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Abstract

Numerical methods coupling macroscopic and microscopic
solvers for the efficient solution of partial differential equations
with multiple scales have attracted much attention these last few
years. Efficient implementations of such methods need a thorough
understanding of the subtle interplay between the macroscopic
scale (often the scale of interest) and the microscopic scale taking
into account the fine-scale behavior of the problem of interest. This
paper is concerned with the error analysis of a class of numerical
homogenization methods, the so-called heterogeneous multiscale
finite element methods. We discuss recent results obtained for
the a priori and the a posteriori error analysis of these numerical
methods and give a general framework to perform such analyses.

1 Introduction

The modeling of problems in engineering and the sciences taking into
account physical processes at different scales is nowadays common (e.g.
composite materials whose effective behavior depend on its microscopic
constituents, flow in heterogeneous porous media, multiscale fracture
modeling, etc.). In turn new numerical techniques have been developed
for the solution of such problems [15]. In order to be efficient and
robust, these numerical techniques must take into account discretization
parameters at various scales. It is thus crucial to understand how the error
propagates across scales, to know the asymptotic behavior of numerical
approximations (in dependence of the various discretization parameters)
and to quantify the quality of a computed numerical solution.

In this paper we discuss finite element methods (FEMs) for so-called
homogenization problems, important for many applications [33]. Vari-
ous numerical methods based on FEMs have been developed these last
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few years for homogenization problems and we refer to [7, Sec. 1] for
an overview. We focus here on the finite element heterogeneous mul-
tiscale method (FE-HMM). This method is built in the framework of
the heterogeneous multiscale method (HMM) introduced in [23], cou-
pling a macroscale method with a microscale method able to recover the
parameters of the effective problem on the fly.

First analysis of the FE-HMM was given in [2] and [24]. Nonlinear
and stochastic problems were discussed and partially analyzed in [24]
while robust convergence rates (i.e. independent of the small scale size
e) were obtained in [2]. The aforementioned works were concerned with
semi-discrete error analyses, i.e., analyses assuming an exact solution of
micro problems involved in the numerical method. Such an approach is
commonly taken for the analysis of multiscale numerical methods [25]
(and the references therein), despite its limitation (the complexity and
accuracy of micro-macro numerical methods depends on the interplay of
micro and macro numerical discretization errors). Fully discrete error
analysis for the HMM was first obtained [1], where sharp micro and macro
convergence rates were obtained. In a series of papers, this analysis was
extended to elastic problem [4] and to advection-diffusion problems [3].
Coupling between different types of solvers were analyzed in [5] (FEM
and spectral method), and in [8] (discontinuous Galerkin method).

While a large body of literature concerning a priori error analysis for
multiscale problems is nowadays available, a posteriori error analysis for
such methods has only rarely been addressed. For the FE-HMM, a first
attempt of such a posteriori error analysis was given in [32]. Relying
on a reformulation of the numerical method in the two-scale framework
[30], a posteriori error estimates were obtained in a two-scale norm. First
a posteriori error estimates in the energy norm and for the physical
variables were obtained in [10],[11]. The methodology used in these latter
papers applies to more general oscillating tensors, sampling domains,
micro-boundary conditions than the analysis given in [32].

In this paper we give a general framework allowing for both a priori
and a posteriori error analysis for the FE-HMM. Recent results combined
in a unified framework are discussed.

The paper is organized as follows:

Section 2. Model problem and homogenization

Section 3. Coupling macro and micro FE methods: the FE-HMM
Section 4. Preliminary results

Section 5. A priori error analysis

Section 6. A posteriori error analysis
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Notations. In this paper, C,C > 0 denote a generic constant, indepen-
dent of £, whose value can change at any occurrence but which depends
only on the quantities which are indicated explicitly. We use the usual
Sobolev space W*P(2). For p = 2 We use the notation H*() and Hg (),
and denote by W.,.(Y) = {v € H,,(Y); [, vdx = 0}, where HS_ (V) is

defined as the closure of C32,(Y) (the subset of C*°(R?) of periodic func-

per
tions in the unit cube Y = (0, 1)¢) for the H* norm. We also use the usual
norms on the W*?(2) Sobolev spaces (e.g. ||ullrr(q) = ([, lu(z \pdx)l/p
for LP(€2) spaces 1 < p < o0) and refer the reader to standard textbooks
for their definition. For a matrix A € R?*? with entries ai;j, we denote

its Frobenius norm by ||A||F := y/trace(ATA) =

2 Model problem and homogenization

We recall here the homogenization problem that we consider in this paper.
Let Q C R? (d =1,2,3) be a convex polygonal domain and consider the
elliptic problem

-V - (a*Vus) = fin Q, wu. =0 on 909, (2.1)

where the family of tensors af(z) € (L>(Q2))?*¢ (indexed by ¢) are
assumed to be symmetric and uniformly elliptic and bounded, i.e.,

3N, A > 0 such that A\¢|? < a®(2)€ - &€ < A€, V€ € R and Ve, (2.2)

where ¢ is a microscopic scale that characterizes the multiscale nature of
the tensor a®(z). We also assume that f € L?(Q) (f € H~1(Q) would
also be possible). Owing to the uniform ellipticity and boundedness of
the tensor a®, we obtain, thanks to the Lax-Milgram theorem, a family
of solutions {u.} which are bounded in H} (). Without any further
assumption on the heterogeneities of the tensor a®(z) one can show
(using G or H convergence [21],[29]) that there exists a symmetric tensor
a®(z) and a subsequence of {u.} which weakly converges in Hj(Q) to an
element ug € H}(Q). The so-called homogenized or upscaled function ug
can be shown to satisfy a homogenized equation which reads

—V - (a®Vug) = fin Q, g =0 on dQ. (2.3)

The homogenized tensor a’(x) can be shown to be symmetric and to
satisfy A¢)? < a®(2)¢ - € < A€]?, V€ € R As a consequence, the
homogenized problem (2.3) has a unique solution. If a®(x) has a more
specific structure, for example if a®(x) = a(x, z/¢) and is periodic in its
second argument, then classical result show that whole sequence {u.}
weakly converges to an element ug € Hg () and the homogenized tensor
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a®(z) at x €  can be characterized by an average (integral) of solutions
of d boundary value problems, the so-called “cell problems” (see for
example [26],[19]). Notice that even in this fortunate case, one still has
in general an infinite number of cell problems to solve.

The most obvious numerical strategy to compute a numerical homog-
enized solution consists of the following steps:

1. pre-processing: compute the homogenized tensor at predefined
sampling domains around sampling points z; € 2, i =1,...,p, by
solving for each z; d boundary value problems involving the small
scale tensor a® (the cell problems);

2. compute a homogenized solution on a macro FE mesh using the
interpolated precomputed homogenized data as input tensor.

Although straightforward, this strategy has several drawbacks:

1. the sequential strategy does not allow for a natural way to derive a
priori or a posteriori error control of the whole procedure (depending
on the accuracy of the numerically pre-computed homogenized
tensors);

2. the sequential algorithm separates the computation of the homog-
enized parameters (pre-processing) from the computation of the
homogenized solution, while the simultaneous coupling between
scales (described below) allows for a variety of (potentially more
efficient) coupling (also for nonperiodic, nonlinear problems);

3. the algorithm does not allow, in a straightforward way, to switch
locally to the fine scale solver in regions of the computational
domain where the homogenized solution does not give an accurate
description of the physics.

The macro-to-micro framework introduced below is based on a simultane-
ous coupling of the spatial scales. This framework gives a methodology to
extend the numerical methods for more general problems (e.g. non-linear,
time-dependent, wave problems) and more general numerical methods
(coupling FEM with spectral or discontinuous Galerkin methods). As
an example, highlighting the difference between the standard sequential
strategy and the macro-to-micro method proposed below consider dis-
continuous Galerkin methods. As for discontinuous Galerkin methods
fluxes perpendicular to the edges of the (macro) elements need to be
defined, one would be tempted to compute cell problems on edges of the
triangulation with the “sequential homogenization numerical method”.
An efficient coupling with a macro-to-micro method allows to avoid these
additional cell problems since macro fluxes can be recovered from the
available micro solutions computed in sampling domains and already
needed for continuous FEM.
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3 Coupling macro and micro FE methods:
the FE-HMM

We describe in this section a numerical method for homogenization
problems, the so-called finite element heterogeneous multiscale method
(FE-HMM).

Macro finite element space. Let 7y be a (macro) partition of 2
in simplicial or quadrilateral elements K of diameter Hx and denote
H = maxge7,;, Hix. By macro partition we mean that H can be much
larger than ¢ and that H < € is not necessary for convergence. We
assume that the triangulation is conformal and shape regular (see [18]).
For this partition we define a macro FE space

S, Ty) = (v € HY(Q); v¥ |k € RUK), VK € Ty}, (3.1)

where R!(K) is the space P!(K) of polynomials on K of total degree at
most [ if K is a simplicial FE, or the space Q!(K) of polynomials on K
of degree at most [ in each variables if K is a quadrilateral FE. Within
each macro elements K € 7y we consider, for j =1,...,J,

e integration points z; x € K,

e sampling domains Kj, = ; x + 01, where I = (—1/2,1/2)% and
0 >e,

e quadrature weights w; .

Quadrature formula. For any element K of the triangulation the
mapping F we consider is a C'-diffeomorphism such that K = Fx (K ),
where K is the reference element. For a given quadrature formula
on K, the quadrature weights and integration points on K € 7y are
given by z; x = Fk(Z;), w; = wj xdet(0Fk), j =1,...,J. We next
state the assumptions that we make on the quadrature formulas. These
assumptions (see (Q1), (Q2) below) are the usual assumptions when
using the FEM with numerical quadrature in order to preserve the optimal
convergence rates ([18, Chap. 4.1]). They read

QL) &; >0, =1, s X @l VB 2 VAo

(Q2) [ d(z)de =3, @;4(d5), V4(2) € R7(K), where 0 = max(2] —
2,1) if K is a simplicial FE, or o = max(2l — 1,1+ 1) if K is a rectangular
FE.

As an example, for [ = 1 and triangular elements, we can choose
J =1, w; = |K| and & located at the barycenter of K.

Micro finite element space. In each sampling domain Kjy;, the mi-
crostructure of the oscillating tensor is tested through a micro FEM.
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We thus consider a (micro) partition 7, of each sampling domain K,
made of simplicial or quadrilateral elements () of diameter hg and denote
h = max;e7, hg. The micro FE space is defined as

Sq(K5j7771) = {zh € W(Kéj); Zh|Q7€ RT(Q)7 Q€ ,Z;L}v (32)

where the Sobolev space W (Ks;) depends on the boundary conditions
used for the micro problems. This determines the coupling condition
between macro and micro FE functions. We will consider

W(Ks,) = W (K5,) = {v € HY (K5, /K vdr =0} (33)

for a periodic coupling or
W (Ks,) = HY(Ks,) (3.4)

for a coupling through Dirichlet boundary conditions. Other boundary
conditions such as Robin boundary conditions could be used as well. As
we resolve the fine scale on K, we have to use a mesh of size h < ¢ for
the micro partition 7;, of Ks;. Remember that the sampling domain Kj,
is of size comparable to . Thus the fine scale mesh is only used on a
subdomain of the computational domain 2.

Multiscale Method. Having defined the macro and micro FE spaces,
we now introduce a macro bilinear form. Let v w! € S}(Q, T) and
consider

J
W
By wy =Y Y 22K af (z)Vol -Vl de,  (3.5)
Kt i Kol s, ’ ’
HJ)= J
where v?( ,w% represent micro functions defined on the J sampling
domains K 5, These micro functlons are defined in the following way.

Find vj,  (resp. wi ) such that (vi, —vff, ) € Si(Ks;, ) and

/ a*(x)Vug, - Vz'de =0 V2" € S}(Ks,;, Tn), (3.6)
Ks

where Sj (K5, , 75) is the micro FE space (3.2) and v}, ;. is a linearization
around the integration points x; g which reads

Ol e, = v (2. 5) + (& — 25 k) - Vo (k). (3.7)

The FE-HMM is now given as follows. Find v € S}(,7y) such
that
BH( H H) <f7 > VUH € S(I)(Q7TH) (38)
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An efficient and versatile implementation of the FE-HMM has been
proposed in [9], and a code is available at http://anmc.epfl.ch.

Semi-discrete FE-HMM. We close this section by introducing the
so-called semi-discrete FE-HMM solution. Consider the bilinear form

J
D, w-vK 5
BH(UH,wH) = E g |Ié5 /. a®(x)Vug, - Vg, dx, (3.9)
KeTy j=1 4 5

where v K;>WK; are micro solutions constrained by the macro FE functions
v wH | respectively, similarly as above, but obtained from the problem
(3.6) in the Sobolev spaces (3.3) or (3.4). The semi-discrete FE-HMM
solution is then given by the following problem. Find @l € S}(Q, Tx)

such that
By (u, vy = (f,o) vl € S§(Q, Ty). (3.10)

It is the error ||ug — @l || (L? or H! norm) that has been analyzed in [24].
Of course this solution is usually not available as the exact solution of
the micro problem is usually not known.

4 Preliminaries
In a priori error analysis bound of the type
||U0 - U’H” < T‘(UO, H,h, dCLtCL),

are thought, where data represents source and boundary terms. The
above error (usually in the L? or H! norm) is estimated by constants
involving the (unknown) exact solution. Such bounds are crucial to
establish convergence, stability and asymptotic behavior of the error.
Furthermore in a multiscale context as for the FE-HMM, a priori estimates
give crucial insights on how macro and micro meshes have (a priori) to
be refined. Indeed, in view of Theorem 17 of Section 5 we see that

h o H (H! norm), hoc H (L? norm),

is an appropriate refinement strategy. In the above equations, H is the

size of the macro element and h = %, where h is the mesh discretizing
the actual sampling domain. Notice that h = g, where r is the number
of points per spatial direction; as § = cst - ¢, h = g = %St is independent
of . The above estimates give a criteria to refine the micro-mesh for a
given size of the macro-mesh. For the particular case | = ¢ = 1 (piecewise

linear FEM in the micro and macro FE spaces) denoting Np,qc, Nmic the
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total number of macro and micro degrees of freedom, respectively the
above criterion reads

Npie X/ Npae (H' norm), Npie X Nyae (L? norm).

The important question is now how to quantify the quality or accuracy
of an actual solution in order to construct a sequence of meshes that
equidistributes the (macroscopic) error and minimize the computational
effort.

For problems with e.g. re-entrant corners, cracks or high contrasts
in the macroscopic coefficients, a uniform refinement of the macroscopic
mesh discretizing the computational domain is known to be quite ineffi-
cient and adaptive local refinements based on error indicators are required
[13],[34]. While the theory for adaptive refinement is well developed for
single-scale problems, the corresponding theory for multiscale methods is
still at its infancy. General methodologies for refinements in quantities
of interest have been proposed in [31] (see also the references therein).
Here we discuss the a posteriori error analysis for the FE-HMM. Such an
analysis is based on bounds of the type

||u0 - UH” < T(UH? Ha h7 data)7

depending on the actual computed solution v and quantifying the
quality and local accuracy of the numerical solution. Deriving a strategy
able to localize and compute the residual ny (K) ~ r(u'?, H, h, data)|
on each element K € 7y allows to implement a refinement strategy based
on the following steps

SOLVE — ESTIMATE — MARK — REFINE.

The differential equation is solved in the SOLVE procedure and the
local accuracy of the obtained numerical solution v is estimated in the
ESTIMATE procedure by evaluating g (K). Based on these indicators,
some elements (where the error indicator are the largest) are selected in
the MARK procedure and refined in the REFINE procedure. The whole
procedure aims at equi-distributing the global error among the elements.
As the overall error also depends on the micro error in the sampling do-
mains, appropriate local refinement of the mesh in the sampling domains
should be performed in the macro elements marked for refinement. In
view of Theorem 21 of Section 6 we see that

ﬁO( \/HK,

is an appropriate refinement strategy (for the energy norm). Here piece-
wise linear macro and micro FE are used and h = g is as above.
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Before discussing the a priori and a posteriori error analysis for the
FE-HMM, we collect in this section a number of results as a preparation
for the a priori and a posteriori error analysis.

4.1 Standard FEM with numerical quadrature

We recall the standard FEM for the homogenized problem (2.3) based
on the quadrature formulas introduced in Section 3 (see [18, Chap. 4.1]).
We consider

J

Bo.gr (v, wf) = Z Zwj’KaO(xj’K)VvH(xj’K)VwH(xj,K)7 (4.1)
KeTy j=1

and define the following problem. Find ul € S4(Q, 7z) such that

Bo, g (u 0"y = (f,0"), Yol € S§(Q, Ty). (4.2)
In order to use a FEM with numerical quadrature, some regularity on
the tensor a’(z) is required. We assume that for i,j =1,...,d,
(H1) ag;(x) is Lipschitz continuous in K for any K € 7Ty.
4.2 Energy equivalence and coercivity

We refer to [1],[7, Sect. 3.3.1] for a discussion and proof of the following
two lemmata.

Lemma 1. Let vl € SL(Q,Ty) and let v?(j be the corresponding solution
of (3.6) in SU(Ks,;,Tn) with boundary conditions given by (5.3) or (3.4).
Then we have

A
IVviillzaes) < IVVE, ez e < /S IV 0l 22 0c)- (4.3)

where vl s defined in (3.7) and A\, A are defined in (2.2).

From the above we can deduce the coercivity of the bilinear form
(3.5) hence the existence and uniqueness of the problem (3.8).

Proposition 2. Assume that (2.2) and (Q1) hold. Then, the bilinear
form By (-,-) defined in (3.5) is elliptic, bounded (independently of €),
and

Nz @) < Br@,o™),  [Ba ™, w)| < Tl[v|| g @llw™ @ q),

(4.4)
for all v wf € SL(Q, Tg), where v, T are independent of H, h and ¢.
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Remark 3. Similarly one shows that the bilinear form (3.10) By(-,-)
defined in (3.10) is elliptic and bounded and that the associated microso-
lutions vg,; (obtained from (3.6) in the Sobolev space W (Ks;)) satisfy
the inequality (4.3).

4.3 Micro problem, coupling condition and micro er-
ror

The following construction of a numerically homogenized tensor will be
useful for the analysis (see [8],[10] for details).

Let e;, ¢ = 1,...,d denote the canonical basis R<. For each e; we consider
the following problem: find w}{}j € S9(Ks,, Tp) such that

/ as(x)v¢;’<}fv,zhdx = —/ af(x)e; - Vzldz, V2" € SUKs,, Tn),
Ks, J Ks,

(4.5)
where S9(K;;,7,) is defined in (3.2) with either periodic or Dirichlet
boundary conditions. We also consider the problem: find 1/1}(]_ € W(Ks;)
such that

/ af (x)Vapl, Vzdr = —/ a®(z)e; - Vzdr, V2 € W(Ks;), (4.6)
K(sj ! KJJ-

where the Sobolev space W (Ks,) is defined in (3.3) or (3.4). For the
analysis of the micro problems, regularity results are needed. Motivated
by the case of periodic tensors (e.g. tensors of the form a® = a(x, z/¢)) we

state the following regularity assumption on the solution of the problem
(4.6):

(H2) for ¢ € N we assume that |z/1}<j|Hq+1(K6j) < C e79/|Ks,|, with C
independent of ¢, of the quadrature points x; r and the domain Ky, .

Remark 4. Without further knowledge of the structure of the oscillating
tensor a°, we will impose Dirichlet boundary conditions for (4.5). If one
assumes that a® is smooth, e.g., a®> € W>°(Q) and that |af;|p=(q) <
Ce=! fori,j =1,...,d, then (H2) can be proved for ¢ = 1 following
classical H? regularity results ([27, Chap. 2.6]) (for ¢ = 0 (H2) can
be established by following the lines of the proof of Lemma 1). If o =
a(z,z/e) = a(z,y) Y-periodic in y and 0/ € N, then (H2) can be
established for a given q, provided that the tensor a® is smooth enough,
following classical regularity results for solutions of periodic boundary
value problems (see [16, Chap. 3] and also [5]).

We then define two tensors

1

0 ) - _ -
(137 (-ﬁ?;K) ‘Kéj | K(;j

af(z) (I + Jqf?{'_ (x)) dz, (4.7)
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where Jw?{j (z) 18 @ d x d matrix with entries (Jw?(j (x))w = (81/}}!;)/(3@3)
and

_ 1 .
dhoir) =y [ @ (1T ) de @)
J J

where kaj (z) 18 a d x d matrix with entries (Jij (x)> .= (8@&@(]_ )/ (Oxy).

If we assume more specific spatial structure of the oscillating tensor
as for example

(H3) at(z) = a(z,z/e) = a(x,y) Y-periodic in y,
aij(z,y) € C (W (Y)), foralli,j=1,...,d,

where we set Y = (0, 1) for simplicity, then we can estimate the so-called
modeling error (see Lemmata 7 and 8)

sup lla® (z,50) — @ (5.6) | s
KeThy,xj k€K

where a’(xz; k) is the homogenized tensor evaluated at the quadrature
points of K € Ty.

Remark 5. In what follows we will always assume that 1/)%1, and 1/)}{}; (the
solutions of (4.5) and (4.6), respectively) are solved with the same bound-
ary conditions, i.e., either w}(j € H&(K(sj) and w}(’; € SUKs,,Tn) C
H{(Ks,) or i, € Wi (Ks,) and 5! € SU(Ks,, Th) € W, (Ks,).

per per
The next Lemma can be proved following the lines of [8, Lemma 5.1]

(see also [7, Lemma 10]).

Lemma 6. Let w}{J,w}(}; be the solutions of (4.5) and (4.6), respectively.

Assume that W (K;,) = Hg(Kjs,) and that (H2) holds. Alternatively,
assume that (H2) and (H3) hold, that W(K5,) = W,.,.(Ks,) and that
0/e € N. Then

h\ >
swp _[aas ) - dewle < (1) 49)
KGTH,QZJ'YK eK g
where C' is independent of h and €.
The following two lemmata have been proved in [7],[8].

Lemma 7. Let w}(j,wé’{}; be the solutions of (4.5) and (4.6), respectively.
Assume that W (Ks,) = W,,.(Ks,), that §/e € N and (H3) hold. Then

per

sup [la®(w).x) — Ak (z5.6) | P < C9, (4.10)
KeTy,xj k€K

where C is independent of €.
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Notice that the constant in the Lemma 7 depends on the quantities
max,cq |lai ;(z, ~)||Wplé<;0(y) ,7=1,...,d.

If the decomposition a(x,x/¢) is explicitly known one can define a
slightly modified FE-HMM by collocating the slow variable of the tensor
a(zj i, x/e) at the quadrature points z; x in the problem (3.6) and in
the bilinear form (3.5). Correspondingly, one collocates the slow variables
at the quadrature points x; x in the semi-discrete problem (4.6). We
then obtain

Lemma 8. If along with the hypothesis of Lemma 7, we assume a tensor
collocated at the integration points a(x; x,x/€) in the problem (4.6).
Then

sup [la%(xj,x) — g (25.x) | F = 0. (4.11)
KETH7I]'1K eK
If we do not assume that the sampling domain size is an integer
number of the “e period” we have the following result proved in [24].

Lemma 9. Suppose w%j is the solution of the cell problem (4.6) in the
space W(Ks,) = Hy (K3, ), that §/e ¢ N and (H3) hold. Then

g
sup o (@) — (i)l < C(645). (A1)
KeTg,xj k€K

4.4 Multiscale flux for non-conforming FEs and a
posteriori estimates

When attempting to derive a posteriori error estimates or when dealing
with nonconforming macroscopic spaces, elementwise integration by parts
is needed. This leads to fluxes on the edges of the elements. Such
quantities are not readily available from the FE-HMM. This issue can be
overcome by the introduction of so-called multiscale fluxes, first proposed
in [6]. We describe the procedure for a quadrature formula with J =1
(see Section 3) and simplicial elements, but emphasize that generalizations
to more general quadrature formulas could be derived. For simplicity we
skip here the index related to the quadrature point and simply write th
instead of Kg'i, v} instead of vjy, or a% (zk) instead of al (k).

Let KT, K~ € Ty be elements sharing a common interface e €
Ex, where g denotes the set of interfaces. For both elements we
consider the associated sampling domains K ; and K , and the associated
microfunctions v’ and v%._, solutions of the microproblems (3.6). We
then introduce the following multiscale flux

[a® (z) Vi ] (4.13)

1 c h 1 / h
= —— a® () Vuier doe — —— a® (x) Vui_dz | - ne
(rK;\ i Ve 47 e g OV
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for e ¢ 0, and [a¢ (x) Volt]. := 0 if e € 9Q. Here we choose the unit
outward normal n, to be n™. Similarly as in the Lemma 12 below, one
can prove that
1
K| Sk,

Then, following [10, Lemma 9] one can show

Lemma 10. Consider a%(-) defined in (4.7) and v¥ € S} (Q, Ty ). Let
vl be such that (vl — o) € S}(K5,Tp,) and obtained from the problem
(3.6). Then we have the following identity

af (2) Volde = a% (i) Voll, (4.14)

Z / a% (zr ) Vo Vwdz = Z las (z) Vol Jew ds, (4.15)

KeTy ecE V€
for all w € H(Q).
Lemma 11. For all v € H}(2), we have

Bo(ug — uf,v) = / fodx — z:/[[a‘S ) Vult] . vds

ecf

+ Z / a% (k) — a® (z)) Vu Vodaz, (4.16)

KeTy

where ug is the solution of (2.3), ufl is the solution of (3.8) and u®

the corresponding micro functions, solutions of (3.6) on each sampling
domain. The multiscale flux [af (x) Vult]. is defined in (4.13).

The following well-known results will be used for a posteriori analysis
and are recalled for convenience.
Interpolation, trace and inverse estimates. The so-called Clément
interpolation operator (see [20]) is a linear operator Iy : H! (Q) —
S4(2, Ty ) having the property that for all v € H! () and K € Ty

lv— IHU||L2(K) < CHg ||Vv||L2(N(K)) (4.17)
and
||V(U_IHU)||L2(K) < CHVUHL2(N(K))7 (4.18)

where N (K) is a neighborhood of K that consists of all elements of Ty
which have a non-empty intersection with K.

The following trace inequality (see for example [12, Thm. 3.10]) is
useful. For an element K. of the triangulation 7y with sides e € £ and
v € H' (K.) we have

[Vl 2y < CHY? [V0ll g2 i,y + CHE Y 0]l g2 iy, (4.19)
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Combining the Clément interpolation estimates and the trace inequality
gives

1/2 —1/2
lo = Irrvl ooy < CHZZ IV (0 = Tgo)| oy + CHz? o = Iv] pa

1/2
< CHK/ ||VU||L2(N(K)) :
(4.20)

Finally, we recall the following inverse inequality (see for example [18])

Vo 1o gy < CHE o (4.21)

ey

for v € SL(Q, Th).

4.5 Reformulation of the FE-HMM

The following two lemmata allow us to reformulate the FE-HMM. We
emphasize here that this reformulation will only be used for analysis.
The original formulation is more convenient to implement as one can
make use of the standard structure of a FE code (see [9]). The following
lemma has been proved in [§].

Lemma 12. Consider a%(-) defined in (4.7) and v¥,wf € S{(Q, Ty).
Let v?(j (resp. w?{j) be such that (v?(j —vfl) € SH(Ks,, Tn) and obtained
from the problem (3.6), where vii (resp. wii ) are defined in (3.7). Then,
we have the following identity
1
|K6_7 | K5j

1
as(a:)Vv?{j - Vw?{j dz = K| /K A% (2. 1) Vil - Vwfl da.

Similarly we have

Lemma 13. Consider a%(-) defined in (4.8) and v?,wH € SL(Q, Ty).
Let vk, (resp. wg,) be such that (vg, — vfl)) is in the Sobolev space
W (Ks) (defined in (3.3) or (3.4)) and obtained from the problem (3.6)
(in W (Ks)), where vfl (resp. wi ) are defined in (3.7). Then, we have
the following identity

1

1
& | a®(z)Vug, - Vwg,dr = |K/ a% (2. x)Voit, - Vwfl, dz.
i1/ Ks; K

In view of the two above lemmata we can reformulate the FE-HMM
bilinear form By (v, wf) defined in (3.5) as

J

B (v, wf) = Z ij’Ka%(xj,K)VvH(xj,K) Vol (z; k), (4.22)
KeTy j=1
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and the semi-discrete FE-HMM bilinear form By (v?,w') defined in
(3.9) as

J
By w) = 3" > wjkak (z6) Vo (w) k) - Vo'l (1), (4.23)
KeTg j=1

5 A priori error analysis

In this section we discuss the a priori analysis for our multiscale numerical
method. To proceed, we start with the following decomposition into
so-called macro error (eprac), modeling error (epop) and micro error

(emr1c)

luo — w[| < Jluo — ug || + |lug” — @'|| + ||a” — ™[], (5.1)
EMAC EMOD EMIC
where || - || denotes the L? or the H! norm, and g, ul!, a, u* denote

the solutions of the problems (2.3),(4.2),(3.10),(3.8), respectively.

Proposition 14 (Macro error). Let ug, ul! be the solutions of problems
(2.3),(4.2), respectively. Suppose that (Q1), (Q2) and (H1) hold and
that the homogenized problem has the regularity ug € H'T1(Q). Then we
have the following estimates

luo — ug! |1 ) < CH', (5:2)
luo = ugl | 2(0) < CH™, (5.3)
where C is independent of H and h.

Proof. Follows the classical results for FEMs with numerical quadrature
(see [17],[18, Chap. 4.1]). O

Proposition 15 (Modelling error). Let ull,u" be the solutions of
problems (4.2) and (3.10), respectively. Then we have

lug’ — @™ gy <C  supla®(z)k) — ak(zik)le,  (54)
KeThy,zj, k€K

where C is independent of H and ¢.
Proof. Denoting by w = ull — 4 and using the coercivity of the
bilinear form By (-,-) (see Remark (3)) we obtain

Cllug — @ ||}y < Bu(uh' —a,w™) = Bu(ug',w™) — Bo a(ug', w'),
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thus

B (vl wH) — B H , H
ug" — @ |1y < C sup [Bra (v, v )H 01, )]
wH €S (Q,Th) W] ()

In view of (4.1) and (4.23) using Cauchy-Schwarz inequality gives (5.4).
O

Proposition 16 (Micro error). Let ul, af be the solutions of problems
(3.8) and (3.10), respectively. Then we have

[a" — w0y <C sup la% (z),1) — a%e ()| mn (5.5)
KETH,QC]'YKEK

where C' is independent of H, h and ¢.

Proof. Following the proof of Proposition 15, with ufl in the role of afl
and @l in the role of ull, using By (-, -) instead of By (-,-) and By(-,")
instead of By (+,-) we obtain (5.5). O

We can now state the main theorem of this section. To simplify the
notation we set

TMOD = sup lla® (zj,5c) — a% (5.6 | s (5.6)
KeTy,xj k€K

and

rTMIC = sup la% (zj,x) — afe(5,1) || p- (5.7)
KeTg,xj k€K

In the theorem below, all the constants are independent of H, h and .

Theorem 17. Let ug,u! be the solutions of problems (2.3) and (3.8),
respectively. Suppose that ug € H'1(Q) and that (Q1), (Q2) and (H1)
hold (see Sections 3 and 4.1). Then we have

[uo — u|| g1 () < CLH' + C(rarre + mmob), (5.8)
Jug — w20y < C1H™™ + C(ryre + mvon)- (5.9)
If in addition to (Q1), (Q2) and (H1), (H2) hold and S (K;;,Ts) C
H}(Ks,), then
h\ >
HUO*UH”Hl(Q) SClHl+CQ (€> + Cryop, (510)

R\
lluo — UHHLZ(Q) <O H'™ + Oy (€> + Cryop. (5.11)

Alternatively, we also have (5.10) and (5.11) if (Q1), (Q2), (H1), (H2)
and (H3) hold, §/e € N and S9(Ks,,T,) C WL, (Ks,).

per
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If in addition to (Q1),(Q2),(H1) and (H2), (H3) holds, then (5.10)
and (5.11) hold with raprop given by

Cs 6 if 6/e €N, SUK5,,Tp) C W, (Ks,);

0 if 6/ € N and SUK;,,Tn) C W, (Ks,), the
o explicit decomposition af(x) = a(x,x/€) is
Mob = available and collocation in the slow variable
is used for the FE-HMM;

Cyi(5+%) ifd)e ¢ N and SU(Ks,, Tp) C HY(Ks,).

(5.12)

Proof. The estimates (5.8) and (5.9) are obtained from the decompo-
sition (5.1) and the Propositions 14,15,16. The estimates (5.10),(5.11)
are obtained from the decomposition (5.1), the Propositions 14,15,16
and Lemma 6. Finally the estimates (5.12) are obtained from the de-
composition (5.1), the Propositions 14,15,16, Lemma 6 and Lemmata
7,8,9. O

We emphasize that the value of ¢ in the micro error depends on
the regularity of the solutions of the micro problem and the chosen
boundary conditions (see Remark 4). We close this section by noting that
approximation of the fine scale solution u. is possible with the FE-HMM
by extending the micro information available on the sampling domains
K5, on the whole corresponding macro element. We refer to [1],[7],[24]
for details.

6 A posteriori error analysis

Various approaches have been developed for the a posteriori error analysis
of single scale problems. We mention estimators based on local residuals,
on local boundary value problems or on local superconvergence properties
(see [34],[13] for an overview and references). Estimates in terms of
quantities of interests or goal oriented adaptivity has also attracted
growing attention in the past few years. Such error estimations allow to
adapt the finite element mesh to a quantity of interest dictated by the
specific application [13],[31]. In this paper we restrict ourself to estimates
in the energy norm. We note however that estimates in the energy norm
are usually an essential ingredient for estimation in other quantities of
interests.

Among the various approaches to a posteriori error analysis (see
the discussion in Section 4), we will focus on explicit residual based
estimators.

Single-scale adaptivity. Assuming first that the homogenized problem
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(2.3) is explicitly known, then the classical procedure can be described
as follows. Consider for v € H}(Q)

Bl 0)=Balufl0) =3 [ (£ +div (a (@) Vi) oo = (R, ).

KETH

were the residual R(ull) is defined as an element of the dual space of
H} (). A simple calculation shows that

HLCQIIUO —uif || m1(9) < 1Rl -1(0) < Alluo = ug' | (o),

Q

where A\, A are given by (2.2) and C, is the constant given by the Poincaré
inequality. The task is thus, for “single scale adaptivity”, to find explicit
computable (local) estimates for this dual norm [34]. A crucial quantity in
these explicit bounds are the so-called fluxes on the interface of elements.
Let KT, K~ € Ty be elements sharing a common interface e € £, where
En denotes the set of interfaces. Then

Jo(ull) = (ao(zc)VugI"+ - ao(m)VuéJ’_) e = [ (z) Vull]e,  (6.1)

is the flux at the interface e of an interior edge, where the unit outward
normal n. is chosen to be n™.

Multiscale adaptivity. As a°(z) is usually not readily available, and
as we would like to use only quantities already computed on the sampling
domains (to avoid supplementary costs), we have to proceed in a different
way.

For simplicity, we use piecewise linear macro an micro FE simplicial
elements (i.e. S§(Q,7y), and S'(K;s,7y), respectively). Thus, we set
J =1 in the quadrature formula of the FE-HMM z; x = xx for the
integration node located at the barycenter and w; x = wx = |K| (see
Section 3). Notice that in this situation, we have v/, ;- = v in (3.6) for

H e S§(Q, Th).

Before proceeding with the analysis, we define our local indicators.
Consider fp, a piecewise constant approximation of f over 7. We then
define a local error indicator ny (K) on an element K by

i (K)? o= HE || full3 Z

eCOK

(6.2)

L2(e)’

where [aVu"], is defined in (4.13). It is ny (K), involving only known
quantities (after the numerical solution has been computed), which will be
used as an indicator for the a posteriori error. The magnitude of ny (K)
on each element K will determine whether or not a macro element is
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refined. A possible marking strategy is the so-called Dérfler bulk-chasing
procedure [22]. Given a parameter 0 < § < 1, the procedure consists in
finding a minimal subset 7y of 7y such that

7w (K)? = 0ng (Q)°.

KG’ZA’H

The elements in ’]A'H are then marked for refinement.
We also define the data approzimation error £y (K) on an element
K by

€ (K) o= HE | fr = I3y + || (% (1) — 0 (2) V[ e, -
(6.3)
Here a” (z) is the unknown homogenized tensor of problem (2.3) and
a% (rk) is the numerical tensor (piecewise constant on each K in the
present situation) defined in (4.7). In order to motivate the above error

indicator and data approximation error let us give the following lemma.

Lemma 18. Assume that the tensor a®(x) = a(z/e) = a(y) is Y -periodic
in y and that the micro problems (3.6) are solved exactly in the FE-HMM,
then

2 2 1 2
mi (K)? = B3 o +5 30 He [ lo0ValL [, (6.9
eCOK

& (K)* = Hi 1 fi = flz2 ) - (6.5)
Proof. The fact that
[ecVugk]e = [a°Vu'].,

with ux being the solution of (3.6) in W, (K5) constrained by u" is
a consequence of (4.14) (remember that if a®(z) = a(z/e) then a° is a

constant tensor). The fact that

| (@ (w) = 0° (2)) V[ ) =0

is a consequence of supyer, [|a(zx) — a% (zk)||F = 0 (as (4.9) vanishes
with exact micro functions) and (4.11). O

The indicator (6.4) and the local data approximation (6.5) are the
quantities used in usual (single scale) adaptive FEM based on explicit
residual, i.e., the indicator and the data approximation that are ob-
tained when applying a standard residual based adaptive strategy for
the discretization of the homogenized problem (2.3) with piecewise linear
FEM. Our indicator and data approximation are thus consistent with
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the classical theory. Furthermore, the lower and upper bounds stated
below (see Theorems 19,20) also reduce to the classical bounds if using
piecewise linear FEM for the numerical discretization of (2.3). We now
prove the main theorem about a posteriori estimates. We follow [11].

Theorem 19 (Upper bound). Let ug,u! be the solutions of problems
(2.3) and (3.8), respectively. Then

2 2 2
where C' only depends on the shape reqularity constant, the coercivity and

continuity bounds (2.2), the dimension d and the Poincaré constant Cgq.

Proof. Using the representation formula (4.16), we obtain
By (eH,eH) = / fu (eH —IHeH) dx—l—/ (f — fu) (eH—IHeH) dx
Q Q

=Y [e® (@) Ve (" = Tue™) ds
ecEVE

+ Z /K(a%(l‘f() —a’ (z)) VuHve dz,

KeTy
where I is the Clément interpolation operator defined in Section 4.4. No-
tice that we used the identity B (uH, IHeH) = ZKETH fK f (IHeH) dx
in the above equality. Defining ¢ := e — I'yef, using the interpolation
estimates (4.17),(4.20) and the Cauchy-Schwarz inequality gives

By (e ef) < C’< > He |l full 2oy HveHHL2(N(K))
KeTy

+ Z Hi [(f = fu)ll p2cx) HveH||L2(N(K))

KeTy
+ 1 | [E@VEL| e

ecE e L2(e)

©Y (aelrn) - a () T HwH!|L2(K)) |
KeTy

The coercivity of By(-,-), the Poincaré inequality and the finite overlap-
ping property of the neighborhoods N (K)

Z HVGHHL2(N(K)) <C Z HVGHHLz(K)’
KeTy KeTy

where C' depends only on the shape regularity of the triangulation and
the dimension d, allow to obtain the stated result. O
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As in the classical theory [34], we use bubble functions to derive a
lower bound on the error. We recall the construction of such functions,
belonging to a so-called bubble space. Let 7g be a refinement of 7 such
that every K € Ty has an interior node Zx € K\OK in 7y, and every
edge e of Ty not on the boundary 92 has an interior node z. € e\de
in %H. Based on the triangulation T, 1 we define a piecewise linear FE
space S (2, Ty) D S§(Q, Ty ). Associated to K € Ty, we then consider
a so-called bubble function ¥ € Sé(Q,?N’H) such that 0 < Y < 1,
Y (Zg) = 1 and g = 0on Q\K. For a finite dimensional (here
piecewise constant) approximation fz of f € L%(f2), we have,

Cllalfee) < [ fun nct) da. (6.6)

where we used the equivalence of norms on a finite-dimensional space
and where the constant C is independent of fy and depends only on the
shape regularity, the degree of the finite element space Si(Q,7x) and
the degree of the finite dimensional approximation fg. For Ky, Ko € Ty
denote the common edge by e = K; N Ky and let ¢, € S}(Q,7x) be a
bubble function such that ¥ (z.) = 1, 1. = 0 on Q\(K; U K3). Using
the equivalence of norms on a finite-dimensional space, we find that

CH' < /weds, (6.7)

where C' is independent of 1. and depends only on the shape regularity
and the degree of the finite element space S (€, 7). Using the Cauchy-
Schwarz inequality we also have ||vel[ 2 gy < C(H x)%? which yields,
together with the inverse inequality (4.21),

d—2

Hvd)e”m(x) < OHI_<1 ||1/)e||L2(K) <C(Hk) 7 . (6.8)

Theorem 20 (Lower bound). Let ug,u” be the solutions of problems
(2.3) and (3.8), respectively. Denote by wi the domain which consist of
all elements sharing at least one side with K. Then

nir (K)” < C (o = w31y + €1 (@)%

where C' only depends on the shape regularity constant, the coercivity and
continuity bounds (2.2), the dimension d and the Poincaré constant Cq.

Proof. We start by estimating the so-called interior residual. Using the
representation formula (4.16) with a test function given by v := ¢k fy €
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H} () gives
/ fu (i fu) de =Bo(e" Yk fr) */ (f = fu) ¥k fu dr
K K
- [ (afk(on) = a* @) VUV (G fa) d

Using (6.6), (VY fu)llr2x) < CH' YK frll 2k (the inverse in-
equality (4.21) for ¥k frr), the continuity of By(-,-) and the Cauchy-
Schwarz inequality yields

H N ity <C (19673 ey + HE N = S0l
+ H(a%(xK) —a° (m)) VuHHiZ(K)) . (6.9)

We now estimate the so-called jump residual. We use again the
representation formula (4.16) with v := 1), and obtain

/e[[ae (z) Vul]etpe ds = K;(z (/KI fe dx — /Kl a® (z) Vel Vi, dx

+ /K (a%(zk,) — a’(x)) Vu Vi), da:).

i

e — d—1 e —
Using (6.7) gives [ [a® (z) Vuly]etpeds > C He* H[[af (z) Vult]. 2o

(notice that the multiscale flux is constant in e). The Cauchy-Schwarz
inequality and the inequality (6.7) yields

2
L2(e) <C Z (HIQQ

K1, K>

H, ||[a¢ (z) Vul ], fH”QL?(Ki) + ||veHHi2(K1;)

0~ ) o,
+ (o) — a® (@) VuH [ ) (6:10)

and using (6.9) we obtain

H, ||[a* (z) Vil ]e +HZ,

(f*fH)H%Z(we)

+ H (a% —a® (z)) VuHHQLQ(WE)) , (6.11)

where H,,, = max;—12 H;, we = K3 U K. Adding % of (6.11) for all
e € OK to (6.9) gives

nir (K)? < C (o = || oy + €1 (@)%

H 2
[

< c (||ve

2
L2(e

and the proof is complete. O
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It remains to discuss the data approximation involved in £y (see
(6.3)). The first term in (6.3) is standard and represents in general a
higher order perturbation. For the second term we first have

2 2
H (a(l)((xK) - aO (l‘)) quHL2(K) S Slglfg ||a(}((xK)_a'O(m)”% HVUHHLz(K) )
and we further have the following decomposition

sup [laj (z2x) — a®(2)|% < sup [[a”(z) — a® (2|3 + sup [la° (zx) — af (2|7
zeK reK reK

TMAC,K TMOD,K

+ sup [lag (vx) — af (zx) ||
rEK

TMIC,K

similarly as in Section 5. Estimates of the various terms are further
detailed in the following theorem. As for the Theorem 17, all the constants
are independent of H, h and ¢.

Theorem 21. For K € Ty, let a%(-) be defined by (4.7). Assume that
the homogenized tensor a® (see (2.3)) satisfies (H1) (see Section (4.1)).
Then,

sup lak (vx) — a” (@)l < C1Hx +rurex +ruop k. (6.12)
e

If in addition to (Q1), (Q2) and (H1), (H2) hold with ¢ = 1 and
SYK;s,Th) C H&(K(;j), then

h 2
Sulgl\a%(xx)—ao(x)\\% < C1Hg + Cs (5) +rvop.k.  (6.13)
xe

Alternatively , we also have (6.13) if (Q1), (Q2), (H1), (H2) (with
q=1) and (H3) hold, /= € N and S*(K;,Tp) C Wy, (Ks,).

per

If in addition to (H1) and (H2) (with ¢ = 1), (H3) holds (see Section
4.8), then (6.13) hold with ryop k given by

Cs3 9 if5/5€N, Sl(Kéa/Th) CWpler(Ké);
0 if 6/e € N and S*(K5,T,) C W), (Ks), the
o explicit decomposition o (x) = a(x,x/e) is
"MOD.K = available and collocation in the slow variable
is used for the FE-HMM;
Cy (6+§) if /e ¢ N and S (Ks,7Tp,) C HY (Ks).
(6.14)
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Proof. The proof of (6.12) follows directly from the Lipschitz continuity
assumption of a’. The proof of (6.13) follows from the Lemma 6. Finally,
the proofs of the three estimates (6.14) follow from the Lemmata 7,8,9. O

Micro refinement. As we refine adaptively the macro mesh 7y we
have to appropriately refine the micro mesh in the sampling domains
K belonging to the macro elements marked for refinement. In view of

Theorem 21 we see that .
h vV HK,

. . 7 o h
is an appropriate refinement strategy, where h = =

Acknowledgments. The author thanks A. Nonnenmacher for a careful
reading of the manuscript.
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