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OPTIMAL CONVERGENCE RATES FOR ELLIPTIC
HOMOGENIZATION PROBLEMS IN NONDIVERGENCE-FORM:
ANALYSIS AND NUMERICAL ILLUSTRATIONS

TIMO SPREKELER AND HUNG V. TRAN

ABSTRACT. We study optimal convergence rates in the periodic homogenization
of linear elliptic equations of the form —A(x/¢) : D*>u® = f subject to a homo-
geneous Dirichlet boundary condition. We show that the optimal rate for the
convergence of u® to the solution of the corresponding homogenized problem in
the WhP-norm is O(g). We further obtain optimal gradient and Hessian bounds
with correction terms taken into account in the LP-norm. We then provide an ex-
plicit c-bad diffusion matrix and use it to perform various numerical experiments,
which demonstrate the optimality of the obtained rates.

1. INTRODUCTION

In this work, we study optimal rates in the periodic homogenization of elliptic
equations in nondivergence-form. We consider the linear prototype equation subject
to a homogeneous Dirichlet boundary condition, posed on a bounded smooth domain
2 C R, i.e., problems of the form

{—A(E):DQE—f in Q, m
u® =0 on 0,
with a parameter € > 0 (considered to be small), a right-hand side
f e W(Q) for some q > n,
and a symmetric, Z"-periodic, uniformly elliptic coefficient function
A€ C™(T™8Y) for some a € (0, 1].

Here, T" := R"/Z" denotes the flat n-dimensional torus and 87 C R™*" the set of
symmetric positive definite n x n matrices. Throughout this work, we denote the
unit cell in R™ by

Y :=[0,1)" c R™.

In the theory of periodic homogenization, it is well-known (see e.g., Bensoussan,
Lions, Papanicolaou [6], Jikov, Kozlov, Oleinik [26]) that as the parameter € tends
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2 T. SPREKELER AND H. V. TRAN

to zero, the corresponding sequence of solutions (u®).~¢ to (L.1]) converges uniformly
on €2 to the solution u of the homogenized problem

{—A:Dzu:f in €2,

uw=0 on . (1.2)

Here, the effective coefficient A € 8" is a constant positive definite matrix, and can
be obtained through integration against an invariant measure, that is

/_1::/147’
Yy

with the invariant measure 7 : R™ — R being the solution to the periodic problem
—D?: (Ar) =0 inY, r is Y-periodic, r >0, / r=1,
Y

see e.g., Avellaneda, Lin [4], Engquist, Souganidis [I3]. The effective coefficient A
can be equivalently characterized via corrector functions: For i,j € {1,...,n}, the
(i,7)-th entry a;; of A is the unique value such that the periodic cell problem

—A:D*" =a; —a;; Y, v¥ is Y-periodic, / v =0 (1.3)
1%

admits a unique solution v¥ : R® — R, called a corrector function.

We are interested in optimal rates for the convergence of the solution u° of
to the solution u of the homogenized problem in appropriate function spaces.
Optimal rates in L>(2) have recently been obtained in Guo, Tran, Yu [22]. With
cfl €R, j,k,le{l,...,n}, defined by

J J

Ck.:l = Ckl(A) = / Aej . VUM T, (14)
Y

the function h defined by

n

h = Z c?lag?’klu, (1.5)

Jik, =1
and the solution z to the problem

—A:D?>=—h inQ, L6
2=0 on09Q, (16)

the main result in [22] states the following:

Theorem 1.1 (Theorem 1.2 in [22]). Assume that A € C*(T™;8") and f € C3(Q).
Let u®, u and z be the solutions to (1.1)), (1.2]) and (1.6)) respectively. Then we have

||u5 — U+ 2<€Z||Loo(Q) = 0(62).
In particular, with h given by (1.5)), the following assertions hold:

(i) If h =0, then ||u® —ul| L) = O(e?) and this rate of convergence is optimal.
(ii) If h # 0, then ||u® — u||L=() = O(e) and this rate of convergence is optimal.

Remark 1.1. There is a typo in [22], which uses the opposite sign for the O(g)-term.
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Let us recall the O notation, which we are going to use throughout this paper:
For a function e : (0,00) 3 € +— e(e) € [0,00) and an exponent vy > 0, we write

e(e) =0(") <= 3FC,e0>0: e(e) <C” Ve e (0,g).

As a consequence of Theorem , we can classify coefficients A € C*(T"™; S") into
those that give optimal rate of convergence O(g?), called the c-good coefficients, and
those that give optimal rate of convergence O(e), called the c-bad coefficients.

Corollary 1.1 (c-good and c-bad matrices). Let A € C*(T™;S}). Then, with
{1 <jki<n given by (L), the following assertions hold:
(i) If &H(A) =0 for all j,k,1 € {1,...,n}, then the situation (i) of Theorem
occurs for any choice of f. We then say A is c-good.
(it) If KH(A) # 0 for some j, k,l € {1,...,n}, then there exists [ such that the
situation (ii) of Theorem[1.1] occurs. We then say A is c-bad.

It has further been shown that the set of c-bad matrices is open and dense in
C?(T™;S?) for dimensions n > 2 (see Theorem 1.4 in [22]). Therefore, we have
generically that the optimal rate is O(e) in L>®(Q2). Related results on convergence
rates and error estimates in the periodic homogenization of elliptic equations in
divergence-form have been derived by various authors; see e.g., [20, 27, 29] 311, [35]
and the references therein.

The objective of this work are the optimal rates in higher-order norms. This ques-
tion has not been studied yet and it seems that the only available result in higher-
order norms is the following W?2? corrector estimate from Capdeboscq, Sprekeler,
Siili []]:

Theorem 1.2 (Theorem 2.8 in [8]). Assume that A € C**(T™;S%) for some o €
(0,1] and f € W*P(Q) for some p € (1,00). Further, assume that the solution
u to satisfies w € W*HP(Q) N W2>(Q). Then, with u® given by and
V = (v9) 1< j<n given by (L.3)), we have

‘UE—U—EQV(E> : D*u

Note that the standing assumption in [§] is A € Wh4(Y') N C%*(T™; S%) for some
q > n, which is useful for the numerical homogenization but not essential for the

result of Theorem [I.2] We observe that we cannot expect strong convergence of u®
to the homogenized solution u in W?%?(Q) and that it is necessary to add corrector

= 0(8%).

‘me)

terms. The optimality of the rate of convergence (’)(5%) in Theorem has not been
discussed yet, which is a gap of knowledge we want to fill. The main contribution
of this work is to derive optimal W?(Q2) estimates for p € (1,00) and to provide
numerical illustrations.

For the numerical homogenization of linear equations in nondivergence-form, we
refer the reader to Capdeboscq, Sprekeler, Siili [§], Froese, Oberman [16], and the
references therein. Let us note that the divergence-form case was the focus of active
research over the past decades; see e.g., the works [II, 10, [1T], 12, 25] by various
authors on heterogeneous multiscale methods and multiscale finite element methods.

For some results on fully nonlinear equations of nondivergence-structure, we refer
to Camilli, Marchi [7], Kim, Lee [28] for convergence rates and to Gallistl, Sprekeler,
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Sili [I7], Finlay, Oberman [I5] for numerical homogenization of Hamilton—Jacobi—
Bellman equations.

1.1. Main results. The main result is the following theorem on optimal rates for
the convergence of u° to the homogenized solution u in W'?(Q):

Theorem 1.3 (IW'? estimate and optimal rate). Assume that A € C%*(T";S%) for
some a € (0,1] and f € W34(Q) for some q > n. Let u®, u and z be the solutions

to (1.1)), (L.2) and (1.6 respectively. Further, let V = (v")1<; j<n be the matriz of
corrector functions given by (1.3). Then, for all p € (1,00), we have that

‘ug—u+25z—€2‘/<;> : D*u :O(SH%).

€

In particular, for all p € (1,00), the sequence (u).~¢ converges to the homogenized
solution u strongly in W'P(Q) with the rate

Ju® — uHWM’(Q) =0(e),

and this rate of convergence O(e) is optimal in general.

‘Ww(m

Remark 1.2 (L™ estimate, gradient estimate and Hessian estimate). In the situa-
tion of Theorem[1.3, the following assertions hold.

(i) L™ bound: An inspection of the proof, see (2.14)) and (2.6)), yields that
|u® — u+ 2e2|| L) = O(7). (1.7)

Hence, we recover the result on optimal L*> rates from Theorem under
these weaker assumptions on the coefficient A and the right-hand side f.
(ii) Gradient bound: For all p € (1,00), we have

Vu* —Vu+2Vz—¢ Zn: \IK <g> iju

1,j=1

Lr(Q)
(iii) Hessian bound: In view of Theorem[1.3, for all p € (1,00), there holds

= O(ev). (1.9)
2(Q)

D*uf — D*u — Z D%y <E> 8i2ju

i,7=1

An essential role in the proof plays the boundary corrector 6, which is defined to
be the solution to the following problem with oscillations in the boundary data:

A (-) . D27 = 0 in Q,
< . (1.10)
0°F=-V <E> - D*u on 99.

We then have the following result on the asymptotic behavior of the boundary
corrector under the reduced regularity f € W%4(Q) for some ¢ > n:

Lemma 1.1 (Boundary corrector W bound). Assume that A € C**(T";S") for
some o € (0,1] and f € W?9(Q) for some q > n. Further, let 6° be the solution to
the problem (1.10)). Then, for all p € (1,00), we have that

e |0 lyrny = Ole?). (1.11)
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Remark 1.3 (Boundary corrector W?? bound [§]). In the situation of Theorem
there holds

2 116°[lweoy = Ole?). (1.12)

Let us remark that the estimate for p = 2 has been shown in [2, 32] in the
context of divergence-form homogenization by energy estimates. It is worth noting
here that we only obtain W'? and W?? bounds for the boundary corrector 65, and
we do not study qualitative and quantitative homogenization of (for the latter
see e.g., |3 [14], [18]).

Another important ingredient in the proof of Theorem is the proof of the O(¢)
rate for the convergence to the homogenized solution in W'*(Q) under the reduced
regularity f € W24(Q) for some ¢ > n:

Lemma 1.2 (W' convergence rate O(e)). Assume that A € C%*(T™; S}) for some
a € (0,1] and f € W>4(Q) for some ¢ > n. Let u® and u be the solutions to (1.1)
and (1.2]) respectively. Then, for any p € (1,00), we have

|u® = ullwrr) = Oe).

Finally, we demonstrate through numerical experiments that the obtained rates
in the previously stated results cannot be improved in general.

Remark 1.4 (Optimality of rates). The rate O(e?) in the L°(S)) estimate (1.7)),

the rate O(sH%) in the gradient estimate (1.8) and the rate 0(5%) in the Hessian
estimate (1.9) are optimal in general. Consequently, also the rates in the boundary

corrector estimates (1.11)) and (1.12)) are optimal in general.

For the numerical illustrations we use an explicit c-bad matrix (recall Corollary
for the definition of ¢-bad) and consider a homogenization problem of the form
(1.1) with z £ 0. This is the first direct proof of the existence of a ¢-bad matrix.

Theorem 1.4 (Explicit c-bad matrix). The matriz-valued function A : R? — R?*2
given by

L (1= §sin(2my)sin(2 0
A(yr, y2) = ( QSm( Y1) sin(27mys) )

(Y1, y2) 0 14 %Sin(Qﬂyl) sin(27mys)
with v : R? — R defined by

1 . .
r(y1,y2) == 1+ 1(008(27@1) — 2sin(27yy)) sin(27ys)

is c-bad. More precisely, there holds c}' = ¢3* = —ﬁ and c?l = 0 otherwise.

We briefly explain the organization of the paper:

1.2. Structure of the paper. In Section[2] we prove the main result, i.e., Theorem
[1.3] We start by recalling some uniform estimates from the theory of homogenization
in Section 2.1l Thereafter, we prove Lemmata and in Sections and
respectively, and finally the main theorem in Section [2.4]

In Section [3] we provide numerical illustrations of the convergence rates from
Remark [1.2 We start by proving Theorem in Section [3.1], providing an explicit
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c-bad matrix which we use for the numerical experiments. We illustrate the L*°
bound from Remark (i) in Section the gradient bound from Remark (ii)
in Section[3.3)and the Hessian bound from Remark|1.2](iii) in Section[3.4 Numerical
illustrations comparing ¢-bad and c-good problems are provided in Section [3.5]

Finally in Section [4 we discuss some extensions to nonsmooth domains and give
some concluding remarks.

2. PROOFS OF THE MAIN RESULTS

2.1. Uniform estimates. Uniform estimates are essential in the theory of homog-
enization and form the basis for the proofs of the main results. The crucial uniform
estimate for the proofs is the uniform C'* estimate from [4] for nondivergence-form
homogenization problems.

Lemma 2.1 (Theorem 1 in [4]). Let Q C R™ be a bounded C*7 domain. Assume
that A € C%(T™; 8Y) for some o € (0,1] and f € L4(Q) for some ¢ > n. For
e > 0, let u® be the solution to the problem . Then there exists v € (0,1] such
that there holds

[ullcrv@) < Cllfllza)
with a constant C' > 0 independent of €.
For the proof of Lemma [1.1] it turns out to be useful to transform the prob-

lem (1.10) into divergence-form and use the uniform W1'? estimate from [5] for
divergence-form homogenization problems.

Lemma 2.2 (Theorem C in [5]). Let Q C R™ be a bounded C*7 domain. Assume
that A € C%(T™; R™™) for some a € (0,1] is a uniformly elliptic coefficient,
F e LP(Q) and g € WHP(Q) for some p € (1,00). For e € (0,1], let p° € WP(Q)
be the solution to the problem

{—v- (Adiv (g) Vpa> - V-F inQ,
P =g on O0N).

Then we have the estimate
1% lwiw@) < C (I1Flle) + lgllwrire)
with a constant C' > 0 independent of €.

With the uniform estimates at hand, we can prove the main results. We start
with the proof of Lemma [1.1]

2.2. Proof of Lemma[1.1] The main ingredient for the proof of Theorem [1.3|is the
asymptotic behavior of the boundary corrector, i.e., the solution 6° to the problem
(1.10). We start by proving Lemma and it turns out to be useful to transform
the problem into the divergence-form problem

V. (Adiv (g) ve€> —0 in 0,

0 =-V (E) : D*u on 09,
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with a coefficient A € C%(T™; R™ ") for some « € (0, 1] that is uniformly elliptic.
Indeed, this is a well-known reduction procedure and can be achieved by multipli-
cation of the equation (1.10) with the invariant measure and addition of a suitable
skew-symmetric matrix; see [4].

Proof of Lemma[I.] Firstly note that, as f € W?%9(Q) for some ¢ > n, we have
u € WH4(Q) for some ¢ > n and hence also u € W3>(Q). We further note that,
as A € C%(R") for some a € (0,1], we have V € C?%(R") by elliptic regularity
theory [19]. We need to show that

RSA

) (2.1)

for any p € (1,00). To this end, we let n € C2°(R™) be a cut-off function with the
properties 0 <7 < 1,

. L £
n=1 in {x € Q : dist(x,00) < 2},
n=0 in {zeQ:dist(z,00) > ¢},
and |Vn| = O(e7!). Note that this implies that
1
HnHLP(Q) +e ||V77||LP(Q) = O(er) (2.2)
for any p € (1,00). We then define the function
0°=0°+nV (g) : D*u

5||96||W17P(Q) =0O(e

and note that it is the solution to the problem
V. (Adiv (g) véa) — V-F inQ,
6° =0 on 0f),
with F} given by
Fe = AW <g> \Y [T]V (E) : D2u] .

Using the uniform WP estimate from Lemma , we find that for € € (0,1] and
any p € (1,00), we have

16 w10 < CIE i@y < € [0V (2) 2 D

’Wlm(ﬂ) '
Therefore, by the triangle inequality, we obtain the estimate

10°[wrr) < C HnV (g) : D*u
As we have the bound
[V ()0, e[V (2) 07, =00

and the asymptotic behavior of the cut-off (2.2]), we deduce from (2.3) that there
holds

‘Wlm(m '

_ 1
el lwir) < Ce (”vnHLI’(Q) + (5 L 1) HnHLp(Q)) = O(er),
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which is precisely the claimed bound ([2.1)). O

2.3. Proof of Lemma [1.2] The second ingredient in the proof of Theorem [I.3]is
the proof of the O(e) rate for the convergence of u® to u under the reduced regularity
assumption f € W24(Q) for some ¢ > n.

Proof of Lemma[1.4 We need to show that for any p € (1, 00), there holds
|u® = ullwrr) = Oe). (2.4)
With the corrector matrix V' = (v¥);<; j<, given by (1.3 and the boundary corrector

0 given by (|1.10]), we let

¢ = e [v <E) . D?u + 96] . (2.5)

Then we have that the function u* — u — ¢° satisfies the problem
—A <—> :D*(uf —u — ¢°) =eF5 in Q,
{ ) ut—u—¢°=0 on 02,
with F35 given by

n

F; = Z oy <g) [281-7)“ (g) 85’“11 + g™ (g> (%-klu} .

/L.7j7k7l:1

As f € W24(Q) for some ¢ > n, we have u € W*(Q) and hence F5 is uniformly
bounded in L?(f2). By the uniform estimate from Lemma 2.1 we have that

[u* — u = ¢ |lwree(e) < Cel|F5 o) = O(e).
Finally, by the triangle inequality and Lemma |1.1] we can conclude that
[u® = ul[wrw@) < [u° —u— ¢ |lwrw) + |97 [wrn@) = Oe),
which is precisely the claimed convergence rate (2.4)). 0

2.4. Proof of Theorem For the proof of the theorem, let us introduce the
function z¢ to be the solution to the problem

—A <—> :D?2*=—h in Q,
€
=0 on 09,

with the function h defined by ([1.5). Observe that the function z given by (|1.6))
is precisely the homogenized solution corresponding to (z°).~o. We note that as
f € W34(Q) for some ¢ > n, we have v € W>4(Q) and hence h € W29(Q).
Therefore, we can apply Lemma |1.2|to find that for any p € (1, 00), there holds

125 = 2[lwra(9) = O(e). (2.6)

We further introduce the functions x/*, j k,I1 € {1,...,n} to be the solutions to
the periodic problems

— A DM = Aej - VoM — cfl inY, ™ is Y-periodic, / YM=0. (2.7)
Y
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Note that the functions x7* are well-defined as by definition (L.4) of ¢}', the right-
hand side integrated against the invariant measure equals zero, i.e., there holds

/ (Aej Vol — cfl) r=0.
Yy

We also introduce a corresponding boundary corrector 65 to be the solution to the
following problem:

A (-) . D05 =0 in Q,

£
0, =— z”: xH (E) 8]3sz on 0f).

jvkvlzl

(2.8)

As we have done for the boundary corrector 6°, we can transform the problem ([2.8])
into the divergence-form problem

v (4™ (2) ve;) =0 in Q,

0, =— i M (E) a;”k,u on 02,

j7k7l:]‘

with a coefficient A € C%(T™; R™ ") for some « € (0, 1] that is uniformly elliptic.
Let us note that since u € W54(Q) for some ¢ > n and y/* € C?#(R") for some
B € (0,1] by elliptic regularity theory [19], we can apply Lemma to find the
bound

6”9;”1/1/1,;;(9) S 06 Z ‘

jkd=1

(e, =00 @

for any p € (1,00). Finally, we introduce the function w® to be the solution to the
problem

n

O SRO LI O ML T

ivjvkvlzl

w® =0 on 0.
Now we are in a position to prove the main result.

Proof of Theorem[1.3 Let ¢° be given by (2.5) and w® be the solution to (2.10).

Then we have that the function u® — u — ¢* — 2ew*® satisfies the problem
—A (—) : DX(uf —u — ¢ — 2ew®) = °F5 in ),
€
ut —u— ¢ —2ew® =0 on 052,

with F§ given by

B RICEI0

i,k =1

4
Djriu-
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As uw € W>(Q) for ¢ > n, we have that FY is uniformly bounded in L4(Q2) and
hence, by the uniform estimate from Lemma 2.1} we find

|u® —u — ¢ — 2ew®||wre) < C2||Fs || pae) = O(E2). (2.11)
Now, let us define the function

n

Y° = g? [ Z Xjkl (E) 8]3klu + 0;

j,k’,l:l

(2.12)

with x/* given by (2.7) and 65 given by (2.8). Then we have that the function
w* + z¢ — )¢ satisfies the problem

—A(2)  Dwt 42 =) = 2Ff inQ,
€
w425 —Y* =0 on 0,
with Fj given by
= 5 o) e ()t (]
dyi g kl=1

As u € W54(Q) for some ¢ > n, we have that F; is uniformly bounded in L%(€)
and hence, by the uniform estimate from Lemma [2.1], we find

st + 2f — wEHWl,oo(Q) < C&THFZHLq(Q) = O(E) (213)

Combining the bounds (2.11)) and (2.13), we obtain
[uf =+ 2e2° — ¢ — 26 [wre () = O(?),

and therefore, using the definitions of ¢° and ¢° from (2.5) and (2.12), we have that
‘ Ut —u+ 22" — %V (—) : D*u — £20° — 270, = 0(&?). (2.14)
£ W1eo ()

Finally, using the rate of convergence of 2¢ to z given by ([2.6)), and Lemma and
the estimate (2.9) to bound the boundary correctors, we conclude that

‘ ut —u+ 2z — 2V (—) ; D%H = O(eH%)
Whr(Q)

€
for any p € (1, 00). O

3. NUMERICAL EXPERIMENTS

3.1. An explicit c-bad matrix. In this section, we prove that the matrix-valued
function A : R? — R?*2 given by

L (1—1Lsin(2mry)sin(2my2) 0
Aly) = ( 0 1 + 3 sin(2my;) sin(27y,) (8.1)

with 7 : R? — R defined by
1
r(y) =1+ Z(Cos(27ry1) — 25sin(27myy)) sin(27ys) (3.2)

is c-bad (recall the notion of ¢-bad from Corollary . We observe the following:
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Remark 3.1. The function r : R* — R given by (3.2) is the invariant measure
of A : R* — R**? given by (3.1). Further note that the problem (1.1 can then be

transformed into the divergence-form problem
v (4 () ve) =r () me
e) "\e fom (3.3)
ut =0 on 052,
with the matriz-valued function A : R® — R™" given by

Adiv(y) o (1 — %sin(27ry1) sin(2mys) %cos(27ry1) cos(2mys) )

— 1 cos(2my;) cos(2my2) 1+ Lsin(2my;) sin(2mys)

We can check that A is ¢-bad by explicitly computing the matrix of corrector
functions V' = (v7)1<; j<» given by (L.3) and computing the values {¢}'}1<)ni<o

given by (|1.4).
Proof of Theorem[I.]. The effective coefficient A € 82 is given by

A= /Y Ar = ((1) ‘D (3.4)

and it is a straightforward calculation to check that the matrix of corrector functions
V= (Uij>1§1’jgg :R?2 — R?*? is giVGIl by

Viy) = _sin(?wyg) cos(2myy) 0
v= 32m2 0 cos(2my;) — 4sin(2my;) )

Computation of the values ¢ for j, k,l € {1,2} given by (L.4) yields that

1
11 11 22 22
& —/mllé?lv = ~Togr = ray; 010 = cf
Y ™ Y

for the values of c}!, ¢??, and that

ey = / P00 = 0 = / Ta92050*° = 57
Y Y

for the values of cj', ¢3?. Clearly we have that ¢’ = 0 for any (j,k,1) € {1,2}* with
k£ 0

Let us note that the effective coefficient (3.4]) is the identity matrix and hence,
the homogenized problem for this c-bad matrix is the Poisson problem
—Au=f in Q,
u=0 on Jf.

Further, we have that the function z defined by (|1.6)) is given as the solution to the
Poisson problem

(3.5)

—Az=— O/ in €,
1287

z=0 on 0f).

(3.6)

Finally, let us note that the factor % in the definition of the c-bad matrix (3.1)) is
crucial for c-badness. Indeed, removing this factor we obtain a c-good matrix:
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Remark 3.2. The matriz-valued function A : R? — R?*2 given by

Aly) = 1— %sin(27ry1) sin(2mys) 0
Y) = 0 1+ %Sin(Zﬂ'yﬂ Sin(277y2)

18 c-good.

Proof. The invariant measure is the constant function » = 1 and hence, the effective

coefficient A € Ser is given by
- 10
A= / A= < > .
v 01

It is a straightforward calculation to check that the matrix of corrector functions
V= (Uzj)lgld'gg ' R? — R?*? is given by

_sin(27yy) sin(27y) (1 0 )

V(y) = 1602 0 1

Computation of the values c?l given by ([1.4]) yields cfl =0forall j,k,l e {1,2}. O

Note that the effective problem for this c-good matrix is again the Poisson problem
(3.5)), i.e., the homogenized solution coincides with the one from the c-bad problem.

3.2. Numerical illustration of the L>(Q2) rates. We consider the problem ([1.1)
with the c-bad coefficient matrix A from Theorem , the domain € := (0,1)? and
the right-hand side

Q= R, flog,2s) := 87%sin(2mz,) sin(27s).
Then, the solution to the homogenized problem ({3.5)) is given by
u:Q =R, u(z,rs) = sin(27x;) sin(27zsy),

and the solution z to the problem (3.6)) is given by

_ 1 <cosh(27m1 — )

z2:Q =R, z(x)= 6 cosh(m) - cos(27rx1)> sin(2mzxy).

Figure (1} illustrates the estimate (|1.7)) from Remark , i.e., for several values of ¢,
we plot
Ef oo = |lu® — u + 2e2| o) (3.7)

We approximate the solution u° to (1.1)) with Py finite elements on a fine mesh,
based on the natural variational formulation of the divergence-form problem ([3.3)).
We observe the rate Ef ,, = O(e?) as € tends to zero, as expected from Remark 1.2]
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FIGURE 1. blue: Plot of |[u® — ul|r~(q), red: Plot of Ej  (see (3.7)).
We observe [[u® —u||poq) = O(c) and Ef , = O(e?) as expected from
Remark [L.2

3.3. Numerical illustration of the W'?(Q) rates. We consider the problem (1.1)
with the c-bad coefficient matrix A from Theorem , the domain € := (0, 1)? and
the right-hand side

f : Q—)R, f(l’l,il,‘g) = $1(1—$1)+l’2(1—1’2). (38)
Then, the solution of the homogenized problem ({3.5)) is given by
_ 1
u: Q=R ulry,z) = 5:101(1 — x1)xo(1 — ma). (3.9)

Figure [2| illustrates the estimate ((1.8]) from Remark 7 i.e., for several values of ¢,
we plot

By, = HVUE —Vu+2Vz—¢ Z Vo' <g> 8i2ju (3.10)

1,j=1

Lr(Q)
for the values p = 2,3,4,5. We approximate the solution u® to ([1.1)) and the solution
z to (3.6) with Py finite elements on a fine mesh, based on the natural variational

formulation of the divergence-form problems (3.3) and (3.6). We observe the rate
1
Ef, = O(e'"7) as € tends to zero, as expected from Remark
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102 101 IGD

FIGURE 2. Plot of Ef , (see (3.10))) for p = 2,3,4,5. We observe the
rate E , = O(sH%) as expected from Remark .

3.4. Numerical illustration of the W?2?(Q) rates. We consider the problem (1.1)
with the c-bad coefficient matrix A from Theorem , the domain € := (0, 1)? and
f given by (3.8)). As before, the homogenized solution is given by (3.9). Figure
illustrates the estimate ([1.9)) from Remark , i.e., for several values of ¢, we plot

D*uf — D*u — Z D%y (E) (‘fju

1,j=1

B, = (3.11)

Lr(Q)

for the values p = 2, 3,4,5. We approximate the solution u° to with an H? con-
forming finite element method on a fine mesh, using the HCT element in FreeFem++
[23]. We multiply the equation by the invariant measure and use the varia-
tional formulation from the framework of linear nondivergence-form equations with
Cordes coefficients (see [34]): The solution u® to is the unique function in
H := H*(Q) N H}(Q) such that there holds

wEAG) (o (Y iy e [ EEAE)
hearr Cra Q)P 2= [ (e

for any v € H. We observe the rate F5 , = (’)(5%) as ¢ tends to zero, as expected
from Remark [[.2
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FIGURE 3. Plot of 5, (see (3.11])) for p = 2,3,4,5. We observe the
rate F5 , = C’)(e%) as expected from Remark .

3.5. Comparison of c-bad and c-good problems. We refer to the problem
with the c-bad coefficient matrix from Theorem [1.4] as the c-bad problem and to the
problem (|1.1)) with the c-good coefficient matrix from Remark as the c-good
problem. We perform experiments for these two problems with two different choices
of right-hand sides, one with known homogenized solution v and one with unknown
homogenized solution u. All experiments are performed on the domain 2 := (0, 1)

Let us recall that the homogenized problems corresponding to the c-bad and the
c-good problem coincide and that the homogenized solution u is the solution to the
Poisson problem (3.5]).

3.5.1. c-bad and c-good problems with known (common) homogenized function wu.
We consider the right-hand side f given by (3.8). Then, the solution u of the
homogenized problem is known and given by ((3.9).

Figure {4 illustrates the L> convergence rate O(e) for the c-bad problem and the
convergence rate O(g?) for the c-good problem. We also illustrate the corrected L™
bound Ej ,, = O(e?) for the c-bad problem. We approximate the solution u® to
and the solution z to with P, finite elements on a fine mesh, based on the
natural variational formulation of the divergence-form problems (note r = 1
for the c-good problem) and ({3.6).



16 T. SPREKELER AND H. V. TRAN

FIGURE 4. Illustration of the L*-rates ||u® — u|/z~@) = O(¢) and
E§ o, = O(e?) for the c-bad problem (left), and [Ju® —ul| =) = O(e?)
for the c-good problem (right) with the right-hand side (3.8]).

3.5.2. c-bad and c-good problems with unknown (common) homogenized function wu.
We consider the right-hand side f given by

Q=R f(x):=a2}(1—2)*sin(27(2; — 213)). (3.12)

Let us note that we do not know the homogenized solution u exactly, we have
however that u € H%(Q) N H}(Q) as the right-hand side f € H*(Q) satisfies the
compatibility conditions f = 0 and 97f — 93f = 0 at the corners of the square
(0,1)% = Q; see [24].

Figure [5| illustrates the L> convergence rate O(e) for the c-bad problem and the
convergence rate O(eg?) for the c-good problem. We also illustrate the corrected L*
bound Ef ., = O(g?) for the c-bad problem. We approximate the functions u®, u
and z with P, finite elements as before.

FIGURE 5. Illustration of the L*-rates ||u® — ul[z~@) = O(¢) and
Ef o, = O(e?) for the c-bad problem (left), and [Ju® — ul| =) = O(e?)
for the c-good problem (right) with the right-hand side ((3.12)).
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4. EXTENSIONS AND CONCLUDING REMARKS

4.1. Nonsmooth domains. The smoothness assumption on the domain €2 is used
to deduce regularity of u from the regularity assumption on f, and it ensures that the
uniform estimates from Section [2.1/hold. We briefly discuss extensions to nonsmooth
domains.

4.1.1. C*" domains. We note that the uniform estimates from Section [2.1] still hold
for bounded C?" domains. Therefore, the result of Theorem remains valid with
the additional assumption u € W>%(Q) for some q > n, which has previously been
deduced from the regularity of the right-hand side f.

4.1.2. Convexr domains. We would like to briefly discuss the case of convex domains.
Let 2 € R™ be a bounded convex domain in dimension n > 2 and assume that the
homogenized solution is of regularity v € W>4(2) for some ¢ > n. Let us further
assume that the coefficient is of regularity A € C%*(T";S?) for some a € (0,1]
and satisfies the Cordes condition (which dates back to [9]), i.e., that there exists a
constant § € (0, 1] such that there holds

|A]” 1
(trA)2 “"mn—1496
Let us note that the Cordes condition is a consequence of uniform ellipticity
in two dimensions, i.e., holds for any A € C%(T? Si) Let us also note that
Theorem |1.2] holds in this situation for p = 2; see [§].
In the situation described above, there exists a unique solution u® € H?(Q)NH} ()

to (1.1) and we have a uniform H? estimate [8, Theorem 2.5]. Therefore, by the
Sobolev embedding, we have the uniform WP estimate

in R”. (4.1)

|uf|lwrr) < Cllu|la2) < Cllfllzz @)

for any p < 2* with constants independent of €. Here, we write 2* := % to denote
the critical Sobolev exponent (with the convention that 2* := oo if n = 2). This
uniform estimate replaces the need for the uniform C* estimate from Lemma [2.1]

Finally, in order to estimate the boundary corrector, we transformed the problem
(1.10) into divergence-form and used that for problems of the form

{—v- <Adiv (g) Vps) —_V.F inQ,
P =g on 0f2,

we have (Lemma the uniform W7 estimate

o llwro@ < C (1Fllze@ + lgllwrr) (4.2)

with a constant C' > 0 independent of €, assuming that A4 € C%«(T?; R**") for
some « € (0, 1] is uniformly elliptic and that 2 is sufficiently smooth.

Now as €2 is merely assumed to be convex, we still have for p = 2 by standard
arguments and hence, we find that the result of Theorem remains true for p = 2
under the assumptions made in this section. Uniform WP estimates for divergence-
form problems for a wider range of values p require a more sophisticated approach.
With a symmetry assumption on A%, uniform WP estimates for divergence-form
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problems on Lipschitz domains (recall that bounded convex domains are Lipschitz
[21]) have been obtained in [33] for values of p in a certain range around p = 2.

4.2. Interpolation. Let us revisit Remark and note that the gradient bound
(1.8) follows from the L* bound (1.7) and the Hessian bound ([1.9) via the

Gagliardo—Nirenberg interpolation inequality [30] applied to the function
@ = ue—u—|—25z—g2V(;> . D%u.
€
Indeed, let us assume that [|¢f||<@) = O(e?) and ||[D*¢f|| ) = (’)(5%) for any
p € (1,00). Then the Gagliardo—Nirenberg inequality yields

1 1 1
196 ey < € (1061 g 7T + 17l ) = O

for any p € (2,00). This shows once again that the optimality of the bounds ([1.7])—
(1.9) is natural. We conclude this paper with a review of the main results.

4.3. Conclusion. In this paper we derived optimal rates of convergence in the
periodic homogenization of linear elliptic equations in nondivergence-form. As a
result of a WP corrector estimate, we obtained that the optimal rate of convergence
of u® to the homogenized solution in the W'?-norm is O(g) and also recovered
that the optimal convergence rate in the L*-norm is O(e). Moreover, we obtained
optimal estimates for the gradient and the Hessian of the solution with correction
terms taken into account in LP-norm.

In the final part of the paper, we provided an example of an explicit c-bad matrix
and presented several numerical experiments matching the theoretical results and
illustrating the optimality of the obtained rates.
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