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A PRIORI ERROR ANALYSIS OF THE FINITE ELEMENT
HETEROGENENOUS MULTISCALE METHOD FOR THE WAVE EQUATION IN
HETEROGENEOUS MEDIA OVER LONG TIME

ASSYR ABDULLE*} AND TIMOTHEE POUCHONT#

Abstract. A fully discrete a priori analysis of the finite element heterogenenous multiscale method (FE-HMM)
introduced in [A. Abdulle, M. Grote, C. Stohrer, Multiscale Model. Simul. 2014] for the wave equation with highly
oscillatory coefficients over long time is presented. A sharp a priori convergence rate for the numerical method is
derived for long time intervals. The effective model over long time is a Boussinesg-type equation that has been
shown to approximate the one-dimensional multiscale wave equation with e-periodic coefficients up to time O(e~2)
in [Lamacz, Math. Models Methods Appl. Sci., 2011]. In this paper we also revisit this result by deriving and
analysing a family of effective Boussinesg-type equations for the approximation of the multiscale wave equation that
depends on the normalization chosen for certain micro functions used to define the macroscopic models.
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1. Introduction. The wave equation in heterogenous media is used in a number of scientific
and engineering applications such as seismic inversion, medical imaging or the manufacture of
composite materials. When the typical size of the heterogeneities (denoted here by ¢) is much
smaller than the scale of interest, standard numerical methods such as the finite difference method
(FDM) or the finite element method (FEM) become prohibitively expensive as scale resolution is
needed for the mesh sizes. In such situations, homogenization theory (see [12, 25, 17, 29]) provides a
systematic procedure to derive an effective equation for the highly oscillatory wave equation, whose
solution no longer oscillates on the e-scale (see [13] for the specific case of the wave equation).

However in practice, no explicit solutions for the effective equation is available (usually obtained
by the so-called G-limit of a sequence of differential operators [13]) hence multiscale numerical meth-
ods are required. The method considered in this paper is based on the heterogeneous multiscale
methods (HMM) [21, 3, 4]. In this framework, a macroscopic effective equation is computed on a
macroscopic grid that does not resolve the fine scale oscillation. The data of the effective equation
are recovered “on the fly” by solving micro problems on sampling domains with size proportional
to €, hence at a cost independent of e. A finite difference scheme based on the HMM (FD-HMM)
was proposed by Engquist, Holst and Runborg [22] and a finite element heterogeneous multiscale
method (FE-HMM) was later proposed in [5] together with a fully discrete analysis of the method.
We mention also upscaling methods that do not rely on scale separation [33, 30, 14] but on coarse
multiscale basis functions obtained by solving local problems on each macro element of the compu-
tational domain. In contrast to homogenized based methods the computational cost to obtain the
macro model is no longer independent of ¢.

Classical homogenization describes well the propagation of waves in a strongly heterogeneous
medium for short time. The true oscillatory solution however deviates from the classical homog-
enization limit with increasing time as dispersive effects develop. To capture these longer time
dispersive effects Santosa and Symes [32] proposed a higher order homogenized model that is a
Boussinesq type equation which unfortunately is ill-posed. Based on this model, it was nevertheless
shown in [23] that the FD-HMM can be modified to capture the long time dispersive effects of
the fine scale problem using time dependent micro-solvers and space-time sampling domains with
growing sizes as € — 0. The scheme based on an effective flux recovery needs well-prepared initial
data and a high order micro-macro coupling. We also note that a regularization step is needed as
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2 A. ABDULLE AND T. POUCHON

the limiting equation is an ill-posed problem. In [9] the numerical error arising from the approxi-
mation of the effective data in the FD-HMM has been analysed. We finally refer to [10] for recent
development of this method.

Recently, Lamacz [27] derived a “good” Boussinesq equation for one-dimensional wave prob-
lem with periodic oscillatory coefficients and proved that the heterogeneous wave solution can be
approximated with error O(¢) (in an L°(L?) norm) up to time O(¢~2). The results in [27] and the
construction of an appropriate correction of the L? scalar product of the FE-HMM, triggered the
development of a new multiscale method called FE-HMM-L [6] that captures a well-posed effective
equation with time-independent micro problems with a computational cost similar to that of the
FE-HMM. In particular, only the micro functions needed for the classical elliptic homogenization
problem are needed for the correction of the L? scalar product. This method was shown to be well-
posed and consistent with the classical homogenization problem for the wave equation. Numerical
evidence did indicate that the method is able to capture the long-term dispersive effects.

In this paper we aim at analysing the FE-HMM-L over long time. While the FE-HMM-L can
be applied to multidimensional problems, we restrict our analysis to one-dimensional problems as
this case already contains challenging issues. Let T° = ¢ =27 and consider u° : [0,7¢] x Q — R such
that

Ofus (t, ) = 0y (a® (x)0pus(t, 2)) in (0,7¢] x Q,
x = uf(t,x) Q-periodic in [0,7¢], (1.1)
us(0,7) = ¢°(x), Owuf(0,z) = g'(z) in Q,

where for Y C R, a(z) = a(£) = a(y) is Y-periodic in y and ¢°, g' are given initial conditions.
We assume that the domain Q C R is a union of unit cells of size €|Y|. The effective model derived
in [27] is of the form

90 = a°9%a + 21002024, (1.2)

It is well-known that the effective coefficient a” is obtained by a® = [, a(y)(1 + dx)dy, where
X is the periodic solution of an elliptic boundary value problem in Y. Next, while the effective
correction b° in Lamacz’s paper was obtained by a cascade of cell problems, it was simply obtained
in the FE-HMM-L scheme by an L? average of x? (see [6]). It is not difficult to see (as we show
in this paper) that the two definitions are equivalent. But this rises then the following question :
as the function y is periodic we need to choose a normalization when solving the corresponding
periodic boundary value problem. While this normalization does not matter for the definition of
a® it determines the value of b°. Precisely the value [, xdy = 0 was chosen in [6] and for this
normalization we obtain the effective equation (1.2) from [27]. In the first main result of this paper
we show that any normalization yields an effective equation whose solution approximate the true
solution with error O(e) up to time O(¢~2). We obtain the following family of effective equations

02u = a°0%u — 2 (a0hu — b°020% ). (1.3)
Except for its theoretical interest, the effective equation with @2 # 0 seems of little practical use
for numerical approximation. This is true for one-dimensional problems. It turns out that for
multidimensional problem, fourth order differential operator cannot be avoided (already for the
standard normalization) [19, 20] and there is some hope that the additional liberty from the above
generalization might allow to construct efficient numerical schemes based on the FE-HMM-L. The
generalization of the family of effective equations and its interplay with the construction of the
FE-HMM-L for multidimensional wave problems over long time is currently under study and out
of the scope of this paper.

For the second main result of the paper, we allow for locally periodic coeflicients af(z) =
a(z,x/e) = a(x,y) Q-periodic in 2 and Y-periodic in y and a source term f in equation (1.1). For
the usual normalization (denoting by @ the solution of the corresponding Boussinesq equation) we
prove that

_ _ 2
10:(@ — wpr)||Los 0, 72512 () + |12 — 'UJH”L“’(O,TE;Hl%Q)) < C(h/e?)” + e, (1.4)
@ — wm Lo (o,re12(0)) < C(h/e?)” +efF,
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where ugy is the solution obtained by the FE-HMM-L relying only on the equation (1.2) and h is
the size of the mesh used in the sampling domains. The terms eg?M and eEzEM are the standard
error estimates between u and its FEM approximation on a mesh of size H independent of ¢ in the
H! and L? norm, respectively. The constants C' in (1.4) are independent of H,h,e. Notice that
the rate (h/e?)? is different than the corresponding rate for elliptic or parabolic problems for which
(h/€)? has been derived [1, 8]. The above rate for the long time integration of the wave equation is
sharp as shown in our numerical experiments. Combining this result with the first main result we

also obtain (for periodic coefficients)
2
Hu€ — UH||L00(01T5;L2(£2)) < C(E + (h/52) ) + eEQE7 (1.5)

where C' is again independent of H, h,e. We note that this result is the first a priori error estimate
for the numerical solution over long time [0, e~ 2T for an HMM or a numerical homogenization type
method.

The rest of the paper is organized as follows. First, we describe the family of effective equations
and prove the error estimate between its elements and u° in Section 2. In Section 3, we define the
FE-HMM-L and perform the a priori analysis. Finally, numerical results illustrating our theoretical
finding and the performance of the FE-HMM-L are presented in Section 4.

Notations and definitions. Let O C R be a bounded open set and define the standard
space of square integrable functions L2(Q) and the Sobolev space H*(0) = {v € L2(0) : 97v €
L2(0) 1 < m < k}. Equipped with their usual inner products, L2(O) and H*(0O) are Hilbert spaces.
We define the mean of an integrable function v : O — R as (v)o = |O]7! [, v(x)dz. We define
the quotient space £2(0) = L?(O)/R and denote by a bold face letter v the equivalence class in
L2(0)/R. Equipped with the inner product

(v,w)£2(0) = (v— (v)o,w — <w>0)L2(0) = (v,w)L2(O) — 0| {v)o{w)o Yv € v,w € w,

L£2(0) is a Hilbert space. The equivalence class of v € L2(0) is also noted [v]. Denote by C2,.(O)

per

the O-periodic functions of C>*(O) and define the space H}. (O) as the closure of 33, (O) for the
H' norm. We define the quotient space Wpe:(O) = HL . .(O)/R and for v € Wyer(O) we define

Ov = v € L2(0O) for all v € v. Equipped with the inner product (v, Ww,..(0) = (V,W)200) +
(0v, 0w)12(0), Wher(O) is a Hilbert space. Note that thanks to the Poincaré-Wirtinger inequality,

v = [|0v]|L2 (o) is @ norm on Wye(O), equivalent to || - [lw,,.0)- The dual space W, (O) is
characterized as follows : for F' € Wr_ (O), there exists f € £L*(0), f' € L*(O) such that
_ (0 1
<F’v>W;er((’)),Wpcr(O) - (f 7'0)52(0) + (f 76'0)L2(0)- (16)

Furthermore, |[F|[w:_(0) = inf{]| f°ll z2(0) + I/ l12(0)}, where the infimum is taken over all f© €
L£2(0), f! € L*(O) satisfying (1.6). From characterization (1.6) we verify that a functional of
[Hllmr(O)]* given by w — (f°, w)r2(0) + (f4, Ow)12(0) for some 1O, ft € L%(0), belongs to Wier(O)

if and only if

(f°, Drzo) =0, (1.7)
or equivalently f© has zero mean. Define L3(O) (resp. Wper(Q)) as the set constituted with the zero
mean representative of £2(Q) (resp. of Wper(O)). Equipped with the standard L? inner product
(resp. H'), LZ(O) is a Hilbert space (resp. Wpe(O)). Note that the following embeddings are
dense Wy,er(0) C L§(O) € W, (O).

For a Banach space X and p € [0,00), LP(0,T; X) is the space of functions v : [0,7] — X such
that [|v||Leo,7;x) = (fOT lo()]1% dt)l/p < 00. The definition is similar for p = oo, with the L>
norm in time. To simplify the notation we will often use the shorthand notation || - ||Le, || - [lLe(x)
instead of || - ||Lr(0) and || - [[Lr (0,7 x) Tespectively.

2. A family of effective equations for the wave equation over long time. We
present here our first main result. We consider problem (1.1), assume that a® belongs to L>°(Q)
and that it is uniformly elliptic and bounded, i.e. there exists A, A > 0 such that

A<a®(x) <A forae z€Q Ve>0. (2.1)



4 A. ABDULLE AND T. POUCHON

For the well-posedness of problem (1.1), we refer to Lions and Magenes in [28]. A detailed proof
may be found in [24]. If ¢° € Wy (), g' € L3(Q) then there exists a unique weak solution
u® € L*(0,T% Wper(Q)) with dyu® € L?(0, 7% L§(Q)) and d7u® € L*(0,T%; W}, (Q)). We note that
u is proved to be even more regular, u® € C([0, T¢]; Wy, (Q)) and 9;u € C([0,T¢]; L3(£2)).

2.1. Convergence result for the family of effective equations. We describe next
a family of equations whose solutions approximates well u¢ in the L>°(L?) norm over long times
O(e72).

As mentioned in the introduction, an a priori error estimate between u and the solution of a
Boussinesq equation over times O(¢~2) was first proved by Lamacz in [27] for one particular effective
equation among the family of effective equations presented below. The proof of our result is inspired
by the techniques developed by Lamacz with several changes. First, the proof in [27] is done for an
unbounded domain 2 = R, while we present here a proof in a bounded (periodic) domain. Second,
in [27] the effective coefficient is defined through three auxiliary problems whereas the definition
of our effective coefficients require one single cell-problem. Third, we define an adaptation of the
effective solution with correction up to order €4, while in [27] it goes up to order €°. Fourth, we
require the effective solution to satisfy @ € L>°(H?(Q)),d:a € L>=(H*(Q)), 9?0 € L>°(H?(Q2)) and
the proof in [27] requires @ € L°°(H"(Q)), 0?4 € L°>°(H®(Q)). Finally, in [27] well-prepared initial
conditions are needed, but an intermediate error estimate in the L>°(H!) norm is obtained. In our
proof, we avoid this assumption as we restrict ourself to an error estimate in the L>°(L?) norm.

We first define the usual cell problem in periodic elliptic homogenization. As the normalization
of its solution will be important for the higher order effective equation, we define this cell problem
in Wyer(Y). Let x € Wyer(Y) be the unique (equivalence class of) solution of the cell problem

(a(y)ax, 8w)L2(Y) = —(a(y), 8w)L2(Y) Vw € Wper(Y), (2.2)
and define the homogenized tensor by
a® = {a(y)(1 + X))y - (2.3)

Note that a® is elliptic and bounded for the same ), A as in (2.1). Let °,a% > 0 be non-negative
coefficients and consider the following equation : find @ : [0, 7°] x Q — R such that

0% = a®0%u — £*(a%0%u — b°02070) in (0,T°] x 9,
x — U(t, ) Q-periodic in [0, 77, (2.4)
w(0,2) = ¢°x), 0u(0,z) =g'(z) in Q.

The well-posedness of equation (2.4) can be proved using the Faedo-Galerkin method (see [24, 28]).
In particular, if we assume that g° € Wy, () NH2(Q) and ¢! € LE(Q) NH(Q) then, there exists a
unique weak solution of (2.4), @ € L>(0, T Wper(Q)) with 9 € L>°(0,T%;LE(2)). The following
theorem is our main result of the first part of this paper. It provides a sufficient condition on the
coefficients °,a2 so that @ describes the effective behaviour of u°.

THEOREM 2.1. Assume that the tensor af(x) = a(%) = a(y) is uniformly Y -periodic and
a(y) € Wh(Y). Furthermore, assume that the solution i of (2.4) and the initial conditions
satisfy the reqularity

@€ L®(0,T5;H%(Q)), o € L>®(0,T%;H4(Q)), 0% € L>(0,T%;H?(Q)),
¢° € HY(Q), g¢' e H3(Q).

2

Let x be the solution of (2.2) and assume that for a x € x, the coefficients W, a satisfy the relation

a"0” —a® = a"(x%)y —a"(\)¥. (2.5)
Then the following error estimate holds
[0 =l Lo (0,72512(0)) < Ce(llgt ey + 19° a1 (2.6)

+ ||l 0,551 (0)) + 11078l Los 0,713 (2)) )
where C' depends only on Q, T, Y, a, A and A.
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Theorem 2.1 shows that there exists a family of functions that describe well the behaviour of
u® in the L*°(L?) norm. Let us express this family in an explicit way. First, note that the class
x of solutions of (2.2) can be parametrized with the mean of its elements (x)y € R. Second, we
claim that (2.5) is equivalent to the definition

b = bo < >Y7 @ = GO<X>§/= (27)
where b0 = <(x — <X>y)2>y is non-negative and independent of (x)y. To see it, first verify by a
direct computation that (2.7) implies (2.5). Next, let us show the converse implication. As a? is

non-negative, we can write it as a* = a’(x)% for some (x)y € R. Hence, making use of (2.5) we
have

a"t” = a®(*)y — a ()} + % = a™((x — (W)v)?)y +a’ (0T = "0 + (03,
and as a® > 0, we recover (2.7). Now, the result of Theorem 2.1 ensures that the set
F = {ii(y) solution of (2.4) with b, a? defined in (2.7)}, (2.8)

constitutes a family of effective solutions for u®. The elements of F are indexed by the parameter
(x) = (X)v € R because each distinct value (x) € R corresponds to a distinct effective solution
U(y) € F.

2.2. Adaptation and correctors. To prepare the proof of Theorem 2.1, we start by
defining correctors needed for the estimate (2.4). We show that relation (2.5) together with the
definition of a are necessary and sufficient conditions to prove the existence and unicity of the
correctors.

We begin with the formal technique of asymptotic development, standard in homogenization
theory. Let us summarize the process in our context. First, we make the ansatz that u® can be
approximated by an adaptation of @ of the form

Bu(t,x) = a(t, x) +ex(£)0.u(t, @) + £20(2)02u(t, ) + e’ k(L) 03u(t, x) + e'p(L)dpu(t, x), (2.9)
where x,0,x and p are Y-periodic functions, the so-called correctors. Then, noting A° =
—02(a(2)8,(+)), we explicitly compute (97 + A%) B using equation (2.4). For the term 97B%a, we
obtain

97 (Bea) = B (0}u) = 02+ ea®x2i + &2 (a®(0 + b°) — a*)ata + O(?).

A direct computation for the term A®

(B°
~0,(a(2)0,(B%a))(z) = & '(~

(-

b=

ﬂ) gives (recall that y = %)

9y (a(y)(1 +9yx))) 0z

9y (a(y)(x + 8,0)) — aly)(1 + d,x))d7a

8y (a(y)(0 + 9yr)) — a(y)(x + 8,0))07a

+e? (= 9y(aly)(k +yp)) — a(y)(0 + dyx))dza + O(®).

Next, we impose the constraint (07 + .A%)Ba = O(e?®) and end up with elliptic PDEs for x, §, k and

p, the so-called cell problems. The cell problem for x, given in (2.2), follows from the cancellation
of the e !-order term. The cell problems for #, x and p are given by

e (a(y)@@,aw)y = —(a(y)x,aw)y + (aly)(1+0x) — ao,w)y, (2.10)
et : (a(y)or, ow)y, = —(a(y)d,0w), + (aly)(x + 00) — a’y, W)y, (2.11)
e?: (a(y)op, ow)y = —(a(y)k, dw),, + (a(y)(0 + 9k) — a®(0 4+ %) + a*,w) (2.12)
for periodic test functions w, where we use the shorten notation (-, )y = (-, JL2(v)-
In order to show that these problems are well-posed in Wy, (Y'), we verify the hypothe-
ses of Lax—Milgram theorem. The assumptions on a(y) imply that the bilinear form (v, w) —

(a(y)Ov, dw)y is elliptic and bounded. We thus have to verify that the right hand sides are in
the dual space Wy, (Y) and for that matter we are going to verify that they satisfy (1.7). We fix

+

A/‘\

Y7
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arbitrarily x € x. The definition of a° in (2.3) implies that (a(y)(1 + dx) — a%1),, = 0. Con-
sequently, the right hand side of (2.10) is in W}, (Y') and problem (2.10) has a unique solution
0 € Wyer(Y). We fix arbitrarily § € 6 and consider now the solvability of problem (2.11). First,
noting that a(y)(1 + dx) € H(div,Y), we use integration by parts and equation (2.2) to obtain for
any yi1,y2 € Y

2

— [, (Hy = H,)0, ()1 + 03))dy = 0,

where H is the Heaviside step function. Hence, a(y)(1+4 0x) is constant and thanks to the definition
of a® we conclude that

a(y)(1+0v)|

a(y)(1+0x(y)) =a® VyeY. (2.13)

In a similar way, using (2.13) we show that a(y)(80 + x) = C is constant on Y. Dividing this
equality by a(y), taking the mean value and using the fact that a® = (1/a(y));" (thanks to (2.13)),
we obtain the equality

a(y)(x(y) + 00(y)) = a’(x)y Wy eY. (2.14)

The equality (2.14) implies that the right hand side in (2.11) satisfies (1.7) and hence (2.11) is
well-posed in Wyer(Y). We fix arbitrarily x € « and examine now the solvability of (2.12). Let
w = 1 in the right hand side. Using successively equation (2.2) with & as a test function and (2.11)
with x as a test function, we obtain

(a(y)(0 + 0k), 1)y, = (aly)(1 +8x),0), — (aly)(x + 80),x), +a® (X, x) -
Now, using (2.13) and (2.14), we have

(a(y)(0 +0K) —a® (O +1°) +a* 1), =a’(x,x), — a’ (v (x, 1), — |V [(a%° — &@?).

Hence, problem (2.12) is well-posed if and only if ao(x,x)y — a0<x>y(x,1)y —

[Y](a%8° — a2) = 0, or equivalently if and only if 5° and a2 satisfy the relation (2.5).

From now on, correctors will refer to functions x,#, k, p in the classes x, 0, k, p of solutions
of (2.2),(2.10),(2.11) and (2.12). Note that they satisfy the following hierarchical dependence :
depends on the choice of x € x, k depends on the choices of x € x and 0 € 0, etc.

We close this section by noting that if we assume a(y) € W*°(Y') then the correctors x, 6, &, p
are in H2(Y) and since the embedding H*(Y') < C°(Y) is continuous for dimension d = 1 we have
that x,0,x,p € CL(Y).

2.3. A priori error estimate. In this section we prove Theorem 2.1. The steps are as
follows : we first prove that B°G — u® solves (in an appropriate sense) an inhomogeneous wave
equation in Lemma 2.2. We then apply an a priori error estimate for this equation in Lemma 2.3.

Consider the adaptation of @, B°a, defined in (2.9) with the correctors ¥, 6, k, p. Since Q] =
nelY|, observe that B is Q-periodic and we have that B°a € H],(Q2) but B°@ is not in Wy (€2)

in general, as x, 0, k, p € HL_ (Q) and hence (B*@)q # 0. We consider next the operator HL_ (€) N

per per
H3(Q) = W3..(), v — Bv defined as

<BEU, w) = ([v+e(x — 9y0)d.v +&3(k — 0yp)I2v] W)y — (e%00,v + " pdiv, D, w) (2.15)

1.2’

where (-, ) denotes (-, )wz,, Wye.» [] 18 the equivalence class in £2(9) and the Y-periodic functions

X, 0, k, p are as usual defined on Q by setting y = 2/e. We observe that for v € H._ (Q) NH*(Q) we

per

have (Bv, w)yy- Woer = ([B°v],w),2. In the next lemma we show that B=i satisfies a variational

per’

formulation of the wave equation with right hand side of order O(e?) in L?(W;,(2)).
LEMMA 2.2. Under the assumptions of Theorem 2.1, Bea satisfies

(07 + A°)Bei(t) = REu(t) in Wi (Q) for a.e. t €[0,T7], (2.16)
where the right hand side R°4 € L?(0,T%; Wi, (Q)) satisfies the estimate

IR |2 0.0 w2y < O ([[llLos 0,72:m5 )y + 107 |Los (0,713 (52))) (2.17)
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for a constant C' that only depends onT, Y, a, A and A.
Proof. To simplify the notation, (-,-)w=_ w,. will be simply denoted (-,-). First, from the

per’

equation in (2.4) and the assumptions on the regularity of @, note that the following equalities hold
in L2(Q) for a.e. t € [0,T7],

0% = a°&%u — a0 a + 20092924, (2.18)
0,0%1 = a° 31 — £2a20>u + 20092924 (2.19)
Next, for a ¢t € [0,7¢] let us develop the terms 83 (Baﬂ) (t) and A° (3511) (t) separately. As B¢ does

not depend on time, note that <8t2 (Bgﬁ),w> = <l§583ﬂ,w>. From (2.18), using an integration by
part we obtain

([o7a] W)y = ([a 024 — e*a*u], W)y — (5250818311, drw)
n (B9}, w) (defined in (2.15)) we use this equality and get
(Beoti, w) = ([a°020 + e(x — 0,0)0,07 1 — £°a>0pii + €° (1 — Dyp) D207 ] , W) .,
— (20 4 b°)0.07 0 + £* 83070, D, w) |

We use now (2.19) to substitute 9,027 and obtain

(Beofi,w) = ([a°021 + ca®(x — 0,0)0%0 — e2a*0pi] , ) .,

— (5 a® (0 4+ 0034, (%cw)L2 (Riu, w),
where
(Rid,w) =& ([(k — dyp +b°(x — 0,0)) 05070 + @*(9,0 — x)a], w) .
+et (@0 +0")0u — (b°(0 + b°) + p)9207 i, dpw)
We integrate by parts to get
(Beotu,w) = ([a°020 + ea®x01i + £°(a°(0 + b°) — @°)0pti] , ) ., + (Rit, w). (2.20)

We develop now the second term :

(A (Bea),w) = ([ 7 (= 0y (aly) (1 +0,x))) D
+ (= y(a)(x +0,0) — aly)(1 +8,x)) 0%
(= 0,(a(v)(0 + 0,r)) — aly) (x + 8,0)) B2 (2.21)
2 (=0, (al)(r + 9yp) — aly) 0+ 0,1)) O3] w) |
+<R2&,w>,

where (R5a, w) = —*([a(y)(k + 0yp)030], w) ., — e*(a(y)pd3a, dpw), ,. Now, combining (2.20)
and (2.21) and using the cell problems (2.2), (2.10), (2.11), (2.12), we verify that (82 +.4%)B=a(t) =
Rea(t) where Reu = R5u + R5u. Consequently, using Holder inequality and the regularity of the
correctors, we obtain estimate (2.17)

”REG‘HLZ(WS“) < T1/2 1HREU||L00(W*

er

< Ce®(|lallue @y + 107 allLemsy). O
LEMMA 2.3. Under the assumptions of Theorem 2.1, n° = Bea — [u®] satisfies

101 Lo owzy + 10F e 22y < C (107 O) [z, + 17 (0) | 22 + IR allLzowe,,))

where C' depends only on A, A and T' and R°4 is given in Lemma 2.2.
Proof.  We use again (-, -) instead of (-, )= w,... Lemma 2.2 implies that

((07 + A" (1), w) = (Ra(t), w) Yw € Wper(Q) for ace. t €[0,T7). (2.22)

To simplify the notation let us drop the notation of the superscript €. Thanks to Lax—Milgram
theorem, define the inverse of A, noted A~!. Using the properties of A, we can show that A~!
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self-adjoint, elliptic ((F, A™'F) > A\/A?||F||}). ) and bounded (| A~!|| < A™!). Using (2.22) with
per
the test function w = A~19;n(t), we obtain for a.e. ¢t € [0, T]

L4 (@), A7 m(®)) + In(®)12) = (Ra(t), A~ 0(1)). (2:23)
Noting En(t) = (Oyn(t), A9 (t)) + ||n(t)||%, we integrate (2.23) over [0,&] to get

3
En(e) = En(0) + 2] (Ra(t), A am(n) dt Ve € 0,77,
Using Hélder and Young inequalities and the bounededness of A1, we obtain
En(€) < En(0) + 20% /N[ Riill3s ows ) + M @A) 0l - (2.24)

Using the ellipticity of A~ we have A\/A?|0n(€)]3,- < En(§), hence, taking the L> norm with
per
respect to &, we obtain [|0in||f . ) < C(En(0)+ IRANZ: e )). Estimate (2.24) and the bound-

edness of A~! then gives

10en|Loe =y + Ml Loe (£2) < O(II@m(O)HW* + 100l 22 + | Rl[rr o= ))-

per per per

Thanks to Holder inequality we have |[Rariowy,,) < T1/2£’1HR&||L2(W;M) and the proof of the
lemma is complete. O .
Proof of Theorem 2.1. First, note that n° = Beu — [u®] satisfies at t =0

0°(0) = [exug” + €20039° + €2k03g° + ' p0;g°],
and for any w € Wye (),

(0 (0),w) = ([e(x — 9y0)Dag" +*(k — Dyp)Dig' ], w) ., — (£20029" + " pd2g", Opw) .
Hence, Lemma 2.3 together with Lemma 2.2 and the regularity of the correctors imply that n°
satisfies [|n° || (z2) < Ce(llg |z + 19°ms + |@llno sy + 070 1 (12)). Now note that || (B —
uf) ()72 = ||In°(0) |2 +1Q{(B°a — us)(t)>§2 and hence, using the normalization (4(t))q = (u®(t))q =
0, we obtain

185t — || (12) < I0°[lLoe (22) + Celli| Lo sy < Ce([lgt s + 19° s + oo 5y + 107 | oo (113 ) -

Finally, thanks to the triangle inequality and the obvious estimate || — B[ (1.2) < Cel|]|ro (ms),
we obtain (2.6) and the proof of Theorem 2.1 is complete. O

2.4. The homogeneous equation on time intervals O(¢~!). We briefly discuss here
the effective equation valid one time intervals O(e71). We show that in this situation, the “classical
homogenized equation” is still valid, following the arguments of Theorem 2.1. Let u” be the solution
of the homogenized equation

O2ul(t,z) = a®0%uO(t,z)  in (0,6 1T] x Q,
x— ul(t,z) Q-periodic  in [0,e 1T, (2.25)
u(0) = ¢° 0,u’(0) =g in Q.

We define the adaptation operator for v € HL_ (Q) N H3(Q) as

per
(Bv,w) = ([v+e(x — 9,0)0.v + e*kd3v] W)y — (£%00,v, 0, w)

* 29
WiersWper L

where x, 0,k € Hllmr(Y) are the correctors defined in Section 2.2. Then, similarly to Lemma 2.2, we

show that Bu® satisfies the variational wave equation (2.16) with a right hand side REu® of order
O(e) (in the L2(W?,,) norm). We set 7j° = B°u® — [u°] and repeat the proof of Lemma 2.3 in the

per
case of a time interval [0, 17T] to obtain
177 e 226 < C (10 (0) I, + 177 (0|2 + &[R4 20wy, () < Ce'/2.

per per

As in the proof of Theorem 2.1, we conclude that [[u® — u®||pe(g.c-1712(0)) < Cel/2.
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3. Analysis of the finite element heterogeneous multiscale method over long
times. In this section we recall the FE-HMM-L, a numerical method that captures the long time
behaviour of the multiscale wave equation at essentially the same cost (in the 1d case) as a classical
numerical homogenization method. We then give the first a priori error analysis valid for time up
to O(e72). We consider the oscillatory wave equation (1.1) with a source f € L2(0,7¢;L3(Q)) :
find u® : [0,7¢] x  — R such that

Opus(t, ) — 0y (a®(2)0pus(t,2)) = f(t,x) in (0,T¢] x Q,
x — uf(t,x) Q-periodic in [0, T, (3.1)
uf(0,7) = ¢°(x), Owf(0,z) = g'(z) in Q.

Most of the results in this section are valid for non-uniformly periodic coefficients of the form
af(z) = a(x,£), where a(z,y) is Q-periodic in  and Y-periodic in y.

3.1. An appropriate effective model for numerical approximation. We now want
to approximate numerically an effective solution for u¢. Among the family of effective equations
F (defined in (2.8), see Section 2), we pick (x)y = 0 which yields @*> = 0 and removes the 4th
order differential operator a?d;. As mentioned earlier this is the natural choice for one-dimensional
problem. Note however that for the multidimensional multiscale wave equation, the current effective
model [20] contains a fourth order term, also for the “natural normalization”.

Let us denote @ the effective solution of F corresponding to the parameter (x)y = 0. As the
numerical analysis is performed in the case of a locally periodic tensor, we define now explicitly «
in this context. For each = € €, define x(z,-) € Wpe(Y) as the unique solution of the cell problem

(al(z,)0yx(z,-), 6yw)L2(Y) = —(a(z, ), 8yw)L2(Y) Vw € Wper(Y). (3.2)
Define for x € 2 the tensors
a°(2) = (a(z, )1+ Oyx(, )y 1) = (@) )y (3.3)
and verify that a®(z) and b°(z) satisfy for A\, A as in (2.1) and some 8 > 0,
A<a(z) <A, 0<b(x) < B for a.e. z € Q. (3.4)
The equation for 4 is then : find @ : [0,7°] x 2 — R such that

OFu — 0y (a®(2)0pu1) — €20, (V0 (2)0,0%u) = f in (0,T°] x Q,
x — a(t,z) Q-periodic in [0, 7], (3.5)
w(0,7) = ¢°(x), O (0,z) = g'(x) in Q.

Define the bilinear forms

A’ (v, w) = (a®(2)0yv, Oyw) B (v, w) = (b%()0,v, Opw) (3.6)

L2(Q)’ L2(Q)’

and the Hilbert space S(Q) = {v € L2(Q) : 9,v € L*(Q)} equipped with the inner product and
corresponding norm

1/2
(v, w)sQ) = (v, w)r2Q) + £2Bo(v,w), lvlls) = (’U,’U)S/(Q). (3.7)

The well-posedness of (3.5) can be proved using the Faedo—Galerkin method (see [28, 24]). If we
assume that g% € Wpe (), g' € LE(Q)NS(Q) and f € L?(0,7;LE(12)), then, there exists a unique
weak solution of (3.5) 4 € L>(0,7T%; Wper(Q2)) with d;u € L>(0,7%;L3(2) N S(Q)). From now on,
we assume that 92 € L°°(0,7%;S(€2)). Hence, u satisfies

(OFu(t), v )S(Q) + A% (a(t),v) = (f(t),U)Lg(Q) Vo € Wper(2)  for ace. t € [0,7¢],

¢°, 9,u(0) = g". (3.8)

u(0)
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3.2. Definition of the FE-HMM-L. Following Abdulle, Grote and Stohrer in [7, 6],
we introduce the finite element multiscale method for the numerical approximation of the wave
equation (3.1) over long time.

Let Ty be a partition of €. Denote by Hyi the diameter of the element K € Ty and define
H = maxge7, Hx. The macro finite element space is defined, for a given ¢ € Ny, as

Vi (Q) = {vg € Wper(Q) @ vm|x € PYK) VK € Ty}, (3.9)

where P*(K) is the space of polynomials on K of degree at most £. Let K be the reference element
and for every K € Ty note F the unique continuous mapping such that F (K’ ) = K with 0Fk > 0.
We are given a quadrature formula on K by a set of weights and quadrature points {&;, Z; }3’:1
Note that it naturally induces a quadrature formula on K whose weights and quadrature points
are given by {ij = 0Fgw;, = K; = Fk (%) 3-]:1. The following assumptions are required for the
construction of the stiffness matrix to ensure the optimal convergence rate of FEM with numerical
quadrature [16, 15] :

(i) w; >0, j=1,...,J, (3.10)
(ii) [ p(@)di = Y7 0p(a;) ¥p € PO(K), o = max{20 —2,}. '
Furthermore, we assume that the quadrature formula {7, ws, ; 3’ 1, required for the computation of
the mass matrix, fulfills the followmg hypothesis
(iii) z] B@EN? = NIBll 2y VP € PUK), for a X' > 0. (3.11)

The quadrature formula {&}, %%} 7| defines a scalar product (and associated norm) on Vi (£2) x

Vi () equivalent to the standard L2 scalar product. For every macro element K € Ty and every
je{1,...,J}, we define around the quadrature point T a sampling domain Ks; = T + oY,
where ¢ is a positive real number such that § > ¢. Each sampling domain Kjs; is discretized in a
partition 75, where h = maxge7;, hg is the maximal diameter of the elements () € 7. The micro
finite element space is defined, for a ¢ € N5, as

Vh(K(;j) = {Zh S Wper(Ksz) : Zh|Q S 'Pq(Q) VQ S 77L} (3.12)

Remark 3.1. Other finite element spaces for the micro scale are possible. For example, we can
use ‘o/h(K(;j) = {zn € H§(K5;) : znlo € PUQ) VQ € Tp}. The formulation of the FE-HMM-L has
then to be adapted accordingly, e.g., replacing the function vy, by (v, — (vh)Kéj) in the FE-HMM-L
formula below.

The FE-HMM-L. Let g%, g}, be suitable approximations in Vi (£2) of the initial conditions
g%, g'. The FE-HMM-L is defined as follows : find uy : [0, T¢] — Vi () such that

(8t2uH(t),vH)Q +AH(’U,H(t),UH) = (f(t),vH)L2 Yog € VH(Q) for a.e. t € [O,TE],

3.13
un(0) = gy, Drun(0) = gl. (3-13)
The bilinear forms are defined for vy, wy € Vg (Q) as
Ap(ve,wpr) Z Z I | E(x)(?xvhij (a:)(?xwhﬁKj (x) dz, (3.14)
KeTy j=1 5jl JKs
(vir, wH)Q = (va,wn) 5 + (vE,wa),,, (3.15)

J
(ve,wa) , = Z Zw}(ij(x’Kj)wH(:v'Kj), (3.16)

KeTu j—l

(vrt,wr) = Z

Kt i1 | 53' Ks;

'Uh,Kj — vlli{ijj) (wh K; — wII‘{“K )( )dx, (3.17)

where the piecewise linear approximation of vy (resp. wy) around z K, is given by
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and the micro functions vy, K; for vy (resp. wp) are the solutions of the following micro problems
in Ks; : find Un,K such that (vh,Kj - v}i})‘Kj) € Vi(Ks;) and

(GE(I)amvhij,(%czh)LQ(Ksj) =0 Vzp € Vh(K(sj). (3.18)

3.3. Usefull reformulation of the FE-HMM-L. In this section, we give a reformulation
of problem (3.13) needed in the a priori analysis. We refer to [6, 7] for the details and to [1, 2] for
various estimates of the FE-HMM.

For every (K, j) € T x {1,...,J}, define Unk; € Vi(Ks;) as the solution of the cell problem
in the sampling domain Ky; :

(aa(x)amwh)[(j,amzh)Iﬂ(K&j) = —(aE(;L% 6mzh)L2(K5j) Vzp, € Vh(K5j), (3.19)

and define the approximated tensors a}; and b} at the quadrature point = K; a8

ay(vx;) = (a(x) (1 + 5m¢h,Kj)>K5ja b (ex;) = 572<(¢h,Kj)2>Kéj' (3.20)

We then have the two following lemmas (see [1, 2] and [6, 7] for the proofs) :
LEMMA 3.2. The bilinear form Agy can be rewritten for vy, wy € Vg (Q) as

J
Ap(vi,wa) = Y > wial (wi,)0pvn (2x ) pwn (2 ) (3.21)
KeTh j=1

Furthermore, Ay is elliptic and bounded, i.e., for any vy, wy € Vg (Q),

Ap(ve,vm) > )\HawvHHi?(Q)a Ag(vg, wi) < A /N|0v5 |2 |0 w120

LEMMA 3.3. The product (-,-)ar can be rewritten as (v, wg)y = €2Bu (v, wy), where the
bilinear form By is defined as

J
By (vg,wy) = Z Zwkjb?((UCKj)amvH(chj)3me(£CKj),
KeTu j=1

and is positive semidefinite and bounded, i.e., for any vy, wy € Vg (Q),
Bu(ve,vg) 20, Br(vg,wn) < Cl|0:vm |lL20) | Oswal12(0). (3.22)

where C is a constant independent of H.

Remark 3.4. We emphasize that although b'}((:ij) depends on ¢ the product (-,-)a does
not. In fact, ¥n,k; Is an approximation of sx(ij, Z), where x is defined in (3.2) (see the proof of
Lemma 3.12 for details). Hence, assuming § = ¢, we have via the change of variable x = ey

Hielany) = < 21Kl 7 [ (g (@) de = V17 (el 0)? dy = (e ),
where b°(x) is defined in (3.3). Consequently, By is obtained from B° by approximating the integral
with numerical quadrature and approximating b°(zx ;) with by (vx ).

Remark 3.5. As a consequence of Lemmas 3.2 and 3.3, problem (3.13) is equivalent to a regular
second order ordinary differential equation. Therefore, existence and uniqueness of a solution of
(3.13) is given by classical theory for ordinary differential equations [18] and the FE-HMM-L is
well-posed. Furthermore, the solution ug satisfies the regularity ug € L*°(0,7; Wper(2)), Orum €
L(0,T% L3(22).

3.4. A priori analysis of the FE-HMM-L. Let us first comment our analysis. Let @y
be the FEM approximation in Vi (2) of @. Proceeding similarly as in [11], we can obtain optimal
a priori estimates for ef® = ||u — @y|| in both the H! and the L? norms. Our purpose is not to
analyse e but to estimate e™M = ||ty — ug||, the error generated by the upscaling procedure.
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However, in order to have regularity assumptions on % (and not on %), we have to proceed to the
“full analysis” and estimate ||a — ug||.

Recall that £ is the degree of the macro finite element space Vg (€2). Let Iy be an interpolation
operator such that for v € Wpe (2) NH*T1(Q) where 1 < s < ¢,

1/2
( 3 o IHU||§{M(K)) < CH o) 0<m<s+1, (3.23)
KeTu
where C' is a constant independent of H and v. For example, Iy can be the nodal interpolation
operator introduced in [15]. The following a priori error estimates for the FE-HMM-L are our
second main result. We start with an L°°(H!) estimate.

THEOREM 3.6. Assume that § satisfies 0 /¢ € Nsq, that the micro mesh size is h < € and that the
degree of the micro finite element space is ¢ = 1. Furthermore, assume that the tensor a® € WH°(Q)
is collocated in the slow variable, i.e. for all (K,j) € Tg x{1,...,J}, a®(z) = a(ij, L) for a.e.
z € Ks;. Finally, assume that a®,0° € W>(Q) and dfu € L>(0,T%;H(Q)) for 0 < k < 4.
Then, the error e = 4 — upy satisfies the estimate

2
10cellLoe (0,722 () + llellLeeo,resmr () < Cr(h/e?)” + et (3.24)
FE

where eqr 15 the standard FEM error estimate,
et < Ca(llg" — ghllizce) +ellg' — ghllm @) + 19° — 9%l o) + HY),

Ch = OlZiZOHafﬁHLoo(HEJrI) and Cy = éQZi:0||afﬂ||Ll(Hé+l) with C1, Co independent of H, h, e
and 0.

The next result is an L>°(L?) estimate.

THEOREM 3.7. As in Theorem 5.6, assume that h < e, ¢ =1 and a®(x) = a(:ij, f) for a.e.
x € Ks;. Furthermore, assume that OFu € L°°(0,T%;H(Q)) for 0 < k < 3, gk = Igg' and
a® e Wg"’l’oo(ﬂ). Then, e = u — upg satisfies the estimate

2
lellLe 0,712 < C1(h/e®)” +ef%, (3.25)
where eE2E is the standard FEM error estimate,
ers < Ca(llg° — ghrllLz (o) +ellg® — 9ol @) + H' +eHY),

Cy = C’lzizoﬂatkﬁHLoo(Hul) and Cy = C’gZi:(JHafﬂHLl(Hul) with C1, Co independent of H, h, e
and §.

Combining now Theorems 2.1 and 3.7 we obtain the following estimate for the error between
u® the solution of (1.1) and uy the solution of the FE-HMM-L.

COROLLARY 3.8. Assume that the tensor a®(x) = a(Z) is periodic with a € W->(Q) and
[ =0. Also, assume that g% = Ing°, gy = Ing' and let the settings of the FE-HMM-L be such
that 6/e € N5, h<e, ¢=1 and £ = 1. Finally assume that the following regularity holds

¢® € HY(Q), ¢ €e H3(Q), 0OFueL>(0,T5H*(Q) 0<k<3.
Then, we have the following estimate
lu® — ur||Les 0,712 () < C1 (6 + (h/€2)2) + Cy(H? +eH),
where Cy = C‘lzizouafanm(m%) and Cy = C'gZiZOHBfﬂHU(Hz) with Cy,Cy independent of H,
h, € and §.

3.5. Proof of the a priori error estimates. The proofs of Theorems 3.6 and 3.7 are
divided into four Lemmas. We split the error 4y — uy as
’l_l,—’u,H:(’EL—WH’U,)—(UH—WH’E,):H—CH, (326)

where 7@ is the elliptic projection defined below. We first provide a priori estimates for n and (g
in Lemmas 3.9, 3.10 and 3.11. We then quantify the error made at the micro level by the FEM and
the error coming from the upscaling procedure of the FE-HMM-L in Lemma 3.12.
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In the whole proof, ¢ and C represent generic constants independent of H, h, e, §, u, ey,
epo (defined below). Hypothesis (3.11) ensures that ||vg|lg = (vH,vH)jlq/2 is a norm on Vg (Q),
equivalent to the L2 norm independently of H. Hence, using the result of Lemma 3.3, the norm

lvello = (UH,UH)1Q/2 (where (-,-)g is defined in (3.15)) satisfies

cllviillie < llvillq < C(lvallie +ellva ). (3.27)

Let us introduce the following bilinear forms, for vy, wy € Vi (),

AY (v, wi) = Y ZWKG (2x;)0pvm (2K ;) Do wr (2xc;),

KeTy j=1
J

B%(’UH,’U)H): Z ZijbO(:z:Kj)asz(ij)8sz(ij).

KeTy j=1

where a®(z), b° () are the exact tensors defined in (3.3). Furthermore, we define the following inner
product in Vg (), (vg, wn)go = (vi, wn) g + e*BY (v, wi). The HMM errors are defined as
cw= s |x) - ok, ew= s (k) — elox)
KeTy 1<5<J J J KeTu 1<5<J J J

where a'}((:tKj), b'}((ij) are defined in (3.20). Using Lemmas 3.2 and 3.3, we verify that for any

v, wy € Ve (Q),

|An (v, wi) — AY (vi, wi )| < eqol|Opv |12 || Ovwi ||z,

3.28
€2| Byt (vsr, wir) — B (vrr, wir)| < ep0 |0 12 | Otwp | e (3.28)

Finally, the broken norm on Vg (Q) is defined as |lvm ey = (Xxer, ””HH%I’C(K))UQ' Thanks
to assumptions (3.10) and (3.11) and provided sufficient regularity of a°, b°
estimates for the numerical integration errors (see [15, 31]) :

, we have the following

A% (v, wir) — AY (v, wa)| < CH 0| wesn, oo v || e |wer e,
1A% (v, wr) — AY (ver, war )| < CH||a||wroe lvm|Jar [[we |,

|B® (v, wir) — By (vir, wir)| < CHOY|60|yweoo |0 || e |wer |,

\(ver, wir)re — (vi, wi) | < CH ™ log |l ges [Jwg || gas,

for any vy, wy € Vi (Q) and p = 0,1 (A% BY are defined in (3.6)). In what follows, we will use the
following estimates for v € H1(Q) N W, () and wy € Vi (), p =0, 1,

|A%(v, wir) — A (I, wi)| < C(eqol|vllm + H*ollgers) [wa g,

(v, wr)s — (Tnv,wa)ol < Clewllvllm + (H +e2H)|[v]| e ) [wallgasn,

(3.29)

(3.30)

where (-,-)s is defined in (3.7). They are obtained by combining the triangle inequality, (3.23),
(3.28) and (3.29).
Define now the elliptic projection w7y @ : [0,7¢] — Vi () of the function @, solution of

Ag (rgu(t),ve) = (f(t),ve),. — (In0fu(t), vH) Yog € V() for a.e. t €[0,T°]. (3.31)

As Ap is elliptic and bounded 7wy u(t) exists and is unique for a.e. ¢ € [0,7¢]. Furthermore, using
(3.8) we have (f(t),vi) . = A°(a(t ) u) + (97u(t), vi) g and we obtain the estimate

Ol + |02a(®)|lim)  for ace. £ € [0,T°). (3.32)

Hence, provided 8%u € L>=(0,T¢; H ( )), we get mgu € L0, T¢; HL(Q)).

LEMMA 3.9. Assume that for 1 < p < oo, OFu,df%a € LP(0,T5;HY(Q)) for k > 0.
Then, Ofnyu € LP(0,T;H(Q)) and provided a®,b° € W4>(Q), the following estimate holds for
n= U — 7TH’EL7

||7THu ||H1 < C

15 0fn||Le ) + 105 ||Le ) SC((eao + ep0) (|0F oy + 110520 o) )

+H* (||3tkﬂ||LP(Hf+l) + ||af+2ﬁ||LP(H“1))) . (3.33)
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If in addition we assume a® € W T12°(Q), then
L0k nle) + 108nlras) < C(Q -+ ew)(ew + o) + HE 4 2H0)
x (10 al|Le ey + 10520l o ey ) - (3.34)

Proof. First, as the forms A°, (.,.)s, Ay and (.,.)q are time independent, the time differenti-
ation of equations (3.31) and (3.8) yields, similarly to (3.32), the estimate

oFmru)lm < C(I10Fa() | + 10, 2a(t)|m)  for ae. t € [0,T7).
Hence in view of the assumption on 0Fu, 9, k424 we obtain Oy € LP(0,T5; HY(Q)). Second, we
prove estimates (3.33) and (3.34) for £ = 0. The proof for k£ > 0 is obtained in the same way by

differentiating equations (3.31) and (3.8). Using (3.31) and (3.8) we have almost everywhere in
[0,7¢],

Ay (IHU,’UH) = Apg (IH’l_L, UH) —A° (’EL, ’UH) + (8311, UH)S — (IH(?E’E, UH)Q.
We make use of (3.30) to obtain for a.e t € [0,T¢],
An(Tan(t), o) < C((ear + ) 3 IOFaWll + H D2 10Fa(t) et ) o
k=0,2 k=0,2

Letting now vy = Ign(t), using the ellipticity of Ay and taking the L? norm with respect to ¢, we
obtain

e @y < O((eao + ep0) Z [0F |0 qany) + H* Z ||3tkﬂ||Lp(He+1))-
k=0,2 k=0,2

Note that n = @ — Izt + Ign and |[|o— gy < CHY(|a]lLsgre+1) and we have proved estimate
(3.33) for k = 0. To prove (3.34), we use a standard Aubin-Nitsche argument. For a.e. t € [0,7T¢],
note that [[n(t)|L: = supgerz2 () lgll2 | (n(t). ) L2‘. Let now g € L?() and define 1, as the solution
of the elliptic problem A°(v, py) = (g,v)r2 Vv € Wper(2). The regularity of a® and the polygonal
domain ensure that ||¢g4||g2 < Cl|g|lL2 (see [26]). Using (3.31) and (3.8), we verify that

AP (n(t), 0g) = A (n(t), g — var) + (InOFu(t), vm) o — (OFult), vmr) g
+ Ag (rgu(t),vg) — A (rpau(t), vg), (3.35)
for any vy € Vi (2) and a.e. t. Note that we can rewrite the last two terms as
Ag (rgu(t),vy) — A (rgu(t), ve) = A°(Tun(t), ve) — A (Tan(t), ve)
+ Ag (IHﬂ(t), ’UH) — A (IHﬁ(t), vH).
Hence, using the triangle inequality and (3.23), (3.28) and (3.29), we have
|Ar (raa(t),ve) — A% (wra(t), vn)| < C((eao + H)|[Tan(®)|ur + (eao + HH)(|a(t) [ mer) [l |-

Now, as (n(t), g)r2 = A°(n(t), ¢g), from (3.35) with vy = Igp,, we use estimates (3.23) and (3.30)
to obtain for a.e. ¢

[(1(0),9) 2| < C(HIn(lls + (ear + B Tn(lles + (eaw + H)Ja(0) e
+ e [ RBOw + (4 2H) 0200 ges: ) o e

Hence, as |[n(t)|lL2 < |lgllis |(n(t )L2’ and recalling that ||¢gllgz < C||g||L2, we obtain a bound
for ||n(t)||r2. Taking the LP norm with respect to t and using estimate (3.33), we obtain

Inlloe) < C((1+ ew + H)(eao + o) +ea H + H T+ 2H) 57 |0Faloqreen,
k=0,2

which yields estimate (3.34) for [|n]|L»(2). Finally, note that ||[Ign|e2) < (|4 — Igt||ie ey +
1]lLr 12y and use (3.23) to obtain (3.34) for & = 0. That ends the proof of Lemma 3.9. O
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LEMMA 3.10. The following estimate holds for (g = uyg — Ty,
10eCa ||Loe 12y + [ICa Lo ) <C(ef5™ + [Inllnee @) + 10|l L2y + €l Ol 1)
+ 1 Tudi L ey + ellLm 7l ). (3.36)
where ffi*™ = |g° — g3 + llg" — gkl +ellg’ — g e-
Proof. Using equations (3.13) and (3.31), we verify that for any vy € Vg (Q) and a.e. t € [0, T¢]
it holds

(atQCH(t)vUH)Q + An (Cu(t),vn) = (IHan(t)va)Q- (3.37)

Set vy = 0;Cu (t) and use the symmetry of the forms (-,-)g and Ay to get for a.e. ¢
L& (I0cu ()3 + An (Ca(®), (1)) = (IndEn(), 0¢a (1)) o

Setting ErCr (t) = [0:Cu ()3 + An (Cu(t),Cu(t)), we integrate this equality and get

EnCal€) = Ena(0) + 2 (1n02n(0). 0 (D) gt 6 € [0.7°). (3.38)

We apply now Cauchy—Schwartz, Holder and Young inequalities to bound the second term of the
right hand side of (3.38) as

§
2f0 (Iudn(t), OiCn(t) ,dt < 270070l () + 310 CH I~ (q)- (3.39)

As Ag (¢ (€),¢u(€)) > 0, combining (3.38) and (3.39) and taking the L> norm with respect to ¢,
we obtain the estimate %||6tCH||im(Q) < EuCu(0) 4+ 2||IH(9§17||%1(Q). A similar bound can then be

deduced for ”CH”iOO(Hl) from (3.38), (3.39) and the ellipticity of Ag. Then, using the boundedness
of Ay, we obtain

310CarllE e () + MICH 1 Eoe rry < 10eCr (O)1E + A/ NS (0)IF + 201 L0 n]E: () -
The first two terms satisfy (recall the splitting of the error (3.26))

10:¢ (0) g < llgir — g1l + 19:n(0) [l < gk — g' o + 119l (),
1€ )l < lgr — 9%l + [m(0)[[ar < llg%r — g% llms + lImllLee -

Finally, we make use of (3.27) to obtain estimate (3.36) and that concludes the proof of Lemma
3.10. o
LEMMA 3.11. If we assume that g3; = Ing', then (g = uy — U satisfies

¢k L2y < C(ef8™ + [nllroe 2y + ellnllioe ury + 1T Ol ey + el In il ), (3.40)
where ef8™ = [lg° — g3 |2 +ellg® — gyl

Proof. Rewriting (3.37) with vy = wg(t), where wy € HY(0,7%;Vy(£2)), we have almost
everywhere in [0, T°]

—(0¢Ca, 3th)Q + An (Cu,wr) = E(0(Iun — Cu), wH)Q — (08I, 3th)Q-

For £ € [0,7T¢], we define Wy (t) = ff Cu (7)dr, which satisfies Wy € HY(0,T%; Vi (), Wy (£) =0
and Oy = —Cy. We set wy = Wy in the previous equality and thanks to the symmetry of the
forms Am, (-,-)g we get almost everywhere in [0, T°]

3% (HCHH?Q + An (ﬁJH,tf/H)> = & (0e(Ipn — CH)awH)Q + (Iu 0w, CH)Q-

Recalling that by assumption 9;(Ign — (i )(0) = Ing* — g; = 0, we integrate over [0, ] and obtain
for all £ € [0,T°],

1€ O3 + A (1(0), 61 0) = [Ca O +2, ([ndn(®). Cal) gdt.  (341)
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As Ap is elliptic, note that Ag (wg(0), Wy (0)) > 0. The first term of the right hand side is bounded
using the triangle inequality as || ()l < ll9° — % llq + [1llL=(g) and the second is bounded
using Cauchy—Schwarz, Holder and Young inequality as

13
2 [ (Tndn(t),Cu (1)) o dt < 2 TudimlFa gy + HCa o)

Now, taking the L° norm with respect to £ in (3.41) and recalling (3.27), we obtain estimate (3.40)
and the proof of Lemma 3.11 is complete. O
LEMMA 3.12. Under the hypotheses of Theorem 3.6, e,o and ey satisfy

eqo < C(h/e)?, eyo < Ce(h/e)?. (3.42)

Proof. The proof of the estimate for e, o can be found in [1]. We prove here the estimate for eyo

in a similar way. For (K, j) € Ty x {1,...,J}, we introduce the exact solution of the cell problem
in Ks; : 1/}Kj € Wyer(K5s;) is the solution of
(a°(2)0uvic; 1 0u2) 0 (Key) = —(a%(2), 822) .» s,y V€ Woer(Ks ) (3.43)

We define b9 (ij) = 5_2<1/’§<j>1<5j and split eyo as ey < el + el where

eped = supsﬂbo(x;{j) - B?((ij)

, emic = supszyf)?{(ij) — b?{(a:Kj)’.
K,j K.,j

We show that : (i) eli°d = 0 and (ii) ep}ic < C’s(h/e)Z. Fix (K,j) € Ty x {1,...,J} and write
n=2¢eNsg, Ky = Ksj, 2 = Ty, U = YK,y Un = Ynk;, B0 = bO(ij), and similarly for b%
and b%. We verify that for any z € Wye (Kpe),

(alox 2) (00 (ex(x, 2)) +1),0.2) —0. (3.44)

Lz(Kns)

In order to do this, we split the integral over K. into n integral over sub-cells of size ¢|Y|, make
the change of variable £ = ey and use the equation for x (3.2). We conclude from (3.44) that
Y(x) =ex(zk, L) ae. on K,.. Similarly we show that

By = (ne) v~ [

(e £))" do = (ne) 7y | ; fy(x(:bx,y))2 edy =1’

and that proves (7). We now show (). First, as a® € Wh*°(Q) and [a®|w1.=(q) < Ce™!, elliptic
H2-regularity ensures that [Vl (k5) < 0871|K5|1/2. Hence,
¥ — nllLexs) < CRAWlnz(ky) < Ch2e ™ Ks|Y2. (3.45)

We then evaluate |K5|52‘B?< — b(}(’ = “WH%Q(K&) — ||z/1h|\ig(K5)‘ as

|Ks|e?|b% — b% | < 1Y — ¥nllais) 2N¢Nacas) + 1% — ¥nlliecr,))
and using (3.45), we obtain

K512 — bl < Ce(/e)* |2 (16l iy + 2 (/<)1)
As we are in dimension 1, ¢ € L= (Ks) and [|9||r2(x;) < [Ks|"/ 29|15 ;). hence,

| Ksle[p% — 0% < C|K5|(s(h/s)2 + aQ(h/a)4).

As we assume h < ¢, that proves (i) and the proof of Lemma 3.12 is complete. O
Proof of Theorem 3.6. Let e = & — up and denote the norm |[v]| = [|0sv]|re (12) + [|v][Loo (m1)-
Recalling the splitting (3.26), we apply the triangle inequality and Lemma 3.10 and obtain

lell < llnll + lI<all < C(eif™ + nllLee ey + 10enlle ) + [ Ta0Fnl|Ls ) (3.46)
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Let us focus on the last term of the right hand side. Using Lemma 3.9 and Holder inequality, we
have the bound

115070y < C (67 (eq0 + €00) Y jmg g |0F Ul ooty + CHYy—y 410Ul aesn)) . (3.47)

The second term of the right hand side of (3.47) is part of the FEM error eff’. For the first term,
Lemma 3.12 ensures that e 2(eq0 + ep) < C(h/e?)?. Finally, applying Lemma 3.9 on the other
terms of (3.46), we obtain estimate (3.24) and the proof of Theorem 3.6 is complete. O

Proof of Theorem 3.7. First, note that as we assume h < ¢ Lemma 3.12 ensures that (1 +
eq0)(eqo + eyo) < C(h/e)?. The rest of the proof follows the same line as for Theorem 3.6 : Using
the triangle and Hoélder inequalities and Lemma 3.11, we obtain

lellLoe ey < C(ef2™ + [Inlluoe w2y + ellnllioe @y + HudimllLrwzy + el ladmllu @)
< O™ W/ ool O e aess) + efF
That proves estimate (3.25) and the proof of Theorem 3.7 is complete. O
4. Numerical experiments. This section is divided in two parts. First, we verify through
several examples that the a priori estimate from Theorem 3.7 is sharp. Second, we illustrate the
result of Theorem 2.1 for various examples. Furthermore, we show that in practice the result still
holds in the case of Dirichlet boundary conditions and for a locally periodic tensor. Let us define
the data for the model problem as :
= (_151)7 Y = (_1/251/2)7
f=0 ¢ = e—%/0.05 _ <6—12/0.05>Q, gl =0.
4.1. Convergence of the FE-HMM-L to the effective solution. We verify here that

the term (h/e?)? in the estimate (3.25) of Theorem 3.7 is sharp. Let the data be as in the model
problem (4.1) and define the oscillatory periodic tensor as

a*(z) = a() = V2 +sin (7(22 - 1/2)), (4.2)

(4.1)

where we choose ¢ = 1/10. The homogenized tensor is given by a’ = <1/a(y)>;1 = 1 and the

solution of the single cell problem can be computed as x(y) = 2 atan ((1 + v/2) tan(ry)) — y + Co,
where Cj ensures (x)y = 0. Consequently, b° can be approximated accurately as b° = (x?)y =
0.00909633. We partition © in a macro mesh of size H = 276 and choose a P* macro finite element
method (i.e. £ = 4) so that the micro error term (h/e?)? dominates in estimate (3.25). The setting
at the micro scale of the FE-HMM-L are set as § = €, ¢ = 1 and we define the size of the mesh
at iteration n as h, = ¢/2"T!. The reference solution # is computed with P*-FEM on a mesh of
size Hyet = 277. We use a leap-frog scheme for the time discretization with At = H,et/50, which
ensures stability and a negligible time discretization error. For n = 1,...,12, we compute @ and
ug on the time interval [0,e72] = [0,100]. The obtained error |& — wg ||y, (1z2) is reported in the
left plot of Figure 4.1, where we observe that it converges with rate 2, as predicted by Theorem 3.7.

We perform the same experiment with homogeneous Dirichlet boundary conditions instead of
periodic (g% must be replaced by ¢° + ¢ € H}(Q), ¢ € R). We observe in the center plot of Figure
4.1 that the result of Theorem 3.7 also holds in this case.

We consider now the locally periodic tensor

af(x) = a(z, %) = § + ¢ (sin(27z) + sin (27L)), (4.3)

where we set € = 1/10. Note that a®(x) and x(z,y) can be computed analytically and hence b°(x)
can be approximated very accurately. The right plot of Figure 4.1 shows that in this case again the
error converges with rate 2, as predicted by Theorem 3.7.

4.2. Dispersion and Boussinesq corrections. In this section, we first illustrate the fact
that the family of effective equations analysed in Theorem 2.1 captures the long time dispersive
effects of u?, while the homogenized solution ©° does not. Second, we compare u° and % in the cases
of Dirichlet boundary conditions and a locally periodic tensor. Finally, we show that for even longer
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a®(z) = a(x/e), periodic b.c. a®(z) = a(x/e), hom. Dirichlet a(z) = a(z, z/<), periodic b.c.
_ _ 10%
2 llu— uHIILf«)éTs;LZm» il lla— uHHLjC((;Tf;U(SZ)) 0 o ||t — [l 0. 12 )
——slope (h/e?) ——slope (h/e?) 10° ——slope (h/gQ)z
10°F = 10°} & ,
, , 10
10 10
107
10" 10"
10°
107 _ 107
- y
o 10
107 107
10° 10? 10* 10° 10? 10* 10° 10° 10*
(h/e)™ (h/e)™ (h/e2) ™"

Fi1G. 4.1.  Log-log plot of || — uH”LOO(L?) for the following settings (from left to right) : tensor (4.2), periodic
b.c. ; tensor (4.2), homogeneous Dirichlet b.c. ; tensor (4.3), periodic b.c.

times T¢ = O(e®) additional dispersion effects appear in u® which are not captured by u. Note
that @ always represents the solution of (3.5), i.e., the effective equation with the normalization
(x)y =0.

We set the data as in the model problem (4.1) with periodic boundary conditions and pick
the oscillatory periodic tensor given by (4.2), where we choose ¢ = 1/20 (a” and b° are given in
Section 4.1). We compute reference approximations of u°, u’ and % with P-FEM, on a mesh of
size H = €/25. The leap frog scheme is used for the time integration with a time step At = H/50.

We first compare u® and u°. Observe in Figure 4.2 that as the time increases, dispersion effects
appear in the macro behaviour of u%, while it does not appear in u°. As expected, u® describes well
the macro behaviour of u® at short times (t = 20 = e~1), while at long time it does not capture all
its features. Next, we compare u® with @. In Figure 4.3, we observe that the dispersion effects of
u® are accurately captured by u even for a long time T¢ = ¢~2 = 400, as predicted by Theorem 2.1.

For the same data, we compute the solutions @) of (2.4) for several values of (x) in [0, 0.6].

0.8

0.6

0.4

0.2r

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Fic. 4.2. Comparison between the fine scale solution u® and the homogenized solution u® (tensor (4.2),
periodic b.c.).

As (2.4) involves a 4th order differential operator in space, 1,y is approximated using C L_FEM on
a mesh of size H = ¢/16. On Figure 4.4, we display u¢, u°, @ and Uy at £ =400 = £72 (each color
corresponds to a particular (x)). The result of Theorem 2.1 is verified : all the @,y and @ captures
the long time dispersive effects of u°.

Consider now the same problem but with homogeneous Dirichlet boundary conditions (instead
of periodic). Even though this setting does not verify the hypotheses of Theorem 2.1, we verify for
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-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Fi1G. 4.3. Comparison between the fine scale solution u® and the Boussinesq solution @ (tensor (4.2), periodic
b.c.).

time t = 400

0.6 0.7 0.8 0.9

FiG. 4.4. Comparison between the fine scale solution u®, the homogenized solution u® and the Boussinesq
solutions @y (equation (2.4)) for (x) € [0,0.6] (tensor (4.2), periodic b.c.).

this example in Figure 4.5 that at times O(e~2), @ captures the dispersive effects of u¢, while u®
does not.

We consider now the locally periodic tensor (4.3) where we set € = 1/20 and the model problem
(4.1) with periodic boundary conditions. In Figure 4.6, we observe that the result of Theorem 2.1
is still verified numerically for this example.

In the last experiment, we show that the e2-order operator of the effective equation (3.5) is not
sufficient for times O(e73) or greater. Set the data as (4.1) with periodic boundary conditions and
pick the tensor (4.2) with e = 1/20. In Figure 4.7, we can see that at ¢t = 2000 > ¢, dispersion
effects that are not captured by u are visible. At t = 7900 ~ 73, these effects are even more
pronounced. It seems likely that at times O(¢~%), an additional correction operator is required in
the effective equation in order to fully capture the dispersive effects.
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