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THE MULTISCALE HYBRID MIXED METHOD IN GENERAL
POLYGONAL MESHES

GABRIEL R. BARRENECHEA, FABRICE JAILLET, DIEGO PAREDES, AND FREDERIC VALENTIN

ABSTRACT. This work extends the general form of the Multiscale Hybrid-Mixed (MHM) method
for the second-order Laplace (Darcy) equation to general non-conforming polygonal meshes. The
main properties of the MHM method, i.e., stability, optimal convergence, and local conservation,
are proven independently of the geometry of the elements used for the first level mesh. More
precisely, it is proven that piecewise polynomials of degree k and k£ + 1, k > 0, for the Lagrange
multipliers (flux), along with continuous piecewise polynomial interpolations of degree k + 1
posed on second-level sub-meshes are stable if the latter is fine enough with respect to the mesh
for the Lagrange multiplier. We provide an explicit sufficient condition for this restriction.
Also, we prove that the error converges with order k + 1 and k + 2 in the broken H' and L?
norms, respectively, under usual regularity assumptions, and that such estimates also hold for
non-convex; or even non-simply connected elements. Numerical results confirm the theoretical
findings and illustrate the gain that the use of multiscale functions provides.

1. INTRODUCTION

Multiscale finite element methods have undergone an intense development in the last decades,
both in theoretical and practical aspects, for their capacity to be accurate on coarse meshes
without assuming neither scale separation nor periodicity of the exact solution, and to be prompt
to leverage the new generation of massively parallel computers. Such properties have made
multiscale numerical methods attractive to deal with real industrial applications compared to,
for instance, more classical homogenization strategies, although its basics remain an important
and challenging subject in the applied mathematics field. Starting with the original work [5]
for the one-dimensional Laplace problem, the MSsFEM was extended and analyzed for multi-
dimensional problems in [27, 16]. Since, a large variety of approaches has been proposed leading
to the VMS [28] and RFB [33, 12] methods, the HMM [15], and the LOD method [30], just to
cite a few.

Recently, hybridisation has been used as a platform to develop multiscale methods. The
Multiscale Hybrid-Mixed (MHM for short) method appears as a result of a hybrid formulation
that starts at the continuous level posed on a coarse partition. Then, a decomposition of the
exact solution is obtained in terms of a variable defined in the skeleton (the flux) and a constant
per element of the coarse partition. The global problem needs for its construction the solution
of local problems that fulfill the role of upscaling the under-mesh structures. Introduced and
analysed in [24, 2, 31] for the Laplace (Darcy) equation, the MHM method has been further
extended to other elliptic problems in [25, 23] as well as to mixed and hyperbolic models in
[3] and [29], respectively. See also [26] for an abstract setting for the MHM method. This
method shares similarities, but also fundamental differences, with related approaches such as
the Multiscale Mortar method [4], the DEM [19], and the HDG method [11]. Also, in its fully

discrete version, and accordingly to the choices made for the interpolation spaces, the underlying
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algebraic system associated to MHM method may be identified as being part of the family of
FETI domain decomposition methods [20].

All the methods mentioned above are defined on conforming meshes, either simplicial, quadri-
lateral, or prismatic. The need for conformity of the meshes just mentioned makes some situ-
ations like non-matching interfaces resulting from, for example, moving domains, multi-physics
mesh gluing, or front tracking, far from trivial. Due to this, among other reasons, in the last few
years there has been an explosive development of numerical methods defined on general poly-
hedral meshes. Just to name a few, the Virtual Finite Element (VEM) [7, 6] uses virtual basis
functions while keeping the conformity of the approach, and the discontinuous Galerkin methods
uses unmapped polynomials on polygonal meshes [9, 8]. Also, the HHO method [18] appears
after a hybridisation process, and as such, it has been recently linked to the HDG method in
[10]. Motivated by the need to glue non-conforming meshes in a domain decomposition setting,
the works [1, 21] propose a discretisation posed in polygonal elements, where the coupling is
done by means of a Robin interface condition.

The main purpose of this work is to use the flexibility given by the MHM approach to extend
its use to polygonal meshes. In fact, the first step in the derivation of the method is a new
weak formulation having as unknowns the fluxes on the edges of the coarse partition and the
mean value of the solution in each element. This formulation can be derived independently of
the geometry of the elements. Thus, besides stating this fact rigorously, the bulk of the work
is devoted to the proposal of a stable finite element method for this new weak problem. For
this, we need two main ingredients, namely, a finite element space to approximate the fluxes
over the edges (i.e., the Lagrange multipliers) and a finite element method to approximate the
solution of the local problems. For the former we propose to use discontinuous polynomials of
degree k or k+1 (k > 0) in a sub-partition of the skeleton, while we use continuous Lagrangian
polynomials of degree k + 1 on a conforming sub-mesh for the latter. It is important to mention
that the meshes used in each element don’t need to match at the interfaces. We focus in a
diffusion equation in two space dimensions, but the results can be extended, without major
complications, to three space dimensions and more complicated operators.

Other than the extension of the MHM framework to polygonal meshes, we now highlight the
main contributions of this work:

e the method, and its analysis, has been extended to allowing discontinuous spaces for
approximating the fluxes. This is new even for the MHM method proposed on simplicial
meshes;

e the possibility of using equal order approximations for both the flux and the primal
variable is also new, even in the case of conforming simplicial meshes. It is important to
mention that this possibility does not require any extra stabilisation term to be added
to the formulation. This comes at the price of supposing that the subelement-meshes
are finer than the sub-partitions of the skeleton, but an explicit sufficient condition is
given for this;

e crror estimates, qualitatively similar (super-convergence) to the ones given in the last
six rows of the summary given in [10, Table 1] are proven without post-processing pro-
cedures;

e convergence has been proven without the need for the coarse partition to be refined. It is
enough that the sub-partitions to approximate the Lagrange multiplier and the sub-mesh
used to solve the local problems get refined.

This work is outlined as follows. We end this section by presenting the model, notations and

some preliminary results. Section 2 is dedicated to the presentation of the MHM method and
important considerations on the second-level sub-meshes. Well-posedness and error analysis are
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the subjects of Section 3 and Section 4, respectively. Section 5 assesses theoretical results through
two numerical tests, followed by conclusions in Section 6. Two technical lemmas instrumental
to the proof of the existence of a Fortin operator are left to the appendix.

1.1. Notations and the model problem. Let Q C R? be an open, bounded, polygonal
1

domain with a Lipschitz boundary 9. Given f € L*(Q) and g € H2(9Q), this work aims at

approximating the following boundary value problem: Find u € H'(£2) such that u|sq = g and

(1.1) / AVu - Vodx = / fodz for all v € H}(Q).
Q

Here, A € L>®°(2)?*2 is a symmetric matrix and may involve multiscale features. It is supposed
to be uniformly elliptic in 2. More precisely, we will assume that there exist positive constants
Apin and Apax such that

(1.2) Apin|€]> < €T A(2)€ < Apax|€)? forall ¢ € R? and z € Q,
where | - | stands for the Euclidean norm in R2. We shall also make use of the following value
Amax
].. =
( 3) “ Amzn ’

and note that if the entries of A are constant functions, then w is simply the condition number of
A. Above, and hereafter, we adopt standard notation for Sobolev and Lebesgue spaces aligned
with, e.g., [17].

1.2. Partitions, triangulations, and spaces. We start by introducing &2, a collection of
closed, bounded, disjoint polygons, denoted K, such that Q = Ugec»K. The shape of the
polygons K is, a priori, arbitrary, but we will suppose they satisfy a minimal angle condition
(see Assumption 1 below for a more precise statement). The diameter of K is Hx and we denote
H = maxge o Hi. We will not suppose necessarily that H tends to zero, but it may do so in
many cases of pratical interest. For each K € &, n® denotes the unit outward normal to 0K .
We also introduce 0.2, the set of boundaries 0K, with K € &, and £ the set of the edges of
P, that is

(14) £&€={E=KnK or KN : K,K' € 2, and it is not reduced to a single point} .

Associated to the partition &, for m > 0 (where H? = L2, as usual) we define the function
spaces

(1.5) H™(P):={v:v|g € H"(K) forall K € #},
(1.6) LX) :={q:q|p € L*(E) forall E € £},

with norms

(1.7) [0l 00 := { > HvaK} and

Ke>

1

2
_ {z uquaE} |
Fe&

In addition, the following spaces will be useful in what follows

N|—=

1
(1.8) V= HY(2) with norm |jv|y := { > vl } :
Ke>»
(1.9) Vo :={v € L*Q) :v|g € Py(K) forall K € P},

(1.10) A= {1 -n"|px : 7€ H(div,Q) forall K € 2},
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and the space A is endowed with the norm

1.11 = inf .-
(111) lla=_nf 7l

TnK=p on K, Ke»

We also denote by (-, ) the L?(D)-inner product (we don’t make a distinction between vector-
valued and scalar-valued functions). We define the product on & as follows

(1.12) (v,w)p = Z (v, w)g,

KeZ

and the broken product on 0 as

(1.13) (1, 0)02 =Y (1 0)px »
KeZ

where the product on 0K is the duality pairing between H 7%(8K ) and H %(GK ). Following
closely the arguments given in [2] we can prove that
2y < sup L2022

2 veV HUHV
and above and hereafter we lighten the notation and understand the supremum to be taken over
sets excluding the zero function, even though this is not specifically indicated.

In Section 2.1 a characterisation of the weak solution of (1.1) will be derived using the par-
tition & described above. That characterisation will be the starting point of the finite element
method analysed in this work, which will need some further notations and partitions. More
precisely, we introduce two partitions which do not coincide, but are not independent. We start
describing the discretisation of the set of edges £. For this we introduce £;;, a partition of £ for
which each E € &£ is split into segments F' of length H, < H := maxprcg, Hp,. We will not
assume the segments are of equal length, but we will require that neighbouring edges are not
too dissimilar. More precisely, we impose the following assumption on &:

(1.14) < lulla

Assumption (Al): The mesh & is such that in every K € & a shape regular simplicial tri-
angulation =, (K) of K can be built in such a way that its trace on 9K coincides with &;.

The triangulation =, (K) will be useful in the definition of the method, but not explicitely
used. More precisely, we make the following definitions:

- for each F' € &, we denote by mﬁf (or simply kj, when it is clear from the context
to which element it does belong) the only element in =, (K) such that F = K N oK.
Just to simplify the presentation, we will suppose that, for two different F, F’ € &,
kB £ /iﬁf,;

- the triangulation Z;; := Uge» =y (K) will be referred to as virtual triangulation. This
(conforming) partition will be very useful in the proofs below, but not used explicitly in
the implementation of the method;

- for each K € &2, we introduce a shape regular family of simplicial triangulations
{75}, - built in the following way:

(1) first, on each K € &, the triangulation Z(K) is refined once using a red refine-
ment. The resulting triangulation is called minimal triangulation;

(2) then, for each K, the family {75},  is formed by regular refinements of the
minimal triangulation.
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The diameter of T € ﬁhK is denoted by hg, and h := maxgep maxgc TK he, denote .7, :=
Ukew fhK , and, define the broken space
H(div, 7)) ={1 : 7| € H(div,%) , VT € F,}.

It is important to remark that, if E = K N K’ € £, then the traces of the two neighbouring
triangulations 7K and 7K " do not need to coincide.

FIGURE 1. A domain partitioned with non-conforming polygonal elements K.
Observe the sub-meshes discretising two different elements K with different gran-
ularity. The red dots represent the degrees of freedom associated with the sub-
meshes and the gray dots with the mesh skeleton.

Associated to £;; and th , for k > 0, we introduce the following finite element spaces:
Vi o= [ Va(&) where V,(K):={v, € CO(K) : vl € P, (%), VT € FF},
Ke>?
(1.15) V== ] Vi(K) where V,(K):=Vy(K)nLj(K),

We also introduce a projection onto Ay. We start by defining, for every F' € £, the projection
% : L2(F) — P,(F) as

(1.16) (Ie(p), Q) p = (n,q)p  for all ¢ € Py(F),

and then we define the global projection I1¢ : L2(£) — Ay by I¥(u)|, = H%(u) for every
p € L?(€). In addition, we introduce €, : H'(Q) — V,, a variant of the Clément interpo-
lation operator defined locally. That is, for every v € V we define %, (v)|x = €5 (v), where
CﬁhK : HY(K) — V,(K) is the usual Clément interpolation operator. This mapping satisfies the
following (see [17]): there exists C > 0, depending only on the shape of the elements T € FX
such that, for all v € H*(K) and all ¥ € FK,

(1.17) 165 )< < C ol
(1.18) lo = €K @)lox < Chloly, .
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where wy = {T' € ZK : TNT £ 0}.

Finally, in what follows C' will denote a positive constant whose value does not depend on any
mesh size, or the shape of K € &. The constant C is only allowed to depend on the shape of
the elements of .7} , and its value may change whenever it is written in two different locations.

Remark 1.1. Assumption (A1) implies a restriction on the shape of K, and/or how refined
the partition € is. More precisely, if the diameter of the polygons K € &7 tends to zero, and
their smallest angle is not bounded below, then the triangulation =, (K) can not be built, as the
smallest angle in = (K) would degenerate as well. On the other hand, even if the smallest angle
of & is uniformly bounded below, if the polygons K € & are very anisotropic, or irreqular, then
&y needs to be fine enough so Zp(K) can be built.

Remark 1.2. The restriction of =5 and 9, to be simplicial is made only for simplicity. The
results presented in this work can be extended without magjor complications to the case in which
those meshes are built using quadrilaterals. In addition, the way the triangulations %LK are built
has been done mostly to make the presentation of the method (and the proofs) clearer. All the
results presented below follow, with minor modifications, if we suppose that £, and %ZK are
independent, but linked by the following assumption: For every E = K N K' € £ and every
F € £, F C E, there exist two pairs of triangles T T € ZK and I 5K € 7K such that
they share one node and

(az{f uazg() NECF and (az{f’ uazgf’) NECF.

This restriction requires the triangulations %LK to be fine enough such that for every E € Ay,
there are at least two triangles in ZLK whose edges lying on OK are totally included in E. With
this assumption the proofs of stability and convergence done in the subsequent sections follow
almost exactly in the same way.

2. THE MHM METHOD

2.1. A characterisation of the exact solution. A fundamental point of the MHM method
is a characterisation of u, weak solution of (1.1), as a function of a pair (A, u), solution of a
mixed hybrid problem. To derive this characterisation we define the mappings 7' € L(A, V) and
T € L(L*(Q),V) as follows:

e for all p € A, Tu € HY(K) N L3(K) is the unique solution of

(2.1) /KAVT,LL Vodr = —{(u,v)sp forallve HY(K)NLYK), VK¢ 2;
e for all g € L2(Q), Tq € H'(K) N L(K) is the unique solution of

(2.2) A{AVTq -Vodr = /vadx forallv e HY(K)NL3(K), VK e 2.

Following very closely the derivation from [2] the solution of (1.1) can be written as follows
(2.3) w=uyg+TAN+Tf,
where (X, u,) € A x V,, solves the following mixed problem: Find (X, u,) € A x V|, such that

a(h 1) + bt ug) = (1. Tf)gp + (. g)og for all p e A,

(2.4)
b(A\,v0) = (f,vg)p forall vy € Vj,
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and the continuous bilinear forms a(-,-) and b(-, ) are given by
(2.5) a:AxA—=R  allp) = TNy,
(2-6) b:A X VO — R b(/%”o) = <M7'U0>833’ :

The well-posedness of (2.4) is stated next.
Theorem 2.1. Let A be the space defined by

(2.7) N ={pe A :blu,v)=0 forallvyeVp},
then there exist positive constants a (depending on A, ;) and B such that
(2.8) a(p, p) > a|ply  foralpe A,

(2.9) sup by, vo) > Bllvglly  for all vy € V.

HEA HNHA

Consequently, (2.4) has a unique solution (\,uy) € A x V. Moreover, u given in (2.3) satisfies
(1.1) and AVu - n® g = =\ for all K € 2.

Proof. Regarding (2.8), the proof follows exactly as in [2]. As for (2.9), we omit the details since
it is very similar to the one of Theorem 3.1 below. O

We finish this section by two quick remarks on the solution (A, u,) of (2.4). First, the dual
variable o := AVu belongs to H(div, ) since the flux A = —o - n |yx € A for all K € 2. So,
the relaxation of the continuity of u does not affect the continuity of the fluxes. In addition,
since TA and T f have zero mean value in every K € & the following holds

7
U, = — udzr .

2.2. The method. We start by defining the discrete equivalents of the operators defined in
(2.1)-(2.2). Using the finite element spaces defined in (1.15) we introduce the following approx-
imate mappings:

o forall pc A, Typ € ‘N/h is the unique solution of

(2.10) /KAVThp, -V, de = —(p,v,)or  for all v, € V,(K), VK e 2;
e for all g € L?(Q), Thq S f/h is the unique solution of

(2.11) /KAVThq -V, do = /vah dx for allv, € V(K), VK€ Z.

Using the mappings (2.10)-(2.11) and the following approximate bilinear form

(2.12) ap : AxA—R where a,(\p) = (u,Ty\sz,

the MHM method associated to (2.4) reads: Find (Ag,ull) € Ay x V; such that

ap (g i) + 0 ut) = =g Thf)ow + (i 9)ag for all py € Ay,
b(Ag,v9) = (f,v9)p forall vy €V.

The approximate solution u,, is given by

(2.13)
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Remark 2.1. The fact that the exact flux X\ is locally conservative is inherited by its discrete
counterpart Xy in each K € &. In fact, from the second equation in (2.13) we get

/ )\HdSZ/fd:E forall K € &2
oK K

On the other hand, unless a mized finite element method is used as a second order solver (see [14]
for an example) in the second level mesh, this is not guaranteed. More precisely, for T € th

we, in general, have
—/V-ahdx#/fdx,
T T

where o, := AVuy, . Finally, it is worth mentioning that the choice of numerical method to

define Ty, and Ty, is virtually unlimited. In this paper we have restricted the presentation to a
Galerkin method, but other choices, such as stabilised, enriched, or DG-related methods, just to
name a few, are also possible, leading to similar theoretical results.

Remark 2.2. It is interesting to remark that wy, =T, + Thf € f/h(K) 18 the unique solution
of the problem

/ AV(Typ+ Ty f) - Vo, dz = —{p,vp) o5 +/ fop de = / AV(Tu+TF) -V, dz
K K K

for all v, € f/h(K) Thus, using Cea’s Lemma, the following estimate follows

(2.15) | T+ Tf- wylly g < Ck ipr) | Tp+Tf - Opll1,k 5

v, €V},

where C; depends on ratio w given in (1.3) for each K, but is independent of h, H, or H. This
fact will be of paramount importance in the proof of optimal convergence of the method, even in
the case the polygons K € & are not convex.

Lemma 2.3. There exist constants C, independent of h, H, H, and A, such that

(2.16) 1 Thully < C AL llly  and | Tully < C AL, lulls
(2.17) ITufllv < C AL I flog  and | Tflly < C AL I flloq-

Proof. Let p € A, from (2.10) and (1.14) we get

Cpin [Tyl < 3 [ ATy VTinde == 3 G T
Kep 'K Ke®

<N7 Uh>ay

IN

sup
oneVin  llvnllv

Al Ty pallv

[ Thpllv

IN
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and the result involving 7" follows using an analogous argument which proves (2.16). Next, let
f € L*(Q). From (2.11) and using the Cauchy-Schwarz inequality, we get

C Amin 1T f I < 30 /K AVT, [T fde = S (1T )k

Ke> Kez
< > Il 1T frcllo,xc
Ke>z
1 1
2 . 2
< (S we) (3 i)
Ke> KeZ
<\ fllo. IThfllv,
and the result involving T follows using an analogous argument which gives (2.17). U

Remark 2.4. Observe that the right-hand side of (2.13) may be rewritten using the following
equivalence

(2.18) ~nTif)ox = | AVTue- Vinfdo = [ s da,
K K

forallpe A and K € &2. Also, if f € Po(K) then Thf |k = 0 and the right-hand side of (2.13)
simplifies.

3. WELL-POSEDNESS

We address the well-posedness of the MHM method given in (2.13). The main ingredient is
the construction of a Fortin operator. This will be detailed for the choice ¢ = k, and sketched
for the choice ¢ = k + 1.

3.1. The Py(F) x Pr11(%) element. We start considering the case £ = k. The following result
ensures the existence of a Fortin operator acting on V' with image in V}, and using the space
Ap. This result will be key to the well-posedness of (2.13).

Lemma 3.1. Let us assume Assumption (A1). Then, there exists a mapping II, : V' — V}, such
that, for allv e V:

(3.1) /Hh(v),qus = / vpgds  for all py € Ay and F € Ey,
F F

(32) L, (0) [l < Clolly
where C' > 0 does not depend on h, H, or the shape of K € &.

Proof. We will prove the result for the case in which the mesh ZLK is the minimal mesh allowed.
That is, %K is obtained by performing only one red refinement of the mesh =, (K). Since the
discrete spaces V, (K') associated to further refinements of this mesh include the one associated
to the minimal mesh, the stability proved below will also apply to those choices.

Let K € 2, and let us define the mapping pX : HY(K) — V, (K) as follows. For every
F ¢ &£; N OK, there are exactly two neighboring triangles T,,%, € th with at least one
edge contained in F. Let e; and e, be these edges, so that F' = e; Ue,. Let us denote
by @,..., 2, the position of k& + 1 degrees of freedom of V} (K) in F*° (the interior of F'),
and let ¢y,...,¢,; € V,(K) be the basis functions of V) (K) associated to these degrees of
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freedom. In addition, we fix a basis {fiy, ..., fi,} of P, (0,1) satisfying |7,(Z)| < 1in (0,1) for
i=1,...,k+1. Then, we map (0,1) onto F to build a basis {j,...,u; } of P, (F), and then
we have that |y, ()| <1 for all x € F.

Next, let (af,...,af, )T be the solution of the linear system
k+1
(3.3) Z/ i(8)p;(s)ds @f = / v(s)p;(s)ds i=1,...,k+1.
oJF F
This system can be written in matrix form as
k+1
(3.4) Aol = {/ U(s),ui(s)ds} ,
F i=1
where af = (af', .. .,04£+1)T, and
(35) b= (mnper o = [ m(s)ei(e)ds.

We notice that, changing variables A = HFA, where A = (&ij)i,jzl,...,kJrl and

1
(36) iy = [ 92,6145,
where {¢q,...,$, .} is the corresponding basis in (0,1). We notice that we can always choose
the position of @;,...,x; | in such a way that this basis in (0,1) remains unchanged, so Ais

independent of F'. Due to Lemma 6.1 (see the Appendix) Ais invertible, which also shows the
invertibility of A.
With these ingredients we define

k+1
(3.7) P = 3 o) where o)=Y ol
FeENIK i=1

and, for each ', af;i=1,...,k + 1, solve (3.3).
We now analyse the stability of th . First,

k+1 k+1

39 e | [uouen] = af = mh | [

i=1 i=1

Thus, using (3.8) and since A does not depend on F', and using Cauchy-Schwarz’s inequality
and |p;,| <1on F C &y we arrive at

k+1 k+1 2
alf)? -2 V(s)w;(s)ds
Sl < om 3 ( [ vt )

< CHR ol p_max il

< CHZ Hp |[v[l§
(3.9) < CH: ol s

where C' > 0 depends only on A, but not on h, H, or the shape or size of K, but may depend
on the degree k.
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Hence, recalling that s is the unique triangle in =, (K') that has F' as one of its edges, using
(3.9) and a local trace inequality in x we arrive at

K K
I @Be = > IoE )R gus,
FeE,NOK
kt1 2
- (et
Feg, nak Y11V \i=1
k+1
F
<C Z ‘TlugﬂZ(ai)Q
Fe&noK i=1
<C > IS USHE I -
FeE,NIK
(3.10) <C > B, + 3 ol |
Feg,NoK

where we have used the relation between H and h and the regularity of ZLK in the last step.
Analogously, an inverse inequality and (3.10) gives

K (N2 K (V]2 21,12 2
(3.11) o ()1, = E lpF (U)|1,‘:1u‘:2 <C (hzl ||U||0,HF + |U|1,,-;F) :
Fe&,noK Fe&,noK

We now define the Fortin operator as follows:
(3.12) 0, (0) | == i (0) + ppy (v = G (v)) -

The proof of (3.1) follows by noting that, thanks to (3.3), for each F' € £; N 0K and any
pg € Agy, the following holds

[ aunds = [ G @i+ [ ol (0= G0 punds

— [ s+ [ =G @)nyds
F F

= / v ds .
F

To prove (3.2) we use (3.10), (3.11), (1.17) and (1.18) and obtain
L, (0113 ¢ < C(H‘fff((v)HiK + ok (v = 6% (0))IIF k)

<C(llRg+ Y h2lo—EE @R, + v - EE W)
FeELNIK

2
Lkp

< Clloli k
and the proof is finished adding over K € . O

We are ready to prove the well-posedness of the MHM method. This is stated in the next
result.

Theorem 3.1. Let us suppose that Assumption (A1) is satisfied. Then,
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a) There exists [, > 0 such that, for all vy € Vj:

(3.13) sup Wanto) gy, Mo 5 gy
P €A (52N pr€Ay gl o
b) There exists g > 0 such that
(3.14) ap (s i) = g g} for all py € Ay,
where N} is the discrete kernel of b(-,-), that is,
(3.15) Ny =A{pg € Ay b(pg,v9) =0 forall vy € Vy}.

Thus, (2.13) is well-posed.
Proof. We start proving (3.13). Over the partition Z;; we consider the space
(3.16) Xy ={myg € H(div,Q) : 74|, € RTy(k) forall k € ZE4}.

That is, the global Raviart-Thomas space of the lowest order defined in Z,. Let now v, € V4.
Then, there exists Ty € Xy such that V- 7y = vy in Q and By [Tyl g0 < llvollon = llvolly
where 3, does not depend on ‘H, H, or h. Thus

~ ~ - K
(317) SolFallawallvol < [ V- Fvpde = 3 (- n e
@ Ke»
where we have also used the fact that v, is continuous in every K € &2 and the normal component
of T is continuous across every internal edge of Z. Thus, defining fiy|, = Ty - n’| F on every
F € &y, and using the definition of the norm in A, we arrive at

(3.18) Bollee l|allvolly < Z (T - nK7U0>aK = Z (B, v0)or = bR, vo)
Kes Kez

which proves (3.13).
To prove the ellipticity (3.14), let uy € A%. Then, for all v, € V) (not necessarily having
zero mean value in K) the following equality holds

(3.19) /KAVThMH Vo de = —(pg, vp)ox -

Next, (1.14) and Lemma 3.1 imply the existence of a constant C' > 0, independent of h, H, H,
and the shape of the elements in &, such that

ﬂ <M 7U> 9
7”#1{”1\ < sup L L0Z
veV H'UHV

< C sup <NH7HhU>ap}
veV ||Hhv”v

<C sup <MHaUh>agz
v, €V, vl

- ZKG,@ fK AVT, py - Vo, dx

= C sup
Uhef/ thHV
3
(3.20) <C { > AﬁaxIIVThuHII?),K} :
Ke>z
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where we also used (3.19). Hence, using the definition of a,(-,-) we arrive at
(3.21)

ap(bms k) = B Thive) oo = Z /KAVThNH'VThMH du > Amz’n”VThMHH(QJ,@ > Cw Mlpgl
Ke>

which proves (3.14) with oy = Cw, and w given in (1.3). This last result implies the stability
and well-posedness of the discrete problem (2.13). O

3.2. The Py1(F) xPr11(%) element. Method (2.13) can also be implemented when the space
of Lagrange multipliers Aj; is built using polynomials of degree ¢ = k + 1,k > 0. The main
difference for this case resides on the minimal mesh. More precisely, we need to consider the
following cases:

e For k£ =0, 1: The mesh ﬂhK needs to be the result of at least two red refinements of the
mesh =, (K).
e For k > 2: The mesh ﬂhK needs to be the result of at least one red refinement of the
mesh =, (K).
We notice that for k& > 2 the same situation as for the one treated in the last section is assumed,
while for the lowest order case some extra mesh refinement is required to allow for the proof of
stability. Then, with these considerations on the meshes used, for £ > 0, we consider here the
following finite element spaces

(322) Vh = H Vh(K) where Vh(K) = {Uh S CO(K) : 'Uh’rz € Pk_H(S), V% e L%LK}7
KeZ
(323)  Ap:={pg € A:pylp €Pp (F), VF € Ex}.

A close inspection of the results proven in the last section shows that the only difference lies in
the proof of existence of a Fortin operator, that is, Lemma 3.1. Its proof shows that the only
difference that appears when considering £ = k + 1 lies on the invertibility of the matrix A built
in (3.5), which follows in this case from Lemma 6.2 (see the appendix for the proof), taking into
consideration the minimal mesh requirement needed when & = 0,1. Then, the stability of the
discrete scheme can be proved using Lemma 3.1.

4. CONVERGENCE

The results in this section treat, in a unified manner, both cases £ = k and ¢ = k+1. We start
by presenting an interpolation estimate for the space Aj. This estimate, in addition to extending
[32, Lemma 9] to polygonal meshes, gives an error estimate depending on the parameter H, i.e.
the discretisation parameter associated to the mesh &, and not depending on H, associated to
the mesh 4.

Lemma 4.1. Suppose w € H™2(2) N HL(Q), AVw € H*YP), with £ > 0, and AVw €
H(div,Q). Let pn € A be defined by p|p == (AVw| - ") |g for each E € €. Then, there exists
a positive constant C, independent of h, H, H and A, such that

(4.1) inf = ugglla < CH AVl iy
B €EAR "

where Ay is given in (1.15).
Proof. Let w € H?#2(2) and E € €. Let K € 2 be such that ' C 0K. We define x5 =
AVw -np € HHY(P) where ng must be understood as the trivial extension of the normal

vector nf|, to E to a constant function in the whole of K, with [ng| = 1. Observe that
t=Xg|p € L*(F) for each F C E € €.
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Now, let us recall that x; denotes the unique element in =, (K) such that kK NOK = F'. Let
T be the standard reference element with vertices (0,0), (1,0) and (0,1), and let .Zp : € — rp

be the invertible affine transformation such that .%,(F) = F, where F' = [0, 1]. First, we observe
that

(4.2) G =105 fi.
So

/(u—néu)vds:HF[(g—@)@dg
F F

_ T 2 6
(4.3) —HF/F(M—HFM)vds.
In addition, a scaling argument (see, e.g., [17]) and the mesh regularity of =, (K) give
A y) A
(4'4) ‘z’z_t,_yjj < CHF ’Z‘ZJrl,nF and "U’l,‘jj <C ’U‘l,nF )

for all z € H**(k,) and v € H'(ky). Now, using [13, Lemma 3] and (4.4), we get, for all
veV,

ST A 6 s % O
/I;(M_HFM)vdSSC‘XE|4+17§|U|1,§

¢
(4.5) < CHF‘XE‘Z—H,HF v]1k,.

where C' is a positive constant that only depends on the shape of xp.
Next, we define ji;; := I1% u, and in each F' C 0K and K € . A change of variables, (4.5),
(4.4), the regularity of 2 (K), and the fact that the elements x; do not overlap give

=i = 3 [ = p)vds= 3y [ (1 i) s

FCOK FCOK

{+1
<C E HFJr |XE|€+1,I€F ‘/U’LHF
FCOK

1 1
2 2
< CHéJrl { Z ‘XE|?+LHF} { Z |U|%,I{F}

FCOK FCOK
< CH™ AV g ol

for all v € V, where we used ‘XE‘HLHF = |AVw - nE|Z+1,nF < \AVw]HLHF.
Finally, adding over K € &, and collecting the above results, we arrive at

L2 = CH™! ‘Avw|£+1,f/} lvlly

b — figr,v) = (= figr, v)or < CHFAVW] 4 5 v

which immediately leads to

sup bt~ figg; ) < CH™ |AVw|41,2,
veV HUHV
and (4.1) follows from (1.14). O

We are ready to present the main convergence result for the present method. From now on,
we will assume that the solution w of (1.1) is such that all the norms on the right-hand side of
the estimates are finite.
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Theorem 4.1. There exists C' > 0, independent of h, H, and H, such that

(46) g — wflly + 1A = Asrlly < € (K ulyp -+ HH AV 4 )

In addition, if we denote u,, = ub + T, Ay + Thf, then the following error estimate holds
(4.7) = wplly < € (R ulypn 0+ H AV U]y )

Proof. Let A}, C Ag be defined by

A’}{::{MHEAH:/ ,uH:/f forallKEgz},
0K K

and let p;; € A} be arbitrary. Observing that Ay — ug € Ay, we get from Theorem 3.1-(b),
(2.4) and (2.13) that

ao M — 1w} < anNgr = g A — 1)
= anAgs Ay — ) — oA Ay — pg) + an(A — pgs Ay — pgr)
+ G’()‘?)‘H - MH) - ah()‘7)‘H - /’LH)
< C (In = plla + T = T)A+ (@ =TSl ) s = parlla

where we used the stability of T}, given in (2.16). Using that u = uy+TX + Tf e H-2(2) and
(2.15) we get

(4.8) ITA+Tf — (T, + Thf) Iy < ChFH Ulgy2.2
which gives
I = parlla < € (I = paglla + 1T = TA+ (T = T )

<C (I = pprlla + 4l )

Next, we observe that the second equation of (2.4) gives

4.9 / I\ vy dx = /HZ)\vodx: /)\vods:/fvodx for all vg € Vy,
(4.9) oK Z F Z F K

FCoK FCOK
and then IT\ € A%;. Thus, setting pyy = IIA and using Lemma 4.1 we get
1A = mrlla < € (B g o+ HE AV U )
Finally, the triangle inequality and Lemma 4.1 lead to
(4.10) 1A= Asrlla < € (W g, + B |AVUl g )
From Theorem 3.1 item (a), there exists & € Ay, with ||{;]/, = 1, such that
Bo llug = uolly < bug — ug, Exr)

= —an(\i. &) + a(X Ex) + (g (T = T) o
= —an(Ai = A &) + a(A ) — an(\ ) + (€u (Th = D)o
< C (I = Nlla + 1T = DA+ (@ = T)flly )
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where we used (2.16), (2.4) and (2.13) once more. From (4.10) and (4.8), the following estimate
holds

(4.11) lug = uolly < C (hk+1 |uliso,0 + HH |AVU’£+1,9»> ;
and adding (4.10) and (4.11) the result (4.6) follows. To prove (4.7), we see that

lu —uplly < llug —uflly + 1TA+Tf — (Tphg + Thf)llv
< lug — uflly + 1ToA = A)lly + ITA+Tf = (T A+ T )l

and the proof is finished applying (2.16), (4.6) and (4.8). O

4.1. An error estimate for |0 — 0|4, o- In addition to the convergence result just proved,
the following result states that the MHM method also produces an accurate discrete solution of
the dual variable o := AV in the following H(div, .7} ) norm

(4.12) 1715wz == D> Y lIlldws for all 7 such that 7| € H(div,T).
KeZzegK

In the proof of the result below we will use, for every K € &2, the following space
(4.13) W, (K) := {7, € H(div,Q) : 7| € RT(T), VT € FK},
where RT) (%) stands for the local Raviart-Thomas space of order & in T

Theorem 4.2. Let us assume that f € Hk+1(<7h), that the families of partitions {EK},DO are
quasi-uniform, and that, for all K € & and all F' € ;N OK,

H < Chppip = min{hg : T € FE, K € 2},

for some C > 0. Denoting o) := AV(T) Ay + Thf), there exists C' > 0, independent of any
mesh size, and the shape of K, such that

(4.14) o = sl 5, < C ((H+ 1) [ullyo,o+ s, ) -

Proof. Since |0 — o,[/q has been bounded in Theorem 4.1, we only bound the difference
V.o —-V.o, Letd,|; = Rg(o), where Ry stands for the Raviart-Thomas interpolation
operator with values in W, (K). Using well-known properties of R (see, e.g., [17]) we get, for
every ¥ € ZZK and every K € &, that

— k
lo = Thllog < ChE o llpgr s

(4.15) _
IV o=V -Tllox < Ch |V - olpyr s = CRE fliprz-
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Thus, using the triangle inequality, (4.15), an inverse inequality in each ¥, and Theorem 4.1, we
arrive at

Vo=V o,l5s <2 >y <||V'0'—V'Eh”35+ HV-Eh—V-GhH%s)
KeZ zegXK

k — 2=
<O S (SR s+ b — o)
K€<@T€th

min
k - k 0 k
< Ch? +2|f|%+1,yh + Chm%n([h? Plulpyo.0 + H|AVU[F,, 5] + B +2|0|i+1,@)
(416) < (B 1,5, + W™ [ulirn o + HH| AV o+ 004 )
which finishes the proof. U

Remark 4.2. If the second level problems are written in mixed form, then they can alternatively
be solved using a mized inf-sup stable method. As a result, V-o, —V -7, =0 in every T' € TK,
and then the following improved error estimate can be obtained

(4.17) o = onllazne < € (B4 1 fllugo + (4 R4 [l )

requiring only the mesh regularity. In addition, it is worth mentioning that in the above case,
o, € H(div,Y). This idea was explored for simplicial elements in [14].

4.2. Error estimates for |u — u,l|; . In order to prove a higher order of convergence in

the L%(Q) norm for u, we first make the following remark: if every K € & is convex and
A € WH*(K)?*2_ then the solution of

(4.18) ~V-(AV¢) =g inK, AVp-nf =0 on 0K,
with [y gdz = 0, belongs to H*(K) and satisfies
(4.19) 16ll2,x < Cllgllox »

where C' depends only on A, ;, and [|A[|; ;- (see [22]). In particular, this implies that there
exists C' > 0, independent of the shape and size of K, such that

(4.20) ”TQH2,K < Cllqllox >

for all ¢ € L?(Z?). As a consequence, arguing as in Remark 2.2, the application of Aubin-
Nitsche’s Lemma gives

(4.21) T = Ty)u+ (T = Ty)allox < CRIV(T =T+ (T = Tp)a) lox -

for all (u,q) € A x L?(Z), where C > 0 is independent of h, H,H, and the shape of K. With
these ingredients we now present a first error estimate in the L?(Q) norm for which we impose
the hypothesis of convexity of both 2 and K € &.

Theorem 4.3. Let us assume that €, and every K € &2, are convex. Then, there exists C > 0,
independent of h, H, and H, such that

(4.22) lu = wnllog < € (42 + H?) lul o,
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Proof. First, we observe that (2.18) also holds if one replaces T}, and Th by T and T, respectively.
Next, define e = u — up, and let w satisfy the following elliptic problem

(4.23) —V-(AVw)=e inQ, and w=0 ondN.
Problem (4.23) is well-posed, w belongs to HZ () N H?() and satisfies the following bound
(4.24) [wll2,2 < Cllello,n -

As it was done in Section 2.1, w = wg + T + Te, where (v, wp) € A x Vj satisfies

a7y, 1) + b(p, wo) = / Tupedr forall pe A,

(4.25) @

b(y,v0) = / evgdx for all vg € V.
Q

Now, let (v, wg) € Ay x Vj be the following discrete approximation of (4.25), i.e.,

ay,(vg» ) + b(prr, wf) = /QThMHedI‘ for all py € A,

b(vg,v0) = / evgdx for all vg € V.
Q

Using Theorem 4.1 and (4.24) we obtain the following error estimate
(4.26) Iy = el + lhwo = willy < C(h+ H) lwla, < C (h+ H) |leflo -

From the definitions of the second-level local solvers T' and T}, the following Galerkin orthogo-
nality property holds

(4.27) / AV - V(Torg) de = — O\ Tivaoxe = / AV(TA) -V (Tyvyy) de
K K
similarly, from the local solvers T and T}, we get

@2) [ AV VD) da = (£ T = [ AVES)-V(Tg) da,
Then, using (4.25) we arrive at
lellf.o = (u—une)z

=(uo —ufy + TA = Tphg,€) o + (Tf = Thf,€)»
=b(yg,uo — ug) + (TA = TAm,€) o + (TAg — Tidg + Tf — Thf.e) »
=b(yg, w0 — ugy) + alX — A, 7) + 0N — A, wo) + (TAg — Tphg + Tf = Thf,€)»
= b(yg,u0 — ub) + a(\ — A, ) + (TAg — Tidg + Tf — Thf,€) »

0 (1)

where we used b(A — Ay, wp) = 0. Let us estimate (I). Since v, € Ag, from (2.4) and (2.13),
and Cauchy-Schwarz’s inequality it holds

b(vp,uo — ul) + a(X — g, ) = —a(ye, A) + an(vg, M) — (Vs Tf — Tuf)oz + a(X — i, )
= a(y — Y A = ) + an (Vi M) — a(vis M) — (v TF = Thfow
< Clly = yullallX = Aalla + (V(T = Ti)du + V(T — 1) f, AVTyg)

(I1) (12)
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where we used (2.1)-(2.2) and symmetry of a(-,-) and ap(-,-) in the last inequality. The first
term (/1) is bounded using (4.26) and Theorem 4.1 as follows

(4.29)
Iy = llalA = Anlla < € (b + H) llelloallA = Aulla < € (A2 + H2) Jullyro,2 llelos

Next, using (4.27)-(4.28), Cauchy-Schwarz inequality and the stability of T' and T}, in (2.16),
term (12) reads

(V(T = Ti)Au + V(T = Th) f, AVT 1) 7
< (AV(T =T+ AV(T = 1) £,V(T = Ti)yi) o + (AV(T = To) A = ), V(T = Ti)vy) o
SC@WT—EM+V@—ﬂJ%y+WWT—ﬂNm—M%yNVU—EMHMW
V(T = Th)vallo,»
IV (T =) (v =l + V(T = Th)llo.»)
e = Yla + 19T = Ta)yllo,» )

v = Al + IV(T = To)y + V(T = Th)ello,»

IV(T = Ti)A + V(T — ) fllo.o + |\ — Ala

A~

)

( ) Th)
IV(T = Ti)A+ V(T = T0) fllo,» + |Xer = Alla
IV (T = Ti)A + V(T = Ti) fllo, + [|Amr — Alla
( ) )

IV(T — Ti)A + V(T = Tn) fllo.o + |1\ — Alla

<o
=c(
<o
=c(

N— N N
7 N7 N 7N

HW(—ﬂkm@.
Now, (2.15) and (4.24) give
(4.30) IV((T = Ty + (T = T)e)lg, < Chlwly o < Chlleflog.
In addition, standard Galerkin error estimates over each K € &7 and (4.20) lead to
(4.31) IV(E = Th)ello, < Ch[Tels,z < Chelog.

Thus, thanks to (2.15), Theorem 4.1, (4.26), (4.30), and (4.31) we get the following bound for
(12)

(V(T = Ti) g + V(T = Tp) f, AVTvy)

IN

C (W0 B [ulpo o (0 + H) el
C (W2 4+ 152 ) fJullo,

IN

We next bound (/7). Using (4.21) and the stability of 7" and T}, given in (2.16), we get
(4.32) (T = Tw) (A = Moo < CRIVI(T = Th)(Aa = M)llo.» < Chldg = Alla
and similarly using (4.21) we get the bound

(4.33) (T = Ti)\ + (T = Tp)

< Ch|VUT =T+ (T = Th) )llo.o
< CH2\TA+ Tf|hso.
< O |ulljsz,2 -
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So, (4.32), (4.33), and Theorem 4.1 give
(TA i — Tidg +Tf = Thfoe)p < |1 TAm — Tudg + T — Tufllogllellog
< (T = T) st = Nllog + 1T = TwA+ (7 = Th) Fllog) lello.
<O (IAn = Ma + B4 ullesa,2) lelog
<O (B + 1) ullkgn,z + Bl llelog
< C (H*? 4+ 052 ullksas lelog -

Finally, the desired result (4.22) follows gathering all previous estimates and adding up (/) and
(IT). O

In all the results proven so far, the diameter of the elements K € &2 does not need to tend to
zero to obtain optimal order error estimates. On the other hand, in the proof of the last result
the convexity of the elements K was necessary. If the hypothesis of convexity is relaxed a similar
result can be proven, now under the assumption that the elements K do shrink in size, and the
boundness of the Poincaré constant holds in the sense of [34]. This is stated in the next result.

Theorem 4.4. Assume that € is convex. Then, there exists C > 0, independent of h, H and
H, such that

(4.34) lu—unllog < CH (B4 + HHY) flullp,-

Proof. First, observe that the convexity of K € & is employed in the proof of Theorem 4.3 to
obtain the estimates (4.31), (4.32) and (4.33). Thereby, we can avoid such an assumption and
still derive a similar estimate by using the following generalised Poincaré inequality (see [34])

(4.35) [olloe < CHi Vol for allv e HY(K) N L§(K),

where C' is independent of Hy . R
To obtain an analogue of (4.31), we use that Te | € L3(K) and (2.2), and we get the following
bound

IVTel§ » < C A2V Te|3 »
= C(AVTe,VTe)p
=C(e,Te)»
<C ) e

Ke>

<C Y Hellellox VTelox
KeZ

< CH|elloa VTello, .

o.x || Tello,x

where we used the generalised Poincaré inequality (4.35), and then
IVTello,» < CHlleo, -
Following analogous steps, we get

IVThello,r < CH ello,2 ,
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and, thus, from the triangle inequality it holds

(4.36) IV(T = Th)ello,» < CH lello, -

Proceeding in a very similar manner, we derive the following estimates mimicking (4.32) and
(4.33)

(4.37) (T = Th) (A = Moo S CHAg — Mlas
and
(4.38) I(T = T)A+ (T = ) fllg < CHAH Julliss,.

Thus, following otherwise the same steps as in the proof of the last theorem, we arrive that
(VT = Ti)Ai + V(T = Th) f, AVTg) 0 < € (W 4+ HYY) o, (R + H + 1) el
< CH (W + Bl leloo

and

(T = Tide +Tf = Thf,e) p < CH (W + HH) flulliyo el -
Thus, reproducing the exact same steps of the proof of Theorem 4.3, we get

2 E+1 (41
leldq < CH (R + HF) Jullisaz lelog
and the proof is finished dividing by ||e||o - O
Remark 4.3. We finish this section by summarizing in Table 1 the approximation error for the

primal (u) and dual (o) variables in the L*(Q), V, and H(div, Z,) norms, when conver and
non-convex elements are used.

Conver K Non-Convex K
k>0 1 llo.c [ % A [+ llo.c Il Iy - i, 7,
P(F) x Ppy1(%) HFF2 HFH HF HHFH HFH HF
Pk-ﬁ-l(F) % Pk—f—l(‘z) hk+2 i Hk+3 hk:-i—l =+ Hk+2 hk + Hk:-H H(hk+1 i Hk+2) hk-i—l + Hk+2 hk + Hk+1

TABLE 1. Error estimates in the L*(Q2), V and H(div, ) norms for a partition
& built up on convex and non-convex elements K € &,

In view of Table 1, special attention on sub-mesh refinement must be made in the Py (F) X
Pi+1(%) case so as not to “pollute” first-level convergences. Also, observe that rates are similar
to the ones reported in [10, Table 1]. Interestingly, in the present approach there is no need to
post-process the variables, nor to add additional stabilising terms to the formulation in order to
prove these orders of convergence.
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5. NUMERICAL VALIDATION

In this section we present two sets of numerical experiments illustrating the performance of
the MHM method proposed in this work. The goal of the first one is to check the results given by
the error analysis using a smooth analytical solution, while the second test case aims at showing
the robustness of the method when applied to a problem with a highly contrasting coefficient.

Since for most of the results the diameter of the elements K € & does not need to decrease
in order to have a converging method, we shall distinguish two kinds of convergences, namely,

e H{ — 0: the mesh-based convergence;
e H — 0 with H fixed: the space-based convergence.

Second-level meshes are made of triangles that respect the requirement for the well-posedness
of the MHM method. Their diameter h tends to zero in both mesh-based and space-based
convergence validations.

5.1. An analytical smooth solution. We take 2 to be the unit square and set the coeflicient
A as the identity matrix. We prescribe homogeneous Dirichlet boundary conditions and the
right-hand side in such a way that the exact solution of (1.1) is given by

u(z,y) = sin(27x) sin(27y) .

We validate the error estimates using two distinct meshes, namely, conforming quadrilateral
meshes and meshes where the elements are L-shaped. We first study the performance of the
pair Pi(F) x Pr41(%) with k& € {0,1,2,3}. For the mesh-based convergence we use H = H, this
is, we consider F' = F and do not divide the edges of the partitions any further (the sub-element
meshes are the minimal triangulations allowed by the stability results presented in Section 3).
The results for quadrilateral elements and £ = 0 and k = 3 are depicted in Figure 2, where we
can observe that all the errors tend to zero as predicted by the results in Section 4.
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OH) ——
106 1 1 1011 L
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FIGURE 2. The mesh-based convergence history on quadrilateral elements for
k =0 (left) and k = 3 (right).

The same test, still using quadrilateral meshes, is repeated for k = 1 and k = 2 in Figure 3.
In that figure we also report the results obtained for the space-based strategy. For this we fix
the coarse mesh to have 16 squares and then the edges get refined in a structured way, with the
implied refinement in the subelement-meshes th . Interestingly, Figure 3 shows an (unexpected)
extra O(H 1/ 2) in the convergence rate when the space-based approach is adopted. In fact, we
observe a gain of one order of magnitute in accuracy between the space-based and mesh-based
strategies. Other numerical experiments show the same behavior, but the proof of this fact
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is lacking. We next perform the same study with non-convex L-shaped element meshes using
k=2.

mesh-based ||u-up[lg —+—
mesh-based ||u-up|ly == ]
space-based ||u-up|lp —¥— 108
space-based ||u-g,,||v B
o ]

mesh-based ||u-up|lg —+—

mesh-based ||u-up|ly —¥—

space-based ||u-up|lp —¥—

space-based ||u-up|ly —H—
0(H?)

10? 101 107 107
H H

FiGure 3. Comparison between mesh-based and space-based convergences on
quadrilateral elements for & = 1 (left) and k = 2 (right) in the L? and V norms.

Figure 4 shows the isolines of the primal and dual variables for the L-shaped case. As predicted
by the theory, all the errors tend to zero with optimal rates for the mesh-based strategy. The
errors for the space-based strategy tend to zero with a H 2 extra rate (see Figure 5, left), which
is especially noticeable when the results are depicted with respect to the degrees of freedom, as
done in the right-hand side of Figure 5.

FIGURE 4. Sequence of two refined L-shaped meshes and isolines of uj, (left) and
joal (right).
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FIGURE 5. Comparison between mesh-based and space-based convergences on
L-shaped elements for k = 2 in the L? and V norms with respect to H (left) and
the DoF (right).
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FIGURE 6. Comparison between mesh-based and space-based convergences on
quadrangular (left) and L-shaped elements (right) using the Pyi1(F) X Pg41(%)
element with k = 1 in the L?(2) and H'(4?) norms.

Now, we address the case Py (F') x P41 (%) with & = 1, again using both quadrilateral and
L-shaped meshes. The results are depicted in Figure 6 where, again, we can observe that the
errors tend to zero with rates according to the results in Section 4. In particular, the error for
uy, in the H'(Z)-norm tends to zero as H® while the error in the L?(2)-norm shows an H*
convergence rate. Also, once again, the space-based approach shows a faster convergence rate
than the mesh-based one. More precisely, the errors |[u — w,[|; 5 and [[u —w,[|o o tend to zero

with rates given by H 3 and H %, respectively. According to the theory presented in the last
section, the convergence order is related to A*+t1 + H+1, So, in order to obtain the convergence
orders reported in the present results, h needs to be small enough with respect to H.

5.2. Heterogeneous media cases. The domain corresponds to a unit square with 3 x 3 or
9 x 9 square inclusions in which the diffusion has different values. In Figure 7 we depict the case
with 3 inclusions in each direction. The diffusion matrix is given by A = kI with x = 1 in the
blue region and x = 10° in the green one, where I stands for the identity matrix. Homogeneous
Dirichlet conditions are prescribed in the whole boundary, and f =1 in 2.
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FIGURE 7. Sketch of the heterogeneous diffusive media with 3 x 3 inclusions.

Here 7y, = é, Tex = 1—16, £ = %, and the diffusive coefficient is k = 1 (blue) and

k = 10° (green).

Since the analytical solution is not known, we have computed a reference solution on a highly
refined grid containing 524, 288 triangular elements, and the approximate solution is computed
using quadratic elements (the global linear system has approximately one million degrees of
freedom). For the MHM method we have partitioned the domain using a mesh of 32 L-shaped
elements and have used the P;(F) x Py(%) element. The linear system solved by the MHM
method has 624 unknowns, while each basis function has been computed solving an off-line local
problem on a sub-element mesh of approximately 3,000 triangular elements. In Figure 8 we
depict a basis function resulting from this process, where we can observe the influence of the
physical coefficient on the shape of the function. It is interesting to notice that the elements do
not follow the jump in the diffusion coefficient.

FIGURE 8. A multiscale basis function associated with a degree of freedom (black
dot) on a L-shaped mesh with the P;(F) x Py(%) element. We observe the
influence of the high-contrast coefficients on the basis function.

For further comparison, we also compare the MHM solution to the solution of the Galerkin
method in a mesh containing 512 quadratic elements (3,283 degrees of freedom). In the case
in which there are 3 inclusions in each direction, we see in Figure 9 that the MHM’s solution
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reproduces the reference solution very accurately while the Galerkin method fails to do so. This
is especially noticeable in the cross-sections shown in Figure 9.

FIGURE 9. The 3 x 3 inclusion test case: Comparison between the reference
solution (top left) and the Galerkin’s solution on a conforming triangular mesh
with DoF' = 3,283 (top right) and the MHM’s solution (bottom left) on a non-
conforming L-shaped mesh with DoF' = 624. Cross sections at x = 0.25 and
x = 0.5 (bottom right) are shown illustrating the lack of accuracy of the Galerkin
method compared to the MHM solution.

FIGURE 10. The 9 x 9 inclusions test case. Elevation of the reference solution
(left) and the MHM’s solution obtained on a 32 L-shaped element mesh (right)
with DoF = 624.
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FIGURE 11. The 9 x 9 inclusion test case: Comparison between the reference
solution (top left) and the Galerkin solution on a conform triangular mesh with
DoF = 3,283 (top right), and the MHM solution (bottom left) on a non-
conforming L-shaped mesh with DoF' = 624. Cross sections at = 0.25 and
x = 0.5 (bottom right) show that the MHM method improves the accuracy when
compared to the Galerkin method with polynomial basis functions.

We next address the case in which there are 9 inclusions in each direction. In Figure 10
we depict elevations of the reference and MHM solutions. We can observe that the use of the
multiscale functions makes it possible to give an accurate approximation of the reference solution
using a small number of degrees of freedom on the online phase. A finer comparison is shown in
Figure 11 where isolines of the solution (along with the computation mesh for the Galerkin and
MHM methods), and cross sections are depicted. We can observe, once again, the gain obtained
when using multiscale functions, when compared to the standard Galerkin method.

6. CONCLUSION

In this work we have extended the MHM method to general polygonal meshes. Stability and
optimal convergence has been proven even when the polynomial degree used to approximate the
fluxes is the same as the one used to approximate the primal variable, and when the discrete
space for the Lagrange multiplier is formed by discontinuous polynomials. Two converging
scenarios appear. In the mesh-based approach, the polygonal mesh gets refined while keeping
the same sub-partitions of the skeleton, and of the elements. Meanwhile, in the space-based
approach the coarse mesh is fixed at the beginning of the calculation while the sub-partitions
of the skeleton and the sub-element meshes get refined. Our numerical experiments show that
the latter approach leads to a faster convergence than the former. A formal proof of this fact
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is lacking, but this helps to understand the reasons why the method, supplied with an edge
refinement strategy, has given satisfactory results in the past (see, e.g., [25]).

The numerical results show a very robust behaviour of the method, even in a case with high
contrast. On the other hand, a more refined error analysis of this situation is needed, along with
the full error analysis for the three-dimensional case. Also, more intensive, three-dimensional
numerical validation is needed, including the possibility of using elements that are not simply
connected (possibility allowed by the theory, but that we have not tested so far). This last
case would be very attractive to treat cases such as PDEs posed on perforated, non-periodic,
domains. These issues will be the subject of future research.

APPENDIX
Lemma 6.1. Let k > 0, and let us define the following space
% ={q€ Hj(0,1) : alg,05) € Prys (0,05) and |5, € Pryy (05,1)} .
Then, if u satisfies

1
(6.1) e P (0,1) and / w(x)g(z)de =0 forallqge X,
0
then p =0 in [0, 1].
Proof. The case k = 0 will be treated first. For k = 0 let

(z) = x ifz <0.5
T =Y1-2 ifz>05

Then, ¢ € X. Thus, if u € R\ {0}, then
1 1 u
/ pq(z)de = u/ g(z)dr =7 #0,
0 0

which contradicts the hypothesis.
Now, let k£ > 1, and let p € P, (0, 1) satisfying (6.1). Let q;,¢, € X be defined by

[ z(05—-2z) ifx<05 |0 ifx <0.5
(6:2) ) = { 0 ifr>05  ®@)= { (x—05)(1—=) ifz>05
Since
1 0.5
(6.3) /0 p(x)qr (z)de = /0 w(x)z(0.5 —z)dr =0,

and ¢ (z) > 0 in (0,0.5), then p changes sign in (0,0.5), which implies that ;1 has at least one
root z, € (0,0.5). Analogously, since

1 1
(6.4) | @e@as = [ pa)e-05)0 -0 =0,

5

then p has also a root x, € (0.5,1). So, if k =1, then u € P;(0,1) has two roots in (0, 1), and
thus it needs to be identically zero. If k > 2, we define the following functions in X:

(6.5) a3(z) = qu(z)(@ —x) and  qu(z) = @(2)(z — 7).

If ;1 does not have any other root in (0, 0.5), then, since p and g4 change signs at the exact same
points in (0,0.5), then

1 0.5
(6.6) | n@astaras = [ u@yasta) s 0.
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which contradicts (6.1). In an analogous way, using the function g,, we deduce the existence of
a fourth root =, € (0.5,1). If k = 3, then u is a quadratic polynomial with four distinct roots
in (0,1), and then it needs to be identically zero.
For k > 3, following completely analogous steps to the ones just described, we deduce that
w needs to vanish at, at least, 2(k 4+ 1) — 2 different points in (0, 1), which, for a polynomial
p € P(0,1), is impossible unless p = 0. This finishes the proof.
O

The following result extends the previous result to the P, (F) x P, (%) case.

Lemma 6.2. Let k > 0. Then, if u satisfies

(6.7) peP,1(0,1) and /01 w(x)g(z)dx =0 forallqe X,
then p =0 in [0, 1], where the space X is defined as:
o Fork =0:
X = {q € H{(0,1) : the restriction of qto (0,1/4),(1/4,1/2),(1/2,3/4), and (3/4,1) belongs to P} .
o fork=1:
X={qe HZ(0,1) : the restriction of q to (0,1/3),(1/3,2/3), and (2/3,1) belongs to Py} .
o Fork > 2:

X = {q € Hy(0,1) : qlig05) € Pry1 (0,0.5) and gl 5,y € Ppyy (0.5, 1)} :

Proof. We split the proof in the three cases described above:
k =0: Let u € P;(0, 1) satisfying (6.1), and let ¢, ¢, € X be defined as follows:

x if 2 < 0.25 0 ifz <05
(6.8) (y(z)={ 025—z if025<x<05 , fly(z)=_ z—05 if0.5<z<0.75
0 if0.5 <z 1—z f075<a

Since p satisfies (6.1) then

1 0.5
(6.9) /0 ()t () di = /0 )ty (z)dz =0,

which implies that p has a root in (0, 0.5) since ¢, is positive in that interval. Analogously, since

1 1
(6.10) | @@ e = [ sz =o.

.5

and /, is positive in (0.5, 1), we deduce that p has a root also in (0.5,1). Since p € P;(0,1) and
has two different roots in (0, 1), then it is identically zero.
k=1:Let u€Py(0,1) satisfying (6.1), and let ¢5,¢,,¢; € X be defined as follows:

2(1/3—z) ifz<1/3 x—1/3)(2/3—x) if1/3<2<2/3
63(@:{ 0(/ ) ifl/gg/x ’ €4($):{(() e ) else/ =r=d
0 if 2 < 2/3
65@’):{ (x—2/3)1—2) if2/3<z

Since p satisfies (6.1) then

1 1/3
(6.11) /0 p(x)ls(x) de = /0 w(x)x(1/3 —x)dx =0,
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which, due to the positivity of ¢ implies the existence of z; € (0,1/3) such that p(z;) = 0. In
a completely analogous way, we deduce there exist z, € (1/3,2/3) and x5 € (2/3,1) such that
p(zy) = p(zs) = 0. Thus, p must necessarily vanish.

k > 2 : From the proof of Lemma 6.1, any function x4 that satisfies (6.7) has at least 2k different
roots in (0,1). Now, for k > 2, 2k > k + 2, and thus, if p € P, ,(0,1) satisfies (6.7) it will
vanish at at least k + 2 different points in (0, 1), which implies that yu is identically zero. This
finishes the proof. O
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