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Uniform energy distribution for an isoperimetric problem
with long-range interactions

GIOVANNI ALBERTI, RusTuM CHOKSI, FELIX OTTO

Abstract: We study minimizers of a nonlocal variational problem. The problem is a
mathematical paradigm for the ubiquitous phenomenon of energy-driven pattern formation
induced by competing short- and long-range interactions. The short-range interaction is
attractive and comes from an interfacial energy, and the long-range interaction is repulsive
and comes from a nonlocal energy contribution. In particular, the problem is the sharp
interface version of a problem used to model microphase separation of diblock copolymers.
A natural conjecture is that in all space dimensions, minimizers are essentially periodic on
an intrinsic scale. However, proving any periodicity result turns out to be a formidable task
in dimensions larger than one.

In this paper, we address a weaker statement concerning the distribution of energy for
minimizers. We prove in any space dimension that each component of the energy (interfacial
and nonlocal) of any minimizer is uniformly distributed on cubes which are sufficiently large
with respect to the intrinsic length scale. Moreover, we also prove an L* bound on the
optimal potential associated with the long-range interactions. This bound allows for an
interesting interpretation: Note that the average volume fraction of the optimal pattern in
a subsystem of size R fluctuates around the system average m. The bound on the potential
yields a rate of decay of these fluctuations as R tends to +oo. This rate of decay is stronger
than the one for a random checkerboard pattern. In this sense, the optimal pattern has less
large-scale variations of the average volume fraction than a pattern with a finite correlation
length.

Mathematics Subject Classification (2000): 49Q10 (49N60, 49505, 35B10)

1. INTRODUCTION

This paper concerns the structure of minimizers for the following nonlocal varia-

tional (isoperimetric) problem in R™. For m € (—1,1) and Qp := (— é, %)n C R™:

Minimize S(u) + / A G(z,y) (u(z) —m) (u(y) — m)dzdy,

where u denotes a function defined on @y taking the values 1 or —1 with fixed

volume fractions so that L

— udr =m, (1.1)
L Jo,

S(u) denotes the interfacial area associated with the surfaces upon which u jumps,
and G(z,y) denotes the Green’s function for —A on @, with Neumann boundary
conditions. The variational problem consists of competing short-range (S(u)) and
long-range (the nonlocal Green’s function term) contributions. The former term
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is attractive, favoring large domains of pure phases with boundaries of minimal
surface area. The latter term is repulsive, favoring small domains which lead to
cancellations. The combination of the two leads to pattern formation on a scale
determined solely by the competition of the two terms.

Mathematically, the natural space for u is BV (Qp,+1), functions of bounded
variation taking values +1. The interfacial area is then simply half the total varia-
tion measure |Vu| on @y, i.e.,

S(u) = %/ V.

With this notation, our problem can be restated as follows.
For m € (—1,1) and Qr, = (— %,%)n Cc R™

e 1
Minimize /QL |Vu| + 3 / ) /QL G(z,y) (u(z) —m) (u(y) —m)dedy  (1.2)

over all u € BV (Q,+1) satisfying the mass constraint (1.1).

Problem (1.2) is the sharp interface limit (in the sense of Gamma-convergence)
of a diffuse interface variational problem first introduced by Ohta and Kawasaki in
[21] to model microphase separation in diblock copolymers (cf. [2]). Following [19,
9], this diffuse interface problem (suitably rescaled) can be written as follows: For
€ small, minimize

o, (1—u?)?
€|Vu ——dx G(z,y) (u(x) —m) (u(y) —m)dxd .
Jevut e B e s [ GG ) - m) )~ my ey (19

over all u € H(Qp,[—1,1]) satisfying (1.1). A derivation of (1.3) from the statis-
tical physics of interacting block copolymers can be found in [9]. However, prob-
lem (1.2) (or (1.3)) can be viewed as a mathematical paradigm for the ubiquitous
phenomenon of energy-driven pattern formation induced by competing short and
long-range interactions. The connection between this type of energetic competition
and periodic pattern formation in nature is well-established (see for example [25, 14,
18] and the references therein). The highly-cited article of Seul and Andelman [25]
addresses exactly this issue and provides a partial list of relevant physical systems
in Table 1. Problem (1.2) is also very close to variational problems arising in the
study of magnetic domains and walls (see for example [15, 12] and the references
therein).

In one space dimension, it can be proven that minimizers of either (1.2) or (1.3)
are periodic (¢f. [1, 17, 22, 4, 29]). In fact, in one space dimension, a vanishing
first variation of (1.2) is sufficient to enforce periodicity. Of course one-dimensional
pattern formation is rather restrictive, and a fundamental mathematical problem
is to address to what extent periodicity holds in higher space dimensions and what
effect the nonlocal term has on the geometry of the interfaces which, in general, will
not have constant mean curvature.

As we have mentioned, problem (1.2) is the sharp interface version of (1.3),
which was derived to model microphase separation of diblock copolymers. There
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is a wealth of experimental literature on phase structures in diblock copolymer
melts, where observations yield phase boundaries strongly resembling triply periodic
constant mean curvature surfaces (see for example [2, 28] and the references therein).
Moreover, numerical simulations on the diffuse interface functional concur with the
experimental observations (see for example [26, 8]). Thus it is certainly natural
to conjecture that in higher dimensions, minimizers are at least mearly periodic.
However proving any periodicity result turns out to be a formidable task. In fact,
even in a discrete setting with a pair interaction potential, proving periodicity is
extremely difficult and was only recently successfully accomplished under certain
assumptions in [27]. In this article, we address a weaker statement, that of the
spatial distribution of the energy density of minimizers.

The rigorous derivation of the first and second variations of (1.2) was presented
in [10] (with a formal calculation presented in the appendix of [17]). These methods
are inherently local and pertain to local minimizers. While it is certainly possible
that, for example, stability alone could enforce some sort of periodicity, here we
apply direct methods which are appropriate for the analysis of global minimizers.
To this end, we introduce a reformulation of the nonlocal term which, for our
purposes, is most natural and proves crucial in the analysis.

Given u € BV (Qp,+1) with 2 Jo, wdz =m, we have

/ [ Gl 1)~ ) (u(3) ) ey

:min{/ |b|*dx

b€ L2(QL,R"), (1.4)

diVb:u—minQL,b-u:00n5QL},

where the differential equation relating b to u and the Neumann boundary condition
are interpreted in the sense of distributions. While it is rather straightforward to
establish (1.4), we provide a proof for the convenience of the reader. Let v be the
solution of

—Av=u—m in Qy,
{ (1.5)

Vo-v=20 on 0Qy,.

Thus v is unique up to addition of a constant and will often be denoted in the
following as the potential associated to u. We claim that the minimum at the right-
hand side of (1.4) is attained when b = —Vv, and it is equal to the left-hand side.
The vector field —Vw is indeed an admissible choice for b, and since v is given by

v(z) = G(z,y) (u(z) —m)dzx,
QL
an integration by parts yields

/L/LG(SU,Z/)(U(I)—m)(U(y)—m)dwdy:/L(u—m)vdx:/ Vol de

L
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It remains to show that if b € L2(Qr,R™) satisfies

divb=u—min@Qr and b-rv=0o0ndQr, (1.6)

/|b\2dx2/ |Vo|? dz .

then we have

To this end, note that
/ |b\2d$:/ |Vv|2dx+/ |b+VU\2dmf2/ (b+ Vo) - Vvdzx
QL QL QL L
2/ |Vv|2d1'+2/ div(b+Vv)vd:z—2/ v(b+ Vv)-vdr
L L QL

= / |Vo|? dz .
(1.5),(1.6) Jo,

We arrive at the following reformulation of problem (1.2):

Minimize E(u,b,Qr) over (u,b) € 4 (QL), (1.7)
where )
E(u,b,Qyp) ::/ |Vu|+f/ |b|? dz
QL 2 QL
and

%(QL) = {(u,b) UEBV(QL,il), b€L2(QL,Rn),

diVb:u—m,b-I/:OonaQL}.

This reformulation has several advantages. For example, it localizes the func-
tional and facilitates the use of cutting and pasting arguments. It further allows us
to demonstrate that the particular choice of boundary conditions does not influence
the structure away from the boundary — our main result will support this. In fact,
in this reformulation, one could even dispense entirely with the boundary conditions
for b - v; in that case, the correct mean (c¢f. (1.1)) is enforced as a soft constraint
rather than a hard constraint.

Note that using the direct method in the calculus of variations, it is straight-
forward to show that a minimizer of (1.7) exists. Our first two results concern the
uniform distribution of its energy. We prove that for a minimizer on a large cube
L > 1, if we zoom in on any subcube of size [ > 1, we find essentially the same
amount of energy. Let us state this precisely. For any [ > 0, let ;(a) denote the
cube in R™ centered at a with side [, i.e.,

o) =a+(-3.5) (18)

wt
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with the understanding that if the argument a is absent, we take a = 0.

Theorem 1.1. There exist positive constants o*, C, ¢, depending only on the volume
fraction m and space dimension n, with the following property: If (ug,bo) is a
minimizer of E(u,b,Qr) on 2 (Qr), then for every l > ¢ and a € Qp such that
Qi(a) C Qr, we have

Euo,bo, Qi) _ .| € (1.9)
" !
Moreover we have
E
L—oo | (u,b)EAG(QL) L

In view of (1.10), we may interpret o* as the ground state energy density. In
fact, as a byproduct of the proof of Theorem 1.1, we will also show that the same
limit holds true in (1.10) if we replace the Neumann condition in the definition of
Ap with free boundary conditions. This amounts to defining G in (1.2) to be the
Green’s function for —A with Dirichlet boundary conditions.

Let us remark that the decay rate in (1.9) is optimal in the sense that for a
periodic pair (uper, bper) We have

limsup [ E(uper, bper, Qi(a))

l—o0 n

- U(upeh bper) > Oa

where o (Uper, bper) denotes the energy per unit period.

We also prove that minimizers exhibit an equipartition of the surface and inter-
action energies with the uniform distribution estimate holding separately for each,
though with a worse rate of decay.

Theorem 1.2. There exist positive constants C' and c, depending only on the
volume fraction m and space dimension n, with the following property: If (ug,bo)
is a minimizer of E(u,b,Qr) on 4 (QL), then for every l > ¢ and a € Q such
that Qi(a) C Qr, we have

20* C

1 1 o* 1
— —|bo|? dx — — 7/ Vug| — <.
n /Qz(a)2| 0| 3 In Qz(a)| 0| 3 *\/Z

Theorems 1.1 and 1.2 show that the energy of the optimal structure is uniformly
distributed on a set scale. This inherent length scale is implicitly based on the
constant ¢*, and, in order to set aside boundary and physical domain size effects,
is exactly captured in the limit of L — oo.

The optimality of the decay rate in (1.9) might seem to suggest that minimizers
should be nearly periodic. However, one could have structures which share these
energy estimates but are hardly periodic (¢f. the so-called random checkerboard
pattern discussed in Remark 6.2). Let us pursue this further by considering another
approach, that of large-scale density variations of the pattern. To this end, let
¢ : R™ — R be a standard mollification kernel, i.e., a smooth function such that

+

¢ >0, ¢=0outside B1(0), ¢odr=1. (1.11)
R'V’L
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For R > 0 and a € R", let

or(e) = oo o(220). (1.12)

Consider any admissible (u,b) on 2% (Qy) for a very large value of L. For Bg(a) C
Qr, consider

/ or(z) (u(r) —m)dx. (1.13)
Bpg(a)

This is a measure of average volume-fraction fluctuations (or density variations) in
a subsystem of size R where 1 < R < L. If the pattern is exactly periodic, then one
finds that such fluctuations decay exponentially fast. More precisely, if (uper, Pper)
are periodic, then for R sufficiently large, we have (cf. Proposition 6.1(i))

/BR(a) ¢R($) (Uper(x) - m) dr = O(%) for every p > 1. (1.14)

On the other hand, let (ug,bp) be a minimizer of E on Qp with by = —Vuv for
some v € H'(Qr). The basis of proving Theorem 1.1 will be a uniform L> bound
(Lemma 3.6) on by. Thus

‘ /BR(a) or(z) (uo(z) —m)de

= ’/ or(x) Avdx
Br(a)

= ’/ Vor(z) - Vudz
Br(a)

e / Vér() de
Bgr(a)

Lemma 3.6

C C
< — Vo(x)|dr < —=. 1.15
R Te@la <G as)

The contrast between (1.14) and (1.15) highlights that there is a gap between the
behavior of a periodic pattern and what we are able to prove with Theorem 1.1.
However, based upon Theorem 1.1, we will establish Theorem 1.3 below, which
proves that not only by but also the associated potential v, where by = —Vu,
are uniformly bounded. This allows us to integrate by parts once more in (1.15)
to obtain a better decay rate of 1/R?, one step closer to periodicity (cf. Proposi-
tion 6.1(ii)).

Theorem 1.3. There exist positive constants C' and ¢, depending only on the
volume fraction m and space dimension n, with the following property: If (ug,bo)
is a minimizer of E(u,b,Qr) on 2 (Qr) with L > c, then there exists v € H'(Qp)
such that bg = —Vv, and for all x € Qp,

lv(x)] < C. (1.16)

As we will explain in Section 6, this better decay rate allows us (in dimension
n < 4), to reinforce the notion of uniform structure for minimizers by ruling out
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certain structures whose energy would also be uniformly distributed on a set scale,
but whose pattern within a set cell is random, for example a random checkerboard
pattern (cf. Proposition 6.1(iii)).

As we have already pointed out, problem (1.7) is perhaps the simplest nonlocal
problem to address short and long-range competitions. Surprisingly there has been
little rigorous work addressing the structure of minimizers in R™, with n > 1. Re-
cently, however, this functional (and its diffuse interface counterpart) has appeared
increasingly in the mathematical literature because of the relevance of its diffuse
interface version to a model for microphase separation of diblock copolymers. In
particular, there has been work in one space dimension (see for example [19, 20, 22,
4]), on rigorous scaling laws ([6]), and also much work, especially by Ren and Wei,
on local minimizers (see for example [23, 24, 5, 10).

The paper is organized as follows. In Section 2, we introduce the relevant nota-
tion and definitions. Section 3 begins with a brief sketch of the proof of Theorem 1.1
and how it is broken down into a (mostly) progressive series of lemmas. We then
state precisely these lemmas, for which Theorem 1.1 is a direct consequence, and
provide a proof of Theorem 1.2. The proofs of the lemmas comprise Section 4
wherein the arguments for the crucial Lemmas 3.4 and 3.5 are reminiscent of The-
orem 2.1 in [11], where an anisotropic (1 4 1)-problem is treated. Finally the proof
and consequences of Theorem 1.3 are reserved for Sections 5 and 6 respectively.

2. BASIC NOTATION AND DEFINITIONS

We begin with an important comment on constants. Throughout this paper,
when we use the word constant, we mean a constant which may depend on the
volume fraction m and the space dimension n, but on these parameters only. In the
sequel, we suppress this dependence.

e We will use indexed notation such as Cy, C1, etc. to denote constants that
we wish to keep track of within a particular section and, for example,
reference in different lemmas.

e We will use C' to explicitly denote a constant whose value, depending
on the context, may change within a particular proof. When arguing
with a particular sufficiently large C, we occasionally use 1/C to denote a
sufficiently small constant.

e When there is no reason to explicitly denote the constant, we adopt the
notation < and 2 for inequalities up to a constant. In principle, we adopt
this notation whenever possible. However, it is sometimes more convenient
for expository purposes to explicitly use the C.

Unless stated otherwise, ¢ = (z1,...,2,) denotes a point in R™. By dz we
mean n-dimensional Lebesgue measure, and when it is clear we are integrating
with respect to Lebesgue measure, we often leave the dx out. For 2 C R" and
u € BV(Q), [, |Vu| denotes the total variation measure evaluated at Q. By B, (a)
we mean the n-dimensional ball with centre a € R™ and radius r > 0.

For @, defined by (1.8), v denotes the normal to Q) which always points in
the positive axis direction; that is, on each face of @, of the form z; = £L/2,v; =1
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and v; = 0 for j # i. We use @, to denote the closure of Q. For u € BV(Qp,+1)
and b € L2(Qr,R"), the differential equation divb = u — m is always taken in the
sense of distributions. When we write divb+m € [—1, 1], we mean divb+m € L™
taking values in [—1, 1] a.e. For any pair (b, u) with divb = u—m, we note that b-v
has a well-defined trace on the boundary of any cube contained in Q. In general
the trace is not a well-defined function but an element of the negative Sobolev space
H~'/2 and throughout this article, b-» on the boundary of any cube is interpreted
in this trace sense. However, for our purposes, the details of the space H™/2 are
not important, as we shall use trace estimates only for minimizers of E: Hence
b = —Vwv, where v solves a Poisson equation, and the trace of b - v will in fact be
in L? (cf. Remark 2.1).

We will often use mollification. To fix notation, let ¢ be the standard mollifica-
tion kernel of (1.11). For r > 0, let ¢, be defined by (1.12) with  in place of R and
a = 0. For any function f we define its mollification with ¢, by

Fr(@) = (f * 6)(x) = / F(@— ) ée(y) dy, (2.1)

with the understanding that the domain of f must be sufficiently large so that the
above integral makes sense.

We need the following definitions of optimal densities. We define (cf. Re-
mark 2.1)

o1
o(Qr) = W ﬁE(uvb, QL) .

1
0 — :
0’ (Qr) :== (u’rg)lél% LnE(u,b,QL)7

where

1
E(u,b,Q1) ::/ |Vu|+f/ b2 dz
QL 2 QL

#(Qu) = { w.b)

u € BV(Qr,+1),b € L*(Qr,R"), divb = u — m} ,

%(QL) = {(u7b) u e BV(QL7i1), b e LQ(QL,Rn),

divbzu—m,b-uzOonaQL}.

It will also be necessary to consider optimal densities for E with prescribed nonzero
boundary conditions on b - v. In fact, it will be convenient to have such a density
on rectangular boxes as well. To this end, we denote by R, any rectangular box of
size L which is not too anisotropic; that is, any set of the form

RL = (al,bl) X oo X (an,bn),

where a;, b; satisfy
1
§L§bl—a1,...,bn—an§L, (22)
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and we denote by |Ry| its n-dimensional volume. For g € L?(ORy), we define

09(Rr) := min

——F(u,b,Ryp),
(ub)est, | Ry (u 2

where

g(Rp) = {(u,b) u € BV(Ry,+1), b€ L?(RL,R"),

divb:u—m,b~1/=gon6RL}.

Remark 2.1. Note that the direct method of the calculus of variations implies that
the densities 0°(Qr) and o(Qr) are attained by at least one optimal pair (ug, bg).
By properties of the trace space H~1/2, this is also the case for 09(Ry) provided
y(Rr) # 0, i.e., provided the boundary data g is sufficiently small to be compatible
with the fact that, for some u € {—1,1},

/ g:/ u—m < 2L". (2.3)
ORp, Ry,

Note that when using 09 (¢f. Lemmas 3.4 and 3.7), we will always impose a suitable
smallness condition on g consistent with (2.3).

Moreover, following the basic arguments of (1.4), one sees that the optimal by
for either ¢® or o9 is a gradient: That is, bg = —Vwv for v solving —Av = ug — m
with by - v = 0 or by - v = g respectively on the boundary; in the case of free
boundary conditions (i.e., for o), the same holds true with the natural boundary
conditions being Dirichlet conditions for v (i.e., v = 0 on the boundary).

A key ingredient in the proof of Theorem 1.1, which will circumvent the need
for optimal constructions, is the relaxed problem associated with ¢9:

1
inf{/ —|b|? dz
Ry, 2

b € L2(R.,R"),

(2.4)
divb+m e [-1,1]in R, b-v=gon aRL}.

Note that we may again invoke the direct method in the calculus of variations to
show that a minimizer for the relaxed problem does indeed exists; hence the infimum
above could be replaced with a minimum.

3. THE PROOFS OF THEOREMS 1.1 AND 1.2

Theorem 1.1 is a direct consequence of two lemmas which are, in turn, conse-
quences of other lemmas. Theorem 1.2 will directly follow from Theorem 1.1 by a
simple rescaling argument. Thus let us first focus on outlining the proof of Theo-
rem 1.1, and how it is broken down into a progressive series of lemmas involving the
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densities o, 0% and ¢9. The reader is encouraged to read this sketch in consultation
with the statements of the lemmas which follow.

Sketch of the proof of Theorem 1.1. In Lemma 3.1, we start with some elementary
inequalities involving the two minimal energies per volume, namely o for the free
boundary condition and ¢ for the zero-flux boundary condition. Trivially, the free
boundary condition admits a lower energy than the zero-flux boundary condition
(Lemma 3.1(1)). By cutting and pasting, one easily sees that o(Q;) is essentially
increasing in the size [ > 1 of the cube, while ¢°(Q;) is essentially decreasing
(Lemma 3.1(ii) and (iii)). A straightforward construction and an elementary inter-
polation argument show that ¢°(Q;) is bounded above and o(Q;) is bounded below
uniformly in [ > 1 (Lemma 3.1(iv) and (v)).

With Lemma 3.1 in hand, we will be able to establish the existence of the limit
of (1.10), or more precisely Lemma 3.10, by elementary calculus arguments if we
can bound ¢° by ¢ on cubes of comparable size. The appropriate bound is stated
in Lemma 3.8. Together with Lemma 3.9, Lemma 3.8 also yields (1.9). Hence
Lemmas 3.8 and 3.9 are the core technical statements leading up to Theorem 1.1.
For the remainder of this discussion we focus on Lemma 3.8 and its derivation from
Lemmas 3.2 - 3.7.

The heart of Lemma 3.8 rests on, given a minimizer (ug, bg) of o, constructing an
appropriate comparison function (u, b) for °. This means that we need to construct
a b with zero-fluz boundary conditions from a by with generically nonvanishing flux
g = bg - v at the boundary at hand. Rephrasing the problem, we need to construct,
on cubes of comparable size, an appropriate comparison function (u, b) for o° given
a minimizer (ug,bg) of ¢9. This is done in Lemma 3.7 by a construction in a
boundary layer, which relies on an L*-bound on g. In fact, A := ||g|/r= is the
width of the boundary layer and thus determines the quality of the estimate.

Thus we need to know that for a minimizer (ug, bo) of o(Q;), the flux g = bg-v at
the boundary satisfies an L°°-bound uniform in [. This is the purpose of Lemma 3.6,
where we show that bg itself satisfies an L°°-bound uniform in /. The L*°-bound
on by follows from a bound on {™" le(a)ﬂQL |bg|? that is uniform in [ > 1 and a.
The argument relies on elementary elliptic regularity theory applied to by = —Vuq
which satisfies —Avg = ug — m € [-2,2]. The bound on [~" le(a)ﬁQL |bg|? is
contained in the bound on the energy density [~"E(uq, bo, Q;(a) N QL) stated in
Lemma 3.5, which is a weakened version of Theorem 1.1. Here we show that the
energy density is uniformly bounded — albeit not by the asymptotically optimal
constant o*.

Roughly speaking, the merit of Lemma 3.5 is to convert the global energy bound
E(up,bo, Qr) < CL™ of the minimizer (ug, bg) (with free boundary conditions, say)
into the local energy bound E(ug,bg, Qi(a) N QL) < CI™ on subcubes @Q;(a) with
a € Q. This is done by an ode argument in [ — E(ug, bg, Q;(a) N Q). To derive
the appropriate nonlinear differential inequality, we glue in the optimal construction
for 09(Q;(a)NQL) with g taken to be by v on 9Q;(a)NQr. This yields a competitor
(u, b) for (ug,bg), and thus allows us to estimate E(ug, bg, Q;(a) NQr) in terms of
c9(Q;(a) N QL) (and a perimeter term of lower order). We then use Lemma 3.4 to
estimate 09(Q;(a) N QL) in terms of a nonlinear expression in fan(a)ﬂQL [bg - v|?
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and notice that fBQz(a)ﬂQL |bg - v|? itself is bounded by % FE(uo,bo,Qi(a) N QL)
This approach is reminiscent of [11] and yields the desired nonlinear differential
inequality.

Hence the crucial ingredient for Lemma 3.5 is Lemma 3.4, where it is shown
that on some not too anisotropic rectangle Ry, (R = @;(a) NQr in the application
to Lemma 3.5), the minimal energy per volume o9 for inhomogeneous flux data g
on Ry, is estimated in terms of the L2-norm of ¢. It is crucial for Lemma 3.5 that
the exponent Z—ﬁ is strictly less than the isoperimetric exponent 4.

In order to derive Lemma 3.4, we first establish the corresponding bound
for the relaxed problem (2.3) in Lemma 3.3(b). Lemma 3.4 follows easily from
Lemma 3.3(b): We take the optimal by from the relaxed problem and replace the
function div by + m, which takes values in [—1, 1], by a function u with values +1
that is piecewise constant on rectangles of diameter of order 1 and is of the same
local volume fraction. The surface energy and the additional bulk energy are of the
order L™.

The relaxed variational problem (2.4) is convex and thus admits a dual for-
mulation on the level of the potential v, ¢f. Lemma 3.3(a). The dual formulation
allows us to reduce the upper bound on the energy of the relaxed problem to a
trace estimate, stated in Lemma 3.2. It is the scaling of this trace estimate in the
boundary layer thickness € which sets the crucial exponent in Lemma 3.3(b) and
thus Lemma 3.4.

We now present the precise statements of the lemmas involved in the proof of

Theorems 1.1. Proofs are postponed to the next section.
Lemma 3.1 (Basic inequalities). There exists a constant C < oo such that for
>0,

(i) o(Qi) < o%(Qu);

(11) Vk e N’ J(le) > U(Ql);

(ili) Vk €N, 0%(Qu) < o%(Q) + &

(IV) UO(QZ) < C;

(v) o(Qi) > &

Lemma 3.2 (Trace estimate). For any v € H'((0,1)") and 0 < € < 1, we have
/ [v|? dzx’ < e/ |Vo|? da
{0}x(0,1)m~* (0,6)x(0,1)m~1

1 2
+ 7/ |v\d$) .
(6("+1)/2 (0,6)x(0,1)n—1

Lemma 3.3 (Duality and upper bound for the relaxed problem).
(a) We have the following duality relation for the relaxed problem (2.4): For
every rectangular box Ry, and g € L?>(ORy) there holds

1
inf{/ —|b|?
Ry 2
. 1 2
= —inf ~|Vul* + (mo + |v|) + gu
Ry, 2 Ry, ORL

(3.1)

(divb+m) e [-1,1]in Ry, b-v =g on 8RL}
(3.2)

vEHl(RL)}.
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(b) Let b € L?(Ry,R™) be a minimizer of the relaxed problem (2.4). There exists
a constant Cy with the following property: For every rectangular box Ry satisfying
(2.2) and every g € L*(ORy) such that

1
2 n+1
> < =Lt (3.3)
/BRL C'0

n+2
nF1
[owesal [ #)7 (3.4
RL 8RL

Lemma 3.4 (Upper bound for 09(Ry,)). There exists a constant Cy with the fol-
lowing property: For every rectangular box Ry satisfying (2.2) with L > 1, and

g € L?>(ORL) such that
" 1
2 < 7Ln+1 ;
/6RLg -G

1 S\
Ug(RL) SCl 1+7 g .
L ORL

Lemma 3.5 (Uniform energy distribution - first version). There ezists a constant
Cy with the following property: Let (ug,bo) be a minimizer of E(u,b, QL) on either
A (Qr) or 4 (Qr); then for all centres a € Qr and L > 1> Cy,

we have

we have

E(ug,bo, Qi(a) NQr) < 3CI",

with Cq as in Lemma 3.4.

Lemma 3.6 (L*° -bound for minimizers). There exists a constant C' with the fol-
lowing property: Let (ug,bg) be a minimizer of E(u,b,Qr) on < (Qr) or o (QL);
then we have

[bo| < C.

Lemma 3.7 (Comparison of ¢° and ¢9). There exist constants C3,C with the
following property: For every g : 0Qr — R with

1
A=suplgl < - L,
QL

2C5
we have Cl1 4 A3
(1) 0%(Qr) < o°(Qr—2051) + %;
C(1+A3)

(i) 0% Qri2054) < 0%(Qr) + —

Lemma 3.8 (Comparison of 0® and o). There exist constants Cy,C such that

(Quic,) < o(@u)+ 5
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for all L > Cy.

Lemma 3.9 (Uniform energy distribution - second version). There exist constants
Cs, C with the following property: Let (ug,bo) be a minimizer of E(u,b,Qr) on
A (Qr); then for any Q(a) C Qr with | > Cs, we have

E(ug,bg, Q;)

c
n <o’ (Qi-cs) +

i

Lemma 3.10 (Large I behavior of o(1), 6%(1)). There exist two constants o* €

(0,00) and C < oo such that for alll > C,

G
l

o —— <o(Q) <aQ) <" +g.

l

Proof of Theorem 1.1. Theorem 1.1 is now a direct consequence of Lemmas 3.9 and
3.10. O

Proof of Theorem 1.2. Let (ug,bg) be a minimizer of E(u,b,Qr) on (@), and
let Q;(a) C Qr. By Theorem 1.1, there exists constants C' and ¢ such that

C

Bl bo, Qula)) — 07| < S

= (3.5)

when [ > ¢. For every A € [1/2,3/2] we consider the rescaled couple (u}), by)) defined
by

1
A

One easily checks that (u), b)) belongs to 2% (Qxr.), and therefore Theorem 1.1 also
implies

ud(\x) == uo(x) and by (A\z) := by(z).

1 . C 2C
e £ (0, o, Qu(Aa)) — 0™ 2 =5 > ——= (3.6)
for Al > c. For the rest of the proof we assume that [ > 2¢; hence (3.5) and (3.6)
hold for every A.
Next we define L
) = WE(U(), bo, Qxi(Aa)). (3.7)

Then (3.5) and (3.6) imply that
2C 3C

S (B (38)

Moreover a simple computation yields
FO) =aX? +br71, (3.9)

where 1 1 1
a:=— 7|b0|2d:c and b:= — [Vuol . (3.10)
" JQua) 2 Q
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Note that a +b = f(1) =" E(ug, bg, Q;(a)), and therefore (3.5) can be rewritten
as

|a+b7¢7*\§%. (3.11)

Now we apply the following elementary statement (we omit the proof): Let
f:11/2,3/2] — R be a function of class C* and let §,m be positive constants such
that

fN)=fA)=6  and  f'(A)<2m (3.12)

for every X € [1/2,3/2]. If 6 < m/4, then
|£/(1)] < 2vVms. (3.13)

Let us check the assumptions: the first inequality in (3.12) follows from (3.8) pro-
vided we set § := 3C/l; the second inequality in (3.12) follows from the estimate

(N =2a + 20272 < 16(a +b) < 16(c* + C) =: 2m,
where the last inequality follows from (3.11) provided that [ > 1; finally, assumption
0 < m/4 is verified for [ > 12 C/m. Note that the assumptions on [ so far add up

to I > max{2¢,1,12C/m}.
Taking into account (3.9), conclusion (3.13) becomes

[2a — b S

<4

and recalling (3.11) we get

1

3a—oc*|<|la+b—0"|+|2a —b] S —.
| | <] |+ | Vi

In a similar way one obtains [2b — o*| < 1/v/1, and the proof is complete. [

4. PROOFS OF THE LEMMAS

Proof of Lemma 3.1. Statement (i) is obvious by definition of o(Q);) since 2% (Q;) C
A (Qr).

For (ii), consider a minimizer (u,b) for o(Qy): For at least one of the k™
subsquares of size | of @, the energy of (u,b) on this subsquare must be smaller
than one k™-th of the energy on the square Q;, and since the restriction of (u,b)
to this subsquare is admissible for o(Q);), the inequality follows.

For (iii), let (u,b) be a minimizer for ¢°(Q;), extend this pair by periodicity
to Qki, and denote such an extension by (4, B) Since b - v = 0 on 9Q, (u, B) is
admissible for a%(Qy;), and

E(U,b, Q) < K"E(u,b,Q) + CE™™ !,
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since we may introduce jumps in U at the interfaces of the cubes of size I. Dividing
both sides by k™1™, we have

E(ﬁa bv Qk:l) 9

knin 1
Statement (iv) follows by computing F for a suitable test function u and a compat-
ible vector field b; for example, taking for u a lamellar pattern with volume fraction
m and period 1.

It is only the last statement (v) which is nontrivial. The proof involves an
interpolation-type inequality. If we were concerned with either periodic or Neumann
(b - v = 0) boundary conditions for b, the result would directly follow from an
interpolation inequality between BV + H~! and L?; see for example Lemma 2.3

in [7]. For the case of free boundary conditions, a slightly different inequality is
needed. To this end, let (u,b) € &7(Q;), and define

o’ (Qr) < <o%(Q) +

wi=u—-m.

Thus we have divb = w. Let Q/ C Q] be n-dimensional cubes with the same
centre as (); but with side lengths %l and %l respectively. Let 1 be a smooth cut-off
function such that

n=1inQ] and n=0inQ;\Q;.

Without loss of generality, we may assume ! > 4. On @)}, consider the mollifications
wi and b} (i.e., (1.12) and (2.1) with » = R = 1 and centre a = 0). Note that, by
assumption, we have 1 < dist(9Q;, 0Q);). Since divb = w on @), we have div b} = w}
on Q'. We show that the first and second terms of E(u,b) are bounded below by
fQi n|w — wi|? and fQ; n|wi|? respectively.

Integrating by parts, we find

/ nlwi]? = / n(div b}) w!
Q; Q

- / bt - V()
Q

’
L

- 7/ b V()
Q)

(/ |b2)1/2< [ IV(an)ﬂQ)m w

’
1 1

< / ; |b2)1/2( / 2(nuﬁ>2)1/2, (42)

where in line (4.1) we used the Cauchy-Schwarz inequality, and in (4.2) we used the
fact that || V¢|eo depends only on the dimension n. Thus

/ nwil? < / b2 (4.3)
Q] Q]

l

IN
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For the surface energy, we have

J

e =il 5 | il

/
1

: (4.4)
5/ \w—wm/ |Vw|:/ V).
Q Q1 Qi
Combining (4.3) and (4.4), we find
/ |w+/ |b\2z/ n\wi‘l2+/ nw — w}?

Qi Qi Q] Q]
z/ n\sz/ Nz QU I o

Q; Q

Proof of Lemma 5.2. Let v € H'((0,1)") and 0 < € < 1. The proof of (3.1) follows
from two estimates. The first is the trace estimate

/ (|2 da’ 56/ |Vv|2dﬂc+/ o2de ., (45)
{0} x(0,1)n~1 (0,e)x(0,1)—1 (0,1)n—1

where U is defined by
1 €
v(x') == 7/ [v(z1,2")| dzy , (4.6)
€Jo

where z’ := (72,...,2,) € R""!. The second is the following (n — 1)-dimensional
Nash-type inequality (cf. [16]): For w € H((0,1)"~1),

/ lw|? da
(0,1)%71
T == 2
< (/ |Vwl|? da:) (/ \w\dm) + (/ |w\dx) .
(0,1)7:,—1 (0_’1)71—1 (0’1)71,—1

We first prove (3.1) assuming (4.5) and (4.7). To this end, we apply (4.7) to w(z’) =
o(z"). Note that by (4.6),

1 1 /€
/ 9] d:c':f/ |de and |Vo(')| < f/ Vo(zr, )| dey
(0,1)n—1 € J(0,e)x(0,1)n—1 €Jo

Hence by Jensen’s inequality,

1 €
V()P < Z/ Vo, )| das |
0

and so

1
/ |Vo|? da’ < f/ |Vo(z)|* dz .
(0,1)n=1 € J(0,6)x(0,1)n1
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Thus (4.7) turns into

n—1

4
1 nt1 1 nt+1
[ e (L] vorae) (1] vl o)
(0,1)n—1 € J(0,e)x(0,1)m 1 € J(0,0)x (0,11
2
1
+ (*/ |v\dz) .

€ J(0,0)x(0,1)n 1

Inserting this into (4.5), we find

/ o it S Vol dr
{0}x(0,1)~1 (0,€)x(0,1)n—1
n— 4
1 ntl /] ey
+ (*/ |VU\2dﬂc> (7/ |1)|da:>
€ J(0,e)x(0,1)n—1 € J(0,e)x(0,1)n—1
1 2
(1 o) w8
€ J(0,e)x(0,1)n—1

By Young’s inequality, we have

4

n—1
1 n+1l 1 n+1
<7/ |Vol? dm) (7/ |v|dx)
€ J(0,e)x(0,1)n—1 € J(0,e)x(0,1)7—1
= <e/ |V11\2dm) <e_?/ \U|dx>
(0,6)x (0,1)n—1 (0,6)x(0,1)n—1

2
56/ |Vo|? da + (a"T“/ \U|dx> . (4.9)
(0,e)x(0,1)n—1 (0,e)x(0,1)n—1

Inserting (4.9) into (4.8) implies the estimate (3.1) since € < 1.
It remains to prove (4.5) and (4.7). The estimate (4.5) is easy. It is based upon
a standard one-dimensional trace estimate which yields

€ 1 €
[v(0,2")] S/o |Bw1v(x1,x')\dx1+g/o [v(x1,2")| dxy (4.10)

for all ' € (0,1)"~1. We square both sides of (4.10) and apply Jensen’s inequality
to find

2

€ 1 €
[v(0,2")|* < 26/ |02, v(21, ") | day + 2(?/ [v(z1,2")] dm1> .
0 0

Integrating with respect to 2’ yields (4.5).
To prove the Nash-type estimate (4.7) we set d = n — 1. Hence (4.7) reduces to

2 _d_
lwllz S lwlli™* [IVewlls™ + llwll (4.11)
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where ||w]|, denotes the L norm on (0,1)%.

We begin with some preliminary estimates. For every v € W11((0,1)%), denote
by m(v) the average of v. It is well-known that ||Vv]||; + |m(v)] is equivalent to the
usual W' l-norm, and therefore the Sobolev embedding theorem yields

[olli= S Vo[l + [m(v)],
where 1* = d/(d — 1) is the Sobolev exponent (for d = 1 we convene that 1* = c0).

We apply the previous estimate with v := w?: Taking into account that |m(v)| <
[wll} and [Jv]l1+ = |lw]|2 with g := 2 - 1*, we obtain

lwlly = Nl S Vol + [m@)] £ [Jw V|, + [lw]?,

and taking into account the general inequality || fgll1 < ||f]l2llgll2 we get

1 1 1
lwllg S (lwllzl Vol + [wl)* < llwli3 [IVwll3 + [lwl - (4.12)

We can now prove (4.11). Since ¢ = 2 - 1* is always strictly larger than 2, by
Holder’s inquality we have

Y
[wlle < [lwlli™ lwlly (4.13)
where A solves the equation % =(1- )\)% + )\%; that is,

4

A= .
d+1

(4.14)
Plugging (4.12) into (4.13) we get
< 1—-X % %
[wlle S lwll ™ lwllF [Vwlls + lwll,
and taking into account that ||wl||; < ||w|l2 we finally obtain

1—2 _ A 1—2
[wlly”* < lwlli ™ Vwlls + [lwll, 2 -

This estimate and (4.14) imply (4.11). O
Proof of Lemma 3.3. (a) For the duality we have,

1
inf{/ Lipj2
divb+me[-1,1]in R, b-v=gon 3RL}

1
= inf{/ —|b?
u,b Ry, 2

b € L%(R;,R"),

b e L?(R;,R"), u € L™®(Rg, [-1,1]),
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divb:ufminRL,b~V:gon(9RL}

1
:inlljsup{/ §|b|2+(b~Vv+(u—m)v)—/ gu (4.15)
u, v Rr ORy,
‘ b e L3(R,,R"), u € L*®(Rr,[-1,1]),v € Hl(RL)}
1
:supinf{/ 7|b|2+(b.V1}+(u—m)U)—/ gu (4.16)
v u,b R 2 dRy,

‘ b e L*(Rp,RY), u € L®(Ry,[~1,1]), v € Hl(RL)}

1
:sup{f/ §|V1}\2+(mv+|v|)7/ gu
v Ry, ORL
1
:—inf{/ f\VU|2+(mv+\v|)+/ gu
v {Jr, 2 ORy

The passage to line (4.15) follows from the simple observation: For any f defined
on Ry, the supremum of fRL fv over all v € HY(Ry) is +oo unless f = 0. In
our case f = u —m — divb. The passage to line (4.16) follows from a min-max
theorem (an infinite-dimensional version which fits our needs is given in [3], Chapter
I, Proposition 1.1); note that the functional is convex in (u,b) and linear - and
therefore concave - in v. Line (4.17) follows by noting that for fixed v, the minimum
is attained when b = —Vv and u = signv.

We turn to part (b). The trace formula of Lemma 3.2 was stated and proved
on a unit cube for convenience. However, one readily notes that the same estimate
holds true for a rectangular box R = (0,1) X (az,b2) X ... X (ay,by,) provided

1

§§b27a2,...,bnfan§1.

Thus for v € H}(R) and any 0 < e < 1,

2
1
\v|2dx'§6/ |Vo|? dx + (7/ |v\dm) .
/{o}x(az,bz)x..x(ambn) R ent/2 [

The same application of Lemma 3.2 yields an analogous inequality with respect
to the i-th faces of a rectangular box R = (a1,b1) X ... x (ai—1,bi—1) x (0,1) x
(aig1,0i41) X ... X (an,by). Now let Ry be a rectangular box satisfying (2.2) and
let L; := b;—a;. For each of the i-th faces, we may rescale the appropriate inequality
in z; by L;. Then adding the respective terms in the inequalities for all the faces of
ORy, taking the square root of both sides of the inequality, and using (2.2) again,
we obtain for any v € HY(Rr) and 0 < e < 1

1/2
</ [v|? da/)
ORy,

1/2
1
< CO|(eL)V/? / 24 7/ d
,C[(e ) ( . |Vo|* dx +(eL)(”+1)/2 . lv|dz| ,

vE Hl(RL)} (4.17)

veHl(RL)}.

(4.18)
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for some constant C, fixed for the remainder of the proof.
Let € > 0 be defined as

1 2
(L) (5"
€= —
L\ Jor, 1—|m|
1/2
ie., (eL)"TJrl = ¢ (/ 92) .
1L—|m[\ Jor,

Note that by (3.3), € < 1 for a suitable choice of Cy. By the application of Lemma 3.2
in the form of (4.18), we have for any v € H(R}),

1
[ 5ol [ e+ [ g0
Ryr, Rr, ORL
1
> [ 5t [l [ g0
RL2 Ry, ORy,

e eamf (L) (L) o

1
> [ el [l
(4.18) JRy, Ry,
1/2 1/2
—c( / 92) (eLW( / |W|2)
BRL RL
1/2
1
—C(/ 92) . )
ORy, (EL)% RL| |

2 [ oo () T e

C2n+4 nif

nt1 n

= = < / 92) . (4.22)
(419)  2(1 — |m|)»+T \Jor,

Here we used the Cauchy-Schwarz inequality in (4.20) and the trivial inequality
%az —ab > —%bQ for (4.21). Part (b) of Lemma 3.3 now follows from (3.2) and
(4.22), with a modified choice of Cy to accommodate both (4.22) and ¢ < 1 in
(4.19). O

(4.19)

Proof of Lemma 3.4. Let g € L2(ORy) satisfy (3.3) and let b be a minimizer of the

(2.4). By Lemma 3.3,
nt2
- EESI
[zl )7 (1.23)
R GRL

where Cj is as in Lemma 3.3. By definition there exists @ € L>(Rp,[~1,1]) such
that divb +m = @, and b-v = g on ORy. By (2.2) we may divide Ry up into
boxes R; whose side lengths are all between 1/2 and 1. Note that the number of
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R; is bounded above by 2" L™. On each R; we may choose u; € BV (R;,{£1}) such

t ha‘
/ U; = / u,

where u; has exactly one interface of the form z; = a. We may now solve

—A’Ui = U; — o in Ri,
{ (4.24)
Vv, -v=0 on OR;.
Setting b; = b— Vv;, we find
div b; :divf)+uifﬂ:ﬂfm+uifﬂ:uifm on R;.
On the other hand, we have
/ \Vvi\z = / (—Avi)vi
Ri Ri
(4.25)

= (o) (L 2)"

Since the rectangle R; has side lengths between 1/2 and 1, Poincaré’s inequality
(for functions with zero mean) gives

1/2 1/2
(L)<
R; R;

which combined with (4.25) yields

[ el s [ -t s RS

R; R;

Thus defining (u,b) on Ry, to be (u;, b;) on R;, we find
divb=u—mon Ry, b-v=gondRp.

Note that the additional interfacial area introduced by piecing together the u; is
bounded by 2nL™. Thus using (4.23),

1 2 n
B k) $ 3 (5 [ e [ vul) 4z
<5/ \B\2+Z(1/ vul+ [ mw) Iy
2 Ry, i 2 R; R;
n+2
nr1
(/ g2> —‘,—Ln—i-Ln—‘an.
ORy,

N
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Finally,
1 1 Nz
o9(L) < —E(b,u,R.) < C|14+ — g ,
L L\ Jogr,

for some constant C'. Lemma 3.4 now follows with C; := max{C,Cp}. O

Proof of Lemma 3.5. We give the proof for minimizers over &/ (Qr) and 2% (Qr)
simultaneously. Let (ug,bg) be a minimizer of F(ug,bg, Q1) on either </ (Qr) or
2 (Qr), and let a € Q. For | < L we define

h(l) == E(uo,bo, Qi(a) N QL) -

Note that evaluating the energy on @Q;(a) N QL takes into account the part of the
measure |Vug| concentrated on the surface 9Q;(a) N Q. In particular, h(:) is an
upper semi-continuous, nondecreasing function.

By Lemma 3.4 applied to g := 0,

h(L) < E(ug,bo,Qr) = o(Qr) L™ < a®(Qr) L™ < C1 L™, (4.26)

for the case of minimizers over 27 (Qr). The same holds true for minimizers over
5(Qr) provided we remove the third term in this chain of (in)equalities.
We may assume that there exists an [ < L such that

h(l) > 3C41™; (4.27)
otherwise there is nothing to prove. Consider the subset of R,

S = {z €0, L] ‘ h(l) > 3011"}.

Since h is upper semi-continuous, S is closed and, in view of (4.27), nonempty.
Hence
ly :==sup S

belongs to S, and by (4.26), . < L. Thus we have
h(ly) > 3C11} and h(l) <3C{™ Vie (I, L].
Since h is nondecreasing, we must have
h(l) = 3Cy1} (4.28)

and
h(l. — h(l« _
h'(l.) := limsup hil. +¢) = bk <3nCymt. (4.29)
€

e—0t

Our goal is now to show that [, must be bounded above independently of L. To
this end, without loss of generality we may assume

l, > max {(371)1/201, Sc—n} . (4.30)
1
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b.d.=byv b.d.=byv

. - b.d.=0

Q Mo@nQ
FIGURE 1. Two possible positions for @;, (a) N Qr, and

corresponding Neumann boundary conditions on 9(Qy, (a) N Qr).

For all € > 0 we have, by definition of h,

1

1|b0|2 < h(ls + €) — h(ly) ~
- €

/ (4.31)
€ J(Qusc(@)-Qu. (a)nQy 2

Next we take the limsup as ¢ — 0" in (4.31). To pass to the limit in the integral
on the left-hand side we need, for instance, that by is continuous. This follows by
standard elliptic regularity: Indeed, since

by =—-Vv, divbg=uy—min Qr,

with v = 0 on dQr in the case of &/(Qr), and Vv - v = 0 on dQ in the case of
2 (Qr), standard Schauder theory implies

veCh*(Q.), andhence bye C**(Q;)

for all @ < 1. Thus we deduce from (4.29), (4.30), and (4.31) that
1 2 1 2 n—1 1 n+1
0Qu. ()NQL 0Qu. ()NQr 2 Gy

Notice that the rectangular box @, (a) N @y is not too anisotropic in the sense
that it satisfies (2.2) with L replaced by .. Also note that

Q. ()N QL) = (8Q1, () NQL) U (Q1,(a) NOQL) .
Hence by (4.32), we may apply Lemma 3.4 to

bo-v on dQy, (a)NQyL,
9=

0 on Ql* (a) noQL

(see Figure 1) and obtain

n+42

1 1 n+1
w@u@nen <t ( [ ) |
* 0(Qu, (a)NQL)
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Hence there exists (u*,b*) on @y, (a) N QL with

0 on @y, (a) NIQyL,
b* v = (4.33)

by v on dQ, (a) N QL,

and
1 e
B bt Qu@nan saifi+( [ 300 ?) |
0Q1, (a)NQr
e [z:} + (3n Clz:}*l)ﬁif} . (4.34)
(4.32)
By (4.33),

R (u*,b*) on Q, (a) NQp,
(a,b) =
(ug,bo) on Qr\ Q1 (a)

is admissible on &7 and o) respectively. Hence in either case,

E(ug,bo,Q1,(a) N QL) + E(uo, bo, QL \ Q1. (a))

< E(uo, bo, QL)
< E(i,b,Qr)
< E(u*,b*,Q.(a) N Q1) + E(uo, bo, Q1 \ Qi (a)) + 4n i7",
Thus
h(l.) < E(ug, b, Qi (a) N QL) + 4n ™"
< E(u*,b*,Q1(a) N QL) +8nl ™"
< O [z:: +(3n clz:-l)%if} +8nIn!
(4:34)

nt2
S 201[2’ + Cl (Sn Cllf_l) nti
(4.30)

Combining the above with (4.28), we find
n+42
ntl

301[17' S 201[11 + Cl (3n Cll:_l) ,

SO
nt2 ntl
< BnCyr )" e, < (3nCy)"F .

Hence the lemma follows for

Cy := max {(3n)1/201 , Fn
1

7(3n01)n7+1}. 0
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[ ]
= Q . b.d.=0 b.d.=g

[ ] — QLiocn

FIGURE 2. Left: Frame Q42044 \ @ partitioned into rectangular
boxes R; of side lengths between %C;;A and C3A. Right:
Boundary values on dR; for the application of Lemma 3.4.

Proof of Lemma 3.6. As in Lemma 3.5, we present the proof for a minimizer (ug, bo)
of E(u,b,Qr) over &7 (Qr) and over 2 (Qr,) simultaneously. Since here there is no
need to keep track of constants, we adopt the < convention.

The crucial ingredient here is Lemma 3.5, which yields a uniform bound on local
averages of |bg|?; that is,

/Q LT (4.35)

for every cube Q1(a) contained in Q.

The rest of the proof relies on a standard argument of elliptic regularity theory
and is briefly sketched. First of all, we recall that for every p with 1 < p < co the
norm

1Al + Vo], + o],

is equivalent to the standard norm on the Sobolev space W*P(Q;). Then a standard
compactness argument shows that the same holds true for

[Av]lp + Vo[l + [m(v)],

where m(v) denotes the average of v on Q. Since W2%2(Q) is embedded in
W1(Q1), we have

[ollwree S [ollwean S |Av]I2n + [Vl + [m(v)] (4.36)

for every v € W22n(Qy), and by density also for every v € WH1(Qy).

In order to apply estimate (4.36) to by we recall that there exists v € H(Qp)
such that b = —Vwv in Q. Fix a cube @Q1(a) contained in @Qr: Upon addition of
a constant we can assume that the average of v on Q1(a) vanishes. Hence (4.35),
(4.36), and the fact that Av = divb = u —m yield

bolloe = [IVolloe S 1AVII2n + [[Volly + [m(v)] = [Ju = mll2n + [[boll1 S 1,

where all norms refer to the domain @1 (a). The L*-bound for by on the whole Qp,
is obtained by covering this cube by cubes of the form Qi(a). O

Proof of Lemma 8.7. The proofs of statements (i) and (ii) are very similar. We
present (ii). Let (u, b) be a minimizer for E on &79(Qy,). Let C3 denote a constant
which we will choose shortly. Since L > 2C3A, the frame Qri2c,a \ Q1 can be
partitioned into rectangular boxes R; of side lengths between %03/\ and C3A (see
Figure 2).
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- Quaoca . b.d.=0 b.d.=g
] — QL

FIGURE 3. The analogous structure for the proof of statement (i)

We now apply Lemma 3.4 to any of these R; with C3A playing the role of L and
with boundary data
g on dR;NIQ,

0 ondR;\Qr.

The assumption on the boundary data in Lemma 3.4 becomes

1
/ g> < —(C3A)" T (4.37)
OR;NOQ L Cl

where C is the constant from Lemma 3.4, and since sup |g| = A, it is satisfied by

choosing
03 = 2n Cl .

Thus Lemma 3.4 yields (u;, b;) on R; such that

nt2
n¥l
E(u;,b;, R;) < C4 [(CgA)n + </ 92> } < CA"(1+ A2) (4.38)
ORNAQL,

(4.37)
and
g=b-v ondR;NIQrL,
bi V= o
0 on ORZ \ QL-
Thus the pair
(u,b)  on Qy,
(s, by) 1=

(u;,b;) on OR;
is admissible for 0°(Qr120,4), and hence
(L +2C30)"0%(Qr1205n) < E(us, by, Qri2051)
< E(u,b,Qu) + Y (E(ui, bi, Ri) + 4n(CsA)" ™)

n—1
< L"ag(QL)+C(£) (A™(14+A%) + A1),
(4.38) A

In the last line above, we used the fact that the number of R; does not exceed
(L/A)""L. Thus

3 3
0% (Qrracsn) < 0?(Qr) + w <o9(Qr) + w .

The proof of (i) is very similar, with the reverse roles in both the frame and
boundary data of Figure 2; see Figure 3. O
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Proof of Lemma 3.8. Let (ug, bp) be a minimizer of F on &/ (Qr). Trivially, (ug, bg)
is also a minimizer for 09(Qr) with

g=Dbg-v ondQy.

Hence
o(Qr) = o%(Qr). (4.39)

By Lemma 3.6, we have
lgl S 1.

By Lemma 3.7(ii) there exist constants Cy4, C such that

UO(QL+C4) < Ug(QL) + % s

provided L > C4. Combining the above with (4.39) gives the result. [

Proof of Lemma 3.9. Let (ug, bo) be a minimizer of E on «%. Let Q;(a) C Qr and
let (u«,bs) be a minimizer for 09(Q;(a)) where

bo v on dQ;(a) NQy,
g:=

0 on 0Qr N Qi(a).
Thus (@, b) defined by
(us, by) on Qa),
(uo,bo) on Qr \ Qi(a)
is admissible for ¢°(Qr). Thus
E(ug, bo, Q1) < E(@, b, Q1).
By construction, we have
B(ug, bo, Qi(a)) < E(us, b, Qu(a)) +4n i
or

= Bluo, by, Qu(a)) < 0%(Qu(a) + 5

for some constant C. Lemma 3.6 implies that

g/ S1 ondQi(a)NQL,

(4.40)

and hence by Lemma 3.7(i), there exist constants Cy, C such that

0?(Qi(a)) < o"(Qi-c,) + %
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for | > Cs. This combined with (4.40) yields the lemma. O
Proof of Lemma 3.10. Let

o= h{gi;lf o%(Q;) and o* :=limsupo(Q).

l—o0

Notice that from Lemma 3.1 we have the following results: Statements (iv) and (v)
respectively imply
op <oco and o >0; (4.41)

statement (i) gives
of <ot (4.42)

and from statements (ii) and (iii) respectively we have for all [ > C,

o(Qi) < limsup o(Qu) <o (4.43)

k—oo, keN

and o o
0 > . . 0 _ XS Y ) '

o%(@Q) 2 lminf o°(Qu) — 7 2 0% — (4.44)

On the other hand, Lemma 3.8 implies that

0 C

g (QZ+C4) S O'(Ql) + 7 2 2 C4 . (445)

Thus for any | > Cy, we have

C C
o@Q)+— < ol +—.
I (4a3) l

of < oY + <
+ an (@) I+ Cy (435

Letting ! tend to infinity yields ¢} < ¢, which, combined with (4.42), yields
equality. Let

*

ot =0} =07 . (4.46)

By (4.41), o* € (0,00). Finally, we have for all I > Cy,

C C C
o > o0 - — > o — — = —.
(@) (4.45) (@) I (4.44), (4.46) 1+ Cy l
On the other hand, for [ > 2C4,
C

"+

0 < )+ .
(@) 5, 0@-a) I — Cy (4.43), (4.46) 1-Cy

o
(4.45)

This combined with Lemma 3.1(i) concludes the proof. [
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5. THE PROOF OF THEOREM 1.3

The proof will follow from Theorem 1.1, the L*° bound for minimizing b
(Lemma 3.6), and a suitable weak formulation of the Euler-Lagrange equation. Un-
der a regularity assumption for the interface associated with u, the Euler-Lagrange
equation reduces simply to an equation relating the mean curvature of this interface
to the potential v associated with b (¢f. [10]). In Lemma 5.1, we give a weak version
of this statement which holds regardless of the regularity of the interface associated
with w.

Throughout this section, given a function u € BV (Qr, £1), we denote by p the
density of the vector-valued measure Vu with respect to its total variation |Vu|. We
recall that this unit vector field corresponds to the measure-theoretic inner normal
of the set of finite perimeter A := {u = 1} (¢f. [13], Chapter 3).

Lemma 5.1. Let (ug,bg) be a minimizer of E on @(Qr). Then there exists
v € CH(Qyr) such that by = —Vvy and

[ woc vl [ (@ive - (0¢m) 90l =0, (5.1)

for any smooth vector field ¢ with compact support in Q. Here D( denotes the
matriz of partial derivatives 0;(;, and 1 denotes density of Vug with respect to
|VUO|

Note that, while we only need the result for ¢ with compact support, Lemma 5.1
also holds for all smooth vector fields ¢ on @ with (-~ =0 on Q.

Proof of Lemma 5.1. The existence of a potential vy associated to by was already
established in the Introduction, while the C'(Qr) regularity is a by-product of
Lemma 3.6. Let Ap := {up = 1} and let ¢ : Q@ — R™ be a compactly supported
smooth vector field. Note that any admissible u for o (Qr) must have average
m; alternatively the set {u = 1} must have volume fraction (1 + m)/2. Thus the
optimal ug is a mass constrained minimizer, and this must be taken into account
when computing the variation of E associated to a vector field (.

The assumption m € (—1,1) implies 0 < |Ap| < |QL], and hence there exists a

vector field E , compactly supported in @)1, such that
N 1 N
0 # div{dr = 7/ ug div {dx . (5.2)
Ao 2 L

We now consider the flow F} ; : Q — Qr defined by

~

F; s(z) == a + t¢(z) + s¢(x)
for t, s sufficiently small. Let u; s be given by

1 on Fy s(Ap),
Ut,s =

—1 on Qr\ F;s(Ao).
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Our goal is find s = ¢(t) such that |F} 4;)(Ao)| = |Ag| for small ¢. To this end, note
that the Jacobian of F} s, denoted by JF, s, satisfies (¢f. the proof of Theorem 10.4
in [13])

JF, s =14+ tdiv(+ sdiv( +o(t,s) .
Thus setting

V(t,s) i= |Frs(Ao)| = / JF,,dz,

we have V(0,0) = (14 m)/2 and
aV(t,s)
0s

= / dividz #0,
s=t=0 Ao

and therefore we may apply the implicit function theorem to the equation V'(¢,s) =
(1 +m)/2 to obtain a function s = ¢(¢) such that ¢(0) = 0 and

_1+m

V(t,o(t)) = 5 for small ¢.
Note that [, dived
iv(dz
¢'(0) = —Ao >
S, div(da

It follows that the volume of the set F} 4+)(Ao) is equal to the volume of Ay for
t sufficiently small, which is equivalent to saying that the functions u; 4 satisfy
the mass constraint ﬁ fQL ug, 1) = m and therefore belong to 24 (Qr). Let v,
denote any potential associated with u; 4(¢), i.e., —Avy = uy g(;) —m with Neumann
boundary conditions. Note that ugo = up and —Vvy = bg. Hence setting F; =
E(ug gy, —Vip0), Qr), we must have

dE;

=t =0 (5.3)

t=0

To calculate the left-hand side of (5.3), note that this consists of two terms, the
surface energy and the nonlocal energy. For the surface energy, the calculation
is identical to that of Theorem 10.4 of [13], whereas for the nonlocal part, the
calculation is identical to that of Theorem 2.3 of [10]. Together, these calculations
yield

[ [+ 0@0) ] 1l

+/ [div(¢ + ¢/ (0)C) — (D(C + ¢ (0)C) 1) - 1] [Vuo| = 0.
Hence

0= [ Goc-wiVuol+ [ [dive - (D] Tuo

L #(0) {/ oG )1 uol+ [ [ = - (DC)] Vo

QL
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Thus (5.1) will follow by modifying vy € C1(Q1) by the addition of a constant so
that

[ wCnlVuol+ [ [divE= (DCw - u]|Tuol =o0.
QL QL

This is possible because of condition (5.2). O

We now prove Theorem 1.3. For convenience of notation, let us break from the
tradition of using 0O-subindices for denoting the minimizing pair for E on <% (Qr).
It will be denoted simply by (u,b).

Proof of Theorem 1.3. The indexed constants C7 and Cs in this proof will have no
relation to those of the previous sections, and note that the generic constant C' may
change from line to line. Let (u,b) be a minimizer of E on <% (Q) and let v be as
in Lemma 5.1. The proof relies on Theorem 1.1 which implies

/ [Vu| S R" forallae@pand R>1s.t. Br(a) C Qr, (5.4)
Br(a)

and on Lemma 3.6 which implies

sup |Vv| < 1. (5.5)

QL

These two bounds will be coupled via Lemma 5.1 with a suitable choice of test
function ¢. This test function is a localized piece of the gradient of a mollification
of u. The localization is centered at a € Q1, and there will be two constant length
scales associated with (: A localization length scale R and a mollification length
scale r. These two scales will be set within the course of the proof. In fact, once
constants C7 > 1 and Cy > 1 are chosen, one may choose R and r such that

1
C1
Fix a smooth cut-off function n(z) such that

0<n<1, suppnC By/(0), n=1o0n By,(0).

For fixed R and a € Qr, such that Br(a) C Qr, we define

nr(z) = n(x§a> :

We choose a mollifying kernel ¢, supported in By /4(0)7 and define our test function
in (5.1) to be

(: ‘=TMNR Vu:i s
where the mollification «}* is defined by (2.1). It is convenient to extend ¢, u, etc.
to 0 in the complement of their domains.
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We claim that the following estimates hold for the terms in (5.1):

. R"
[ Give- oo £ 5 (5.7)
R?’L
|t s 2 5:5)
QL r
and
| cuivazre. (5.9)
QL
We first show how (5.7), (5.8) and (5.9) imply
1 1
sup || S 5 +-R (5.10)
B mr(a)NQL r r

for all , R satisfying (5.6). Note that since a can be any point such that Br(a) C
Q1, inequality (5.10) will imply an upper bound on v(xg) which holds for all zy €
Qr, and thus we have (1.16). For 29 € B ;z(a) N Qr, we have

v(mw/QL ¢Vl :/QL UC'M|VU|+/QL(U($0) — )¢ |V
— [ (@ve- e @)Vl + [ (o) = o) Tl
Q

(5.1) L QL

and hence

@)l < ;(] (Av¢ - (DCp) [V
(5.9) QL

+]/L<w<xo>—v><-u|w

R” R
R — + sup \v—v(a:())\—
(5. 7) (5-8) Br(a)
1 5,
(5 5) 7’ T

which gives (5.10).
It remains to prove (5.7), (5.8) and (5.9). We start with (5.7). First notice that

1
sup |[Vurr| < sup |Vui| < sup  |u Vo < = (5.11)
Bry2(a) Brjayr/a(a) Bryayr/2(a) R™ r
and
1
sup |D*uif| < sup  |D*ui| < sup  |ul |D?p,| < . (512)
Bry2(a) Brjayr/a(a) Bryayr/2(a) R™ r
Thus from

D¢ = nrD*uyy + Vuy; @ Vg
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we obtain
) 1 11 1
sup|DC| S osup [Dugpl+ 5 sup [Vu| S 5 +-—F5 S 5- (5.13)
Brya(a) R B )s(a) TR
Thus
. R"
[ e ocval sswiva [ e < B
L R™ Bprys(a) (5.4),(5.13) T
which gives (5.7).
Estimate (5.8) is very similar. Indeed,
*k 1
sup [¢| < sup |Vurr| < -, (5.14)
Br(a) Br/2(a) (GRIVRA
and hence B
Cullval <suwpll [ jvul 5 2
L R? Brya(a) (5.4),(5.14) T

The proof of (5.9) is more involved. In order to focus on the heart of the estimate,
note that (5.9) follows from the next two estimates if R is chosen sufficiently large,
that is for a suitable choice of constant C; in (5.6): There exists a constant C' such

that
Lo,

1
/Q nr|Vur|> > 6R’”. (5.16)
L

2l <oRr"! (5.15)

and

To prove (5.15), note that
[ couival= [ nnivuil = [ oSy ulval - [ e u);- e
Qr QL Qr Qr

= [ ¥~ V7).

Hence
i [ aniva| < s s - v Val
QL QL Br(a) Bry2(a)
< R" sup [nrVulr — (ng Vuy)r (5.17)

(54)  Br(a)

For the supremum note that

(naVu = (1 V0 ) @) = [ (ane) = nale = ) Vil ~ ) 6.(0) .
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so that

sup [nrVu,; — (Mg Vu;);
Br(a)

11 1
< sup [Via| sup \W|/ wowdy < ~Lr=L (518)
Br(a) Br/24r/4 " ' (5.11 Rr R

The combination of (5.17) and (5.18) yields (5.15).
It remains to prove (5.16), which is the most involved. First we note that (5.16)
will follow if we can show

1
Vui|? > —h" 2 5.19
[, vz g (519)

for all a,r, h with Bop(a) C Qr and
< —1 <(Cy<h
"
>~ Cl >~ L2 = )

where C > 1, and hence R, are now chosen such that R > 4C5 > (. To see this,
let h = Cy. There exist a family of points {@; }ic; such that

Bu(@) C Bryala), {Bu(a)}ies are disjoint, #I > %% (5.20)
Hence we have
[ omivup= [ wup
L Brya(a)
*|2
(5%0) ; /];’h(di) Vs

1R ., 1R 1

(5.19),2(5.20) C hn = Chz TC’%R ’

We turn to establishing (5.19). It will follow from the following four estimates:

.12

/ R 1 Ch2/ |Vur|?, (5.21)
B (@) fﬂh B (@)
C
'/ Mk (1. —m)’ < ﬁ/ Mh s (5.22)
By (a) Bp(a)
/ | —ul® < Crh™, (5.23)
B (@)

1
lu —m|* > = h" (5.24)
/B;,,(&) ¢

for some constant C. To see this, note that

< C lu —m|?
(5.24) By (a)

SC(/ i =l + | \ufu:F)
By (a) By (a)
< C luf —m|? + Crh™

(533) By (a)
* fnhu:

< C(/ Uy,
By(a) f77h

< C(h2 / |Vur|? + h" 2 + rh") ,
(5.21), (5.22) By (@)

1
/ |VU:|2 > 7hn—2 o hn—4 o T‘hn_2 .
By (a) ¢

We lastly address (5.21) - (5.24). Upon rescaling, (5.21) turns into

/ < / v,
B41(0) B1(0)

where @ is a re-scaled version of u). This inequality is a version of Poincaré’s
inequality with mean value zero and is established via a compactness argument.
Estimate (5.22) follows since

/ (st — m) = / n(—Avf) = / Vi - Vo
By (a) By (a) By (a)

/ T -
By(a)

2
+hn f"”f m)‘ )—i—Crh”
h

and so

implies

V| < B =
Bp(a) (5.5)

> =

[ om —m>] < sup Vo]
Bp(a)

For estimate (5.23), note that since u — u is bounded,

We also have

[ vl 5 G san,
Bh+r/4(a) (5.4)

Thus the estimate (5.23) nows follows from the standard estimate

/ |u:fu\sr/ V.
By (a) Bpyrya(a)

Finally (5.24) follows from the fact that u € {—1,1} and m € (—1,1). O
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6. INTERPRETATION AND CONSEQUENCES OF THEOREM 1.3

Recall from the Introduction the notion of large-scale average volume fraction
fluctuations: That is, for ¢r satisfying (1.11) and (1.12), we take any admissible
(u,b) on % (Qy) for a very large value of L, and consider the quantity

/ r(@) (u(z) — m) d (6.1)
Br(a)

for Br(a) C Q. We are concerned with the rate of decay of (6.1) as R gets larger.
As we described in the Introduction, the bound on the potential yields a certain rate
of decay of these fluctuations as R tends to +o0o0. Our goal here is use Theorem 1.3
to show that, while this rate of decay is much weaker than rates for a truly periodic
structure, for n < 4, it is stronger than the one for a random checkerboard pattern.
In this sense, the optimal pattern has less large-scale variations of the average
volume fraction than a pattern with a finite correlation length.

In Proposition 6.1, we investigate the behaviour of quantity (6.1) in several
cases, to conclude that, while our result (6.6) for a minimizer is much weaker than
for the periodic structure (6.5), for n < 4, it is stronger than the behavior of a
generic random pattern with strongly decaying correlations. Let us first make a few
definitions.

By a genuinely periodic structure u, we mean a function u defined on R™ such
that for some [, we have

u(z) == ﬁ(g) ,
L

where 4 is 1-periodic with mean m, i.e.,
W(x+k)=1u(xr) VeeR" keZ" and / adr=m.
1

We define what we mean by a generic random pattern with strongly decaying
correlations. For convenience, we define our pattern over R™. For each = € R™, let
u*(z) be a random variable with mean m. We use (u*(z)) to denote the expected
value (ensemble average). We further assume that the spatial covariance function
V of the random field u*(x), z € R™, decays on a length scale I, in the sense that

((u*(z) = m) (u*(y) —m)) :V(xl_y) Va,y,€ R*, (6.2)

.
with

/n V()| < oo (6.3)

We will use the term generic (¢f. Remark 6.2) to mean

V() #£0. (6.4)

Rn

Proposition 6.1. We have the following:
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(1) If u is a genuinely periodic structure, then for any a € R™ and positive integer
p there holds

[ o) o) ) de] < Clpt) (65)
Br(a)
(ii) If (uo, bo) is a minimizer of E(u,b,Qr) over <, then
‘ / on() (o) — m) da| < Cln, m)—s (6.6)
Br(a) R

(iil) If u* is a generic random configuration with mean m and strongly decaying
correlations, then

or(z) (u*(z) —m)da T\ > C(u*)%/z. (6.7)
<</BR(a) > > R

Proof. (i) Fix p € N. Since @ — m is periodic with mean zero on )1, there exists a
bounded periodic © on R™ such that

APO)=0—m.

Hence
T

- ‘ [ on(@) Ag@(a) dx

[ on(a) (u(x) ~m)

12v o APppr(x) U(%) dx

< 127 sup |v| / |AP g R (z)| da
Rn Rn

1
< Cl(p,l) R
(ii) This follows directly from Theorem 1.3 by integrating by parts once more in
(1.15).
(iii) We claim that

(o) (L)L) o

Hence by (6.4) we have

for R sufficiently large.
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To show (6.8), we note that

<(/¢R(u B m))2> = </ dr(x) dr(y) (W (z) — m)(u*(y) — m)dz dy>

- / br(x) 61 (y) (™ (x) — m)(u*(y) — m)) da dy
J[ o) énty v(*Y) deay

(6:2) I
:z::/ (@) dr(e — 1.2) du V(2)d2
:]gl/ 61(3) b1 (& — LLR™12) di V(2)d5 . (6.10)

Since
Jin [ 61@) 06 - LR i = [ @) as,

equation (6.8) follows from (6.10), (6.3) and Lebesgue dominated convergence the-
orem. [

Remark 6.2. We end by noting that (6.2), (6.3) and (6.4) hold for a random checker-
board pattern. By this we mean a function u* which is piecewise constant on the
cubes

{h+ Kl +(0,1.)" Yeezn

for some fixed h € (0,1,)"™, and such that the values on these cubes are independent,
identically distributed random variables taking the value 1 with probability (1 +
m)/2 and the value —1 with probability (1 —m)/2. For fixed h € (0,1,)", we have

1 —m? if 2,y are in the same cube,
(W (@) = m)(u*(y) —m)) =

0 otherwise.

In order to make the pattern statistically homogeneous, we randomize the shift h
to make it uniformly distributed over (0,,)". We obtain

((u*(z) =m)(u(y) —m))

= (1 —m?) p(z,y are in the same cube)
:(1—m2) max{l—'xlli_yl‘,()} ---max{l—unl;yﬂ,O}.

The covariance function V is hence given by

V(z) = (1-m?) max{ _@70} ...max{l_@’ 0}’

which clearly satisfies (6.2), (6.3) and (6.4).
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