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ABSTRACT OF DISSERTATION

HOMOGENIZATION IN PERFORATED DOMAINS AND WITH SOFT
INCLUSIONS

In this dissertation, we first provide a short introduction to qualitative homogeniza-
tion of elliptic equations and systems. We collect relevant and known results regarding
elliptic equations and systems with rapidly oscillating, periodic coefficients, which is
the classical setting in homogenization of elliptic equations and systems. We ex-
tend several classical results to the so-called case of perforated domains and consider
materials reinforced with soft inclusions. We establish quantitative H!'-convergence
rates in both settings, and as a result deduce large-scale Lipschitz estimates and
Liouville-type estimates for solutions to elliptic systems with rapidly oscillating pe-
riodic bounded and measurable coefficients. Finally, we connect these large-scale
estimates with local regulartity results at the microscopic-level to achieve interior
Lipschitz regularity at every scale.
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ear elasticity, media with periodic structure
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Chapter 1 Introduction

This dissertation contains two projects concerning quantitative homogenization of
composite materials periodically perforated or periodically reinforced with soft in-
clusions and regularity results regarding the boundary value problems that model
relatively small elastic deformations of these materials. In particular, for the case of
perforated materials, we obtain the sharp convergence rate in H' and the optimal
interior Lipschitz regularity. For the case of materials with embedded soft inclusions,
we obtain a suboptimal H' convergence rate but derive still the optimal interior
regularity.

In Chapter 2, we discuss results in the classical setting, and we derive the boundary
value problem modeling relatively small deformations of elastic composite materials
with a continuum mechanics approach. Variations of the derived boundary value
problem will be studied in later chapters. These variations are explicitly stated in
Section 2.2 following the discussion of the boundary value problem. In Section 2.3,
we provide some history on the classical setting and the problem. In Section 2.4, we
state relevant results that will be referenced throughout our analysis in Chapters 3
and 4. We prove some results, and we provide references for the other results.

In Chapter 3, we prove the quantitative convergence results. These results are
new: in the case of perforated domains, the sharp rate is derived; in the case of soft
inclusions, a suboptimal rate is derived, but the rate is uniform in the magnitude
of the inclusions. Qualitative convergence in both cases has been known for some
time. In Section 3.1, we consider the case of microscopically perforated materials. In
Section 3.2, we consider the case of materials reinforced at the micrscopic level with
soft inclusions. Also, we provide a new proof that the homogenized coefficients are
uniformly elliptic uniformly in the magnitude of the embedded inclusions.

In Chapter 4, we acheive the optimal interior regularity for the boundary value
problems corresponding to the case of perforated materials and materials reinforced
with soft inclusions. That is, we show that the solutions to the boundary value
problem derived in Chapter 2 are indeed Lipschitz. In Section 4.1, we use the re-
sults of Section 3.1 to obtain large-scale Lipschitz regularity in the case of perforated
materials. Consequences of the results of Section 4.1 are stated and proved in Sec-
tion 4.2. These include a Liouville-type estimate for unbounded perforated materials
and Lipschitz estimates at every scale. In Section 4.3, we use the results of Section 3.2
to obtain Lipschitz regularity in the case of materials reinforced with soft inclusion.
Consequences of the results in Section 3.2 appear next. In Section 4.4, we discuss suf-
ficient conditions to obtain Lipcshitz estimates in interface problems and apply this
to derive small-scale regularity estimates for materials reinforced with soft inclusions.

In Chapter 5, we discuss questions that remain unanswered. In particular, we give
a short summary of what is known regarding W1!P-estimates and regularity questions
near the boundary of perforated domains and materials reinforced with inclusions.



Chapter 2 Preliminaries

In this chapter, we first introduce the concept of elastic deformations in materials
with a complex, self-repeating microstructure, e.g., composite materials. Composite
materials are materials consisting of two or more constituents with different attributes
bound in some cementing matrix and well-mixed. The better the mixture, the more
“homogeneous” the material appears. From filled resin in a dentist’s office to fiber-
glass on an airplane wing, composite materials are used in a variety of ways. We
derive the boundary value problem under consideration through a continuum me-
chanics approach.

Next, we introduce the mathematical formulation of the problem. We modify the
derived boundary value problem to consider elastic deformations of materials rein-
forced at the microscopic levels with periodically placed perforations or soft inclusions.
Perforations are vacuous holes in the material, and soft inclusions are constituents
substantitally weaker than the surrounding, cementing matrix.

Next, we provide some history of the problems to be considered, and finally we
discuss auxiliary results that will be referenced throughout our mathematical analysis.
These include but are not limited to lemmas and theorems from classical texts on the
subject. For each stated lemma or theorem, we provide either a thorough proof or a
reference wherein a rigorous proof may be found.

2.1 Linear elasticity

Suppose a continuum  C R3 undergoes a static deformation described by a mapping
T = (21,79, 23) : Q — R3. That is, if X = (X1, Xo, X3) € Q, then x = (X)) denotes
the location in space of the coordinate X after deformation as seen in Figure 2.1. The
deformation gradient Vx essentially describes the mapping experienced by infinitesi-
mal line elements in the reference configuration. We define the relative displacement
u of a point X by
w(X) =2(X) - X, (2.1.1)

which explicitly depends on the deformation x (see Figure 2.2).

Given a deformation z, one can define the Eulerian (or referential) strain tensor
e, which essentially describes the elongation undergone by infinitesimal line elements
in the reference. In particular,

e= %(VzTV:U —id.), (2.1.2)

where id. denotes the identity tensor with 1 on its diagonal and 0 elsewhere, Va7’
denotes the transpose of the matrix valued function V, and V = Vx denotes the
gradient with respect to the referential variable X, i.e, Vx = (0/0X;,0/0X5,0/0X3)
If we consider an infinitesimal line element dX in the reference configuration, and let
M denote the unit vector in the same direction, then

dX = Mds,



€

Figure 2.1: The set  is referred to as the reference configuration, and the set () is
referred to as the current configuration.

where dS denotes the infinitesimal length element of the vector dX. Suppose dX is
mapped by the deformation gradient to dx = mds, where m is the unit vector in the
same direction of dz and ds denotes the infinitesimal length of dz (see Figure 2.3).
Note then

(ds)? — (dS)* = mds - mds — MdS - MdS
=dr-dr—dX -dX
=VzdX -VadX —dX -dX
=dX - (Va'Vz —id.)dX
=dX - 2edX.

In particular, if  denotes a rigid displacement (a rotation, translation, or a combi-
nation of these two), then e = 0. Recalling equation (2.1.1), we see

Vu=Vzx—id.,
and so another representation of the Eulerian strain tensor is given by
e= %(V$TV$ —1id.)
= %([w +id.)"[Vu +id.] — id.)

1
= é(Vu + Vul + Vul Vu),



Figure 2.2: The displacement v measures the direction in which a coordinate is displaced
and its distance relative to the original reference configuration.

where Vu® denotes the transpose of the tensor Vu. Hence, the referential strain
depends explicitly on the displacement u, i.e., e = e(u; X).

€

Figure 2.3: The Eulerian strain tensor e measures the difference of squares of line elements
in the reference and their image under the deformation x.

For small displacements |Vu| << 1, the nonlinear quantity Vu! Vu is negligible rela-



tive to Vu. Hence, for small displacements, we typically consider the linear Eulerian
strain tensor

1
e:§Wu+WF) (2.1.3)

Elastic materials that experience small displacements exhibit a linear relationship
between the associated stress and strain. That is, for small displacements, the Cauchy
stress tensor o is linearly related to the referential strain, say

o = Ae, (2.1.4)

where the 4-tensor A is commonly referred to as the elasticity tensor for the con-
tinuum. The tensor A may or may not be isotropic and may change depending on
which coordinate in the continuum is under consideration, i.e., A = A(X). One may
consider each entry of the stress tensor of(u; X) at a point X as internal forces in the
direction e; along the plane passing through X with normal vector e*. The vectors
e; and e® are the usual basis of R? with 1 in the ith and ath positions, respectively,
and 0 elsewhere.

It is known by conservation of momentum that the Cauchy stress tensor o =
{0} is symmetric, i.e.,

o =o'

7 (o2

for any 1 <, a, < 3.

Given definition (2.1.3), the linear strain tensor e = {ef'}; , is also symmetric

ef =e', forany1<i,a<3.

As a consequence, the elasticity tensor A = {A?jﬁ }ijonp defined by the relation (2.1.4)
is symmetric in multiple ways

aB __ qBa __ 4iB
AP — AP = 4

g forany 1 <4,j,a,8 < 3. (2.1.5)
In three dimensions, this limits the number of independent entries to 36. In practice,
however, the elasticity tensor A has more symmetries limiting the number of indepen-
dent components to 21. Indeed, one defines the strain energy density of the deformed
material as the product of stress and strain, substitutes relation (2.1.4), and relies on
the symmetry of the elasticity tensor. However, in the chapters that follow and our
mathematical analysis, we only use the symmetries shown in (2.1.5). The symmetries
in (2.1.5) are typically referred to as the minor symmetries of the elasticity tensor,
and the symmetries not listed and not used in our analysis are referred to as the
major symmetries of the elasticity tensor.

Suppose the continuum €2 is a composite material with some microstructure at
some fixed microscopic scale ¢ (see Figure 2.4), and suppose the elasticity tensor A
encodes at each referential point the elastic properties of a certain constituent.

Generally composite materials are well-mixed, and the constituents are well-
distributed throughout the continuum. For mathematical simplicity, we will assume
that the constituents are periodically distributed and the period coincides with the
microscopic scale. In particular, if A describes the elastic properties of each con-
stituent, and if A is a periodic function, then A(-/e) describes the elastic properties
of the composite material.
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Figure 2.4: Composite materials contain multiple constituents that are bound together
by some matrix material. Each constituent can have distinct elastic properties.

Ignoring inertial effects, given any body forces F' and a prescribed boundary dis-
placement f, there exists a unique displacement u. that balances the divergence of
the Cauchy stress tensor with the body forces and has the prescribed boundary con-
figuration. In particular, according to Cauchy’s momentum equation for each € > 0,
there exists a unique displacement wu. that solves the boundary value problem

{—diva(ua;X) = F(X) inQ, (2.1.6)

ue(X) = f(X) on 99,

where o(us; X) = A(X/e)e(us; X). In this dissertation, we consider variations on the
structure of the composite material {2 and discuss new results concerning boundary
value problem (2.1.6) as ¢ — 0.

2.2 The mathematical problem

In this dissertation, we consider variations of the boundary value problem (2.1.6). In
particular, we consider the divergence-form operator

Los = —div (AV) = —2 (ka (g) ai (2) 0 ) ,e>0, (2.2.1)

0x; € 8_:153

where A% = A(-/e), A(y) = {a) () h<ijap<a for y € R, d > 2, and k§ = ks(-/e)
denotes a weight depending on a parameter ¢ and the microscopic scale €. Note the



Einstein summation convention will be used throughout. That is, repeated indices
will be summed. Write
ks(y) = 14+(y) +01_(y), (22.2)

where 1, denotes the characteristic function of an unbounded Lipcshitz domain w C
R? and 1_ denotes the characteristic function of R¥\w. The set w plays the role of
the cementing matrix discussed in Section 2.1. Note when § = 1, the operator (2.2.1)
appears in the boundary value problem (2.1.6). For reference, consider ¢ to denote the
size of the microstructure, A° as the elasticity tensor for some continuum with a self-
repeating microstructure, and kj as the e-periodic displacement of inclusions in the
continuum with some weight 6 which is considered small relative to its surrounding
cementing matrix w and its elastic properties. When 0 = 0, the complement of the
support of k§ denotes the e-periodic displacement of perforations in the material.
We assume w has a 1-periodic structure, i.e., we assume the characteristic function
1, of w satisfies
Li(y+e)=1.(y), yeR, 1<i<d (2.2.3)

where e; denotes a standard basis vector of R? with 1 in the ith position and 0
elsewhere. We write ew to denote the e-homothetic set

ew={rcR?: z/e cw}.

We assume w is connected and that any two connected components of R¥\w are
separated by some positive distance (to be quantified later). We also assume each
individual connected component of R*\w is bounded. Recall that w is an unbounded
domain, and as € — 0 the volume of each connected component in R*\ew decreases
but the total number of components increases.

As an example, if d = 2, Q2 = B(0, 1), and we define

w={(z1,22) : cos(2mxy)sin(2mxs) < 0.1},

then for various values of ¢ the set €2, := Q N ew looks as follows.

W/UDD
e

. ()
jlane
k-1

Ql QO.S

)

0
DD‘;

D

Figure 2.5: (left) The shaded area is the set w inside the unit ball. (center) The shaded
area is the set 0.5w inside the unit ball. (right) The shaded area is the set 0.25w inside the
unit ball.

The case 6 = 1 is in fact the classical setting for homogenization of elliptic systems,
and many authors have worked in this area [7, 12, 6, 24, 20, 11, 2, 26, 27, 28|. The



case 6 = 0, which is considered in Sections 3.1 and 4.1, is referred to as the case of
perforated materials. The set R?*\w where ko(y) = 0 for each y is commonly referred
to as the “perforations” of the material. The case 6 € (0,1), which is considered
in Sections 3.2 and 4.3, is referred to as the case of materials reinforced with soft
inclusions. The set R¥\w where ks(y) = d for all y is commonly referred to as the
“soft inclusions” embedded in the cementing matrix w.

Throughout, we assume the coefficient matrix A(y) is real, measurable, satisfies
the elasticity symmetry conditions of equation (2.1.5) and an ellipticity condition. To
be specific,

ail (y) = a3 (y) = ali(y), (2.2.4)
k1) < aff ()€ < kol (2.2.5)

for y € RY any 1 < 4,7, , 8 < d, and any symmetric matrix & = {£*}1<; a<d, Where
K1, ko > 0. Assumptions (2.2.4) and (2.2.5) are natural: the former is referred to in
Section 2.1 as the minor symmetries of the elasticity tensor.

As an example, one may consider the tensor A given by

AP (y) = Aw)ord! + uly) {0500 + 5707}, y e R (2:2.6)

where A\(y), p(y) are scalar valued functions, and § with subscripts and superscripts
denotes the Kronecker delta indicator function, e.g., 6% = 1 exaclty when ¢ = «
and 0 = 0 otherwise. The functions A and u are typically referred to as the Lamé
parameters, i.e., i denotes the shear modulus of the continuum and together with
A defines the bulk modulus of the material. The thing to note, however, is that
if \,u > C; > 0 for some constant C; and are bounded, then (2.2.6) satisfies the
symmetries (2.2.4) and the ellipticity condition (2.2.5) (one may take k; = C; and
K2 = supycra{3A(Y) + 20(y)}).

Note by (2.2.5), af‘jﬁ € L*°(R?) for any given indices. That is, if we fix the indices
i, j,a, 8 and choose the symmetric tensor € so that £ = &' = 5? = §é =land¢ =0
for any other indices k, 7, then (2.2.5) reads

CLZ‘B(?/) < 4k

for each y € R?. Hence, A is uniformly bounded in R

To ensure the constituents are well-distributed throughout the material (see our
discussion in Section 2.1), we also assume A is 1-periodic in the sense of (2.2.3), i.e.,

Aly) = Ay +2) forycw, z € Z% (2.2.7)

If A satisfies (2.2.7), then the scaled matrix A satsifies

Az tez) = A (”“’ t“) —a(E42) =),

i.e., A® is e-periodic. Many authors have relaxed assumption (2.2.7) to almost-
periodic [4, 28] or even considered random elastcity tensors [5, 3].



As detailed in Section 2.1, the coefficient matrix of the systems of linear elas-
ticity describes the linear relation between the stress and strain a material experi-
ences during relatively small elastic deformations. Consequently, the elasticity condi-
tions (2.2.4), (2.2.5), and ¢ should be regarded as physical parameters of the system,
whereas ¢ is clearly a geometric parameter.

Let © be a bounded domain. Boundary value problem (2.1.6) in the absence of
body forces may be generalized as the following Dirichlet boundary value problem

Les(uc5) =0 in €,
slues) =0 in (2.2.8)
Ues = f on Of.
We say u. s is a weak solution to (2.2.8) if
e afe 8u£5 dw* a 1 d
A k§as; dr, Dwr =0 forany w={w}, € Hy(;R?) (2.2.9)

and u. s — f € H}(;R?). Notice, in the case § = 0, Neumann boundary conditions
are implicit on the boundaries of the perforations. Indeed, for any w € HE(Q;R9),
integrating by parts gives

0—/£€,0(u6,0)w
Q

= / —n.AVu, - Vw + / A*Vu, - Vw,
QNI(ew)

QNew

and so to coincide with (2.2.9) we require —n.A*Vu. = 0 on Q N d(ew), where
n. denotes the outward unit vector normal to ew. This is the Neumann boundary
condition on the perforations. That is, when ¢ = 0, (2.2.8) is a mixed boundary
value problem. This is important to note and is revisited in Chapter 5 when we
discuss open problems regarding the boundary regularity of solutions u. . We should
also note that our construction of 2. = 2 N ew does not require the perforations or
inclusions remain in the interior of €2. Indeed, 0€). may be fairly irregular.

As discussed in Section 2.1, the boundary value problem (2.2.8) models relatively
small deformations of perforated elastic materials or elastic materials reinforced with
soft inclusions subject to zero external body forces [12, 20, 24]. Soft inclusions are
substantially “weaker” than the cementing matrix w, but their embedding can be
otherwise advantageous. For example, a material’s compressive strength can be in-
directly proportional with the increasing volume of soft inclusions but the thermal
inertia and energy efficiency may be directly proportional [16].

For each § € (0,1], the existence and uniqueness of a weak solution u.s €
HY(;RY) to (2.2.8) (that is, satisfying (2.2.9)) for f € H'Y?(9Q;R?) follows from
the Lax-Milgram theorem and Korn’s inequality. Indeed, if we define the bilinear
form B.s on Hy(;RY) for a fixed €, § > 0 by

0¢P Ow™
B. = | kSt
75[@5,’[1)] \/Qkéazj (9$j 8.Ti’




then the coercivity and boundedness of B, ;s follows from the ellipticity of A, the
positivity of d, and Korn’s inequality. Hence, the Lax-Milgram theorem implies there
exists a unique ¢. 5 € Hi(Q;R?) satisfying B. 5[d. s, w] = 0 for each w € H(Q;RY).
For a fixed f € HY2(0;RY)), define u.5 = ¢.5 + f', where f' € H'(Q;R?) and
f/'= f on 09 (in the trace sense).

For § = 0, the existence and ungieness follows in a similar manner from the Lax-
Milgram theorem but with Korn’s inequality for perforated domains which is stated
in Section 2.4 [11, 24]. In either case, it should be noted that the solution u. s is not
bounded uniformly in H*(Q;R?) for § < 1, but rather

|k5uesll L2 + 155 Ve sllnz) < Cllf[l mr20),

where C' depends on k1, Ko.

If 6 > 0, then the matrix k$A° is uniformly elliptic in R¢ (but not uniformly
in 0), and so it can be shown that the weak solution to (2.2.8) converges weakly in
H'(Q; R?) and consequently strongly in L*(Q; R?) as e — 0 to some ugs € H'(Q2;RY).
This qualitative convergence is known. The function ug s is a solution of a constant-
coefficient equation in the domain € (see [9, 20, 24] and references therein). Indeed,
we have the following theorem.

Theorem 2.2.1. Suppose Q) is a bounded Lipschitz domain and that A satisfies
(2.2.4), (2.2.5), and (2.2.7). Let u.5 denote a weak solution L.s(u.s) = 0 in €,
and u.5 = f on O for some fized 6 > 0. Then there exists a ugs € Hl(Q;]Rd) such
that

Ues — ugs  weakly in H'(Q;RY).

Consequently, u. s — ugs strongly in L?(; R?).

For a proof of the previous theorem, see any introdutory text of the subject,
e.g., [11, Section 10.3]. The function ug s is called the homogenized solution and the
boundary value problem it solves is the homogenized system corresponding to (2.2.8).
For an explicit discussion of the homogenized problem, see either Section 3.1 or
Section 3.2.

2.3 History

In this section, we provide a short history.

In 1977, Luc Tartar essentially proved Theorem 2.2.1 for general elliptic boundary
value problems by introducing his method of oscillating test functions [29]. This
method relies on the variational formulation of 2.2.8 and the adjoint problem for
the correctors. When ¢ = 1, the adjoint problem for the correctors corresponding
to (2.2.8) is given by

LYY +P)=0 inQ:=[0,1),

2.3.1
Xf is 1-periodic, /Xf =0, ( )
Q

10



where Pjﬁ (y) = y;e’ is a linear function, L], = —div(A"V), and A" denotes the

transpose of A. Indeed, w, = 55{?(/5) + Pf satisfies L7, (w;) = 0 in R? for each

1 <4, <d Fixing ¢ € C3°(Q2) and considering the weak formulations of (2.2.8)
and (2.3.1),

/ A*Vu 1 - wNVp + / AVu. ;- pVw, =0 (2.3.2)
Q Q
and
/(AE)TV’LUE “uz 1V + /(AE)TVU)E ~Vu.; = 0. (2.3.3)
Q Q

It is fairly straightforward to show that solutions to (2.2.8) with § = 1 converge
weakly, but the direct identification of the limiting function ug; is not immediately
obvious. Considering the difference of (2.3.3) and (2.3.2), the two terms containing
only products of weakly convergent sequences cancel, allowing one to pass to the limit
in the resulting expression. A limitation of Tartar’s method is that it only produces
the qualitative convergence of Theorem 2.2.1.

In 1979, Doina Cioranescu and Jeannine Saint Jean Paulin considered the elas-
tic torsion of a perforated bar by examining cross sections of cylindrical bars with
cylindrical cavities generated parallel to the generator of the bar, i.e., a variation of
boundary value problem (2.2.8) with § = 0. The boundary values on the perfora-
tions they consider are u. = const. rather than the Neumann conditions implied by
the weak formulation (2.2.9). Nevertheless, they deduce a qualitative convergence
result similar to Theorem 2.2.1 by considering a trivial extension of u. o (simply take
U0 = Ugp in the material domain and u. o = const. throughout each perforation). To
deduce the result, they essentially apply Tartar’s method of oscillating test functions.

A breakthrough in the study of homogenization was achieved in 1987 by Marco
Avellaneda and Fang-hua Lin when they introduced compactness methods to the
theory [6]. In partiuclar, the qualitative convergence allowed the authors to derive
interior and boundary regularity results for (2.2.8) when 6 = 1 that are uniform in
the parameter €. The method is essentially “proof by contradiction.” For example,
if £.1(u:) =0 in B(0,1), then w,. is uniformly Holder continuous with exponent 7 if
it satisfies the inequality

1/2
sup r " <][ lue — (uE)MF) <C
lz[<1/2 B(z,r)

0<r<1/2

for some C independent of €. Suppose to the contrary that such is not true. Then for
every radius 7 there exists an operator £F with coefficients A satsifying (2.2.5), (2.2.7)
and e, > 0 such that £F (uz,) = 0 in B(0,1) but

][ e, — (ot Joua| > 72
B(0,1)

Given u,, is bounded in L?(B(0, 1)), one may choose a weakly convergent subsequence
and contradict the qualitative convergence of Theorem 2.2.1. Needless to say, the

11



procedure is complicated, and the notation alone is quite cumbersome. Nevertheless,
the authors were able to obtain new results.

In 2014, Scott Armstrong and Charles K. Smart introduced an argument for de-
ducing regularity estimates on energy minimizers in stochastic homogenization [5].
This method applies to linear divergence form elliptic equations with random coef-
ficients. In 2016, Armstrong and Zhongwei Shen modified the scheme of Armstrong
and Smart to deduce optimal regularity estimates in the setting of linear divergence
form elliptic equations with almost-periodic coefficients [4]. The scheme was further
developed in 2017 by Shen [26]. The method is discussed in detail and essentially
applied in Sections 4.1 and 4.3. We adapt the scheme to deduce interior regularity
estimates for (2.2.8).

Many authors have included the study of periodically perforated domains and the
case 0 > 0 in their manuscripts, e.g., [20, 24|, and it has been of interest to many
others. In particular, Li Ming Yeh in his many works has applied the compactness
methods of Avellaneda and Lin to the cases 0 < § < 1 and derived Hélder and
Lipschitz estimates uniform in the parameters ¢ and ¢ [30, 32]. He has also derived
uniform W1? estimates for solutions in domains with perforations away from the
boundary [31] and quantitative convergence results in L [32], both as consequences
of the deduced regularity estimates.

We would like to point out that the results in this dissertation may be similar to
some of the results obtained by Yeh, but the method by which they are obtained is
drastically different. Our methods are direct and uniquely rely on derived quantitative
convergence estimates.

2.4 Auxiliary results

In this section we collect relevant mathematical results that will be referenced through-
out our analysis. We present each lemma and theorem fully and either provide proofs
or references wherein proofs may be found.

Fix ¢ € C3°(B(0,1)) so that 0 < ( <1 and [,,( = 1. Define

Ko@) = [ ol =it dy. g€ PR (241)

where (. (y) = ¢7%(y/¢). Note per the following lemma, K. is a continuous map from
L*(RY) to L*(RY). For any function g, set ¢°(-) = g(-/¢).

Lemma 2.4.1. For any g € L*(R%),
||Ka(9)||L2(Rd) < ||9||L2(Rd),
Proof. Fix g € L*(RY). Write ¢. = ¢}/*¢2>. By Cauchy-Schwarz and since JpaC =1,

2

1K) e < [ | [ o)t =) o]

< / 199) G — ) dyde.
Rd JRA

12



Applying Fubini’s theorem gives the desired result. O]
Lemma 2.4.2. Let g € HY(RY). Then

g — Ke(9) | L2mey < Cel|Vgll2may,

where C' depends only on d.

Proof. Consider g € C5°(R?). Note that since supp(¢) C B(0,1), we have

supp(¢:) C B(0,¢).

Hence, fixing 2 € R? and applying Cauchy-Schwarz as in the previous lemma gives

‘g(:v)—/Rdg(x—y)Ce(y) dy’ S/Rd l9(z) — g(z — y)[ C(y) dy
<

< </B(o,€) lg(x) — g(z — ) |*¢(y) dy) 1/2 |

Therefore,

lo Koo < [ [ 1o(@) 9t~ pPC0) dydr (242)

Write G(t) = g(x + (t — 1)y) for t € [0,1] and fixed z,y € R Since g € C°(RY), G
is differentiable on (0,1) and continuous on [0,1]. By the Mean Value Theorem, there
exists a t’ € (0,1) such that

¢ - 60) = ),

ie.,
9(x) —glz —y) = Vglz+ (' = 1y) -y
Thus, by Fubini’s Theorem and (2.4.2),

lg = Ke(9)|72a) < €2 /( v Vg(a + (' = D)y)PC(y) dedy < e[|Vl 12gay.-
B(0,e) JR
By a density argument, the desired result follows. O]

In the following lemma, let L2, (R?) denote the closure of C2° (R?) in the L?(R?)

per per
norm, where C’gsr(]Rd) denotes the class of infinitely differentiable periodic functions.

Lemma 2.4.3. Let h € L?_(R%). Then for any g € L*(R%),

per

1P K= ()l 2wy < Cll 219l L2y

where Q = [0,1)%.
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Proof. Consider h € C2 (R?) and g € C;°(R?). By Cauchy-Schwarz,

per

2
e

@Rl < |1 (2) [ ot —nay

€

2
T

/Rd h (—) gW)[C(z — P [C (@ — y)]V* dy

9
</d
R

x
h (—) 9(y)
Hence, by Fubini’s theorem,

£
€ 2 2 T\ 2
10 Ke9) 72 < [ 19(v)] h(3)] o —y)dady
R4 B(y,e) €
2
<ctsup [ n(5)] do [ lot)Pay
yeR? J B(y.e) € Rd

< sup / () de - / 9()I? dy,
yERd B(y,l) R4

where we've made the chamge of variables x +— cx. Since h is periodic, this gives
the desired result for smooth functions. For arbitrary L2, (R?) and L*(R?) functions,
consider a density argument. O]

<

2
Ce(r —y) dy.

Lemma 2.4.4. Let Q C R? be a bounded Lipschitz domain. For any g € H*(Q),
lgllz2c,) < Cr'2lgllm @),

where C' depends on d and 2, and O, = {x € Q : dist(x,0Q) < r}.

Proof. See [24, Chapter 1.1, Lemma 1.5]. O

Lemma 2.4.5. Suppose B = {b%ﬁ}1§i7j7a75§d is 1-periodic and satisfies b?jﬂ e L? (R

loc

with 5
b’ =0, and / b =0.
dy; Q
There exists m = {W,‘z‘g}lgiJ?kﬂﬁgd with ng € H} (RY) that is 1-periodic and satisfies
O af _pop gno -of _ __af
a_ykwkij =0y NG Ty = — Tk

Proof. Given b’ € L?(R?), there exist weak solutions ¢{ € H*(R?) to the boundary
value problem
—A¢Y =5 in Q= [0,1]¢

gzﬁf}ﬁ is 1-periodic, / qb?jﬁ =0
Q
for 1 <i,j,a,8 < d. Set
af afs
LB _ 9Py _ Opy;
08 o’
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and note the anti-symmetry of W?E follows. Moreover, we have

o5\
—A (a—&> =0 in Q,

aa;g.ﬁ a¢;¥f

(2.4.3)

is 1-periodic, =0,
o P o0 06
since 5
o ob%
—AMP) = U
7, (~07) = ¢

It follows then from energy estimates of boundary value problem (2.4.3) that B%QS%'B
is identically zero. Hence,

af af
aﬂ'kij _ i 3¢ij B Agzﬁ?'g _ b,-aﬁ,
08 0& \ 04 J J

which completes the proof. O]

Theorem 2.4.6 is a classical result in the study of periodically perforated do-
mains. It can be used to prove Korn’s first inequality in perforated domains (see
Lemma 2.4.7), which is needed together with the Lax-Milgram theorem to prove the
existence and uniqueness of weak solutions to (2.2.8) when 6 = 0. For a proof of
Theorem 2.4.6 when 1 < p < 0o, see the work of Acerbi, Chaid6 Piat, Dal Maso, and
Percivale [1]. For an alternative proof when p = 2, see [24].

Recall Q. = QNew, where w C R? is an unbounded, Lipschitz domain as described
in Section 2.2. Let I'; denote the material part of the boundary, i.e., I'. = 9Q N cw.

Theo_rem 2.4.6. Fiz 0 < ¢ < 1. Let Q and €y be a bounded Lipschitz domains
with Q@ C Qo and dist(0Q,Q2) > 2. For 1 < p < oo, there exists a linear extension
operator P. : WHP(Q., T.; RY) — Wy (Qo; RY) such that

| P-wllwiry) < Crllw|lwie@.), (2.4.4)
IV Paw|| 1o (0) < Cof[ Vwl|Lr(a.), (2.4.5)
le(Pew)|| ey < Cslle(w)]|Lr ., (2.4.6)

for some constants Cy, Cy, and C3 depending on  and w, where e(w) denotes the
symmetric part of Vw, i.e.,

1
e(w) = 3 [Vw + (Vw)"]. (2.4.7)
Korn’s inequalities are classical in the study of linear elasticity. The following

lemma is essentially Korn’s first inequality but formatted for periodically perforated
domains. Lemma 2.4.7 follows from Theorem 2.4.6 and Korn’s first inequality.
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Lemma 2.4.7. Let Q C R? be a bounded domain. There exists a constant C depend-
ing on , w, and d such that

w1 @) < Clle(w) 2.
for any w € H*(Q, Te; RY), where e(w) is given by (2.4.7).
Proof. Fix w € HY(Q.,T.;RY), and let P. : HY(Q.,[;RY) — H}(Qo; R?) denote the

extension operator in Theorem 2.4.6. By Korn’s first inequality (see [11, Chapter 1.2,
Theorem 2.1]) and (2.4.6) of Theorem 2.4.6,

|w|lg o) < |Pewl| g,y < Clle(Paw)| 220y < Crlle(w)||r2q.)-

Copyright© Brandon Chase Russell, 2018.
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Chapter 3 Quantitative homogenization

In Section 3.1, we consider weak solutions to the boundary value problem (2.2.8)
with ¢ = 0 and establish a quantitative convergece result for u.( and its gradient. In
particular, we acheive the optimal O(e'/?) convergence rate with an energy method
and prove a theorem first presented by the author of this disseratation in [25]. Let
K. denote the smoothing operator at the microscopic scale € defined by (2.4.1). Let
ne € C§°(2) be the cut-off function defined by

0<n(x)<1 forzeqQ,

supp(n.) C {z € Q : dist(x, Q) > 3¢},
ne=1 on {x € Q : dist(z,00) > 4e},
|Vn.| < Cet.

(3.0.1)

for a bounded domain 2 C R% Let x denote the first-order corrector associated
with L. (see (3.1.3) in Section 3.1) and wug denote the solution to the homogenized
boundary value problem associated with (2.2.8) (see (3.1.1) in Section 3.1).

Theorem 3.0.1. Let €2 be a bounded Lipschitz domain and w be an unbounded Lips-
chitz domain with 1-periodic structure, i.e., the characteristic function 1. of w satis-
fies (2.2.3). Suppose A is real, measurable, and satisfies (2.2.4), (2.2.5), and (2.2.7).
Fiz f € HY (0Q;RY). Let u.o denote the weak solution to L.o(ucp) = 0 in Q with
ueo — f € HY(Q., Te; RY), where Te = 0Q New and Q. = QNew. There exists a
constant C' depending on d, ), w, k1, and ke such that

[0 — o0 — eXKZ((Vuoo)n:) |y < CY2| fllmon)-

From Theorem 3.0.1 follows a sub-optimal L2-convergence rate for u.o. The fol-
lowing corollary will be used in Section 4.1 to prove large-scale Lipschitz estimates.
We reiterate that the convergence rate is suboptimal in L?*().

Corollary 3.0.2. Suppose 2, w, A, f, I'c, and u.o are as stated in Theorem 3.0.1.
There exists a constant C' depending on d, 2, w, k1, and ke such that

[teo — w00l r2i) < CY2|| £l o0)-

In Section 3.2, we consider the boundary value problem (2.2.8) with 0 < 6 < 1
and establish a suboptimal quantitative convergence rate for u.s and its gradient.
The novelty of the result is not necessarily in the rate itself, but rather that the
rate is essentially uniform in ¢. Indeed, for fixed 6 > 0, the coefficients k§A® are
uniformly elliptic in 2 (but not in §), and so the optimal H'-convergence rate remains
O('/?). However, as we will see in Section 4.3, the uniform rate presented is enough
to establish large-scale Lipcshitz estimates for solutions to (2.2.8) with 6 > 0. Let xs
denote the first-order corrector associated with L. s (see (3.2.1) in Section 3.2) and
up,s denote the weak solution to the homogenized boundary value problem associated

with (2.2.8) (see (3.2.4) in Section 3.2).
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Theorem 3.0.3. Let Q) be a bounded Lipschitz domain and w be an unbounded Lips-
chitz domain with 1-periodic structure, i.e., the characteristic function 1. of w satis-
fies (2.2.3) Suppose A is real, measurable, and satisfies (2.2.4), (2.2.5), and (2.2.7).
Fiz f € HY (O RY). Let u.s denote a weak solution to L.s(u.s) = 0 in Q with
u.s — f € HYQ;RY) for some 0 < 6 < 1. There exists a constant C depending on
K1, Ko, d, 2, and w and a py > 0 depending on k1, ko, d, and 2 such that

k572 50l 20y + 11K5 Ve sl 200y < Ce" )| fll i1 00,

where ((0) > g > 0 for any 0 < 6 < 1, kS is defined by (2.2.2), and

Tes = Ues — Ups — 5XgKf((Vu075)n€). (3.0.2)

Note that Theorem 3.0.3 also gives an H'-convergence rate for u.g, but The-
orem 3.0.1 is stronger for the case 6 = 0. Similar to before, from Theorem 3.0.3
follows a suboptimal L?-convergence rate for u.s. We reiterate that the novelty of
the convergence rates presented are their uniformity in 9, i.e., in each statement, the
constant C' is completely independent of §. The following corollary will be used in
Section 4.3 to prove a large-scale Lipschitz estimate.

Corollary 3.0.4. Suppose Q, w, A, f, and u. s are as stated in Theorem 5.0.3. There
exists a constant C' depending on d, 2, w, k1, and ks and a py > 0 depending on Ky,
Ko, d, and €} such that

15 (e 5 — wo,5) |l 22(0) < C"ON Fll o0y

where pu(8) > po >0 for any 0 <6 < 1.

3.1 Perforated domains (6 = 0)

In this section, we establish H!((.)-convergence rates for solutions to (2.2.8) with
0 = 0 by proving Theorem 3.0.1. Throughout this section we use the notation

Q. =0QNew.

If w = R% it can be shown that the weak solution to (2.2.8) with § = 0 converges
weakly in H'(2;R?) and consequently strongly in L*(Q;R?) as e — 0 to some g,
which is a solution of a boundary value problem in the domain Q [11, 20]. Indeed,
we have the known qualitative convergence of Theorem 2.2.1. The function ug g is
called the homogenized solution and the boundary value problem it solves is the
homogenized system corresponding to (2.2.8) when 6 = 0.

If w € RY then it is difficult to qualitatively discuss the convergence of wu. g,
as H'(Q.;R?) and L*(Q.;R?) depend explicitly on e. Qualitative convergence in
this case is discussed by Allaire in [2] with the tools of two-scale convergence and
Cioranescu and Saint Jean Paulin in [12] withinin the context of various extension
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theorems like Theorem 2.4.6. The homogenized system of elasticity corresponding
to (2.2.8) when § = 0 and of which v is a solution is given by

L =0 inQ
0.0 (to,0) n (3.1.1)
U/O,O e f on aQ,
where P 9
Loo = —div(AV) = —— (a’——
0,0 1V< V) oz, (al] 8l’j> )
A— {bj%ﬁ }19-,]-706”3351 denotes a constant matrix given by
ox?
a2 = ][ i (3.1.2)
QNw ayk

and Xf = {X}B }<y<a denotes the weak solution to the boundary value problem

L1p(X])=0 inQ
Xf = Xf — Pjﬁ is 1-periodic, / Xf = 0.

QNw

(3.1.3)

In (3.1.3), Pjﬁ(y) = y;e’ and ¢’ € R? has a 1 in the Bth position and 0 in the remaining
positions. In particular, we say X? = Xf + Pf is a weak solution to the boundary
value problem (3.1.3) provided X? € H! (Q;R?) satisfies the integral equality

per

«

) oM X
/ a5 (X]ﬂ n P]ﬁ) Smdy =0, for any M = {M°} € Hl,.(Q;R?)
QNw Yk Yi

For details on the existence of solutions to (3.1.3), see [24]. The functions Xf are
referred to as the first-order correctors for the system (2.2.8) when § = 0.

It is assumed throughout that any two connected components of R*\w are sepa-
rated by some positive distance. Specifically, if R*\w = U° | Hy, where Hj, is connected
and bounded for each k, then there exists a constant g* so that

0<g¥<i inf |z; — 2] v . 1.
g* <infq inf z; — | (3.1.4)
:BjEHj

Such a constant is guaranteed to exist given the periodic structure of w. With any
weaker assumption, such as almost-periodic or random, the constant g* may not be
positive. R

It should be noted that if A satisfies (2.2.4) and (2.2.5), then A defined by (3.1.2)
satisfies conditions (2.2.4) and (2.2.5) but with possibly different constants %; and &y
depending on k; and ks. In particular, we have the following lemma. For a rigorous
proof, see [24]. Note the following lemma also shows b?f}ﬁ € L>°(R?) for each index
1<i,j,a,08<d.
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Lemma 3.1.1. Suppose A satisfies (2.2.4), (2.2.5), and (2.2.7). If X? = {X}Bh
denote the weak solutions to (3.1.3), then A = {/d%ﬁ} defined by (3.1.2) satisfies
AP =% = 3% and

Ril€]? < agfece < Rolel?

for some Ry, Ry > 0 depending k1, k2, and |Q Nw| and any symmetric matriz § =

{fz{l}i,a-

Let K. be defined as in Section 2.4.1, and let 7. be given by (3.0.1). If P. is the
linear extension operator provided by Theorem 2.4.6, then we write w = P.w for
w € HY(Q,T.;R?). Throughout, C' denotes a harmless constant independent of ¢
that may change from line to line.

Lemma 3.1.2. Let
Te = Ugp — Up,0 — 5X5K52((Vu0,0)775)-
Then

/ A*Vr. - Vw
Qe
=1QNuw| / A\Vuo,o -Vnaw — |Q Nw| /(1 — nE)A\Vu(),O -Vw
Q Q
+ / |:|Q N W|A\ — 11A8:| [VU(),O — Kg((VU,O,O)UE)] . V"LT)
Q
+ / [|Q Nw|A — 13A€vxe} K2((Vuoo)n.) - V@
Q
—¢ / ANV K2 (Vugo)n.) - Vw
Qe

for any w € HY(Q.,T;RY).

Proof. Fix w € H*(Q.,T;RY), where Q. = QNew and I', = dQNew. If 1. is defined
by (3.0.1), then wn. € HL(Q;RY). Since u.o and ugy are weak solutions to (2.2.8)
with § = 0 and (3.1.1), respectively,

/ AEVUQO -Vw =10

and
|Q Nwl| / A\VUO’O -V (wn.) = 0.
Q
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Therefore,
/ AVr. - Vw = / A*Vu.o - Vw — / AV - Vw
—/ AV [€X€K€2((VUO,O)7]6>} -Vuw
Qe

=|Q Nuw| / ﬁVu[)’o -V(wn.) — / AV - Vw
Q

£

—/Q AV [ex*KZ((Vugo)n.)] - Vw

Note the equalities
V(wn.) = Vnew — Va(l = n.) + Vw
and

V [eX*K2(Vuo)ne)] = VXKZ((Vuoo)ne) + ex*VEZ(Vuop)n:)

and so
/ A°Vr. - Vw = |Q Nw| /QA\VUQQ -Vn.w — |Q Nw| /Q(l — m)flvuo,o v
120w [ A[Vuoa - K2(Vueano] -V
1wl [ AR (Vuoan) - VI - [ AVugg- Vo
- [ A e T oo W
=@ Nu| /Q?Wuo,o - Vn.w — |Q Nw| /9(1 — 1) AVug - VO
+ [ [lQnuid= 1247 [Vuoo - K2(Vua)ar)] - 7
+ [ [lQnuld=134° - 1549 K(Vuna)n) - v

- e/ AEXEVKS((VuQO)nE) - Vw,

where 15 = 1,(-/e) denotes the characteristic function of ew. This is the desired
inequality. O]

Lemma 3.1.3 presented below is used in the proof of Lemma 3.1.4, which estab-
lishes a Poincaré-type inequality for the perforated domain €2.. We use the notation
A(x,r) = B(xz,r) N 0N to denote a surface ball of 0. Essentially, the lemma shows
that for any point along the boundary of €2 there exists a ball of fixed radius containing
a consistent size of the material part of the boundary T'..
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Lemma 3.1.3. For sufficiently small €, there exist ro,py > 0 depending only on w
such that for any x € 01,

A (y,epo) C Az, erg) and A (y,epy) C I'.
for somey € ', =00 New.

Proof. Write R\w = U352, H;, where each H; is connected and bounded by assump-
tion. Since w is 1-periodic, there exists a constant M < oo such that

sup {diam H;} < M.

i>1
Take
ro = 2max {g*, M}, (3.1.5)

where g“ is defined by (3.1.4). Set py = %g“’. Let

1
H; = {z e R : dist(z, H;) < Z—ng} for each j,

and fix x € 9. If v € 89\(U?‘;15ﬁ[j), then take y = x. Indeed, for any z €
A(y,epo) C A(z,erg) and any positive integer k,

dist(z,eHy) > dist(y,eHg) — |y — 2|

1
>elgv —
_549 €pPo
8 — —_— —
=12% 168
3
> _w
_5169,

and so A(y,epg) C I'..
Suppose x € 92N (U2 eH;). There exists a positive integer k such that z € € Hy.
Moreover, e H, C B(x,erg) since for any z € e Hy, we have

|z — z| < dist(x,eHy) + diam (e Hy,) + dist(z, e Hy)

1 1
< ezg‘” +eM + 519”

<eg’+eM
< €rg.

In this case, choose y € e(H,,\Hy,) so that dist(y, eHy,) = £(1/8)g* and y € 9Q. Then

for any z € A(y,epg) C [0QNe(H\Hy)] C Az, ero),
dist(z,eHy) > dist(y,eHg) — |y — 2|

>8%“—&lw
-8 16
> 5ig“,
— 16
and so A(y,epo) C I'.. O
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Lemma 3.1.4. For w € H'(Q,,I'.;R?),
0] L2(04) < CellVW]|L2(0),
where Oy = {x € Q : dist(x,00) < 4e} and C' depends on d, Q, and w.

Proof. We cover 0f2 with the surface balls A(x,erg) provided in Lemma 3.1.3 and par-
tition the region O,.. In particular, let 7y denote the constant given by Lemma 3.1.3,
and note UycpnA(z, erg) covers 9€2, which is compact. Then there exists {x;}&; with
00 C UN,A(z;,erg), where N = N(g). Write

(’)i? ={z € Q : dist(z,A;) < 4e}, where A; = A(zy,erp).

Given that (2 is a Lipschitz domain, there exists a positive integer M < oo indepen-
dent of ¢ such that Offs) N Offs) # () for at most M positive integers j different from
1.

Set W(xz) = w(ex). Note for each 1 < ¢ < N, by Lemma 3.1.4 there exists a

Y; € Of@ such that w = 0 on A(y;,epp) C A;. Hence, by Poincaré’s inequality [23,

Theorem 1],
1/2 1/2
(/ |W|2) gc(/ |VW|2) , (3.1.6)
i /e ofd/e

where C' depends on (2, rg, and py but is independent of ¢ and 7. Specifically,

N
/ yw(x)ﬁdxgcg?Z/ V(@) de gcﬁ/ V(@) de
Ose -1 /o5 Oae

where we've made the change of variables ex — x in (3.1.6) and C is a constant
depending on €2, w, and M but independent of ¢.

]
Lemma 3.1.5. For any w € HY(Q.,'.;R?),
[ 49n V| < € (19 unlz0uy + (T = Kol (Vanohn
+e|| K- ((Vuo0)n:) lz2 } 1wl o)
Proof. By Lemma 3.1.2,
/ AEVTE'VIU211+[2+13+[4+[5, (317)

€
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where

I =|QNuw| /QA\VUO,O - Vn.w,

I =—|QNuw| /Q(l — nE)A\Vu()’O -V,

h= [ [lneld- 1547 [Tugo = K2(Vusa)na)] - V3

- /Q [1QNw|A — 15.4°V%| K2(Vugone) - Vi,

Iy = —¢ /ﬂ ANV K2 (Vugo)n.) - Vw,
and w € H'(Q.,;;RY). According to (3.0.1), supp(Vn.) C O,., where Oy is defined
in Lemma 3.1.4. Moreover, |Vn.| < Ce™'. Hence, Lemma 3.1.4, Lemma 3.1.1,

Cauchy-Schwarz, and (3.0.1) imply

<0 [ 1AV, @) < 7 [Vunalon 1oy
Ouse

< Ol Vuopl 20 I V0| 2(0)

Since supp(1 —7.) C O4 and 7. < 1, Lemma 3.1.1 implies

|Io] < C/
048

By Theorem 2.4.6,

AVug - V| < Ol Vuooll 22000 V0| 220 -

111 + L < C[Vuool 200 w1 0.)- (3.1.8)
Note
Vg — K2(Vuop)n:) = (1 —n:) Voo + (Vuoo)n. — K2((Vugo)n:)
= (1 - Ua)vuo,o + (VUO,O)ns - Ks((vuo,0>77€)

- Ks((vuo,o)ﬁs - K€(<vu0,0>77€))
Again, since supp(l — 7.) C Oy (see (3.0.1)), Lemma 2.4.1 implies

Vg — K2((Vuoo)n:) |2
< (X = o) Vuooll 2 + [[(Vuoo)ne — Ke((Vuo0)n:)l| 2o
+ | K ((Vuo0)ne — Ke((Vuoo)n:)) |l z2()
< [[Vuoollz2(0.) + Cll(Vuo0)ne: — Ke((Vuo0)ne)| 22(0)-
Therefore, by (2.2.5), Lemma 3.1.1, and Cauchy-Schwarz,

13| < C[|Vugo — K2((Vuoo)n:)| 2 1wl o)
< C{||Vuooll 12(04)
[ (Vg o)n. — K(Vuoo)ne) 2} lwllm.)- (3.1.9)
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Set B = |Q Nw|A —1,AVX. By (3.1.1) and (3.1.3), B satisfies the assumptions
of Lemma 2.4.5. Therefore, there exists 7 = {7‘(?5} that is 1-periodic with

0
B _ a8 8 _ B
8—%7@?” = bf;- and ﬂ,(:ij = —Wij,
where y = x/¢ and
5 _ 8 0 8

Moreover, H7rfjﬂ||H1(Q) < C for some constant C' depending on k1, kg, and w. Note

for z € RY,
0 x 0 x
()= ot 2) =i 2)
Y \e 8yk7rk” € Sﬁxkﬂk” €

Recalling (3.0.1), also notice K2((Vugo)n.) € H} (2;RY). Hence, integrating by parts

gives
/baﬁEKQ aug,() aﬁ)’a e 8 a,BsKQ 0“5,0 (%504
.. e —_— = — T, - < e R —
Q K © 8:cj L (99(:2 Q 8a:k kij al’j L &cl
o [ ,[0us, \owe
_ [ s O |2 QUop ) OW*
5/977]%] aaik © < 8@ 775) 8.%1]
o [ ,(0u; ow°
- afﬁs_ K2 0,0
6\/977-]%] aljk: 15 ( axj n8>] axi,
since

@uﬁ 82@0‘
a§5K2 0,0 -0
/S;ﬂ'k;z] € ( aSL’j 775) axka$z

due to the anit-symmetry of 7. Thus, by Lemmas 2.4.1, 2.4.3, and 2.4.5,

L] < Cellm*VEZ((Vuoo)ne)ll 2 ollwl g1 o)
< Ce||m)| L2 | VE((Vuo,o)n)l L2 llw] a0
< O K- ((Vuo0)ne) + Ko (Vo) Vi)l 2o 1wl o)
<C {HVUQOHLQ((’Ms) + 5||K5((V2u070)775) ||L2(Q)} ||w||H1(QE), (3.1.10)

where we've used (3.0.1) in each step.
Finally, by (2.2.5) and Lemmas 2.4.1, 2.4.2, and 2.4.3,

15| < C {IVuooll 20 + el Ke (Vuo,0)ne)  z2e } 1wl e (3.1.11)
The desired estimate follows from (3.1.7)-(3.1.11). O
Lemma 3.1.6. For w € H'(Q.,T.; R?),

/ A°Vr, - Vw’ < 051/2||f||H1(8Q)||w||H1(Qs)

£
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Proof. Recall that g satisfies Lo o(uop) = 0 in 2, and so it follows from estimates
for solutions in Lipschitz domains for constant-coefficient equations that

(Vo) |l200) < Cll fll a1 00), (3.1.12)

where (Vugo)* denotes the nontangential maximal function of Vugg (see [14]). In
particular,

(Vugp)*(x) = sup Vuop(y), T,(z) ={y€Q : |y — x| < pdist(y,00)},

y€Tp ()
where p > 0 and = € 0{2. By the coarea formula,
IVuoollr20.) < Ce2([(Vuoo) 200y < C2| fllm o0 (3.1.13)

Notice that if ug o solves (2.2.8), then Ly o(Vugp) = 0 in €2, and so we may use an
interior Lipschitz estimate for Ly y. That is,

C 1/2
|V2u070(x)| S —-— (f |VU070|2) R (3114)
() B(z,5(x)/8)

where 6(x) = dist(z, 992) (see [18]). By (3.0.1), we have
1/2
(7 unanliz < ([ (9000P)
Q\ O3,
) 1/2

<C (/ ][ dy dx)

MNOs. J B(z,8(x)/8)

Co 1/2
co([Ter ) V) dste) )

3¢ 80,0 J B(z,t/8)

1/2
+ Cl / |VU0,0 |2
NO¢,

Co
< Cl[(Voo) Il 2omy ( /
3

I3

< C{e 2 fllmon) + 1l /200y }
< Ce™ (| fllm o0- (3.1.15)

Vugo(y)

d(z)

1/2
t—2 dt) + 01 ||vu0,[)||L2(Q)

where Cj is a constant depending on the diameter of 2, and we’ve used (3.1.12), (3.1.13),
the coarea formula, energy estimates, and (3.1.14). Hence, Lemma 2.4.1 implies

€||KE(<V2UQ70)T]5) ||L2(Q) S Ogl/ZHfHHl(BQ)‘ (3116)
Finally, by Lemma 2.4.2,
[(Vuoon. — Ke((Vuoo)n )l < O Fllmony. (3.1.17)

where the last inequality follows from (3.1.15) and Lemmas 2.4.4 and 2.4.2. Equations
(3.1.13), (3.1.16), and (3.1.17) together with Lemma 3.1.5 give the desired estimate.
O
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Proof of Theorem 3.0.1. Note r. as defined in Lemma 3.1.2 satsifies r. € H'(Q,,'.;R?),
and so by Lemma 3.1.6 and (2.2.5),

le(r) 22, < C / AEVr, - V.

€

< C2| flmomllrellmn o.)-
Lemma 2.4.7 gives the desired estimate. O

Proof of Corollary 3.0.2. With Theorem 3.0.1 at our disposal, Corollary 3.0.2 follows
with the addition of Lemmas 2.4.3, 2.4.1 and energy estimates. Indeed,

| “K2((Vuoo)n:) || 2@ + ellx K2 (Vuoo)n:) 2
< C'"?| fllm o0y + Cell fll /200

< C?|| f | o0)

3.2 Soft inclusions (0 < < 1)

In this section, we quantitatively discuss the convergence of solutions to (2.2.8) as
e = 0 but 6 > 0 by proving Theorem 3.0.3. First, we discuss the ellipticity of the
homogenized coefficients As which is shown to be uniform in §. Next, we prove the
theorem.

We now discuss the qualitative convergence of u.s. Indeed, if 6 > 0, then the
matrix of coefficients k§A° is positive definite, i.e., satisfies (2.2.4). However, if one
relies only on the positivity of ¢ and the ellipticity of A%, the lower-ellipticity constant
(e.g., k1 in (2.2.4)) depends on d. If § is close to zero, then the coefficients k5 A® are ill-
conditioned, which leads to very loose control on the solution u,. s and its deriviatives.
Nevertheless, we may deduce the existence of a homogenized solution ugs and the
convergence of u.s as € — 0. In particular, we have Theorem 2.2.1. In this section,
we propose a quantitative convergence rate that is essentially uniform in 9.

For 6 > 0, let X]@, 5 = {X}g}lgfygd denote the solution to the following variational
problem

zkaka

a a
/ kéa ]75 ¢ d — 0’ for any ¢ c per(Q Rd)
Q
Xf,(s = Xﬁd — y;e? is 1-periodic, / X?,(s =0,

(3.2.1)

which coincides with (3.1.3) if 6 = 0, i.e. Xﬁo = Xﬁ and X;o = X] where X? and Xf

are defined in (3.1.3). To show the existence and uniqueness of the solutions X? 50 We
may apply the Lax-Milgram theorem to the space peT(Q R%). As a consequence,
with the correct choice of test functions one may obtain the bound

ks sllrz@) + ks VX slliz) < © (3.2.2)
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for some constant C' depending on £, Iig, and w.
Define the constant matrix As = {a%’ . %} by

0X7
al = ksaly 20 d 3.2.3
Aijs = ]{2 5 Qi 8!L‘k Ys ( )
where X7 i is defined in (3.2.1). Note the effective coefficients defined by (3.2.1)

coincide Wlth (3.1.2) when § = 0, i.e. , Ay = A where A is defined by (3.1.2). The

constant matrix Ay is uniformly elhptlc uniformly in ¢, which is discussed below. Let
up,s denote the solution to the homogenized boundary value problem corresponding
to (2.2.8) with 6 > 0, i.e., ugs satisfies

{Eo’g(UO’(;) =0 inQ (324>

ups = f on 0L,

where Lo = —div(A;V) and Ay is defined by (3.2.3).

If A satisfies (2.2.4) and (2.2.5), then Ay defined by (3.2.3) satisfies conditions (2.2.4)
and (2.2.5) but with possibly different constants ; and ko depending on k1 and ks
but not ¢. In particular, we have the following lemma.

Lemma 3.2.1. Let A; be defined by (3.2.3) for0 <6 < 1. Then

@ (y) = a5s(y) = 5(y)
Rl < a5 ()€ < Ralél?
for any symmetric matriz § = {£}, where K1, Ry > 0 depend on Ky, Ko, and |Q Nw|.

Lemma 3.2.1 follows from the following two lemmas. The first discusses the con-
vergence of Xf-, s foreach 1 < j,8 < d as 0 — 0, and the second discusses the

convergence of 21\5 to 121\0 as 0 — 0. As 21\0 is known to be uniformly elliptic (see
Lemma 3.1.1 and note Ay = A), we obtain Lemma 3.2.1.

Lemma 3.2.2. If Xo = {X] hicjpa, Xs = {XJs}i<jp<a are defined by (3.1.3)
and (3.2.1), respectively, then for 6 > 0 we have the following estimates:

(i) 111+ V(Xo — X5 12(q) < C16'2,
(ii) || 1-VXs 12 < Ca0 V4,
where C1, Cy depend on k1 and K.

Proof. Set )?5’:0 = PX?,O € peT(Q R?) for each 1 < 4,8 < d, where P is the linear
extension operator given in [24]. Let

X70(y) = yie” + X0 ().

28



Recall that 1,X, is a weak solution to (3.1.3) and X; satisfies (3.2.1), and so for any
¢ € H),,.(Q;R?) we have

/ ks AV (Xo — X5) - Vop = 5/ 1.VX, V¢
Q Q
Note B
XO - X(S = 5{0 — X5 € H;GT(Q;Rd)7
and so by the ellipticity of A (see (2.2.5)) and Cauchy-Schwarz,

/ ks| V(Ko — X5)? < c/ ks AV (Xo — X5) - V(X — X5)
Q Q
= 05/ 1.VX,- V(X — Xy)
Q
:015/ 1+|vxo\2+5/ 1V(Ry — X2,
Q Q
where C only depends on k; and kg. This gives (i). For (ii), note

5/ 1,AVX5 . VX5 = —/ 1+AV(X0 — X(;) : VX5
Q Q
< C8"211:VXo| 2 114 Vxs 1l 22(@).

where C' only depends on ks. By (i),
5/ 1_|VXs* < C62( 1. VXo| 720
Q

where C' depends on ki, Ko. O
Lemma 3.2.3. If Ay and A;s are defined by (3.1.2) and (3.2.3), then
]|Q N w| Ay — 25‘ < C8"2|| 1, VXl 2(0),

where C' depends on k1 and Ks.

Proof. Note
1Q Nw|Ay — Ay = / 1, AV(Xo — X;) — 5/ 1_VXs,
Q Q
from which the desired estimate follows by Lemma 3.2.2. [

Let K. be defined as in Section 2.4 by (2.4.1), and let . € C§°(€2) be given
by (3.0.1). Recall T'. = 92 New and H'(Q,T.;R?) denotes the closure in H'(Q;R?)
of C*(R% R?) functions vanishing on I'.. Let ug s solve (3.2.4), xs satisfy (3.2.1), and
u. 5 denote a weak solution to (2.2.8) with § > 0.
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Lemma 3.2.4. Let

Tes = Ugs — Uo,s — 5X§K3((VU0,5)775)-
Then

/ k5A°Vr.s - Vw
Q
= /( )k(;A‘EV [Ua s — U()75] . V’LU + / k’gAEV [u575 — U075] . [ZUVT]E]
Q
+/ A5 k§A Vu()’(;—Kf((Vuo,(;)ng)] -Vw
Q
/ Ag Afvxé} K2((Vauos)n.) - Vw
Q

6/ k5A°XSVEKZ((Vugs)n:) - Vw
Q

for any w € HY(Q,T.;RY).

Proof. Fix w € H'(,T;RY), and note wn. € Hj(Q;R?). Since ugs solves (3.2.4)
and u. 5 satisfies (2.2.9),

/ E(;Vuoﬁ -V[wn] =0
Q

and

/ ks A*Vue s - Viwn.:] = 0,
Q
where 7. denotes the cuttoff function defined by (3.0.1). Note
Vw=(1-n.)Vw —n.Vw = (1 —n.)Vw — V[wn.] + wVr., (3.2.5)

and so
/ k5A*Vu.s - Vw = /(1 —ne)ks A*Vue 5 - Vw — / ks A*Vu. 5 - V]wn.]
Q Q Q
+ / k5A*Vu, 5 - [wVn,]
Q

= /(1 —ne)ksA*Vue 5 - Vw + / ks A*Vu. s - [wVn,].
Q Q
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Hence,
/ k5A*Vr. 5 - Vw
Q
= / k5A*Vu. s - Vw — / k5A*Vug s - Vw
Q Q
- [ AV G RH(Vunan.)] - Vo
Q
= /(1 —n:)ks A*Vu. 5 - Vw + / k5A*Vu. 5 - [wVn.]
Q Q
+ / ks A*Vugs - Vw — / k5 AV [6)(‘3 3((Vu075)776)} -Vw.
Q Q
Using the fact

V [ex5KZ(Vuos)ne)] = VXGEZ (Vuos)ne) + x5 VEZ(Vuos)ne),

we continue with
/k;AEVum; -Vw
Q
= /Q(l —ne)ks A*Vue 5 - Vw + /Q ks A*Vu. 5 - [wVn,]
+ [ 4Vuos - Vo= [ BAVGRA(Vuns)ne) - T
—c /Q ks AV K2 ((Vugs)ne) - Vu
= /Q(l — N )k§ ATV [ues — ug 5] - Vw + /Q k5 AV [ue s — uos - [wVn]
+ /Q Ay — K347 | Vg - Vo /Q K ATVGK2 (Vg )ne) - Vo
- e/ﬂkgAEXgVKf((Vuo,g)m) -Vw
where we've also used the identity
/QA\(;VUO,(; -Vw = /Q(l = HE)A\JV'LLO’(S -Vw — /Q@;Vuoﬁ - V[wne]
+ /QA\(;VUQ(; - [wVn]
= /Q(l — 775)115Vu0,5 -Vw + / fAL;Vuoﬁ - wVn.l,

Q

which follows from (3.2.5).
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Finally, continuing from above and combining similar terms,

/ KA V. s - Vo
Q
= /(1 — N ) k5 AV [ues — ugs) - Vw + / k5 AN [ue s — ug ) - [wVn]
Q Q
+ / [25 . kgAE] [Vuos — K2((Vuos)n:)] - Vo
Q
_ / [25 kAT kgAsvxg] K2((Vaugs)n.) - Vi
Q

- 5/ ks ASXSV K2 ((Vugs)n.) - Vw
Q
which is the desired inequality. O]
Lemma 3.2.5. For w € H'(Q,T;RY),

/ k§A*Vres - Vw‘ < O {|IVuosllzzo.) + (Vo s)n. — Ko ((Vuos)ne) |2
Q

+e|| Ko (VZuo,)ne) | L2e) + 1155 Vue sl 200 } [Vl L2
Proof. By Lemma 3.2.4,

/Q KEASVre s Vw =1y + Iy + Iy + Iy + I, (3.2.6)
where
I, = /Q(l — Ne)ks AV [ue s — up 5] - Vw
L= /Q KEATY [ue s — 0] - [wV1]
Iy = /ﬂ [@; - k;AE] [Vuos — K2((Vugg)n.)] - Vaw
L=— /Q [ﬁg - kgAEVX(;} K2((Vugg)n.) - Va
= ¢ [ BAGYR(Vas)n.) - Vo

and w € HY(Q,T.;RY).
Recall from (3.0.1) that supp(1 —7n.) C Oy, where

Oy = {x € Q : dist(z,00) < 4e}.
By Cauchy-Schwarz, (2.2.5), and the assumption § < 1, we have

|| < / |k5A*Vug s - V| +/ |k5 A*Vue s - Vul
045 045

< C{|IVugsll 200 + 1k5 Ve sl 200) } V0| 120 (3.2.7)
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Similarly, as supp(V7.) C Oy, Cauchy-Schwarz, Lemma 3.1.6, and (3.0.1) imply
|Io] < C{[[Vuosllrzon) + 155 Ve sll 200 } VWl z2)- (3.2.8)
Using (3.0.1) again,

Vg5 — K2((Vuos)ne) |l 2
< (1 =) Vuosllrze) + [[(Vuos)n: — K((Vuos)ne) |l 220
+ HKe((vuOﬁ)ns - Ks((vuo,ﬁ)%))HLQ(Q)
< [Vuosllz20a) + Cll(Vuos)ne — K ((Vuos)ne) | 22

Therefore, by Cauchy-Schwarz,
|13 < C|[Vuos — K2((Vuos)ne )l 120 | V|l 20
< C{lIVuoslr2o.n)
(Vo s)ne — Ke((Vuos)ne) 2o} Vw2 () (3.2.9)
Set Bs = As — ks AVX. By (3.2.3) and (3.2.2), Bs = {b%% satisfies the as-

sumptions of Lemma 2.4.5. Therefore, there exists w5 = {7?2‘5 st that is 1-periodic
with

0 aﬁ af af aﬁ
8y Mrijg — bz‘j,5 and Tigs = kg6
where P
af Aaﬁ ay 7/5’
bzy o zj,6 - k5a’zk 68_X

Moreover, "WZ%H m1(@) < C for some constant C' depending on 1, k2 but not § (see
Lemmas 2.4.5 and 3.2.2). Hence, integrating by parts gives

oul o o [ ouf ow™
afle Kz 0,8 _ afe K2 Z7006 -
/ s ( 0z; 778) ox; 6/9 k”‘sﬁx “\ Oz, 'Ie ox;

o [ ,(0u ou
— _ a{B'E v K2 0,0

/ afe KQ augcs 82 —0
Q Tkij6 ax] 0x,0x;

due to the anit-symmetry of w5. Thus, by Lemma 2.4.3, and (3.0.1),

14| < Ce||msVEZ((Vugs)n:)l 2o Vwll 2o
< C{|IVuosll 204 + el Ke (Vo s5)ne) 120 } | V0 120 - (3.2.10)

Finally, by Lemma 2.4.3 and (3.0.1),
15| < C{IIVuosllzzion + el Ko (Viuos)n:) 2@ } VW] 2 (3.2.11)
The desired estimate follows from (3.2.7)-(3.2.11). O

since
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Lemma 3.2.6. For w € H'(Q,T';;R?),

/ kgAEVrW; . Vw' S Cé?qu“Hl(aQ)||w||H1(Qs),
Q

where p > 0 depends on d, ki, and Ks.

Proof. Recall that ug s satisfies Lo 5(uos) = 0 in Q, and so it follows from estimates
for solutions in Lipschitz domains for constant-coefficient equations that

(Vo) r200) < C|lfll 1 00), (3.2.12)

where (Vugs)* denotes the nontangential maximal function of Vugs (see [14]). By
the coarea formula,

Vo sll2(0.) < CY2(Vuos) |l 200) < Ce'?| f 1l o0y (3.2.13)

Notice that if ugs solves (3.2.4), then Lys5(Vugs) = 0 in €2, and so we may use
the interior Lipschitz estimate for £y 5. That is,

V2 5(7)| < . (][ yvu0,5\2>1/2, (3.2.14)
p() B(z,p(z)/8)

where p(z) = dist(z,9Q) and C' is uniform in § given Lemma 3.2.1. In particular,

1/2
1(V?uo.5)ne || 12(0) < (/ |V2Uo,6\2>
O\Ose
) 1/2
VuO,a(y)‘ dy dx)

<o(f,.1
ON\Os. J B(z,p(x)/8) p(r)
Ch 1/2
co([e [ WustRdyast) ar)
3¢ 00,1 J B(,/8)

1/2
+ 4 / |VU,075 |2
NO¢,

Co
sovawwm@m(/
3

3

< C{e 2l fllon) + 1 Flliz o0 §
< Ce 2| fll e os)-

1/2
t_2 dt) + 4 \|Vu075||L2(Q)

where () is a constant depending on €2, and we've used (3.0.1), (3.2.12) (3.2.13), the
coarea formula, energy estimates, and (3.2.14). Hence,

€||K5<(V2U075)775) ||L2(Q) S 051/2||f||H1(@Q). (3215)
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By Lemma 2.4.2,

1(Vuos)ne — K((Vuos)n:) 2y < C2|| fllmoy- (3.2.16)

where the last inequality follows from (3.2.15) and (3.0.1).
Finally, we establish a W1P-estimate for some p > 2 for u. s uniform in ¢ and §
by establishing a reverse Holder inequality. Indeed, if there exists a p > 2 so that

1/p
(/ |k§VUa751p) < C\\ flla 0,
Q

then Holder’s inequality implies

/O ke Ve g2 < CEODIP| 200 (3.2.17)

The existence of such a p follows from the Lemma 3.2.7 below. Equations (3.2.13),
(3.2.15), (3.2.16), and (3.2.17) together with Lemma 3.2.5 give the desired result. [

Lemma 3.2.7. There exists a py > 2 such that

1/po
( / rkzwgwo) < Clflmon
Q

for some constant C' depending on k1, ke, d, py, and €.

Proof. The desired estimate essentially follows from Cacciopoli’s inequality, the Poincaré-
Sobolev inequality, and the self-improving property of reverse Holder inequalities.
We prove an interior estimate, and the boundary estimate follows with an analogous
proof.

Take B(xg,2r) C 0, and note that Cacciopoli’s inequality (see Lemma 4.3.1 in
Section 4.3) implies

1/2
(][ |k§VuE,5|2>
B(zo,r)

C 1/2

<= (][ |k:§u€,5|2>
r B(zo,2r)
o 1/2 1/2

<S8 wet) (f asuar)
r B(wo,2r) B(zo,2r)

which is invariant if we subtract any constant vector from wu.s. If we consider the
difference in wu.s and the average value of u.s over the ball B(xg,2r), then by the
Poincaré-Sobolev ineqaulity

1/2
(][ \k:§VuE75|2)
B(zo,r)
s o 1/2
<46 (][ |Vu5,5|8) + — (][ |Pe(liu875)|2) ,
B(zo,2r) r B(zo,2r)
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where s = 2d/(d + 2). Similarly, by considering the difference of P.(1% u.s) and its
average value over the ball B(z,2r) we can show

1/2
(][ \k;gVua(;F)
B(zo,r)
1/s 1/s
<6 (][ |Vu€,5|s) + <][ ]VPE(lqu,(;)P) ,
B(zo,2r) B(zo,2r)

which by Lemma 2.4.6 shows

1/q
(][ wq) <C ][ w,
B(zo,r) B(zo,2r)

where w = |k§Vu.s|® and ¢ = 2/s. By the self-improving property of reverse Holder
inequalities (see [17, Chapter V, Proposition 1.1]),

1/t 1/q
o) =e ()
B(zo,r) B(zo,2r)

for any t € [¢q,q + v) for some v > 0 depending on k1, ke, and d. That is,

1/p 1/2
(][ ykgvug,g\f’) <C (][ \kgvug,(;]?) (3.2.18)
B(zo,r) B(zo,2r)

for any p € [2,2 + v) and any B(xg,2r) C €.

We may show a similar estimate for any ball B(z, 2r) with zq € 9€2. That is, if
F = fon 09 and F € H3?(Q), then the continuous injection H3?2(Q) C W14(Q)
for any ¢ > 2d/(d — 1) gives the estimate

1/p
(][ |5V ue,s |p)
B(zo,r)NQ

1/2 1/q
<C (][ |/<:§Vua,5|2) + (][ |VF|‘1> : (3.2.19)
B(z0,2r)N8 B(z0,2r)NQ

Patching together inequalities (3.2.18) and (3.2.19) gives the desired estimate for
some pg > 2. O

Proof of Theorem 3.0.5. Note dr.s € HY (Q;R?) € H'(Q,T.; R?), and so by Lemma 3.2.6
and (2.2.5),

16e(res) sy < C6 / KEATVr. ;- Vs
Q
< Ce|| fllar ooy 10VTe 5] 220,

where e(r. 5) denotes the symmetric part of Vr, 5. Korn’s first inequality then implies

10VresllTe@) < Cllde(res)liz) < Ce"Iflm@m10Vreslra),
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and so
||5VT575||L2(Q) S C€M||f||H1(6Q) (3220)
Note also P.(157.5) € HY(Q,T.;R?%), and so by Lemmas 3.2.6 and 2.4.6,

115 e [P (1572 5)] 122 )
S C/ k;A‘EVTE’(; . VPe(li_Tgyg) - (5/ 16_A€v7“575 . VPe(li.Ta,(S)
Q Q
< Ce"|[ fllm oo 115 VresllLe ),

where we’ve used (3.2.20). Korn’s first inequality for periodically perforated domains,
i.e., Lemma 2.4.7, implies

115 Vresllio o) < ClS el P15 re o)l 2) < Ce”[l o0 115 Vresllza),

and so
115 V7o 5] 22(0) < C|| fll 1 (00)- (3.2.21)
Equations (3.2.20) and (3.2.21) give the desired estimate. Indeed,

165V resllze@) < 115 Vresllzz) + 10Vresllrz@) < C¥(| f |1 a0)

O
Proof of Corollary 3.0.4. Using Theorem 3.0.3, we have
15 (te.5 — 0,6) || 22 < Cllk5 (ues — o5 — eXGEZ((Vuos)ne)) |l 2
+ Cellxs K2((Vuos)ne)l 2@
< Cg“HfHHl(BQ) + C5||f||H1/2(aQ)
< Ce’|| fll o0
which is the desired result. O

Copyright© Brandon Chase Russell, 2018.
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Chapter 4 Regularity

The other main results of this dissertation are the following theorems which are
basically large-scale interior Lipschitz estimates for solutions to (2.2.8). Theorem 4.0.1
concerns the boundary value problem with 6 = 0, and Theorem 4.0.3 concerns the
boundary value problem with § > 0.

Theorem 4.0.1. Suppose A satisfies (2.2.4), (2.2.5), and (2.2.7). Let uco denote
a weak solution to L.o(u.o) = 0 in B(zg, R) for some g € R? and R > 0. For
e <r < R, there exists a constant C' depending on d, w, k1, and kg such that

1/2 1/2
(][ |Vua70|2) <C (][ |Vu5,0|2> : (4.0.1)
B(zo,r)New B(zo,R)New

The scale-invariant estimate in Theorem 4.0.1 should be regarded as a Lipschitz
estimate for solutions u. o, as under additional smoothness assumptions on the coef-
ficients A we may deduce an interior Lipschitz estimate for solutions to (2.2.8) with
0 = 0 from local Lipschitz estimates for £ o and a “blow-up argument.” In particular,
if A is Holder continuous, i.e., there exists a a € (0,1) with

|A(z) — A(y)| < Clz —y|* for z,y € R? (4.0.2)
for some constant C' uniform in x and y, we may deduce the following corollary.

Corollary 4.0.2. Suppose A satisfies (2.2.4), (2.2.5), (2.2.7), and (4.0.2), and sup-
pose w s an unbounded C* domain for some o > 0. Let u. denote a weak solution
to L.o(uc) =0 in B(xg, R) for some o € R and R > 0. Then

1/2
| Vie 0| Lo (Bzo,R/3)new) < C (][ |VU5,O|2> ;
B

(zo,R)New
where C' depends on d, w, K1, Ko, and a.

Interior Lipschitz estimates for the case w = R were first obtained indirectly
through the method of compactness presented in [6]. Interior Lipschitz estimates for
solutions to a single elliptic equation in the case w C R? were obtained indirectly
in [32] through the same method of compactness. The method of compactness is
essentially a “proof by contradiction” and relies on the qualitative convergence of
solutions u. (see Theorem 2.2.1). The method relies on sequences of operators {E’gk I
and sequences of functions {uy}y satisfying L (u) = 0, where £ = —div(A7*V),
{AZF}y satisfies (2.2.4), (2.2.5), and (2.2.7) in w + s, for s, € R In the case w = RY,
then w+ s, = R? for any s, € R?, and so it is clear that estimate (4.0.1) is uniform in
affine transformations of w. In the case w C RY, affine shifts of w must be considered,
which complicates the general scheme.

Interior Lipschitz estimates for the case w = R? were obtained directly in [26]
through a general scheme for establishing Lipschitz estimates at the macroscopic
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scale first presented in [5] and then modified for second-order elliptic systems in [4]
and [26]. We emphasize that our result is unique in that Theorem 4.0.1 extends
estimates presented in [26]—i.e., interior Lipschitz estimates for systems of linear
elasticity—to the case w C R? while completely avoiding the use of compactness
methods. The proof of Theorem 4.0.1 (see Section 4.1) relies on the quantitative
convergence rates of the solutions u. .

Another main result of this dissertation is Theorem 4.0.3. We reiterate that
no smoothness assumptions are required on the coefficients A, only the elasticity
conditions (2.2.4), (2.2.5), and the periodicity condition (2.2.7). Theorem 4.0.3 should
be considered as an analog to Theorem 4.0.1 for the case § > 0.

Theorem 4.0.3. Suppose A satisfies (2.2.4), (2.2.5), and (2.2.7). Let u.5 denote
a weak solution to Les(u.s5) = 0 in B(zg, R) for some o € RY and R > 0. For
e <r < R, there exists a constant C depending on d, w, k1, and ko such that

1/2 1/2
(f |k§vu€,5|2) <c (][ |k§vua,5|2) |
B(zo,r) B(zo,R)

for any 0 <9 < 1.

The scale-invariant estimate in Theorem 4.0.3 should also be regarded as an in-
terior Lipschitz estimate for (2.2.8) at the large scale but for any § > 0. Indeed, if
Theorem 2.2.8 were to hold also for 0 < r < ¢, then we would be able to essentially
bounded the gradient of u.s in the interior of 2. However, Lipschitz estimates do
not in general hold without more assumptions on the smoothness of the coefficients
A and the domain w. That is, the periodicity assumptions on A, w, and the elasticity
conditions (2.2.4), (2.2.5) alone contribute to the large-scale average behavior of the
solution.

Under additional assumptions that A is Holder continuous and the domain w
has a sufficiently regular boundary, an interior Lipschitz estimate at the microscopic
scale for solutions to (2.2.8) follows from local C''*-estimates for the operator £ 42.
We modify a layer potential argument of Escaurazia, Fabes, and Verchota where
nontangential estimates were obtained for single equation interface problems [15].
Yeh modified this same argument to obtain local W!P-estimates and Holder estimates
for (2.2.8) in the case of single equations with diagonal coefficients [30, 31]. This is
discussed in Section 4.4.

Corollary 4.0.4. Suppose A satisfies (2.2.4), (2.2.5), (2.2.7), and (4.0.2) for some
a € (0,1). Suppose w is an unbounded C** domain. Let u.s denote a weak solution
to L. s(u.s) =0 in B(zg, R) for some 9 € RY and R > 0. Then for 0 <§ <1,

1/2
165V e 6| oo (B (o, /3 < C (][ IkEVus,a!2> (4.0.3)
B

(J)(),R)

some constant C independent of € and ¢.
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To prove Theorem 4.0.3, we use the sub-optimal quantitative convergence rates
for solutions to (2.2.8) (see Section 3.2) and apply a general scheme of Armstrong
and Smart that has since been adapted by Shen [5, 4, 26].

Hueristically, the scheme is a Campanato-type iteration verifying that on meso-
scopic scales the solution u. s is “flatter.” If P, denotes the space of affine functions
in R? and H. 5(r) defined by

1 1/2
_ . 5 . 2
Heatr) =1 (1nf  hitues =)

quantifies a weighted L2 “flatness” of the solution in some ball B(r) with radius r,
then we show there exists a 6 € (0, 1) such that

H.s5(0r) < CH.s(r) + error, (4.0.4)

where the “error” term is controllable whenever ¢ < r and the constant 0 < C < 1
indicates an improvement in “flatness.” Indeed, (4.0.4) follows from the fact the u. s—
at least in the connected substrate—can be well-approximated in L? by a solution to a
constant coefficient system. It is known from classical C? estimates that solutions to
constant coefficient systems satisfy (4.0.4) with no error. In contrast to compactness
methods, showing (4.0.4) relies on tractable L?-convergence rates of u. s, which we
will see follows from new results regarding quantitative homogenization in H*.

4.1 Large-scale interior Lipschitz estimates in perforated domains

In this section, we use Theorem 3.0.1 to investigate interior Lipschitz estimates down
to the scale ¢ for the case § = 0. In particular, we prove Theorem 4.0.1. The proof
of Theorem 4.0.1 is based on the scheme used in [26] to prove boundary Lipschitz
estimates for solutions to (2.2.8) in the case w = R, which in turn is based on a more
general scheme for establishing Lipschitz estimates presented in [5] and adapted in [26]
and [4]. For more details, see the introduction to this section.

The following Lemma is essentially Cacciopoli’s inequality in a perforated ball.
The proof is similar to a proof of the classical Cacciopoli’s ineqaulity, but nevertheless
we present a proof for completeness.

Throughout this section, let B.(r) denote the perforated ball of radius r centered
at some zop € RY, ie., B.(r) = B(wo,r) New. Let S.(r) = d(cw) N B(zg,7) and
[ (r) = ewNOB(x, 7).

Lemma 4.1.1. Suppose L. o(u:) = 0 in B(2). There exists a constant C' depending
on k1 and Ky such that

1/2 1/2
(][ \Vu5]2) < Cinf <][ lue — q\2>
Be(1) €k \JB.(2)

Proof. Let ¢ € C§°(B(2)) satisfy 0 < ¢ <1, ¢p = 1 on B(1), |Vy| < C; for some
constant C;. Let ¢ € R?, and set w = (u. — ¢q)¢*. Note

V[(ue — q)¢*] = ¢*Vue + 2(ue — q)pVep
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and so by (2.2.9), (2.2.5),
0 :/ A*Vu . Vw
=(2)
- / A**Vu Vu, + 2/ A*(uz: — q)Vu Vo
=(2) =(2)

> [ Plelwd = Coa [ = aleVuTy (4.11)
B:(2) B:(2)

By Cauchy-Schwarz,
[ owe—aevaveo <t [ ju—aPIVePeq [ fetw)s
=(2) B:(2) B.(2)
for any v > 0. Choose 7 so that xk; > Cky7y, and see then
02 [ felw) Pt = Ca [ [Vl g (412)
B:(2) B:(2)

for some constants C5 and C5 depending only x; and ko. In particular,

| letwaf <o [ el - o,
B:(2) B:(2)

where C' only depends on k; and k5. Since ¢ = 1in B(1) and u. € H'(B.(2),T.(2); RY),
equation (4.1.2) together with Lemma 2.4.7 gives the desired estimate. O

We extend Lemma 4.1.1 to hold for a ball B.(r) with » > 0 by a convenient
scaling technique—the so called “blow-up argument”—often used in the study of
homogenization.

Lemma 4.1.2. Suppose L.o(u:) = 0 in B(2r) for some r > 0. There exists a
constant C' depending on k1 and ko such that

V2o 1/2
<][ |Vu€|2) < — inf <][ lue — q|2>
Be(r) T q€R \J B_(2r)

Proof. Let U.(x) = wu.(rz), and note U, satisfies L./, 0(U:) = 0 in B.(2). By

Lemma 4.1.1,
1/2 1/2
][ VU, |? < Cinf ][ \U. — q|?
Bs/r(l) qERd Bs/r(2)

for some C' independent of € and r. Note VU, = rVu,, and so

1/2 1/2
,r,l—d/2 (][ |VU€|2) < CT_d/2 inf (][ |ue . q’2) 7
Be(r) a€R? \J B, (2r)

where we’ve made the change of variables rx + x. The desired inequality follows. [
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The following lemma is a key estimate in the proof of Theorem 4.0.1. Intrinsically,
the following Lemma uses the convergence rate in Theorem 3.0.1 to approximate the
solution u. with a “nice” function. Recall the operator £y is introduced in Section 3.1
by (3.1.1).

Lemma 4.1.3. Suppose L.o(u:) = 0 in B:(3r) for some r > 0. There exists a
v e HY(B(r); R?) with Lyo(v) =0 in B(r) and

1/2 1/2 1/2
(F o) ") (L )
Be(r) r B.(3r)

for some constant C' depending on d, w, k1, and Ko

Proof. With rescaling (see the proof of Lemma 4.1.2), we may assume r = 1. By
Lemmas 4.1.2 and 2.4.6,

1/2 1/2 1/2 1/2
o) o 5o8) "< )+ ()
B(3/2) B(3/2) B:(3/2) B:(3/2)
1/2
<(1+C) <][ |u5|2)
=(3)

where 1. = P.u. € HY(B(3);R?), P. is the linear extension operator provided in
Lemma 2.4.6, and C; depends only on x; and k3. Note by the coarea formula

3/2
/ Vel 2080)) + [t 2080 dt < Clue|L2(5.3))
0
and so for a.e. t € [0,3/2] we have

Ve 2050)) + Ul 22080 < Clluclr25.(3))- (4.1.3)

Choose t € [1,3/2] so that (4.1.3) holds. Let v denote the solution to the Dirichlet
problem Ly(v) = 0in B(t) and v = u. on 0B(t). Note that v = u. = u. on I'.(t). By
Corollary 3.0.2,

HUE — UHLQ(Be(t)) < 051/2”775"H1(8B(t)) (414)

Hence, (4.1.3) and (4.1.4) give
e — v||L2B. (1)) < ||ue = V|28 1)) < C€1/2H7~65HL2(35(3))>
which is the desired result. O

Lemma 4.1.4. Suppose Loo(v) =0 in B(2r). Forr > ¢, there exists a constant C
depending on w, k1, ke and d such that

1/2 1/2
(][ |v|2> <c (f W’) (4.1.5)
B(r) B:(2r)
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Proof. Let

T.={2€7Z%: &(Q+ 2)N B(r) # 0},
and fix z € T.. Let {H}}Y_, denote the bounded, connected components of R¥\w
with H, N (Q + z) # 0. Define ¢ € C3°(Q*(2)) by

er(x) =1, ifz € Hy,
or(z) =0, if dist(z, Hy) > 1gv,
V| < C,

where C' depends on w, g > 0 as defined in Section 3.1 by (3.1.4), and

3d
Q" (2) = U(Q +Zj>, Zj € 74 and |z — zj| < V.

j=1
Set ¢ = SN op € C(Q%), where Q* = Q*(z). Note by construction ¢ = 1 in
Q*\w.

Set V(z) = v(ex). Note Lyo(V) = 0in @ + 2. By Poincaré’s and Cacciopoli’s
inequalities,

N
/ HWSEQ/nWsc/WVW@Fsc/|wmwﬁ
(Q+2)\w =1 Hr Q* Q*

where C' depends on w, k1, kg, and d but is independent of 2z given the periodic
structure of w. Specifically, since Vi = 0 in @*\w and (Q + 2) C Q*,

/ HW+/ nWso/‘|wa
(Q+2)Nw (Q+2)\w Q*Nw

where C' only depends on w, k1, ko, and d. Making the change of variables ex — x

gives
[ owpzcf e
e(Q+=2) e(Q*Nw)

Summing over all z € T. gives the desired inequality, since there is a constant M < oo
depending only on d such that Q*(2;)NQ*(22) # () for at most M coordinates z, € Z4
different from z;. O

For w € L*(B.(r); R?) and &,7 > 0, set

1 1/2
H.(r;w) = - inf (][ |lw— Mz — q]g) : (4.1.6)
(1)

and set



Lemma 4.1.5. Let v be a solution of Loo(v) =0 in B(r). Forr > ¢, there exists a
0 € (0,1/4) such that

H.(0r;v) < —H.(r;v).

N | —

The constant 0 depends on d, k1, and k.

Proof. By Lemma 3.1.1, there exists a constant C'; depending only d, x1, and ks such
that
H(r;v) < CiHo(r;v)

for any r > 0. It follows from interior C?-estimates for elasticity systems with constant
coefficients that there exists 6 € (0,1/4) with

1
Hy(0r;v) < —Hy(r/2;
0( T,U) = 202 O(T/ av)v
where Cy = C5C) and Cj is the constant in (4.1.5) given in Lemma 4.1.4. By

Lemma 4.1.4, we have the desired inequality. O

Lemma 4.1.6. Suppose L.o(u:) =0 in B.(2r). Forr > ¢,

1 C /e\1/2 1/2
Ha(9r§ ua) < _Ha(r§ ua) + — <§> inf (][ |ua - Q|2)
2 B.(3r)

roAr q€R

Proof. With r fixed, let v, = v denote the function guaranteed in Lemma 4.1.3.
Observe then

¢
r
C Vo
< — (][ |ue — v|2) + —H.(r;u.),
T - () 2
where we’ve used Lemma 4.1.5 and the constant C' may depend on §. By Lemma 4.1.3,

we have 12
C 1/2 1
H.(0r;u.) < — (E) <][ |us!2) + —H.(r;u.).
T T B5(3T‘) 2

Since H remains invariant if we subtract a constant from w. (i.e., the same argument
holds for u. — ¢ with ¢ € R?), the desired inequality follows. O

Lemma 4.1.7. Let H(r) and h(r) be two nonnegative continous functions on the
interval (0,1]. Let 0 < e < 1/6. Suppose that there exists a constant Cy with
<
TI%%%TH(t) < CoH(3r),

max |h(t) — h(s)| < CoH(3r),

r<t,s<3r
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for any r € [g,1/3]. We further assume

3

H(r)+ o ( )1/ “(HGBr) + h(3r))

r
for any r € [e,1/3], where 6 € (0,1/4). Then
max {(H(r) + h(r)} < C{H(1) + h(1)}.
where C' depends on Cy and 6.
Proof. See [26]. O

Proof of Theorem 4.0.2. By rescaling, we may assume R = 1. Indeed, we may con-
sider U.(z) = u.o(xz/R), which satisfies Lg.o(U:) = 0 in B.(zg,1). Moreover, we
assume ¢ € (0,1/6). If ¢ > 1/6, then the desired result follows classical results re-
garding interior estimates for systems of elasticity. Let H(r) = H.(r;ucp), where
H_(r;u.p) is defined above by (4.1.6). Let h(r) = |M,|, where M, € R?*¢ satisfies

1 1/2
H(r) = — inf ][ luco — M,z — g :
T qeRd Be(r)

Note there exists a constant C' independent of r so that
H(t) <CH(3r), te]lr3r. (4.1.7)

Indeed, for ¢ € [r, 3r],

1 1/2
A < it (f o= dre-gP) <30 ),
Be(t)

T geR4

where ¢y denotes the volume of the unit ball in RY. Suppose s,t € [r,3r]. We have

T geR4

o 1/2
< — inf <][ |uco — Myx — q\2>
t q€Rd Be(t)

C 1/2
+ — inf (][ |ueo — Msz — q\2>
S geR4 Be(s)

< CH(3r),

Ih(t) — h(s)] < < int < ]{% O e q\?) 12

where we've used (4.1.7) for the last inequality. Specifically,

Térggéigrm(t) — h(s)] < CH(3r). (4.1.8)
Clearly
1 , 1/2
— inf |uc0 — ¢ < H(3r) + h(3r), (4.1.9)
T geR4 Be(3r)
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and so Lemma 4.1.6 implies

1/2
H(r)+C (;) {H(3r) + h(3r)} (4.1.10)
for any r € [¢,1/3] and some 6 € (0,1/4). Note equations (4.1.7), (4.1.8), and (4.1.10)
show that H (r) and h(r) satisfy the assumptions of Lemma 4.1.7. Consequently, (4.1.9)
and Lemmas 4.1.2 and 4.1.7 imply

12 o 1/2
(][ |VU,5,Q|2) < — inf (][ U0 — q|2)
Be(r) T q€R? \J B, (3r

)
< C{H(3r)+ h(3r)}
<C{H(1)+h(1)}

1/2
<C (][ |u€,0|2> : (4.1.11)
e(1)

Since (4.1.11) remains invariant if we subtract a constant from w. o, the desired esti-
mate in Theorem 4.0.1 follows. ]

4.2 Consequences of Theorem 4.0.1

In this section, we first combine the large-scale estimate Theorem 3.0.1 with local
estimates for mixed boundary value problems to derive interior estimates at both
the macroscopic and microscopic scale. In particular, we prove Corollary 4.0.2. The
proof essentially uses the “blow-up” argument of Lemma 4.1.2 and classical results
regarding elliptic systems in smooth domains with mixed boundary values.

Next, we prove a Liouville-type estimate for systems of elasticity with periodic
coefficients in unbounded domains with periodic structure. The proof of this estimate
requires only Theorem 3.0.1, and so it requires minimal regularity on the coefficients
A, i.e., the estimate requires the coefficients to be measurable, bounded, and periodic.

Proof of Corollary 4.0.2. Under the Hélder continuous condition (4.0.2) and the as-
sumption that w is an unbounded C%* domain for some o > 0, solutions to the
systems of linear elasticity are known to be locally Lipschitz. That is, if £40(u) =0
in B(y, 1), then

1/2
Wilioan <€ (fwul) (12.)
B

(y,1)Nw

where C' depends on d, k1, k2, and w.
By rescaling, we may assume R = 1. To prove the desired estimate, assume
e € (0,1/6). Indeed, if € > 1/6, then (4.0.2) follows from (4.2.1). From (4.2.1), a
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“blow-up argument,” and Theorem 4.0.1 we deduce

1/2
IVteoll i tpereny < C (f rws,oﬁ)
B(y,3e)New

1/2
<c (][ |we,ou2)
B(zo,1)New

for any y € B(xo,1/3). The deisred esitmate readily follows by covering B(zg,1/3)
with balls B(y, €). O

Corollary 4.2.1. Suppose A satisfies (2.2.4), (2.2.5), and (2.2.7), and suppose w
1s an unbounded Lipschitz domain with 1-periodic structure. Let u denote a weak
solution of L1o(u) =0 in w. Assume

1/2
(f wr) <o (422)
B(0,R)Nw

for some v € (0,1), some constant C' := C(u) > 0, and for all R > 1. Then u is
constant in w.

Proof of Corollary 4.2.1. Fix r > 0 and let R > r. If u satisfies the growth condi-
tion (4.2.2), then by Lemma 4.1.1 and Theorem 3.0.1,

1/2 1/2
<][ ]Vu|2) <C <][ |Vu]2) < CR",
B(zo,r)Nw B(zo,R)Nw

where C' is independent of R. Take R — oo and note Vu = 0 for arbitrarily large r.
Since w is connected, we conclude u is constant. O

4.3 Large-scale interior Lipschitz estimates in materials reinforced with
soft inclusions

In this section, we discuss a priori interior estimates for the boundary value prob-
lem (2.2.8) with § > 0 at the macroscopic scale by proving Theorem 4.0.3. By
macroscopic, we refer to the case when ¢/r > 1. Throughout this section, let
B(r) = B(xo,) denote the ball of radius r > 0 centered at some z € R

The following lemma is essentially Cacciopoli’s inequality for the operator L. 5 de-
fined by (2.2.1). The proof is similar to a proof of the classical Cacciopoli’s inequality,
but nevertheless we present a proof for completeness.

Lemma 4.3.1. Suppose L. 5(u.5) =0 in B(2). Then

1/2 1/2
(][ |]€§VUE’5|2) S C (7[ ’kguagﬁ)
B(1) B(2)

where C' depends only on k1 and Ks.
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Proof. Let ¢ € C3°(B(2)). Then
0=24¢ / ks AV - V(uc?)
B(2)
= (5/ ks ATV - (Vu)C? + 25/ (uQ)k5A°Vu - V¢ (4.3.1)
B(2) B(2)

where u = u. 5. Note since § <1 and Cauchy-Schwarz,

1/2 1/2
2 | <uc>k§A€wv<sc(/ |k§w2<2) (/ rkzumvczw) .
B(2) B(2) B(2)

Equation (4.3.1) then implies

1/2 1/2
026 | k§|w2<2—c(/ \kzwe) (/ |k§u|2rv<2|) ,
B(2) B(2) B(2)

ie.,

C
/ 15_|5Vu\2g2 < —1/ kz§2]Vu]2C2 +702/ kEQuQWCF
B(2) Y JB@2) B(2)

for any v > 0. Similarly,
0= / ks A*Vu - V(uc?)
B(2)

implies

C
[ oaavare <2 aivupe eacs [ kadve
B(2) Y JB@)

B(2)

Choosing ~ large enough gives

/ VP < C / keul2V Y
B(2) B(2)

for some constant C' depending on ; and k. Choose ¢ so that ( = 1 in B(1) and
V(| < C. The desired inequality follows. O

Lemma 4.3.2. Suppose L.s5(u.s5) = 0 in B(3r). There exists v € H'(B(r);R?)
satisfying Lo s(v) =0 in B(r) and

" 1/2
ks(uz.s5 — v 2> <C = (][ kSu, 2> ,
(f, matws =) < (5) (f, i

where C' depends on K1, ke, and d and p > 0.
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Proof. First we prove the lemma for » = 1. By Lemma 4.3.1 and Theorem 2.4.6 of
Section 2.4,

1/2 1/2 1/2
(][ ]VPE(liu)|2> + (][ |5w2) <C (][ \kguP) ,
B(3/2) B(3/2) B(3)

where u = u. 5. Specifically, there exists a t € [1,5/4] such that

||Pg(1iu)||H1(aB(t)) + 5||UHH1(8B(t)) S CHkEUHLQ(B(Ii))- (432)
Let v denote the weak solution to the Dirichlet problem L;s(v) = 0 in B(¢) and
v = P.(15u) on 0B(t). Note v = v = P.(15u) on 0B(t) New. By Theorem 3.0.3,
165 (u = )l 28y < Ce"[[P-(15u) [ m o5y
+ 5||VPE<1iU) — quLQ(B(t))7 (433)
since
1E5XGEC (VO)ne) sy < ClIVUllzase)
< C|P(15u) || 1 aB1)

where we’ve used notation consistent with Theorem 3.0.3 and p > po > 0 for some
o indepedent of §.
By Lemma 4.3.1,

][ |kEVw|? < ][ IVP.(15u) > + C][ |kSw|?, (4.3.4)
B(t) B(t) B(2t)

where w = P.(15u) — u. Equation (4.3.4) follows from the fact that L.s(w) =
L.5(P.(15w)) in B(3) and ¢ € [1,5/4]. Note by Theorem 2.4.6, w = 0 a.e. in
B(3) New. Hence, Poincaré’s inequality gives

][ |k§w|:62][ 1’3_|w|2§52][ Ik Va2 (4.3.5)
B(2t) B(2t) B(3)

Indeed, set W (z) = w(ex), and let {Hk}fgv:(‘i) denote the bounded, connected compo-
nents of R\w with eHy, N B(2t) # 0. Then W = 0 on 9Hj, for each k, and so

N N
lw|? < / W < Ce? / [Vw|* < 6’52/ |Vw|?,

where C'is independent of € since w is periodic. Theorem 2.4.6 together with (4.3.2), (4.3.3)
and (4.3.5) give the estimate for r = 1.

Now we prove the estimate for arbitrary » > 0. To this end, let U(x) = u(rz), and
note L./, 5(U) = 0 in B(3). By the above, there exists a V € H'(B(1); R?) satisfying
Lys(V)=01in B(1) and

1/2
(f wrw-ve)se©) (f wroe)
B(1) r B(3)

The change of variables rz +— x gives the desired estimate.
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Lemma 4.3.3. Suppose Lys(v) =0 in B(2r). Then forr > ¢,

1/2 1/2
(][ |v|2) <cC (f |k§v|2) (4.3.6)
B(r) B(2r)

for a constant C' depending on w, K1, ke, and d.

Proof. See Lemma 4.1.5 for a proof when 6 = 0. The case § > 0 follows with a

similar argument as the coefficients A; are uniformly elliptic in R? uniformly in § (see

Lemma 3.2.1). O
For w € L2 _(B(r);R?), 6 > 0, and &,7 > 0, set

loc

T MeRdxd
g€RY

1 1/2
H.s(r;w) = - inf <][ |k§(w — Mz — q)|2) : (4.3.7)
B(r)
Note this definition is consistent with (4.1.6).

Lemma 4.3.4. Suppose v satisfies Los(v) =0 in B(1). For anyr € [,1], 6 € [0, 1],
and 6 € (0,1/4),
H.s(0r;v) < COH. 5(r;v)

for some constant C' depending on d, ki, ks, and w.

Proof. Tt follows from interior C?-estimates for elasticity systems with constant coef-
ficients that for any 6 € (0,1/4),

H.s(0r;v) < Ho1(0r;v) < Ch0H. 1 (r/2;0),

where ] a constant depending on d, k1, ko. By Lemma 4.3.3, we have the desired
estimate. O

Lemma 4.3.5. Suppose L. s5(u.5) =0 in B(1). For anye <r <1/3,

Cy e 1/2
H. s5(0r;u.s5) < C10H. 5(r;u.5) + — (—) inf <][ |5 (ues — Q)|2)
B(r)

r r gER4
where 0 € (0,1/4) and p > 0.

Proof. Fix r > ¢, and let v = v, denote the function given by Lemma 4.3.2. We have

1 1/2
Hostorin < 5 (f L )+ Hs(orso

c 1/2

< = <][ |k§(u — v)\2> + C10H, 5(r;v)
r B(r)
c 1/2

< — (][ |k:§(u—v)|2> + C10H, 5(r;u),
r B(r)
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where we’ve used Lemma 4.3.4 and v = u. 5. By Lemma 4.3.2,

r r

Cy /e\k , 1/2
Hes(0ru) < = (2) ][ ksul’)  + CLOH. 5(r5u). (4.3.8)
B(3r)
Since (4.3.8) remains invariant if we subtract a constant from wu, the desired estimate
follows. O

Proof of Theorem 4.0.3. By rescaling, we may assume R = 1. We assume ¢ €
(0,1/6), and we let H(r) = H. s(r;u), where u = u. 5 and H, 5(r;u) is defined above
by (4.3.7). Let h(r) = r=t|M,|, where M, € R¥*? satisfies

1 1/2
H(r) = inf (][ = M - q>|2) .
Note there exists a constant C' independent of r so that

H(t) <CH(3r), te]r3r. (4.3.9)
Suppose s,t € [r,3r]. We have

= H S ik (7{% KEN(M, — M.)z — q|2> "

T geRd

o 1/2
< — inf <][ k§lu — Myx — q|2>
1 qeRr? B(t)

C 1/2
+ — inf <][ kslu — Moz — q|2>
S geRd B(s)

< CH(3r),
where we've used (4.3.9) for the last inequality. Specifically,

TSI??%(BJh(t) — h(s)] < CH(3r). (4.3.10)
Clearly
1 ] D\
— inf k5 (u—q)| < H(3r) + h(3r),
B(3r)

T geR4

and so Lemma 4.3.5 implies

H(Or) < =H(r) + C (;)“ {H(3r) + h(3r)} (4.3.11)

DN | —
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for any r € [¢,1/3] and some 0 € (0,1/4). Note equations (4.3.9), (4.3.10), and (4.3.11)
show that H(r) and h(r) satisfy the assumptions of Lemma 4.1.7. Consequently,

12~ 1/2
(f wva) <t (f  -or)
B(r) T qeR? \J B(3r)

< C{H(3r)+ h(3r)}
<C{H(1)+ h(1)}

1/2
<C (][ |k§u|2) : (4.3.12)
B(1)

Since (4.3.12) remains invariant if we subtract a constant from u, the desired estimate
in Theorem 4.0.3 follows from Poincaré’s inequality. O

4.4 Interior Lipschitz estimates in materials reinforces with soft inclu-
sions at every scale

In this section, we combine the large-scale estimate Theorem 4.0.3 with C1® esti-
mates for interface problems to derive interior estimates at both the macroscopic and
microscopic scale. In particular, we prove Corollary 4.0.4.

To acheive our first goal, we prove the following lemma.

Lemma 4.4.1. Suppose A satisfies (2.2.4), (2.2.5), and is a-Hélder continuous for
some o € (0,1), i.e., A satisfies (4.0.2). Suppose w is an unbounded C** domain.
Let uy 5 denote a weak solution to Ly s(us) = 0 in B(xzg, 1) for some xqg € RY. Then

| Vus|| o (Bao,rynew) + 0| Vs || cooB@orew) < Cllks Vus|| L2(B(zo,1)5

for a constant C' independent of 6 and 0 < r < 1/3. In particular,

ks Vus|| Lo (Baor)) < Cllks Vsl L2(B(wo1))
for0<r<1/3.

Lemma 4.4.1 was proved for scalar equations with diagonal coeffcients in smooth
domains in [15, 30, 31]. Lemma 4.4.1 continues to hold for elliptic systems with
coefficients and domains satisfying the given assumptions. Together, Lemma 4.4.1
and Theorem 4.0.3 give interior Lipschitz estimates for L. s at every scale.

Let I'(+, z) denote the matrix-valued fundamental solution associated with £, ; in
Re. That is, T'(-,z) = {T%(-, 7) }1<a.p<a satisfies

7B el
P = [ oG o @

for f={f"}i<s<a € C(R%RY). Indeed, if A is VMO, i.e.,

sup ][
xERd B(I,’f‘)

0<r<R

A(y) —][ A‘ dy —0 as R— 0" (4.4.1)
B(z,r)
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then T(-,z) € WL (RA{z}; R>9) exists uniquely for each z € R? (see work of
Hofmann and Kim [19] for d > 3 and work of Brown, Kim, and Taylor [8] for d = 2).
If A satisfies (4.0.2), then A satisfies (4.4.1).

For a bounded, simply-connected domain H and g € L?(0H;R?), the single-layer

potential Sg = {(S¢)*}1<a<a is given by

(Sg)*(x) =/ [°%(x,£)g°(§) do(€), =€ RN\OH (4.4.2)
oH
and the double-layer potential Dg = {(Dg)*}1<a<a is given by
orsy
D9 (a) = [ m(a(©F, € 0g©dole), e RNOH (443
oH j

where n(&) = {n;(§) }1<i<a denotes the unit vector outward normal to H at £ € 0H.
It is known (see [21, Theorem 4.6]) that if g € L?(0H;R?), then

Dg* = i%g +Kg on 0H, (4.4.4)
where C is given by
B ore
Kole) = p. [ m(©a(©% (05" (€) do(). = € oH
OH Lj

and
Dg*(x) = lim Dg(x £ hn),

h—0t

i.e., Dgt and Dg~ denote the traces of Dg on H from the exterior of H and the
interior of H, respectively. In particular, w = Dy satisfies £4 ;(w) = 0 in H and
w=(—3+K)g on 9H. It is also known (see [21, Lemma 5.7]) that if H is Lipschitz
and A satisfies (2.2.4) and (2.2.5), then

—% + K : L*(0H;RY) — L*(0H;R?) (4.4.5)

is bounded and continuously invertible. For single equations, this follows from the
compactness of K and Fredholm theory (see the argument of Yeh in [30, Lemma 3.2]).
For systems with variable coefficients, the operator K is not compact (see the work of
Kenig and Shen [21]). However, the operator is still boundedly invertible; for a proof
of its invertibility on L? in this case, see [21]. The following lemma, however, is more
or less known.

Lemma 4.4.2. Suppose A satisfies (2.2.4), (2.2.5) and is a-Hélder continous, i.e.,
satisfies (4.0.2), for some o € (0,1). Suppose H is a bounded C** domain. The
operators

S : C*"(0H;RY) — C*(0H;R?)
and

D : CY(0H;R?) — CY*(0H;RY)
defined by (4.4.2) and (4.4.3), respectively, are bounded.
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From (4.4.4), we have the jump relations

ow\ ™" ow\
T — owy _ (9w
g=w"—w  and (an) ((971) , (4.4.6)

where w = Dg and Jw/0n = n - Vw denotes the normal derivative of w.
The following lemma essentially follows from the jump relations (4.4.6) and the
regularity problems in C% for the exterior Neumann and interior Dirichlet problems.

Lemma 4.4.3. There exists a constant C depending on ki, ko and H such that

1
oo <€ |[(~5+) g

1,
for any g € CH*(0H;RY), where || - |10 = || - ||c1.e(om)-

For a proof of the following lemma, consult any introductory functional analysis
text (e.g., [13]).

Lemma 4.4.4. Let T : X — Y be a bounded linear operator between two Banach
spaces X and Y. If |T||x—y < 1, then there ezists a constant C' such that

zllx < (1 =T)zlly
for any x € X.

As mentioned in Section 3.1, any two connected components of R¥\w are separated
by some positive distance g*. If R:\w = U2, Hy, write H; to denote the set

Hp = {x €¢ R : dist(z, Hy) < g“/4}.

To prove Lemma 4.4.1, it suffices to show the result holds in each H}. Indeed, if A
satisfies (4.0.2), the boundedness of Vu, s in the interior of w follows from classical
results regarding elliptic systems with Holder continuous coefficients.

Lemma 4.4.5. Suppose A satisfies (2.2.4), (2.2.5), and is a-Hélder continuous for
some « € (0,1). Suppose w is an unbounded CY* domain. If L1 5(u1s) = div(f) in
H} and w15 =0 on OH}, then

15 Vur sl con iy < C {Ilks Vusll 2y + ks fllcoems) §
where C' depends only on ||Allce, a, w, K1, K.

Proof. Note that if 99 < § < 1, then the result follows from general results regard-
ing divergence form elliptic equations with a-Holder continuous coefficients in O
domains. Hence, we may assume 0 < § < §y for some 9y to be determined.

Let u; satisfy the boundary value problem

—div(62AVu,) = div(f) in Hy
—div(AVu,y) = div(f) in H}\Hy
u; =0 on 0H,UOH;
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By O estimates for elliptic systems with a-Holder continuous coefficients in O
domains (see [10, Chapter 9, Theorem 2.7]), we have

||k5Vu1||Co,a(HZ) S CHI{,‘(;flfHCo,a(H;). (447)

Set uy = w — uy, where u = wu; ;5. Note then uy satisfies the equation and jump
conditions

_div(kj52AVU2) =0 1n H;;

|_k’52AVu2J oH, "M = — U%QAVUlJ@Hk n
Lu2JaHk = 07

Ug = 0 on aH]:

(4.4.8)

where |glog, = 97 — g7, g& = lim;,o+ g(- & tn), and n denotes the unit vector
outward normal to Hy. Hence, for x € Hy,

or (%Q

us(z) = — . %(fv,y)U(y) do(y) +F(fv,y>a—m(y) do(y), (4.4.9)

where 0g/0na = AVg - n. For v € Hi\ Hy,

8u2
wle) = [ T gt o)
aUQ

- [ Tengte ) + e e det),  (4410)
OHy, A nA

where n* denotes the unit vector outward normal to H;. Then (4.4.9) and (4.4.10)
imply

u(z) = {%u(m) - Du(a;)} + /8 ) r(m,y)gini(y) doly), (4.4.11)
and
we) = [ T TEw)do)
- [ g - {quo-puf, @

for x € 0Hj (see [22, Chapter 7]), where D = Dyp,. Equations (4.4.8), (5.1.1),
and (4.4.12) then imply

[ vojua-s(32)

)
[1-}uw= | R ) dotu) S (52 ) o)

8n*A 8n A
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where § = Syp, . Finally, by (4.4.8),

[1 —2 G;gz) D] u(x)

: { /aH L(z,y) ou (y) do(y) + S ([ ks2AVur ] om, .n)}.

1402 on’,

Choose §y small enough so that by Lemma 4.4.4 we have

Vsl conom,) < C{Illks2 AVur]om,|lcom@m, + |0uz/0nallconomr) }

for 0 < 6 < 9y, where C' is some constant independent of §. Indeed, it is sufficient to
take 9y so that

52
<
4C(1+52)<1 for 0 < d,

where C' is a constant depending only on the operator norm of D, which is finite by
Lemma (4.4.2). By (4.4.8) and (4.4.7),

||]€5Vu2 ||C0,0¢(HZ) S CH ké‘—lfHCO,a(HZ). (4413)

Equations (4.4.7) and (4.4.13) give the desired estimate. O

Now combine the local O estimates of Lemma 4.4.1 with the large-scale Lipc-
shitz estimates of Theorem 4.0.3, i.e., we prove Corollary 4.0.4.

Proof of Corollary 4.0.4. By rescaling, we may assume R = 1. To prove the desired
estimate, assume ¢ € (0,1/9). Indeed, if ¢ > 1/9, then (4.0.3) follows from Theo-
rem 4.0.3. From Lemma 4.4.1, Theorem 4.0.3, and a “blow-up argument” (see the
proof of Lemma 4.3.1), we deduce

1/2
1KVl ey < C (][ |k§wa,5|2)
B(y,3¢)

1/2
<C (][ |k§Vu575|2>
B(zo,1)

for any y € B(xg,1/3). The desired estimate follows by covering B(zg, 1/3) with
balls B(y, ¢). O

Copyright© Brandon Chase Russell, 2018.
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Chapter 5 Open problems and future research

There are still many questions to be answered with regards to system (2.2.8). In this
chapter, we discuss some open problems.

5.1 Large-scale boundary estimates

In the case 0 = 1, the solution u.; is known to be Lipschitz not only in the interior
but also near the boundary [26]. A scheme similar to the one in Section 4.1 can
be used to prove the necessary large-scale estimates. For the small-scale estimates,
one again relies on known results regarding boundary regularity of divergence-form
elliptic systems in smooth domains.

Question 5.1.1. Can uniform Lipschitz estimates for (2.2.8) with 6 = 0 be es-
tablished in CY* domains? In particular, what is the correct setting for boundary
Lipschitz estimates in perforated domains?

At the large-scale, with a few slight modifications boundary estimates should be
clear. As mentioned above, the same scheme used for the interior should also apply
for the boundary case. However, it is unclear that for systems an estimate such
as (4.0.1) holds at every scale. For the case 6 = 0, a simple scaling gives rise to a
system with mixed boundary values. Without further assumptions, mixed boundary
value problems are not guaranteed to have solutions that are even C%¢ for each
0 < a < 1. Hence, one initially should not expect Lipschitz estimates near the
boundary at every scale.

One alternative setup, however, is to consider domains of type II mentioned in [24].
Specifically, type II domains exclude perforations in an e-size boundary layer of €.
Then, upon scaling, one attains a Dirichlet problem near the boundary and one can
again rely on know results regarding divergence-form elliptic operators in smooth
domains.

Similarly, one can ask, “What is the correct setting in the case of materials rein-
forced with soft inclusions?” Issues regarding boundary estimates for interface prob-
lems arise. In particular, the optimal regularity for solutions to interface problems in
smooth domains with interfaces near the boundary is unknown. Of course, by con-
sidering domains of type II, one can rely on known results for small-scale regularity
results.

5.2 WP estimates

Also established for the case 6 = 1 are W1? estimates uniform in & provided A €
VMO(RY), i.e., satisfies (4.4.1) [26]. The same LP gradient estimates for single
constant-coefficient elliptic equations in smooth domains were established by Yeh
in [31] for 0 < § < 1. When § = 1, the result follows from interior W'?-estimates at
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the scale ¢, large-scale interior Lipschitz estimates, and boundary Holder estimates.
In particular, local microscopic W1? estimates together with large-scale interior Lips-
chitz give interior W1® estimates, and interior W» estimates together with large-scale
boundary Hoélder estimates establish boundary WP estimates.

Question 5.2.1. Forp € (2,00), if L15(u1s) =0 in B(xg,2), does the estimate

1/p 1/2
(][ u%vulw) <c (][ |k;5vu1,5|2) (5.2.1)
B(zo,1) B(x0,2)

hold for a constant C = C(d, k1, ke, p, [Alvmo) ¢

If such an estimate were to hold, then an affirmative answer to Question 5.1.1
would provide the expected LP-gradient estimates for (2.2.8). Of course, a duality
argument would provide the estimate for p € (1,2). It should be noted that (5.2.1)
is at the scale €, and so this is really a question for interface problems arising in
elasticity, i.e., elliptic systems with discontinuous coefficients having some piecewise
regularity. If the coefficients are Hélder continuous, then estimate (5.2.1) follows from
a layer potential argument due to Escauriaza, Fabes, and Verchota [15]. An estimate
like (5.2.1) together with optimal boundary regularity allows one to establish Rellich
type estimates, which are not known to be accessible through compactness methods.

Copyright© Brandon Chase Russell, 2018.
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