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ABSTRACT. We present an investigation of the Residual Free Bubble finite element method
for a class of multiscale nonlinear elliptic partial differential equations. After proposing
a nonlinear version for the method, we address fundamental questions as existence and
uniqueness of solutions. We also obtain a best approximation result, and investigate possible
linearizations that generate different versions for the method. As far as we are aware, this is
the first time that an analysis for the nonlinear Residual Free Bubble method is considered.

1. INTRODUCTION

Important physics and engineering problems are nonlinear and of multiscale nature. Ex-
amples include certain models for flow in porous media and mechanics of heterogeneous
materials. We consider in this work nonlinear elliptic problems of the form

(1.1) — div]ae(z,ue, Vu,)| = f in Q, ue =0 on 09,
where  C R? is a polygonal domain,
(2, Ue, V) = e (x)b(e) V .

and o, might have an oscillatory nature. We describe further restrictions on the coefficients
latter on.
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2 A NONLINEAR RFB METHOD

Problems like (1)) are often dealt with using homogenization techniques, even in the linear
case. However, this is not always convenient due to restrictive hypothesis on the coefficients,
like periodicity or certain probabilistic distributions. Thus, even for the linear situation,
several authors developed methods that can compute approximations that do not rely on
homogenization.

It is well-known that standard Galerkin methods perform poorly for such equations, linear
or nonlinear, under the presence of oscillatory coefficients [1323], and there is a strong inter-
est in developing numerical schemes that are efficient for problems with multiscale nature.
Important methods include the Generalized Finite Element Method (GFEM) [7], the Discon-
tinuous Enrichment Method (DEM) [28], the Heterogeneous Multiscale Method (HMM) [21],
and the Multiscale Hybrid Mized Method (MHM) [21321[36]. We concentrate our literature
review on the the Residual-Free Bubble Method (RFB) [8,13H15,29,80] and the Multiscale
Finite Element Method (MsFEM) [23126,[34L[35,37] since they are closer to our own method.
For all the above methodology, the goal is to derive numerical approximations for the multi-
scale solution using a mesh that is coarser than the characteristic length € of the oscillations

(in opposition to [43,144]).

The idea behind the MsFEM is to incorporate local information of the underlying problem
into the basis functions of the finite element spaces, capturing microscale aspects. Its analysis
was first considered for linear problems, and assuming that the coefficients of the equations
are periodic [25/[35]. Latter, the non periodic case was also considered [33]. An extension for
nonlinear problems appears in [24], for pseudo-monotone operators, and the authors show
that, under periodicity hypothesis, the numerical solution converges towards the homoge-
nized solution. They also determine the convergence rate if the flux depends only on the
gradient of the solution. Further variations of the method were considered in [I7.[18]. The
MHM method shares some of the characteristics of the MsFEM, but so far it was considered
only for linear problems.

The HMM approach for linear and nonlinear problems differs considerably, but, as in the
MsFEM, the method is efficient in terms of capturing the macroscale behavior of multiscale
problems. See [21L[38] for a description of the method, and [22] for a analysis of the method
involving linear and nonlinear cases.

The Residual Free Bubble (RFB) formulation [8/14[15] was first considered with advection-
reaction-diffusion problems in mind. The use of RFB for problems with oscillatory coefficients
was already suggested in [13], and investigated in [41] for the linear case. See [46] for a clear
description of how the MsFEM and RFB relate.

In the present work, we extend the RFB formulation for a class of nonlinear problems, with
oscillatory coefficients, as in (ILI]). Such model is a natural extension of the linear problem
with oscillatory coefficients, and of the nonlinear problems as considered in [20], without
oscillatory coefficients. We remark that the RFB was considered only in the linear setting,
with one exceptions [40] which considers numerical experiments with RFB for shallow water
problem in an ad hoc manner.
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Assume that a.(.) : 2 — R is measurable, and that there exist positive constants a, and
a1 such that

(1.2) 0<ap<afr) <o almost everywhere in .

Assume also that b : R — R is continuous and belongs to W2 (R), and that there exists a
constant by such that

(1.3) 0<by<b(t) forallteR.

Note that a uniform coercivity follows from the above hypothesis, i.e., for almost every = € €2,
and all t € R and & € R?,
e (2)b(t)€.€ > aghol|€].

Rewriting (L)) in its variational formulation, we have that u. € H;(£2) solves

(1.4) a(ue,v) = (f,v) for all v € Hy(Q),
where
(15) a.0) = [ adabv) Vo Vo d.

Throughout this paper, we denote by L?*(€2) the space of square integrable functions, by
Waer HY(Q), H'(2) the usual Sobolev Spaces, and by H'(2) the dual space of H}(2) [12,
27]. By C we denote a generic constant that might have different values at different locations,
but that does not depend on h or e.

The outline of the article is as follows. After the introductory Section [, we describe the
RFB method in Section 2] and discuss existence and uniqueness of solutions in Section Bl A
best approximation result is obtained in Section M, and possible linearizations are discussed
in Section Al

2. THE RESIDUAL FREE BUBBLE METHOD

Let 7, = { K} be a partition of {2 into finite elements K, and, associated to Ty, the subspace
Vi, C H}(Q) of piecewise polynomials. The classical finite element Galerkin method seeks
a solution of (L4) within Vj,. The RFB method secks a solution within the enlarged, or
enriched, space V,, =V}, & V},, where the bubble space is given

Vi ={ve HyQ) : v|g € Hy(K) for all K € T}

That means that we seek u, € V, such that
(2.1) / ac(x)b(u,) V(u,) - Vo, de = / fu.dz for all v, € V.
Q Q

The second equation in the above system is obtained, for each fixed element K, by considering
v.|r € H3(K) arbitrary and vanishing outside K. An integration by parts yield the strong

equation of (2.)).
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This is equivalent to search for u, = wu, + uy, where u, € Vj, and u, € Vj, solve

/ ae(2)b(up + up) V(up + up) - Vo do = / fopdx  for all v, € V3,
Q Q
— div{oe(@)b(u +up) V(up +up)] = f in K, for all K € 7j.

The coupled system (2.2)) defines the Residual Free Bubble Method. The use of bubbles allows
the localization of the problems of the second equation of (2.2)), while the first equation has
a global character. Such formulation induces a two-level discretization, where the global
problem given by the first equation in (2.2]) should be discretized by a coarse mesh, and the
local problems given by the second equation of ([22]) should be solved in a fine mesh. Thus,
in terms of computational cost, the first equation is global but posed in a coarse mesh, and
the second equation requires refined meshes, but they are local and can be solved in parallel.

Note that for linear problems, it is possible to perform static condensation, “eliminating”
the bubble part in the final formulation, which is then modified and posed only on the

polynomial space [8[I3HI5BILM41]. See remark below.

(2.2)

Remark 2.1. If £ denotes a linear differential operator, and a(-,-) the associated bilinear
form, then it results from the RFB that u, € H}(K) solves

Eub = —Euh+f mn K.

Denoting by L'+ H™YK) — H(K) the local solution operator, we gather that wy|x =
£Rl(f — Luy). Thus u, € Vj, solves that

alup, vp) + a( Z L Lup,v) = (f,v) — al Z L f,on)  for all vy, € Vj,.
KeTh KeTh

The formulation above is a perturbed Galerkin formulation. The perturbation aims to capture
the microscale effects neglected by coarse meshes.

3. EXISTENCE AND UNIQUENESS OF SOLUTIONS

In this section we prove existence and uniqueness results for the continuous problem and
for the RFB formulation. We adapt here ideas present in [4,[11]. We shall make use of the
following version of the Schauder Fixed-Point Theorem [19].

Theorem 3.1 (Schauder Fixed-Point Theorem). Let E be a normed space, A C E a non-
empty convex set, and C' C A compact. Then, every continuous mapping T : A — C has at
least one fixed point.

The following result guarantees existence and uniqueness of solutions for the variational

problem (L4).

Theorem 3.2. Let a(.) and b(.) such that (L2) and ([L3) hold. Then, given f € L*(),
the variational problem ([L4) has one and only one solution in H}(Q).
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Our proof of Theorem B.2]is based on the lemmata that follow. We first observe that (3]
suggests the definition

(3.1) T¢: L*(Q) — Hy(Q),
such that, for every w € L*(2), the operator w® = T(w) € HJ () solves

(3.2) / ae(z)b(w) Vw. Vodr = / fvdr for all v € H}(Q).
QO 0

The operator T is clearly well-defined since, from the hypothesis imposed on a, and b, the
bilinear form above satisfies the hypothesis of Lax-Milgram Lemma.

Lemma 3.3. Under the hypothesis of Theorem[32, the operator T¢ given by BI) is con-
tinuous.

Proof. Let {w,,} be a sequence in L?(2) such that w,, — w strongly in L*(Q). Consider
T(wy,) = w, and T¢(w) = w*. Then,

/ a(z)b(wy,) Vs, - Vodr = / fodx forallv € H(R),
0 0

/ a(z)b(w) Vw - Vodr = / fvdr for all v € H)(Q).
Q Q
Subtracting both equations, it follows that

/ ae(z)b(wy,) Vw;, - Vodr — / e ()b(w) Vw - Vodr =0 forallve Hy(SQ).
0 0

Adding and subtracting w* we gather that

/ a(2)b(w,y,) V(ws, —w +w) - Vodr = / a()b(w) Vwe - Vodr forall v € Hy(Q).
Q 0

In an equivalent form, for each v € HJ (),
(3.3) / o (2)b(1wn) V(wf, — w') - Vv da = / (%) (b(w) — b)) V wf - V v da.
Q Q

In particular, for v = w;, — w* it follows that
aobol| V(wy, — w50 < / ae(2)b(wm) V(wy, —w) - V(wy, —w)
Q

_ /Q au(2) (b(w) — bluwn)) V o - V(ws, — u) da
< alH [b(w) — b(wy,)] V w

Thus, || V(wS, — w)|oa < C’H[b(w) — b(wy,)] Vwe||, o Now [, since b(w) — b(wy,) — 0 in
measure, and that | Vwe|? € L(€2), we conclude that ||[b(w) — b(w,)] V we|,, = 0. Thus
wt, — we strongly in H(Q). O

ol V0 =0 o
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Lemma 3.4. Let F' € CY(R) such that F(0) =0 and |F'(t)| < L for allt € R. Let Q C R?
be open, and let 1 < p < oo. Then

a) if v € WHP(Q), then Fov € W'(Q) and O(F ov)/dx; = F'(v)dv/dz;, for 1 <i<d
b) if v e WyP(Q), then Fov € WyP(Q).

Proof. [12 Proposition 9.5]. O

Lemma 3.5. Under the hypotheses of Theorem [3.2, the uniqueness of solutions for (L))
follows.

Proof. Let, for t € R,

Since b € C°(R), then b € C'(R). Moreover, Nl;’ is always positive, and then b is a bijection
in R. Consider the Kirchhoff transform U, = b(u.). From Lemma 3.4 we gather that
VU, = b(u.) V u,
and U, € H}(€). Thus, (LJ)) is equivalent to the linear problem
—divijae(z) VU] = f in Q,
U.=0 on 0f.
that is, u, solves (L)) is and only if U, solves (B.4).
From Lax-Milgram Lemma, there is at most one solution for (3.4]), and therefore, there is

also at most one solution for (LT]). Indeed, if there were two solutions for (I.]), we would
be able to construct also two solutions for (B.4]). O

(3.4)

We now prove Theorem [3.2
Existence. Consider in Theorem B.I] that A = E = L*(Q), C' = H}(Q)), and the operator T°

defined by (B.1). Then, from Lemma B.3] we conclude that 7 has a fixed point. O
Uniqueness. Follows from Lemma O

To show existence of the RFB solution, it is enough to pursue the same ideas just presented,
but now considering the operator

T . LA(Q) =V,

where, for a given w € L*(Q), we define wt = Ty (w) such that
/ ae(2)b(w) Vws. Vodr = / fvdx forallveV,.
Q 0

As in Lemma B3] the operator T is continuous. The proof is basically the same, replacing
Hg(Q) by V.
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Remark 3.6. In [20] the existence and uniqueness result for solutions for the MsFEM re-
quires monotonicity. Such results were obtained [45] without monotonicity assumptions, but
under the condition that the discrete and exact solutions are close. We follow the same
approach.

To establish a uniqueness result, let Lu = — div]ae(z)b(u) V u|, and its Fréchet derivative
in u defined by

L' (u)v = —div{a(z) V[b(u)v]} = — div{a(z)[b(u) Vv + b (u)v V ul.
Consider also (LH) and

a'(u;v,x):/gozEV[b(u)v]~VX:/Qoze[b(u)Vv-Vx—i—b/(u)vVu-Vx],

induced by £ and L' respectively. From [39, Theorem 6 and Remark 6], it follows that £'(u)
defines an isomorphism from H}(€Q) in H~'(Q). Note that if y = b(u)v, then

w00y Vbl
vemi@  lIxlh [b(uw)v][1
Note also that
[b(u)vly = [|b(u) Vo + V' (w)o Vaullo > [[b(u) Vollo — |6 (w)v V ullo,

> aol[b(u)vlly = c(u)[v]s-

and, on the other hand, from Poincaré’s inequality,
1" (w)v Vullo < [| Vb(u) || Loy vl < Call V b(u) || @) | V 0llo-
It is enough to consider then
c(u) = ao(by = Col| V b(u) || 1= @)-

Thus, for ||ul|1,. sufficiently small, ¢(u) is positive.
In what follows, we consider the Galerkin projection P, : H}(2) — V, with respect to the
bilinear form [, ae(2)b(ue) VvV x dz. Assume also that

Ix = Puxllzz) < é(h)llxlla @),

where ¢(h) — 0 independently of e. This holds, for instance, if a(-) is e-periodic [18].
Consider the following result.

Lemma 3.7. Let u and u € H (). Then

a’ (; vy,
(3.5) &(uw)||vpli < sup /(15 v, Xn)
XhEVR ||Xh||1

where &(u) = c(u) — é(h) = |lu = al|100[|l]2,00ltll0,00 | 2]1,00-
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Proof. To show (3.3]), note that

a'(u; v, xn) = / ac[b(a) Vo, -V x, + b (@), ViV xy]
Q
= / a{b(u) Vo, - Vx, +0(w)v, Vu-Vx,}
9)

+ /Q af[b(a) — b(w)] Vo, - Vx,+ [V (@) Va—V(u) Vulo, - V xn}
> a'(u; v, xn) = OllonllilIxalls
where
0 = [[allo,o0l[bll2,00 [l 1,00 1% = t]]1,00-

Observe that, from [45, Lemma 2.2],

a' (w; vp, Pux) > a'(u; v, x) — ¢(R)||on 1]l x]1

for all x € H}(Q). Then

a'(u;vp, Xn) a’(; vn, PrX)
sup —————= = sup ————=
XnEVr Xl XEHL(Q) | Pax Iy
/ . P / .
> ¢ sup a (uvvha hX) B 5||Uh||1 > sup a (uavth)
XEHL(Q) Il XEHE () Il

> [e(u) = é(h) = dlflonlly = e(w)][vallx

= (é(h) 4 9)lvallx

for 6 and h sufficiently small. Above, we use the inequality || P,x|l1 < ¢llx|:-
Theorem 3.8. Let uy, and uy, be two solutions for the discrete problem such that
[ = unll100 + v = nl1.00 <,
where n 1s small enough. Then up, = uy,.
Proof. Note that
[ —un — t(an —un)|| < (1= 8)[Ju = un| + tlu = anl] <,
for all £ € [0,1]. Let n be small enough such that

c(u) = c(u) = é(h) = n|bl[200]l 0,00l el}1,00 > 0.
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Then

1
&) un — iinlls = ew) / lun — anly dt
0

1 / ~ ~
(T, — up); wp —
S/ sup a'(up + t(Up — wp); wp — U, Xn)

dt
0 Xh€Vh HXhHl

fol a'(up, + t(Up — up); up — Up, Xp) dt

< sup
Xh€Vh [Ixnlx
1 q ~
Za(up + t(un, — up), dt
~ wp o arun + t(an — up), Xn) o
Xh€Vh [Ixnlx
Since ¢(u) > 0, then uy = ay,. O

4. BEST APPROXIMATION RESULT

We establish here a Céa’s Lemma type result for the Residual Free Bubble Method. The
strategy to obtain such result is to consider a linearization A(w,;-,-) of (LH) centered at the
“enriched solution” u,. We consider then the following linear problem to find w € H{ ()
such that

Aluy;w,v) = (f,v) forallv e Hy (),
where
Auy;w,v) = / ae(z)b(u,) Vw - Vodu.
Q
Thus, A(u,;-,-) is coercive in H} (), since

(4.1) A(uy; w,w) = / ae(z) b(u,)| Vw|2d:c > CQO{ObOHwHiQ,
Q

where Cq is the Poincaré’s constant.
We establish first the following identity.

Lemma 4.1. Given v, € V,., the following identity holds

(4.2) Al ue — Uy, vy) = Aue; U — Uy, v,) = /Qoze(:c)[b(ur) —b(ue)] Vue - Vo, du.



10 A NONLINEAR RFB METHOD
Proof. Indeed,

A(uy; ue — Uy, ) = / a(z)b(u,) Vue. Vo, de — / ae(z)b(u,) Vu,. Vo, dz
Q Q

:/ae(z)b(ur)vug.vvrdl"—/fUrdI
0 Q

:/Qae(:v)b(ur)VuE.erd:B—/ag(x)b(ue)VuE.erda:

Q

- / o (2)[b(uy) — b(u)] V . V vy da.
Q
The proof of the second inequality is similar. O

We end the present section establishing a best approximation result in the enriched space
V.. This is a Céa’s Lemma type result for the multiscale nonlinear problem [10]. An advan-
tage of the estimate is that it requires less regularity of b(-) than in [20], cf. also Remark .41

We often use Holder’s inequality

1/2 1/2
/Qfghdx < [ fllzslglesBllzs < AUl gl ool 2

where we use also the continuous embedding H'(Q2) < L%(Q) (for dimensions smaller than
three).

Proposition 4.2. Let a.(.) and b(.) satisfying (L2) and (L3), respectively. Then, for u.
sufficiently small in W(Q), it follows that

(4.3) | V(ue — u)lloo < C|| V(ue —w,)|oo for all w, € V.
Proof. Let w, € V,.. To establish (4.3]), compute

(4.4)  Alur; e = U, ue — up) = AUp; Ue — Up, Ue — W) + AUy Ue — Up, wr — ;)

= /Qae b(u,) V(u® —u,) - V(u® —w,) de + /Qae (b(u,) — b(ue)) Vu - V(w, — u,) de

using (£2)). Denote by I, I; the first and second terms of (£4). We now estimate each of
these terms

I, = / acb(u,) V(u® —u,) - V(ue —w,) de < ¢1|| V(ue — up)|loall V(ue —w,)lo.q,
Q
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where ¢1 := a1]|b||oc. We estimate now Is:

I, = /QozE (b(u,) — b(ue)) Vue. V(w, — u,) dz

Salnb'nm/ iy — ] | V] | V(y — )] do
Q

1/2 1/2
< a8l sollutr — vl gy e — well 0y || V el oy e = well1 0

< a0 looll V el ooy lue — urll o) [[lue = urllig + llue = well10].
From (4.]), there exists 5 > 0, independent of €, such that
A(ur; Ue = Uy, Ue — ur) > ﬁ“ v(ue - uT)H(%,Q

Moreover, from the estimates for I, I5 in (4.4]), we gather that

Bl V(ue —ur)llso < erll V(e — w)llogll V(ue — wr)og

+ O‘1||b,||00|| VUGHLG(Q)HUE - UT’HHl(Q) [HUE - UTHLQ + Hue - erl,Q}-

Thus

Bl V(ue = ur)llog < (a1 + arllVllocll Vel o) llue — well o)

+ a1 [[0 ool V tell Lo oyl ue — ur 1.0,
and then
e = wrll1,0(8 — ar |V ||ooll Ve o) < erllue — wy |10

O

Remark 4.3. Proposition[]. is important because the best approzimation estimate is inde-
pendent of €, and shows in particular that the RFB method converges at least as well as the
MsFEM since the RFB approximation spaces contains the spaces employed in the MsFEM.
The choice of the approximation spaces is crucial here, since polynomial spaces with no bub-
bles added, a.k.a. classical Galerkin, yield a method that converges in h albeit non-uniformly
with respect to €.

Remark 4.4. Dropping the “small solution” hypothesis, (also present in [1]), an analogous
result holds. In particular, the estimate

e — w0y < C([lue — wellmie) + llue — urllz2))  for all w, €V,
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results from the above proof. An estimate for ||ue —u,|| g1 (o) was obtained in [20, Theorem 1],
under extra regularity for b(-). Following their proof, it is possible to show that

i = ey < Clhue = ey (1-+ inf o = Wiy + o = il )

+ Cllte = ey (nf 10~ U + e = w i ).

for all w, € V,., where ¢ is the solution of a linear dual problem. It follows then that ||u. —
Uy || 20 s small enough as long as the mesh size h is small enough, and a best approzimation
result follows. However, the compactness argument of [20] does not allow, in principle, the
mesh size to be independent of the small scales.

Finally, strict monotonicity is also a sufficient condition for the best approximation result
of Lemma [27], i.e,

/ ae(z)[b(v,) Vv, —b(w,) Vw,] - V(v, —w,)dx > c||v, — wr||%{1(9)
0

for all v,, w, € V,. In this case,

||, — wr||?{1(9) < C/Q ae(z)[b(u,) Vu, —blw,) Vw,] - V(u, —w,)dz

:c/aﬁ(x)[b(ue)Vue b)) V] - V(uy — w,) da
Q
< cf[b(ue) V ue — b(w,) V wy || p2o || wr — wr|| 1)
< C(Hb(ue) Vue — b(w,) Vue||L2(Q) + [[o(w,) V ue — b(w) verLZ(Q)) | ur — wT’HHl(Q)>

and we conclude that [|u, —w,| g1 ) < cl|uc —w, || g1 for all w, € V.. An estimate as (4.3
follows from the triangle inequality.

5. POSSIBLE LINEARIZATIONS

As in the original problem (IT]), the RFB approximation ([2.2), or equivalently 2.1I), is
still given by a nonlinear problem. We investigate here some ideas to linearize the problem.
In the next subsection, we investigate fixed point schemes, and in the following subsection,
we discuss a proposal named reduced RFB.

5.1. Fixed point formulation. A first idea to linearize the original problem (L)) is the
following. Let u? € HJ (), and for n € N, given v~ € H}(Q), compute u” € HJ () as the
solution of

(5.1) /Q ()b ) V(u") - Vv dr /Q fodz forall v € H(Q).
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In the context of the RFB method, we use (2.1]) to propose the following iterative scheme.
Let u € V;,, and n € N. Given v~ € V,, compute u” € V, solution of

(5.2) / e (2)b(u ) V(u") - Vv, dx = / fu.dx  for all v, € V,.
0 Q

Observe that the above scheme discretizes (5.0). Hence, discretization and linearization
commutes. Since the problem now is linear, we head back to the situation described in
Remark 2.1

We can also rewrite (5.2)) in terms of global/local problems. Given u} ' € V}, and u}' €
Vi, find uy € Vj, and uy € V4 such that

/ ae(@)b(u) ™t +up ) V(u) +up) - Vo, de = / fopdx,
Q Q

—div]e (@)b(u} ™t +u ) V(uf +up)] = f in K,
for all v, € V}, and all K € T,.

(5.3)

Lemma 5.1. Given u? € H}(Q) and v € V,, let u? € H}(Q) and u? € V, be defined

€ T

from B1) and (B2) for n € N. Then lim,, o u” = u. and lim,, o u” = u, in H} ().

Proof. We first consider the continuous problem, for a fixed e. Note that || Vu”|o < ¢/ f]-1,
and then || V u[|o.q is bounded. Therefore, there exist 4 € Hy({2) and a subsequence of u”,
indexed by n € N, but still denoted by u”, such that u” weakly converges to @ in H}(£2), with
strong convergence in L?(f2). Thus, from the Lebesgue Dominated Convergence Theorem,
b(u) Vv — b(a) Vv strongly in L*(2), for all v € Hj(Q2). Note also that [, V(u! —a) -
Tdr — 0 for all 7 € L*(2). Indeed, from Helmholtz decomposition, there exist p € H}(Q),
q € H'(Q) such that 7 = V p + curl q. Therefore,

/V(u?—ﬂ)-rdx:/V(u?—ﬂ)~Vpdx—>0
Q Q

as n — oo. It follows from these results that, for all v € H}(Q),
/ [b(u"1) Vul — b(a) V] Vv
Q

:/Q[b(ug—l)—b(a)]vu?vu+/b(u)[vug—Va]w

Q

— €

< 1) — b@)] V ool Vel + / b(@) [V u — V] V.
Q
Taking n — oo we gather that

(5.4) /Q b)) Vol — b(@) Vi Vo — 0.
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Thus
0= lim b(u?‘l)Vu?Vv—fvdx:/b(ﬂ)VﬂVu—fvdx.

Then u solves (ILT)). From uniqueness of solutions, & = u., and the whole sequence, and not
only a subsequence, u! converges to 1.
To show that the convergence is actually strong, note [16] that

|u — @l g1y < / acb(u" ) V(u —a) - V(u® —u)dx
Q

= /Qozeb(u?_l) V(a)-V(a—2ul)dx + /Q acb(u ) V(u) - V(u) dx

= / ab(u" )V (a) - V(a — 2u”) d:ﬂ+/fu? dx
0 0

5 —Aaeb(u)V(a)~V(ﬂ) dx+/gfﬂdx

since (5.4) holds. Thus the convergence u” — @ is strong in H'(Q).

The second part of the lemma, regarding the RFB approximation, follows from basically
the same arguments. Since || Vu"||o < c||f]|-1, there exists @, € Hj(€) and a subsequence
still denoted by u" such that u” weakly converges to , in Hj(§2), whereas strong convergence
holds in L*(€). Again, b(u”) Vv — b(u,) Vv strongly in L?(Q), for all v € H}(Q). Note
also that [, V(u! —@,) 7 dx — 0 for all 7 € L*(Q). Indeed, from Helmholtz decomposition,
there exist p € H}(Q), ¢ € H(Q) such that 7 = V p + curlq. Thus

/V(u,’?—ﬂr)-rdx:/V(uf—ﬂr)~Vpdx—>0
Q Q

as n — oco. From these results, we gather that for all v € H}(Q),
/ BVl — b(a,) V ] Vo
Q

- /Q b(ur ") — b(1,)] Vul Vo + / b(@, ) [V u" — V @,] Vv

Q

— T

< Nb(ur™") = b(@n)] Vulloll V urtflo + /Q b(u,) [V u =V, V.

Taking n — oo, it follows that [,[b(u!) Vul — b(td,) V@, Vo — 0 for all v € Hj(S).
Considering now v € V,., we have that

0= lim b(uf‘l)Vusv—fvd:E:/b(ur)Vuer—fvd:B.

Since V, is closed, u, € V,. Therefore @, = u, solves (2.]). If uniqueness also holds, the
whole sequence u' converges to u. O
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Lemma 5.2. Givenu? € H}(Q) andu® € V,, let u™ € H}(Q) and u € V,. be defined by (G.1))
and ([52), n € N. Then, if u. is sufficiently small in W5(Q), we have that

ul — uell oy + lup — urll ) < @llul™ = uell g,
for a < 1.

Proof. Note that
nw=wm%mp34%@ww?WVWS—mﬂww—uam

_ /Q o (2) [ =B + b)) Ve ¥ (u” — ) d

_ 1/2 — 1/2
< cflur™ = uel g lur ™ = el | V el sy el = uellim@)-

The result for " is analogous. O

We end this subsection with an alternative linearization proposal, based on (£.3). Given
u~t €V, and up~' € V,, find ul €V, and u} € V;, such that

(5.5) / ae(@)b(u) ™+ u Y V(up +up ) - Vo, de = / fup dz,
Q Q
(5.6) — div]a(x)b(u) +up ) V(ul +uf)] = f in K,

for all v, € V,, and all K € T;,. Observe that the above system is not coupled as in ([B.3]). It
is possible to solve first (5.5) and only then solve (B.0]).

5.2. Reduced Residual Free Bubble Formulation. The idea here is to use the approx-
imation b(uy + up) =~ b(uy) at the local problem of the second equation in (2.2)). This
induces a linearization that makes static condensation possible. In this case, we search for
the approximation u, = uy + @, € V,. such that

/ ae(z)b(ay + ) V(ap + ) - Vo, de = / fuopdx,

Q Q

(5.7) —div]ae(z)b(ap) V] = f + div]ae(z)b(ay) Vay,) in K,

for all v, € V}, and all K € T,. Thus, the local problem (&) is linear with respect to .

Remark 5.3. Since (51) is linear, we can split @, = @, + ] in two parts, each solving (5.1)
with f and div]c(x)b(ay) V ay] on the right hand side. However, the local and global problems
are still coupled. The local problems for the MsFEM involve @\ only, and to make the method
cheaper, it is possible to replace b(up) by b( [ un(x)dx), as in [24], or by (b(uy(zk))) as
in [18], where xk is an interior point of the element. In this way, [B.1) reduces to a much
simpler equation, given by

— div[oe(z) V@] = div[oae(z) Vi) in K.
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From the equation linearity, the computation of the local bubble u} is determined solving the
corresponding problems associated to the basis functions.

However, such simplification is not possible for the REFB method, due to the presence of
the 11{; term. Such extra term is important since it can significantly improve the quality of
the approzimation [29,30L41] in some situations.
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