}. Lemma 4.2 thus
yields

S FakL 0P+ Y [ FRea(0 k) < e 8 EBas(x, F). (5.9)

kil <ded [ka|<ie™3
Hence (5.8) and (5.9) give

Ixt1 + 1172 + lIx2.2 — plli
< 2[[X11 = X pupa (D)X11 1172 + 20IX2.2 = X1pa (D) X2,2172
+20 > [ FtakL 0P +2 Y [ FRe2(0,k) (5.10)
lki|<ie™3 ka|<iem3

5 6_%E€l,3(X7 F) + 6_%(E€,3(Xa F) =+ ePer(Q)).

Exploiting the left-hand-side above, we obtain
Ix11 + 172 + [Ix2,2 — g7 > min{(1 — @), (1+ p)*} = dist*(F, K).
Since for F € KW \ K it holds that |u| < 1, we arrive at
0 < C(F) < €75 (Bes(x, F) + €Per(Q)),

which is the desired inequality after absorbing the perimeter contribution e Per(£2) into the left-hand-side of the
above inequality by considering € € (0, €g) with €9 = €o(F,n) > 0 sufficiently small. O
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5.2.4. Two orders of lamination

Next we consider the setting from Theorem 1.2 (ii) and thus focus on boundary data F of the form

_(n O
P (5 0)
with |u| < 1. For such F' we have X171 = x1.1 — 4 and Y22 = X2,2.

In this setting, we combine one iteration of the nonlinear bootstrap argument from [48] with the boundary
data argument from Lemma 4.2. We make use of the analysis performed in Section 4.

Proof of the lower bound in Theorem 1.2 (ii). As in the proof of Proposition 5.2, the crucial remark is that

Xi1=1—p—=2%5, = g(Xa,2), (5.11)

that is the second (diagonal) component of ¥ determines the first one through a (nonlinear) polynomial relation
g. We can therefore improve the arguments used in the proof of Theorem 1.2 (i) by reducing the conical Fourier
multiplier C3 2, 2., on which F x1,1 concentrates its L? mass. This is achieved by virtue of Proposition 4.8: for
any v € (0,1) there exists a constant C' > 0 depending on v and g and a constant M > 0 depending on the
degree of g such that

X110 = Xt pes (P)X1ll72 < X100 = Xtapa (DI)X1,1 0122 + C1—s (X222 = X200 (D)X2,2122) (5.12)

where p13 = Mpuio. Here we take = 1€ and po = 712>~ 1. Collecting (5.8) and (5.12), we obtain

[X1.1 = Xtopous (D)X1,11172 < Ch1—r (672 (Ee3(x, F) + € Per(12))). (5.13)

We control the low-frequencies thanks to Lemma 4.2, that is

Z |~7:>21,1(k170)|2 5 6720‘ el,3(X7F)7
|k1|<2Me—

which combined with (5.13), choosing a = } so that 8uus = 1 and thus Ci 42, = {(k1,0) : k1| < 2p3 =
2Me™ 1}, gives

H)~61,1||2L2 < 2||X17M7M3 (D)Xl,l %2 + 2||Xl,1 — X1,u,p3 (D))~6171||2L2
< C1—y (672 (Bes(x, F) + €Per())) 4+ Ce > Eg 3(u, x).

Eventually, inserting the definition of ¥1,1 and recalling the definition of J; from (5.1), we infer

dist?(F, {A1, J1}) = min{(1 — p)%, (1 + p)?} < x1,1 — pll72 = X113
< Cpy_o (673 (B 5(x, F) 4 € Per(2))).

Next, we distinguish two cases: If e_%(]Eeg,(><7 F) 4+ €Per(Q)) > 1, then the last inequality turns into

dist*(F, {A1, J1}) = min{(1 — p)%, (1 + p)?} < x1,1 — pll72 = X117
< O(e 5 (Bes(x, F) + e Per(92)).
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If on the other hand, e~ 2 (E3(x, F') + ¢ Per(€2))) < 1, then we obtain

L2 . -
dist ™7 (F,{A1, J1}) = min{(1 — 1), (14 p)*} < [Ix11 — pl72 = X0 ll2
< C(e72(Ees(x, F) + ¢ Per(Q)).
Choosing € € (0, ¢y) for €9 = €o(F, n,~y) > 0 small enough and absorbing the perimeter contribution into the
left-hand-side, then concludes the proof of Theorem 1.2(ii). O

5.3. The periodic setting

The situation is different if we allow for a weaker constraint on y, such as an imposed mean value in the

periodic setting. Specifically, consider F' € K§2) \ K. ?(,1). In the Dirichlet case minimizers involve two orders of
laminations:

e (finest) inside the domain near the interface between incompatible states, i.e. x1 and a mixture of x2 and

X33
e (coarsest) at the boundary to attain the boundary condition F.

Both oscillations occur at small length scales in order to minimize the energy. In the periodic case, a mean
value constraint does not force the minimizers to match the constant gradient F' at the boundary. Therefore,
fine oscillations appear only at the interface of different states and the minimal energy behaviour corresponds
to that of the two-well problem with affine data which we make precise in the following results.

Let E. 3(u,x) be defined as in (1.4) and set

E.(x) :=inf {Fc3(u,x) : u € WL2(R%;R?), Vu is [0, 1]*-periodic}

loc

for every x; € BV(T?;{0,1}) with x1 + x2 + x3 = 1. Define also

0 :/ Xi J=1,2,3.
[0.1]2

We first show a quantification of the stress-free case from Proposition 5.2 in the spirit of the articles [9, 10, 46].

Lemma 5.3. For every x as above and € > 0 there holds

_2
X110 — <X1,1>||%2([o,1]2) + lIx2,2 — f2||i2([o,1]2) S € 3E(x) (5.14)

where fo 1 [0,1] = {0, %1} is a function of x5 only satisfying the following dichotomy:

(i) if 1 — 01 < e 3E.(X), then it is possible to choose fo = 0;
(ii) if 01 < e 3 E.(x), then it is possible to choose fo € {£1}.

Proof. We argue in two steps.
Step 1. Reasoning as in Lemma 4.1 without the mean-value constraint we have

ko|?, ko|?, .
I + S,

inf {Eehg(u,x) tu € Wllo’f(RQ;R2), Vu is [0, 1]2—peri0dic} > Z
kez?

Hence, we can rework Lemma 4.5 to result in

X110 = Xte (D)x11 172 + [IX2,2 = X2 (D)X2,20172 S € Ee(x) (5.15)
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with 11 = € and po = $€2*~! (where we note that in the periodic setting no additional perimeter contribution

is needed in the high frequency bounds). Since

keCSll,iE),ZHQ |ko| = dppe = %630171, kecs;igw |k1| = dppe = %630[71
with the choice o = é we have
Ciou2us CZx {0}, Caopou, C {0} x Z.
Hence, (5.15) implies that
Ix1a = (xn)alie + Ixez — (e2hll3e S €5 Be(x). (5.16)

We can improve this estimate by exploiting the fact that x11 = g(Xx2.2), where e.g. g(t) = 1 — 2¢>. Indeed,
notice that

[{xaa)2 = Oandllze = [1xan)2 = ((xan)2)llie
< [[{x11)2 — 9((x2,2)1) — ((xa.1)2 — 9((xa2)1))1 172 (5.17)
S )2 — 9((cz2) )z

where in the last step we have used the general fact that ||v — (v)[|%. < 4|[v]|2, (recalling that all the integrals
are in [0,1]?). Then by the triangle inequality, (5.16), (5.17) and the local Lipschitz regularity of g yield

It — ) lze S llxan — (aellze + 1)z — ()l
_2
Slixan = Gan)alliz + lg(xe2) — 9((x2.2)1)132 S €5 Ee(x).

Since for every integrable function we can find a point in which it is lower than its mean we can find
Z1,%2 € (0,1) for which

Ix2,2(&1,) = (x2,20172 < lIx2,2 — (x2.2)1]1 72
Using the notation fo = x2,2(%1,-) and applying the triangle inequality, we get
_2
Ix11 = (anllze + lIxez = fallze S €5 Be(v). (5.18)
We remark that fo € {0,£1} and thus (5.14) is proved.
Step 2. It remains to prove the dichotomy on f5. On the one hand, point (i) is immediate, once we recall that

1 —6; = 6054 03 = |[x2,2]|2:. On the other hand, in order to prove (ii), assume that 6; < € 3 E.(x). We show
that if [{f2 = 0}| > 0, on this set, we can substitute fo with some non-zero f; in the estimate (5.14). Indeed, let

f= fo i f2#0,
"1 i f=0.

Since 61 = [{x2,2 = 0}|, denoting with €’ the support of x2 2, we obtain

r rs r} rs _2
Ix2.2 = follf2 Slixe2 = follfzy + Ix22 = Pl 720 S Ix22 = Foll 72y + € 3 E(X).
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Here, in the last estimate, we have used that, by assumption,
[x2,2 — f2||2L2(Q\Q/) = ||JE2H%2(Q\Q') < ClQ\ Q| =Ct < e TE(x).
Now, from the definition of f> we get

[x2,2 — f2||%2(9/) = |Ix2,2 — f2||%2(sl’m{f2;£0}) + [Ix2,2 — f2||2L2(Q'm{f2:o})
= lIx2.2 = follZ2(nipazop + X222 = UT2(ngfamop) < 4lx2.2 = f2ll 720

Here, in order to bound the last contribution, we have used that

[x2,2 = Ulr2(nif=0p) < 4 N {fa =0} =4|x22 — follL2(n{fa=0})-

Combining the two inequalities above the result is proven. O

Remark 5.4. Lemma 5.3 quantifies the stress-free case in the sense that if E,. = o(e%), let u. be a minimizing
sequence, then we have either |[Vu, — 41|12 = 0,(1) or

o= (5 2)]

We now have the tools to prove the following energy scaling behaviour result under mean value constraint.

L= 0e(1).

Proposition 5.5. Let F € K§2) \Kél) and let

E.(F) = infinf {E. 3(u, x) : w € W"?(T*R?), Vu is [0, 1]*-periodic, (Vu) = F},
X

then

B
N
Wi

E(F) S €5.
Proof. Jensen’s inequality implies
[(x1,1) = Fi1? < Ba(x)- (5.19)
This combined with (5.14) and the triangle inequality yields
min{|F1 + 117, |Fiy — 12} S € 5 B(x) + Ea(x),

which proves the lower bound.
Regarding the upper bound, let FF = AA; 4+ (1 — X\)J; with J; as in (5.1). We consider

ue(r) = {Alx x € [0, ] x [0,1],
T Y ve(z) oz e M) x[0,1],

where v, is a branching construction given by Lemma 3.2 with A = Ay, B = A3, F =J;, p=2 and R =
[A, 1] x [0,1]. O

Note that if F' € K?El) \ K3 it is well known that E.(F) ~ € since in this case only a single twin is necessary.
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6. FOUR WELLS: PROOF OF THEOREM 1.3

In this section, we discuss the three-dimensional problem involving four gradients which had been introduced
in Section 1.3.

Using the observation from Lemma 4.1, we note that in this setting we have the following Fourier
characterization of the elastic energy: For every F' € diag(3,R) we have

k3 + k2
k|2

k¥ + k3, .
2 + 1|k‘2 2|]_-X4|2) .

>+

| F X2,2

k3 + k3 .
Eel,?)(XvF) = Z ( 2|]€‘2 3|]:Xl,1
kez3

We emphasize that for the specific matrices in K4 we have that x3 3 = x4 and that in analogy with the notation
from (2.1) we will also set x4 = X33 = Xx3,3 — F3,3 (often also viewed as a function on T2 by considering the
periodic extension).

The section again consists of two parts: In Section 6.1 we first prove the lower bounds from Theorem 1.3,
then in Section 6.2, we deduce the corresponding upper bounds.

6.1. Lower bound

In this section we prove the lower bounds from Theorem 1.3. We begin by discussing boundary data which
are three-fold laminates.
As in Section 4, for j € {1,...,n}, p € (0,1), and p,, > 0 we define

ijl—"v#'m, = {k € Z3 : |k|2 - kgz S :U'2|k|27 ‘k| < :U'm}a .7 = 1;273-

200—

As a consequence of Lemma 4.5 with o ~ €2~ and p ~ €®, we obtain that

X1 = Xtpee (D)X1. 0172 + X222 = X200 (D) X222l 72 + X = X302 (D)Xal 22

—2 (6.1)
S e Y Eea(x, F) + €Per(Q)).

With this in hand, we present the proof of the lower bound in Theorem 1.3 in the case that F' € Kf’) \Kf):

Proof of the lower bound in Theorem 1.3 for F € Kf’) \ Kf). We argue in three steps.

Step 1: Xa2,2 + 2Xa determines x1,1. We first observe that X11 = f(X2,2 + 2X4), where f is a polynomial of
degree three. Now supp(F X2,2 + 2 F X4) concentrates on

53(02#1“&2 U CS,#,#Q) C {k S VAR |k1‘ S 630‘71}.

Thus, Proposition 4.8 and (6.1) with the choices of the prefactors ps = 8A~}M €201 (where M and M are the
constants defined in the following lines) and p = €* imply

X110 = X105 (D)X1.1 1172 + X222 = X200 (D) X220 72 + X4 = X pia (D)X 72

< O (€72 (Bea(x, F) + e Per(Q))),

where C' > 0 is a constant depending on v and p3z = M pus for some constant M > 1.

Step 2: X1,1 determines X4. Using that x4 = g(X1,1) (with g(t) = 1 —#?) and invoking Corollary 4.9, we
obtain

X4 = X300 (D)XallZ2 < Ch1 -2 (€72 (Bea(x, F) + ePer(Q2))), (6.2)
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with pg = Mpupus = MM p2ps for some constant M > 1. We note that the width of the cone C3,0u,2u4 €quals
2MaXkeCy o, o, K1 K|} < 8pps = 56271 Hence, choosing a = £, we have

57
_1 }
€5 p.
In other words, x4 is essentially one-dimensional.
Step 3: Conclusion. We conclude the argument by invoking the three-dimensional version of Lemma 4.2. This
yields that

Cs.2p90 = {(o,o, ks) : ks € Z, [ks| < 24 =

N

~ ~ —2
||X3’H’H4(D)X4”%2 = Z ‘]:)(4(0,0, kS)‘Q Se 5E6,4(X7F)'

ksl <de
As a consequence, (6.2) reduces to
[%allZ2 < Cda—nya(e™* (Bealx. F) + e Per().
Last but not least, we observe that x4 = x4 — F3 3 and that 0 < F5 3 < 1 (since F' € Kf’) \Kf)) and thus
0 < min{|F33[% |1 — F33/°} < |lxa — F33)3: < O¢(1_v)2(67%(E€74(X,F) + e Per(Q))).

Together with a case distinction, considering the cases (E. 4(x, F) + € Per(2)) > 1 and (E. 4(x, F) + ePer(Q?)) <
1 separately, and an absorption argument for the perimeter contribution as in the previous sections, this implies
the claim. O

The lower order lamination bounds follow analogously. We only discuss the proof in the case of second order
laminates (for the first order case this is essentially identical as in the argument in the previous section).

Proof of the lower bound in Theorem 1.3 for F € Kf) \Kil). We first note that for F € F ¢ Kf) \Kil) we
have that Fy; € (—1,1). With this we argue as in the previous proof: Again using that X2 2 + 2X3 3 determines
X1,1, from Proposition 4.8, we deduce that

%11 = X1s (D)X1,1 1|72 < Cth1—n(€72* (B a(x, F) + € Per(€2))),

for pus = M ppuo. With the correct choice of the prefactors, the cone C 2,,2,, has width e**=1 Thus we choose

o= i and hence, by Lemma 4.2 we obtain that

- 1
HXLM,M?, (D)XLIHQL? Se 2E€,4(XaF)'

Therefore, since for F € int(Kf)) we have —1 < Fy 1 <1,

0 <min{|F1 1 — 1% [Fia + 1} < [xaa = Fiallze < [xaal7e
1
< Ch1y (€72 (Bea(x, F) + €Per(Q2))).
Rearranging then concludes the proof. O

6.2. Upper bounds

Here we define a construction which consists of three levels of branching related to the set K, defined in
(1.6), with boundary datum F = AAy4, A € (0,1). This will prove the upper bounds stated in Theorem 1.3.
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6.2.1. Lower-order constructions

We first premise some partial results that are needed to produce a three-dimensional branching construction
of the third order. We begin by defining (branched) simple laminate constructions of controlled energy and a
fixed direction of lamination. We will refer to these constructions as “one-dimensional branching constructions”.

Lemma 6.1. Let A, B € diag(3,R) be such that A — B = ce,, @ ey, with m € {1,2}. Let F = AA + (1 - \)B
for some 0 < A <1 and let

w = [0,01] x [0,02] x [0,03], V = {1403,

with 0 < 0y, 05,05 < 1. Then for every 0 < p < %3 fm=1,0<p< % if m=2, and € € (0,1) there exists
v € Wh(w; R?) such that Vv € BV (w; R3*3), v(z) = Fx for every x € dw and satisfying, if m = 1

1
/dlst (Vv, {4, B})dz + €| D*v||7v () < | V( p?+ Zp-i— p> (6.3)
w 2
ifm=2
/dlst (Yo, {4, BY)dz + e| D*ollzvw) < I V(Wp o L, ) (6.4)
3

Proof. Without loss of generality, we consider the case m = 1. Let © be given by Lemma 3.2 with L = 0,
= /3 and N = El , A = diag(A, 1, A33), B = diag(B1,1, B3 3). Then we define v € W1 (w,R?) by setting
112( ) = A2 2T and (vl,vg)(xl,xg, x3) = 0(x1,23) up to a cut-off of scale p to attain the boundary conditions
on [0, 41] x {0,405} x [0, 3].
Hence, from Fubini’s theorem we get

/ dist?(Vo, {4, BY)de < (1 — 20)/s / O dist3(Va, {4, BY)2de + phls
w [0,@1])([0,@3]

and from the coarea formula || D?v||ry () < 572|\D26||TV([0 71]x[0,45])- Then formula (3.7) gives (6.3). The case
m = 2 is completely analogous. O

The function v from Lemma 6.1 above corresponding to m = 1 branches in the direction ez and laminates in
direction ey, whereas when m = 2, v branches in the e;-direction and laminates in es.

Next, we proceed to construct branched double laminates in three dimensions. In what follows the matrices
Aj € R¥3 correspond to the ones from the well K, defined in (1.6).

Lemma 6.2. Let K4 be as in (1.6) and let
R=10,L1] x [0,Ls] x [0,Ls], V = LiLoLs,

with 0 < L1, Lo, Ly < 1. Then for every 0 < py < p1 < % and e € (0,1) there exists v € W1 (R;R3) such that
v(z) =0 for every x € OR and

1

2 1 1 €
. .9 2 < P2 2
/Rdlst (Vu,{A1, Az, Az})da + €| D*v||lpy (r) SV ((7[)1) + L%pl + Lgpz + L2p1 + p2). (6.5)

Proof. Let v(Y) be given by Lemma 6.1 with m =1, ¢, = L;, p=p; and A = A;, B= —A4; and F = 0. Denote
with x(*) the projection of Vo™ onto {£A;} (which is almost everywhere well-defined). The application of
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Lemma 3.2 in the proof of Lemma 6.1 implies that the region {x") = —A; N ([0, L1] x [p1 Lz, (1 — p1) Lz] x [0, L3))
consists of the union of the following cells

Rg,llz = {(1'171‘3) S w](lk), To € [plLQ, (1 — pl)Lg]}, (6.:6)
Rﬁz = {(z1,23) € w]('?k)a@ € [p1La, (1 — p1)Lal},

where wj(-llz and wj(-glz are defined by (5.2) with £; = &, y; = L3 — L3%j, hj = y;+1 —y; and A = 3 with

, , 2
j€{0,...,50} and k € {0,...,ko(j)} where jo and ko(j) are defined as in the proof of Lemma 3.2.
Now we apply Lemma 6.1 (up to suitable translations) on every Rgl,z withm =2, A=Ay, B= A3, F = —A;
and p = 57%5.

Notice that this corresponds to /= %, Iy = (1 —=2p1)Lo, !73 = L3 A=9pj. Hence, we obtain vj(lk) attaining

2
boundary conditions v(*) on R;llg and in this situation the bounds from equation (6.4) read

ist*(Voy) 2, (1) < j&((&f L <)
/Rg?,z dist” (Vo {42, Ash)de + elD70j iy ne)) S L2Le® 5 (0) + o T Y 5,) (6.7)

‘2 is obtained by a shear of the construction in R that is

The construction inside R; e

3) a Ci(zs —yj) 4 b tizs —yy)
'Uj7k(1171,$2,$3):’0j’]2(1‘1— . 4-hj z —ZJ7I2,I3)—|—(—Z‘7—|— 4 4hJ J 70’0).
Thus, analogously as in (5.5) we get
03
/ o dist? (V') {A1, Az, As})dz < / " dist?(Vo'l), {A1, Az, As})dz + L L. (6.8)
R®) R J

The function v is defined as vj(lk) and v](sk) respectively on R;llz and Rﬁz and equals v(!) elsewhere. We also

recall (for a better understanding) that there are no elastic energy contributions outside the union of Rg.)l,z, Rf’,z
(apart from the cut-off region) since in there Vo(!) = A; by construction. The total energy amount is therefore
obtained by adding the contributions on R;l,z U R(glz By (6.7), (6.8), summing over j and k and adding the
contribution of the cut-off on [0, L1] x ([0, p1 L2] U [7(1 — p1)L2, Lo]) x [0, L3] we have

/ diSt2(VU7 {Al, A27 Ag})dl‘ + 6||D2U||TV(R)
R

+ Li1L3p;

diStQ(VU7 {A17 AQ, Ag})dﬂ? + 6||D2U||TV(R§1£UR;3£)

o~ (i (P2\2 277 € i1,
sv> 9J<7) il 2937) 40)77 = ) LiLspr,
SV ( 5 + L3p2+( )p2 + (40) L§p1 + L1L3pr

and the result follows by the summubility of 67, (20)7, 277 and (46) 7 recalling that 6 € (1, 1). O
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FI1GURE 8. Schematic illustration of the “two-dimensional” branching construction from the
proof of Proposition 6.3. On the left the projection of the domain onto the x;zs-plane and the
subdivision into 27 and 5. In the center the branching construction in the slice o = us, on
the right that corresponding to 1 = py.

6.2.2. Third-order construction

With the previous auxiliary results in hand, we approach the proof of the upper bound from Theorem 1.3 in
the presence of a third order laminate as Dirichlet boundary condition. Here the strategy is the following:

e In the outer-most, coarsest branching construction, we do not use a purely “one-dimensional” branching
construction, but a more refined construction which is “two-dimensional” in its branching behaviour.
More precisely, we use a construction which oscillates in the ez-direction and branches both towards the
e and ey boundaries, see Figures 8, 9, 10. It is this outer-most improvement which leads to the improved
scaling behaviour (compared to a simple twinning construction and purely “two-dimensional branching
constructions”).

e All inner branching constructions are essentially “one-dimensional branching constructions” (as in
Lems. 6.1 and 6.2).

Proposition 6.3. Let F' be as above and E. 4 as in (1.7). For every € € (0,1) there exist uc € W>((0,1)%;R3?)
and x. € BV((0,1)3; K4) such that u.(x) = Fz for every x € R3\ (0,1)3 and

o

Ec a(ue, xe) S €5. (6.9)

Proof. The proof is divided into different steps.

Step 1. We define a first order branching construction u(*) oscillating in the direction es corresponding to a
convex combination of the zero matrix and A4. Let @ be defined by Lemma 3.2 with L = H =1, N = %, A=0,
B = diag(1,0), F = diag(),0) and p = 2, where 0 < r < 1 is an small parameter which is to be fixed below.

Then we define u(!) such that ugl) = ugl) =0 and

)3
g L 1
) 2

- 1
ugl)(m,xz,x:&) = 1y (23, p(w1,22)), where p(z1,72) := maX{‘xl - 5)7

which is Lipschitz continuous and attains the boundary conditions.
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FIGURE 9. Schematic illustration of the auxiliary sets in Proposition 6.3. A representation of
the sets Q;l,z and Q;slz The hashed lines correspond to the edges of the cell €2; ;.

The elastic energy contribution is controlled by that of the function @ by the coarea formula, that is

/ dist?(VuD, {Ay, 0})da = / dist?(Vul”, {es,0})dz
0,12 0,12

1 ot
= ﬁ/ / 4pdist®(Viiy, {e1,0})dzsdp < 2.
i Jo

We define the sets Q := {z € [0,1]® : |21 — 1| > |22 — 3|} and Q3 = [0,1]* \ Q1. We remark that on €; the
function u(!) depends only on x; and x3, whereas on €5 only on x5 and z3, see Figure 8. Due to the symmetric
role of 1 and x5, we infer that

1
|D?uM|() = |D*uM|(Q) < [D*al((0,1)%) ~ ~+C
where the additive constant comes from the jump of the gradient on the diagonals 99, U 99 \ 9. Hence,

/[O . aist*(Vu), {44, 0)de + el D2V ((0,1)°) £ 7 + (6.10)

Step 2. From the branching procedure in Step 1, §2 is divided into cells € ; that are the analogues of wj
defined in (3.10). These are

Q= {yj < plz1,22) <y, bl < w3 < (k+1)4},

1
2
then the region {x(*) = 0} (apart from the cut-off region) consists of the union of 951,2 and 953,3, as represented
in Figure 9 and defined by the following formulae:

where £; = 57, y; = 1 — %j with i <6 < L see Figure 9. Let x!) denote the projection of Vu(») on {Ay4,0},

le;z = {yj < p(x1,22) S yjp1, bl < a3 < (k + %)@}

(1= MNi(p(z1,22) — yy)
o,

(6.11)

A
Qf}z = {yj < p(@1,22) < yj41, <k + 5)@‘ < w3 — < (k+ )\)Ej},
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(174)
ijk

Q1)

J.k /‘

(172)
Qi

FIGURE 10. Schematic illustration of the auxiliary sets in Proposition 6.3: Subdivision of !}

into smaller cells.

where h; = yj41 — y;. In each of these subdomains u is piecewise affine and we replace it with the second
order branching construction defined by Lemma 6.2 attaining boundary condition u(!).
Step 3. We first define the construction on 951,3 Since Lemma 6.2 works on axis-parallel rectangular cells we

split lelz into four rectangular sets

A
Qg_’llél) = [y, yj+1] ¥ [ = yjs1,y541] ¥ [kifj, (k + 5)@}7

QL2 = [1— gy 03] % [y, yj11] % [szj, (k + %)&},

with Q;},;B) and Q;},:l) being reflections, with respect to (%, %, %), of Qg},;l) and Q;l,f) respectively (Fig. 10). We
apply Lemma 6.2 (up to suitable translations) on Qg,;l) and ng’% thus with L = 1%993', Ly =2y; 41 — 1,
Ls = Agfr, p1 = Mgtz and py = A5fz, and on Q152 and QY with Ly = 2y; — 1, Ly = 15209, Ly = A,
p1 = Agi3z and pa = Ag7iz. Here the parameters ro,r3 satisfy the bounds 0 < 73 < ro <7 < 1. Their more
precise size is to be determined below. The resulting function ugllz is defined on the whole le,z, it is continuous
by construction and by (6.5) satisfies

. 1 !
/s-zu) dist?(Vul'), {A1, Az, As})da + €| D*u!!)

”TV(QQQ)
dok r o ran2 N2 . . 1 (6.12)
S E@j (g) + 67 (7) + 037 + (20)7g + §r2>.
The construction inside 95‘2 is obtained from the one above as follows
Ufg(ﬂihwz,wg)
= ull) (e mz. s — L A>zj<p2<$,x2> ) 20y (g0, wj(f;(;;,m ST
Thus analogously as in (5.5) we get
27,3 200, (1) v
/QES,Z dist™(Vu;y, Ka)dz < /Qﬁl,i dist™ (Vs ¢, Ka)dx + é (6.14)
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The function u is then defined as u(llg and u( ,3 respectively on Q(llz and Q( ]2 and equals u(!) elsewhere. By

(6.12), (6.14) and summing on j and k we have

T3

E674(u7 X) 5 (7
T2

2 o
) +(7) 243 +7~2+—

where  is the projection of Vu on K4 and we have used that || Dx||rv < C||D?u||7v. An optimization argument
yields that 7, ~ 7* and 7 ~ €5 and the result is proven. O

Proof of the upper bounds from Theorem 1.3. We split the proof into three cases:

Case 1: F € Kil) \ K4. Working as in Step 1 of the proof of Proposition 6.3, we can find u(!), a branching
construction with gradient oscillating between A; and Asz. A scale optimization in (6.10) gives the upper bound
for F e K\" \ K, claimed in point (i).

Case 2: F € Kf) \ K(l) Again we work as in the proof of Proposition 6.3. In particular, we define the
constructions u(llz as in Step 2 by applying Lemma 6.1 rather than Lemma 6.2. Thus, the energy contributions
corresponding to (6.12) and (6.14) read

200, 2,1 < (g 1 i€
/Q(l) dist™(Vu; i, {A2, As})dz + €[ Du i [l 1y Q(1>) 57 (6‘ (r) + 5772 + (260) 7"2)’

gk

03
dist*(Vul), Ky)dz + 2.

. 12 (3) <
/953,2 dist™(Vu;y., Kq)da N/ s

&
o)

Summing over j and k we get

ron 2
B a(u®,x?) < (—2) o+t 4 —,
r T9

which implies the result after an optimization in r and rs.

Case 8: F € K f) \ K f). Eventually, Proposition 6.3 directly proves the upper bound of Theorem 1.3 (ii) for
m = 4. O

7. LAMINATES OF ARBITRARY ORDER: PROOF OF THEOREM 1.4

7.1. Proof of the lower bounds from Theorem 1.4

In this section, we provide the proof of the lower bounds from Theorem 1.4. This follows by combining the
high and low frequency estimates from Proposition 4.8 and Lemma 4.2 along the same lines as the arguments
from the previous section.

Proof of the lower bounds from Theorem 1.4. The argument for laminates of first order follows from exactly the
same argument as in the previous sections. We thus only focus on laminates of order two and higher. Let thus
Fe K,(Ll_f_)l C R™ ™ be a (genuine) laminate of order 2 < m < n.

We argue in several steps generalizing the arguments from the previous sections.

Step 1: X2,2 + 2X3,3 determines X1,1. As in the previous sections, we obtain that for some polynomial f of
degree n we have that 1.1 = f(X2,2 + 2X3,3). The Fourier support of X222 + 2x3 3 concentrates on

Sn(Cojiis UCs fjia U UChiy) C{k€Z™: |ky] S 71}
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By Proposition 4.8 we hence infer that for fio = ce?*~!

= €% it holds that

(with the prefactor ¢ > 0 to be determined later) and

72+ Y N%d = Xiiia (D)X, 172 S 1-(€ > (Ee s (x, F) + € Per(Q))),

Jj=2

X110 = X148 (D)X1,1

where fi3 = Mlﬁﬁg for some constant M; > 1.
Step 2: X1,1 determines X33+ XaXaa+ As5X5,5+ -+ AnXnn, Where Ay =1 — vy and Aj1 =1 —vjq(1—v;)
for j €{4,...,n — 1}. By definition of the matrices A, ..., A, 11, we obtain that

X = X33+ /\4)2474 + )\5)25,5 + o AXnn = 9(2171)

for some polynomial g and the values of A\; given above. As a consequence, again by Corollary 4.9, we deduce
that

S IR = Xgiis (D)RI72 < Cha—ry2 (€2 (Bensa (X, F) + € Per())),
j=2

where C' > 0 is a constant depending on v and iy = Majifiz for some My > 1.
Since the functions x;; have Fourier support in different, disjoint cones C 2,,24,, this additional Fourier
cut-off implies that for all j € {3,...,n} we, in particular, deduce that

D %55 = Xoiia (P)Xijll72 < Ca—ry2 (€72 (Bensa (x, F) + € Per())).
=3

Step 3: For j € {3,...,n—1} we have that x; ; determines X;41,j+1. Again from the definition of the matrices
Aq,.. ., Ay, Apgq we have that X1 j41 = g;(X;,;) for some polynomial g;. Further applications of Corollary 4.9
hence yield that for j > 3

1Xj41.541 = XjtLiisse (D)Xjr1,541 (172 < CYa—yy2 (€72 (Eenir(x, F) + e Per(2))),

where fij49 = M;fifij1.
Step 4: Conclusion. Let thus m > 3. By the previous steps, we obtain that X, ., satisfies

Hf(m,m = Xm, i, fim 41 (D)f(m,mHQL? < Cw(lf'y)mfl(6_2a(Ee,n+1(Xa F) =+ ePer(Q))),

for pmstr = Myp—1jifim = H;”;ll]\;[jumﬂug = cH;-’;l]\ije(mH)afl. Taking ¢ = éHszle in the definition of

fi2, the truncated cone Cy, 27 25,,,, has width 8,1 = e(m+2)a—1 Choosing o = we thus arrive at

1
m—+27?
- - 2
[Ximm = X i1 (D) Xmml| 22 < CYoanym-1 (7772 (Ee psr (x, F) + € Per(€))).
Combining this with Lemma 4.2 further yields

- 2
IXmmllZ2 < C¥a—rym-1(€” 75 (Bensr(x; F) + €Per(Q))).



ON THE ENERGY SCALING BEHAVIOUR OF SINGULAR PERTURBATION MODELS 47
As a consequence, and by the characterization of K Km +)1, we arrive at

0 < min{|Fp il [Fonm = 12} < Ixmom = FnmllZ2 < [Xmm 172
__2_
S OPa—yym—1 (€ ™2 (Beny1(x, F') + € Per(Q2))).

Solving for Ee ,,4+1(x, F) (by carrying out a case distinction as in the other lower bound proofs), absorbing the
perimeter contribution in the left-hand-side and minimizing in y then implies the desired result. The case m = 2
is obtained analogously by exploiting the estimate of Step 1. O

7.2. Upper bounds

In this subsesction we proceed similarly as we did for three-dimensional constructions. In addition, we then
use an iterative argument to obtain the upper bound for laminates of order n.

7.3. Lower order auxiliary constructions

Again, we begin by giving branched simple laminate constructions whose oscillation occur in direction e,
and which branch in direction e,,11 for any m € {1,...,n — 1}. This is a straightforward generalization of the
three-dimensional result of Lemma 6.1. We thus omit its proof.

Lemma 7.1. Let A, B € diag(n,R) such that A— B = cep Qe withm € {1,...,n—1}, let F = XA+ (1—-\)B
for some 0 < A <1 and let

with 0 < 0, < 1. Then for every 0 < p < e"'j% and € € (0,1) there exists v € WH(w; R™) such that v(z) = Fx
for every x € dw and satisfying

1 1
/ dist*(Vv, {A, B})dz + el D*v|l7rv () S |c|2V<~2—,02 + E =p+ E). (7.1)
w Em-i-l I#m,m+1 El P

We now give the energy contribution of a branching construction of order h < n — 1. To do so, without
loss of generality and for notational simplicity, we rearrange the order of our matrices slightly and consider
K = Kn+1 = {Al,... n+1} where A = A; for every j > 3 and Ay =e3Qes, Ay = €1 @ €1 — €2 ® €5 and
A = —e; @ €1 — e ® es, where Aj e Kn+1 are defined as in (1.9).

We take into account boundary conditions in the (n — 1) lamination convex hull f(?(ﬁ__ll) (see Def. 2.2). We

emphasize that all constructions for f(n+1 also yield constructions for K, 1 by switching the roles of z; and x5
in K, 11. In particular, all constructions are applicable in our setting from Section 1.4.

Lemma 7.2. Let {L;}], be positive parameters with 0 < L; <1,
R=]Jo,L], v=]]L.
I=1 =1

and let K,1 be defined in (1.9). Given h<n—1,1let 0 < pp < --- < p1 < % < po :=1 be an arbitrary
choice of parameters. Let Jj i1 = jlj_H —ej®e; for j =4,...,n according to the notation of Section 1.4, and
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let J, =0, J3 = —As. Then there exist u'h) € WL (R;R™) such that v(x) = Jyi2x for every x € OR and

/ distQ(Vu(h), Kh+1)dil' + EHD2U(}L) ||TV(R)
R

h N2 - 1 1 € 1
SV(Z(CE) w5 v - )
< ; _ )+ Tt ot > e

pzfl p7,72 h+1

where Ky = {/Nll, ol flhﬂ}.

Proof. We work with an inductive procedure. The induction base is provided by Lemma 7.1 with F = Js,
A= A1 and B = A2

Inductive hypothesis. We assume that, we can find a (h — 1)-th-order branching v(*~) such that v(x) = Jy, 41
for every x € OR’

/ dist?*(Vol" V. Kp)da + €| D> Vl|py (a)

h—1 ;o , 1 1 . 1 (7.3)
SV/( (( Pi ) + Pi )+ (p/)2+ Pl+7+ 7[)/)’
7;:22 p;—l p;—Q (L/h)2 ' (L/h) ? p/h—l l;éhz—l,h Ll !
’ n
for every arbitrary choice {L;}}"; and 0 < p),_; < --- < p} < L4" < pp =1 with R":= [[[0,L!] and V' = |R'|.

j=1

Inductive step. Let u(®) denote a first order construction given by Lemma 7.1 with A = Ah+17 B = Jp1,
F = Juya, p= p1 and let x(M) be the projection of Vu") onto {Ah+1, Jh+1}. The regions {X = Jpt1} (apart
from the cut-off regions) consist of the union of R§.) . and R§.) . as below

R;;z {(xhaxh-‘rl) ewj(‘lk)7 WIS [PlLla(l_Pl)Ll]7 l#h7h+1}7 (7 4)
) .
k

RE {(xfmxh-‘rl) € w§]27 T, € [plLla (1 - pl)Ll]7 ! 7& h7h+ 1}7

where wj ) and w k are defined by (5.2) with ¢; = &5, y; = Lpy1 — Lh_H%j, hj = y;41 —y; and X\ = vp41.

We define u(™ by substituting to u") a (h — 1)-th-order branching on the set {x") = Jj, 11} by applying the

inductive hypothesis on every R( ,2 corresponding to the choice of parameter p, = vp4q S;ié Thus, denoting

(1) (3 )

with w; ik and uy the construction inside R( ,2 and R( ,2 respectively, we have

dist>(Vu™ | Ky 11)dz + €| D?u (1)

R jillry (RS
oapl(zh:« ) Pi ) 2N\27paN\2 | 2 py | e 1 Z 1 (75)
< LN (2)(2) += ot —p2).
Ly, 5 \\Pi-1 pi—2 pr/ \2 p1 27 (20)7 = . Li &
The construction on Rﬁi is equal up to a shear, i.e.
WD s
_ (1)( (I = vns)li(@ns1 — ¥5) Vil ) Vi1l
=il ooy Th—1,Th — - B P Jht1€n
o 2(Yj+1 — vj) 2 " "

(1= vpy1)lj(zher — yj);l
h41€h-
2(yj+1 y])
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Thus, analogously as in (5.5) and (6.8) we infer that

. . pl) 1 1%
< -
/R@; dist*>(Vu™ | Kj, 41)dz < /R?l; dist>(Va™ | Ky, 4 1)da + (23 Tal Tl (7.6)
Js Js

Eventually, combining (7.5) and (7.6), summing over j and k and adding the cut-off term of amplitude p;, we
obtain

(/(ﬁ%%Vuw%K%+ﬂdx+6Wyumnhvm)
R

P\, P (7.7)
(Z(( Z)* )+*+ Z Lp2+L2 it > 5
i= Pi-1 Pi— I#£h— h+1 I#h, h+1
We recall that the summability in j (for every k) is ensured by taking i <f< % Lastly, noting that
Z L —p2 < L -~ p2 + Z
I#h—1,h I#h, h+1
the result is proven. O

7.8.1. n-th-order construction
Thanks to the general result proven in the previous subsection we have everything in place to prove the upper

bounds in Theorem 1.4.

Proof of the upper bounds from Theorem 1.4. Working as in Step 1 of the proof of Proposition 6.3, let @ be
defined by Lemma 3.2 with L=H =1, N = ; and p = 2, with 0 < r < 1 a small length scale which is to be

determined below. We define u( ) = =F;; forevery i € {1,...,n — 1} and

1‘}+1
T; — = —
2

Let x(M be the projection of Vu® on {A, 1, Ju41}. Proceeding as in the proof of Proposition 6.3, the region

ugll)(xla T 7xn) = ’al(xnap(xla s amn—l))7 p(xlw . 71"”—1) = 1<1}1<a5<71{

{x") = J,41} consists of the union of the sets Q( ,2 and Q(?’) defined as in (6.11) with p(x1,...,2,—1) in place of
p(x1,x2). In each of these subdomains we replace u(l) Wlth the (n — 1)-th order branching defined by Lemma 7.2.
As in the proof of Proposition 6.3 the energy on QS ,2 is controlled by that inside the intervals

_ n—2 1 r
R; = [0,1] xpmthy

Tit1

Thus, applying Lemma 7.2 (with the roles of z; and wxy switched) with L; = 1, L, = A5; p; = Agifs, the
resulting function u satisfies

. .2 2
/Q(l) dist*(Vu, Kp41)da + €||D uHTV(Qﬁ)

gk

T e i 2 7 27e o
<5 (L (GR) + o)+ 53
~27 ; Ti—1 * Tri—2 * Tn * 23

(7.8)
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here r, < -+ <19 < r < 1 are parameters which are to be determined below. Again, thanks to a shear (see e.g.
(6.13) and (6.14)) we define u also on 95312 and there it holds

3
ist2(Vul® < 200 (1) r
/Q,@,l dist™(Vu,7, Kpt1)dz S /lel1 dist”(Vu; o, Kpy1)do + iR (7.9)

We then put u equal to u(") outside Q;l,z and 953,2 By (7.8), (7.9) and summing (thanks to the condition on )
over j and k, we have

n

T 2 -
Eenn(u) £ 3 () #7243
' i=3

=2

T €
+re+ —,
Ti—2 T'n
where x is the projection of Vu on K, 1 and we have used that |[Vx|lrv < C|D?ul|7v. An optimization
. 1
argument yields that r; ~ r* and 7 ~ e»+2 and the result is proven. O

Remark 7.3. We highlight that — due to cut-off contributions on the coarsest scale — an analogue of Lemma 7.2
pushed up to the n-th order of lamination would give
M) MYy <p 4 £

Ee,n-‘rl (U, » X

which would not be enough to deduce the energy scaling of Theorem 1.4. The construction of u(Y), which
branches towards every direction orthogonal to the lamination reduces the elastic energy term from r (which
is due to the simple cut-off) to r? that is the term typical of branching constructions (with quadratic growth
condition).

We conjecture that, in the general case of p-growth condition, concatenating branched lamination as u(!) the
resulting test function v would satisfy

/ dist? (Vu, Kpi1)dz + €| D*ul| py o,y S 77 + =
[O)]_]n

rn
giving rise to an energy scaling of ep%n, analogous to that of the two-dimensional one (cf. Cor. A.2).

APPENDIX A. TWO-DIMENSIONAL ARBITRARILY HIGH ORDER
BRANCHING CONSTRUCTIONS

Last but not least, in this section we analyze the energy scaling of branching constructions of arbitrarily high
order, in general, two-dimensional rectangular domains and for general p-growth conditions.

Lemma A.1. Let L,H >0 and R = [0, L] x [0, H] and let k € N. Let {A;}5*}, {J;}5%5 C diag(2,R) be such
that

rank(Ay — As) =1, rank(A; — Aj) =2 for every j # §',j,j > 2
and

J3 = /\3A1 + (1 — /\3)A2, Jj = )\jAj + (1 — /\j)Jj_l f07’ some 0 < )\j < 1,j > 4.



ON THE ENERGY SCALING BEHAVIOUR OF SINGULAR PERTURBATION MODELS 51

Let

F_ A1+ (1= XN)A,y k=1,
Mipp1+ 1 =N 1 k>2,

for some 0 < A <1 and let E. be defined as in (3.2) with K = {A;}] K1 Then, there exists u® € WhH°(R;R?),
x*®) € BV(R; K) with u*)(z) = Fx for every x € OR such that

k—1

Eo(u®) y <LH< (7“3+1> )Jr Hf P (A1)
=1

<.

for every arbitrary choice of parameters 0 <rp < --- <rg <ry; < %min{L, H}.

Proof. We prove the claimed result with an inductive procedure.

Induction base. The base of the induction k = 1 is provided by Lemma 3.2. Indeed, consider u() €
Wb (R;R?) defined by Lemma 3.2 with A = A;, B = Ay and N = % We set x(I to be the projection
of Vu® onto K and from (3.7) we have

L €
B (u®, M) < T ry+ LHE' (A.2)

Inductive hypothesis. Now assume that, given w = [0,4] x [0,h] and 0 < pp—y < -++ < p1 < Lmin{¢, h}

arbitrary parameters we can find v*~1) with affine boundary condition Ji,; and such that

‘e k-1 k 2 (k-1 Pi+1 € h
/wdlbtp(w( ) (AR )dx + | D2l >|\Tv(w)5eh(z( i1) pkil)#—ep_lp]f. (A.3)

Inductive step. Let w,  be the subdomains defined in (3.10), that are rectangles of dimensions ¢; x h; with

r 1-6

0.

Mimicking what has been done for the second order branching construction (Step 2 of the proof of the upper
bound of Thm. 1.2) we define u(*) by substituting to u(!) the function v*=1) on {x(*) = Js}, that is the union

of w; k), and w(g), as defined in (5.2).

(k= (€))

D by applying the inductive hypothesis on w = Wj s taking p; = A; 2 Then

Therefore, we define v;

S (3)

is defined on w;", thanks to a shear (see e.g. (5.4)) and equals u!) elsewhere. We thus get

5,17 )

/ dlstp(V (k—1) K)dx+6|\D2 (k DHTV(w
wj,k/
; k i —1\j p+1
S
2 \=\n Tk rd 27 Hp=1(20t1gp=1)7
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where the last term comes from the analogue of equation (5.5). Again, since for every j there are L—Qlj copies of

T
wj k', the overall contribution is

Jo k .
k) (R)) < i )P i€ i(r2\" L L \,»
P ; (LHQ 1222 ( ] ) + LH(26) Tk - LHE (1"1) * Hpr—1 (21907’*1) 7“1)
which yields (A.1) for 0 satisfying (3.8), i.e. 1L1 <0<i O
27—

Thanks to an optimization argument in the parameters 7; and e, it is straightforward to infer the following
result.

Corollary A.2. Letk € N and let K, F and E, be as in the statement of Lemma A.1. Then, for every p € [1,00)
and € € (0,1) there exist u. € W°((0,1)%;R?) and x. € BV((0,1)%; K) such that u.(x) = Fx + b for every
x € R?\ (0,1)% and b € R? and

Ec(ue, xo) S €77,

Remark A.3. The result of Lemma A.2, when taking £k = 2 and p = 1, matches with the energy scaling
behaviour proved by [41] of a second-order laminate construction for elastic energy of linear growth.

As remarked in the introduction (see Sect. 1.1), for p = 1 laminates and branching have the same scaling
order for every order of lamination (see also [48], Sect. 2 for a computation of scalings of laminates of arbitrarily
high order).

Acknowledgements. Both authors would like to thank Prof. M. Chipot and Prof. S. Miiller for sharing their thoughts
on the p-dependence from Section 3 with them and sending us their unpublished, draft manuscript [17], containing
upper bound constructions for a general, finite element m-well problem with wells consisting of vectors v; € R™ (which
correspond to the upper bound scaling results presented in Sect. 1.1).
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