N

N

A Petrov-Galerkin Multiscale Hybrid-Mixed Method for
the Darcy Equation on Polytopes

Honério Fernando, Larissa Martins, Weslley da Silva Pereira, Frédéric Valentin

» To cite this version:

Honério Fernando, Larissa Martins, Weslley da Silva Pereira, Frédéric Valentin. A Petrov-Galerkin
Multiscale Hybrid-Mixed Method for the Darcy Equation on Polytopes. 2022. hal-03820365

HAL Id: hal-03820365
https://hal.science/hal-03820365

Preprint submitted on 19 Oct 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03820365
https://hal.archives-ouvertes.fr

A Petrov-Galerkin Multiscale Hybrid-Mixed Method for the
Darcy Equation on Polytopes

Honorio Fernando, Larissa Martins, Weslley Pereira, Frédéric Valentin

October 18, 2022

Abstract

In this work, we propose a new method called Petrov-Galerkin Multiscale Hybrid-Mixed (PGMHM
for short) as a variant of the Multiscale Hybrid-Mixed (MHM) method. Its construction starts from
a Petrov-Galerkin formulation for the Lagrange multiplier space, defined by enriching the trial spaces
with residual-based functions on the partition faces. As a result, jump terms are added to the original
MHM method, which penalizes the lack of conformity of MHM numerical solutions. As a consequence of
space enrichment, the method induces local postprocessing of the numerical solution that incorporates
the model’s physical aspects and preserves the exact solution’s local conservation properties. Numerical
experiments validate the theoretical results and verify the accuracy of PGMHM on highly heterogeneous
problems.
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1 Introduction

Multiscale finite element methods have undergone intense development in the last decades, both in
theoretical and practical aspects, for their capacity to be accurate on coarse meshes and to be prompt
to leverage the new generation of massively parallel computers. Since the seminal work [1], there has
been vast literature on the subject wherein the Multiscale Hybrid-Mixed (MHM for short) method [2, 3]
is an example. The MHM method is a byproduct of a hybrid formulation that starts at the continuous
level posed on a coarse partition. It consists of decomposing the exact solution into local and global
contributions. When discretized, such a characterization decouples local and global problems: the global
formulation turns out to be responsible for the degrees of freedom over the skeleton of the coarse partition,
and the local problems provide the multiscale basis functions. It is interesting that the multiscale basis
functions can be computed locally through independent problems. Other alternative multiscale methods
share the similarity of a global problem constructed over the solution of local problems that play the role
of upscaling the under-mesh structures. In the context of the Darcy model (or Poisson equation), it is
worth mentioning the VMS method [4], MSFEM and GMsFEM [5], the PGEM and GEM [6], the HMM
[7], Multiscale Mortar method [8], the LOD method [9] and other variants of the MHM method as [10],
to cite a few.

The MHM method for the Darcy equation is non-conforming in the H' topology as its solution
is discontinuous across faces. Finite-dimensional Lagrange multipliers on the skeleton of a partition
and element-wise piecewise polynomial drive the approximate solution. Then, we improve the MHM’s
accuracy by enhancing the finite-dimensional Lagrange multiplier space with functions that enforce the
H'-conformity of the MHM method. Such an idea produces the Petrov-Galerkin Multiscale Hybrid-Mixed
method (PGMHM) as a perturbation of the MHM method. Its construction follows the original idea of
the Petrov-Galerkin enriched methods (PGEM) [11, 6], which consists of enhancing the trial Lagrange
multiplier space and look for a discrete solution in the underlying augmented space through the standard
Petrov-Galerkin method. Moreover, this immediately yields a post-processed solution computed from
local problems driven by a “more physical” Lagrange multiplier space.

In this work, the enhanced space relies on the a posteriori error estimator proposed in [3, 12]. The
proposed approach allows static condensation, which results in adding jump terms associated with the
discrete solution to the original MHM method. Those extra terms penalize the lack of H'-conformity of
the MHM solutions. Consequently, the underlying linear system associated with the PGMHM method is
no longer of saddle-point type. Also, it permits bridging the proposed multiscale approach with stabilized



methods where the stabilized parameter arises from the design of the a posteriori error estimator. We
prove the well-posedness and optimal convergence properties of the new method by taking into account
the interplay between the first and second levels of discretization. Numerical validation verifies theoretical
findings and also shows that the PGMHM method is super-convergent in some scenarios and can improve
the MHM’s solution in heterogeneous coefficient problems.

The outline of this manuscript is the following: Notation and some preliminary results are in Section
2. In particular, we recall the characterization of the exact solution in terms of local and global problems.
Section 3 introduces the method and present its construction. Existence and unicity for the PGMHM
method are proved in Section 4, and error estimates are in Section 5. Numerics are in Section 6 and
conclusions are laid in Section 7.

2 Setting and Preliminary Results

2.1 The Darcy model

Let Q C R?, d € {2, 3}, be an open and bounded domain with polygonal Lipschitz boundary 9Q. Given

fe€L*Q) and g € H%(BQ), this work aims at approximating the following boundary value problem:
Find v € H*(Q) such that u|on = g and

/AVu-VU:/fv for all v € Hy(Q). (1)
Q Q

Here, A € L™ (Q)dXd is a symmetric matrix and may involve multiscale features. It is supposed to be
uniformly elliptic in Q. More precisely, we assume that there exist positive constants Amin and Amax
such that

Aminl€]? < ETA(2)€ < Amax|€]> for all £ € R, )

and for almost all & € , where | - | is the Euclidian norm. The standard weak formulation (1) is a
well-posed problem (c.f. [13, Proposition 3.4]).

Above and hereafter, H™(D) (L?*(D) = H°(D)) stands for the usual Sobolev spaces on an open
bounded set D C R?, d € {1,2,3}.

2.2 Hybrization

Following closely the presentation in [14], we start introducing £, a collection of open, bounded, disjoint
polytopes, K, such that Q = Ugec K. The shapes of the polytopes K are, a priori, arbitrary, but we
suppose that they satisfy a minimal angle condition (see Assumption A, Section 5, for a more precise
statement). The diameter of K is Hx and we denote H = maxge o Hyg, and assume H < 1. For each
K € 2, n® denotes the unit outward normal to K, such that n® = n on 0Q where n is the unit
outward normal to 9€2. We also introduce 02 as the set of boundaries 0K, and £ the set of the faces of
2, and & the set of internal faces. By mx we denote a unit normal vector on faces E € £, and nk the
unit outward normal vector on E with respect to K.

Associated to the partition &2, we define the broken Sobolev space H™ () := {v : v|x € H™(K) for all K €
P}, form > 1.

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

1

. 1 ’

V= H'(P)  with norm ||v|v:—{ > (d2|v||§,K+|W||aK)} , Q
Kezp N Q

where do > 0 is the diameter of €2, and the space H%(OQ) defined as the trace of functions in H'(Q)
equipped with the norm

lglli/z,00 = inf ofv. (4)
veH" ()
v=g on 9N
We define
Vo := {v € L*(Q) : v|x € Po(K) for all K € P}, (5)

where Po(K) stands for the space of piecewise constants, and

Vi={veV:uvkeL(K) foral K e 2}, (6)



where L3(K) is the space function L?(K) with zero mean value functions. In addition, we define
A= {r -n"|yx : T € H(div,Q) forall K € 2}, (7)
equipped with the following norm

||p]|a == sup w for all p € A. (8)

vev HUHV
We also define the following (semi) norm in A

U)o
lul, = sup M
sev  ollv

forall p e A. 9)

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

We also denote by (-, -) p the L?(D)-inner product (we do not make a distinction between vector-valued
and scalar-valued functions), and define the products on & and 04 as

(v w)e = Y (Lw)k and (gv)ez = Y (1,0)ox (10)

Kez Ke=z

where the product on 0D is the duality pairing between H ~2 (0D) and H 2 (D). Also, we shall use the
following space product norm in A x V'

(s 0)l[axv == llplla +[lollv - (11)

We are ready to present a hybrid formulation for (1). Here, we relax continuity of u on the skeleton
02 by introducing the Lagrange multiplier A. The hybrid formulation reads: Find (A, u) € A x V such
that

{(AVU,V’U),@ —(\v)sw = (f,v)e forallvelV, (12)

(w)oz = (1, 9)on forall p € A.

Observe that (12) is a saddle point problem wherein the exact solution u is searched in a space V
bigger than H* (©2). Nonetheless, the introduction of the Lagrange multiplier A € A, which ensures the
weak continuity of u on 22, leads u to belong to H'(Q) and to satisfy the original formulation (1). These
results were proved in [15] and extended in [16] to more general partitions .

2.3 A characterization of the exact solution

The exact solution can be characterized in terms of the solutior} of local and global problems. Following
closely [3], we define the bounded mappings T € L(A, V) and T € L(L*(R),V) as follows

o forall p € A, Tu|x € H'(K) N L3(K) is the unique solution of

/ AVTp-Vo = (u,v)ex forallve HY(K)NLH(K),VK € 2; (13)
K

o forall g € L*(), Tq|x € H'(K) N L(K) is the unique solution of

/Aqu-w:/ qu forallve HY(K)NL{(K),VK € 2. (14)
K K

Hence, the solution of (1) can be written
u=uy+TA+Tf, (15)
where (A, ug) € A x Vj solve the following mixed problem: Find (A, ug) € A x V; such that

{(lh TNoz + (tuo)os = — (1, Tf)om + (u,g)oq  forall pe A, (16)

(Mvoor = —(f,v0) 2 for all vy € V4.

The well-posedness of (16) was proved in [3] and is stated below for the sake of completeness.



Theorem 2.1. There exist positive constants C' such that

(1, Twozw > Cllulla  forallpe s, (17)

sup <,LL, UO>397’

> Cllvlly  for all vy € Vo, (18)
HEA ||NHA

where
N ={p el (nv)ee =0 forallvyg e Vo} . (19)

Consequently, (16) has a unique solution (A, ug) € A x Vi. Moreover, u given in (15) satisfies (1) and
AVu-n® o =\ for all K € 2.

Proof. See [3, Section 3.1] for the partition of Q in simplex elements, and [14, Theorem 2.1] for more
general cases. O

Observe that (9) is a norm on the null space 4" as it coincides with ||-||5. Also, o := AVu € H(div, )
since o -n |sx € A for all K € 2. In addition, since TX and T'f have zero mean value in every K € &

the following holds
1
Up |K = m X u.

3 The PGMHM method

3.1 Partitions and finite dimensional broken spaces

Similar to the MHM method (c.f. [17, Section 3]), the PGMHM uses a multi-level discretization starting
from the first level partition &?. We introduce two partitions which do not coincide but are not indepen-
dent. We start discretizing the set of faces £ € £ and denote by Hg its diameter. For this, we introduce
Ex, a partition of £, for which each E € £ is split into faces F' of diameter Hrp < H := maxrece, Hr.
Hereafter, we shall assume the existence of C, independent of mesh sizes, such that

Hi < CHg foral EC £ and K € Z. (20)

In addition, for each K € &, we introduce a shape regular family of simplicial triangulations {7},
made up of simplices T € Z;X of diameter hy < h := maxgeco MaXye oK hp (see Figure 1). Also,
we restrict £y to be simplicial and shape regular in order to avoid unneclessary technicalities in the
presentation of the method and the proofs.

&

Figure 1: A polytopal domain discretized with non-conforming polygonal elements K (left) and a minimal
sub-mesh in element K (right). The red dots represent the degrees of freedom associated with the sub-mesh
and the gray dots with the mesh skeleton.

The term [v] represents the jump of v on E € &, i.e., for two elements K and K’ sharing F, we define

[v] :== (nf -ne)v|x + (ngl ‘ng)v|g on E €&,



and [v] = v on E C 9Q. We define finite element spaces associated to £y and .7~ given as follows

Vii= [] Va(K) where Vi(K) := {v, € C°(K) : vp|p € P(T), VT € F}, (21)
Ke=z

Vi =[] Va(K) where V;(K) :=Vi(K) N L§(K), (22)
KeZ

A :={pg €A:puylr EP(F),VF €&y} withk>0+d,¢>0. (23)

Here P,,,(D) stands for the space of polynomials with degree of order less or equal to m > 0. Using
the finite element spaces defined in (21)-(22), the discrete equivalents of the mappings T and T' defined
n (13)-(14) read

o forall p € A, T, € V}, is the unique solution of

/ AVTLp - Vo, = {p,vp)erx  for all vy, € f/h(K) and K € &; (24)
K

o for all ¢ € L?(Q), T,,q € V,, is the unique solution of

/ AVT,q - Vo, :/ qu, forallv, € Vo(K) and K€ 2. (25)
K K

Following [14], for 4 € A and ¢ € L*(Q) the following stability results hold
C . C
Ain luly, and [[Thally < EH llal

where C' depends only on the constant in the Poincaré inequality (c.f. [17, §2.4]). Hereafter, we denote
by C' a positive constant independent of mesh sizes, which may dependent of physical coefficients Amin
and Amax. The constant dependency on the shape of mesh elements follows [17, Remark 2.1],

[Thpllv < 0.9 (26)

3.2 The method

We propose to approximate the solution of (16) by the following PGMHM method: Find (A;,ul) €

Ay X Vp such that .
{ah(AH,uH) +bn (e, ut) = fu(pie) + gn(pis) (@)
br(Ners v0) + cn(ud, vo) = fa(vo) + gn(vo)

for all (ug,vo) € Ay X Vi. The discrete bilinear forms above rely on the mappings (24)-(25), and read

an: A XA =R ap( Mg, pm) = (pa, Thd m)oo + Z 75 ([Th pu], [Th Ae])E,
Ee&
bn:Ax Vo =R by(Am,vo) = (Am,vo)aw + > e ([Tn Au], [vo]) e, (28)
EcE
cn: Vox Vo =R Ch(Ug:UO) = Z TE ([[US]]7 [vol) e,
EeE

and the discrete linear forms

faiVo =R fulwo) = ~(fv0) o = > 7 ([T f] [l e,
Eceg
foiA=R o fu(pn) = —(pr, Tfloow — Y 7o ([Th pul, [[Th f]])E,
Eeg (29)
gn i A =R gn(un) = (uu,9)oa + Y 78 (Tapn,9)e,
ECoQ
gn Vo= R gal(vo) = Z 75 (9 v0)E -
ECoQ
Here, the mesh-dependent parameter 75 reads
TR = 04214;_2,2" where a € R in Q. (30)



Next, following the MHM methodology described in [3], a discrete solution ugp can be reconstructed
from the solution of (27) as follows

wpn = ug +Th Ag +Th f . (31)

In the present framework, an alternative discrete solution % gy, is available driven by a richer subspace of
A. This option stems from an enriching space approach and shall become clear in the next section. For
now, let us define A € A such that
:tTE[[uHh]]lE 1fE650,
t 76 (ugn — Tk g)|p if EC 09,

where 7, is the L?(E) orthogonal projection on Py (E) and = represents the sign of np - nX%. Observe
that Ag | € Px(F), and then, A\g & Ay. Then, we define up := T, Ag € Vj, such that, when restricted
to K € &, it satisfies

/ AVT g - Vo, = (Ag,vp)ox  for all v, € V;,(K). (33)
K

Thereby, we propose to approximate the exact solution by
UHR = UHH + UR = u8+Th/~\H+Thf where XH = Ay + Ar.- (34)

Remark 3.1. At this point, observe that the local conservative property of the exact flux A is preserved by
its discrete counterpart Ag, but not by Ag. Indeed, replacing (vo, Axr) = (1x,0) in the second equation

in (27), it holds
/ An :/ (/\H+/\R) :—/f forall K € 2,
OK OK K

where Ay is given in (32). The choice of a numerical method to define T} and Ty, can be general. Here,
we restrict the presentation and analysis to a Galerkin method, but other choices, such as stabilized or
enriched methods, or discontinuous Galerkin related methods, to name a few, are also options which lead
to similar theoretical results. Error estimates for both discrete solutions wgpn and gy, will be addressed
in Section 5.

3.3 Derivation of the method

In this section, we present an interpretation of the PGMHM method as a byproduct of an enriching space
strategy, which leads to the post-processed discrete solution 4z, in (34). Indeed, we adapt the enriching
space framework based on a posteriori error estimators originally proposed in [18] to hybrid formulation.
As a result, we augment the space Ay with functions dependent on the jumps of the discrete solution
on faces.

We formalize such an idea by starting with the following augmented space

]\H '=An + Ar,
where Ay is defined in (23) and Ar C A is given by
Ar:={pr €A : ur = [w,]|g € Pe(E) Yw, €V, E€&}.
As such, a function fiy € Ay can be decomposed (not uniquely) as follows
fig = g + MR, (35)

where piy; € Ay and pp € Ag. In the particular case of Ay, we look for Ag such that it depends on the
residual on faces. As a result, its definition involves the jumps of the discrete solution uy;, as shown in
the a posteriori estimator proposed in [3].

Specifically, we search Ap € A as in (32), where uppn == uff + Ty, Ay + 1), f € V,, and 7 is given in
(30). This can be seen as a consistent perturbation (or enrichment) of Ay € Ay since Ay vanishes as
Ugy converges to u.



Owing to these definitions, we discretize the hybrid problem (16) using the following Petrov-Galerkin
strategy: Find Ay € Ay and ul € V; such that

{<NH7Th5\H>89 + (pm,ub)ow = —(uw, Thflom + (um, gloa  for all gy € Ay, (36)

(A vo)az = —(f,v9) for all vy € Vy,
and the corresponding enriched numerical approximation writes
aHh :u8+Th5\H+Th‘f

Observe that the method (36) is not, apparently, prompt to be used since it depends on the action
of T}, on Ar, which is not available at this point. However, by a simple trick based on the symmetry of
operator T}, we can rewrite (36) in an equivalent form, which we can solve. To see this, first observe
that, by symmetry, there holds

(W, Thdr)ow = (Ar; Thit)oze for all py € Ay .
As a result of the above identity, we get

(e, Thdm Yo + (prr, ul Yoo
= (u, Tidu)ow + Ar, Talter)oz + (m, ug)o o

(r, Tidmow + Y 76 ([Thpal, luan)e + D 7e(Tapw, unn)p
E€g, ECoQ

- Z TE (Th.U'H7g)E + </~’LH7U(}JL>5L@
ECOQ

= an (et poar) + b (s ug) + > 75 ([Thpa], [[Thf]])E - > e (T 9)e
Eee ECo9Q

and

Amyv0)aw = (Amsvodow + O 7o ([umal, [vo]) e

E€&
+ Z Te(Ukn, Vo) — Z T6(9,v0)E
ECo2 ECoQ
= b vo) + en(ut v0) + Y 7 ([10 ] Tvol)e = > 7(g,v0)e

Ecé& ECOQ

The PGMHM method (27) follows collecting the previous contributions.

4 Well-posedness

First, we introduce some mesh-dependent norms in V' and recall some classical inequalities needed in the
proofs. Let

1/2
1
[oll3 = {IVvIIS,ga +y H|[[v]]||3,E} ; (37)
pee 'tE
and the product norm
(s 0)[axcr = llplla + ol - (38)
We also define the product (semi) norm

(s 0) | p e = Ly + [0l (39)

and observe that (39) is a norm on the polynomial space Ay (and Ay) and coincides with the norm
| - [|ax2 on the null space A"



Using [bre03| and the definition of || - || in (37) and || - ||y, in (3), where C is a positive constant
that depends only on the shape regularity of the partition £, it holds

lollv < Cllll - (40)
Also, from the trace inequality in [19, Lemma 6.4] and (20), we have

1 1
> o IbllEs < ¢ X (Gl +190ldx) (41)

2
Ee€ Keo Hic
and if v € V, from the generalized Poincaré inequality (c.f. [20, 21])), it holds
[ollo,x < CHKl[Vvllo,x -

By replacing the inequality above in (41), one gets

1
> ?E"HU]]‘|(2),E <C Y IVelik < Cllliy, (42)

Eec& Ke2

for v € H'(K) N L3(K). We recall that all the results presented below were proved using constants
depending on the shape of the elements in .7;%. So, although the constants do not depend explicitly on
the shape of K, they will depend on an implicit way through the shape of the elements on .ZX (see [17,
Remark 2.1]).

Now, let €, : H*(Q) — V}, be a variant of the Clément interpolation operator defined locally. That
is, for every v € V, we define €, (v)|x = € (v), where €F : V(K) — V,(K) is the usual Clément
interpolation operator. This mapping satisfies the following (see [13]): there exists C, depending only on
the shape of the elements T € X such that, for all v € V(K) and all T € 3,

162 )z < Cllollry
lv =G iz < Cllvlliwy, (43)
v =% @)llor < Ch vy »

where wp == {T" € ZX : TnT #0}.

The following result ensures the existence of a Fortin operator acting on V' with image in V}, and using
the space Ag. It is the key to the well-posedness of (27). It was addressed in [14] for the two-dimensional
case, where £ = k and ¢ = k + 1 on polytopal domains, and extended to the two- and three-dimensional
case in [22] assuming k > £+ d, £ > 0. We recall a variant of it here in the scalar case [17, Lemma 4.2].

Lemma 4.1. Letk—d > (¢ > 1. Then, there exists a mapping I1;, : V — Vi, such that, for allv € V:

/Hh(v),uH:/va forallpy € Ay and F €&y,
P P (44)

Mk ()l < Clvflv -

We are ready to prove the well-posedness of the PGMHM method (27). To this end, let By, : [A x Vp] X
[A X Vo] — R be the following bilinear form

By (1, v03 §,wo) = an (1, §) + by (€, v0) + br (1, wo) + ¢x(vo, wo) , (45)
and F}, : [A X Vo] — R the following linear form
Fy(&wo) = fu(wo) + fa(€) + gn (&) + gn(wo) - (46)

Owing to those definitions, we introduce the following equivalent form of the PGMHM method (27):
Find (Ag,up) € Ay x Vp such that

B (A uos s vo) = Fr(pm,vo)  for all (um,vo) € Ay x V. (47)

The next results prove the continuity of operators By, (+; ) and F},(-), and estimates the consistency error
involving in approximating the second-level solutions.



Theorem 4.2. The mappings By, (+;-) and F},(-) are continuous, i.e., there exist C such that

Bh(iuv v0;€7w0) <C H(/JﬂvO)||A><HH(€7wO)HA><'H fO'f all (/J‘7 UO)a (€7w0) €A X V07

(48)
Fin(§,wo) < C|(§wo)llaxw  for all (§wo) € A x V.
Moreover, there exists C such that
B (A = Mg, g — ulls X, L
s DrlAZ Ao = i, wo) <CNT—TA+ @ ~Dfly,  (49)
(XH,wO)EAHXVO ‘(XH7wO)|A><’H

where (ug, \) is the solution of (16).

Proof. The proof of continuity of forms Bp(-,-) and Fj(-) in (48) follows easily from the definition of
norms |- |y, || - ||a and || - |1/2,6% in (3), (8) and (4), respectively, Cauchy-Schwartz and trace inequality
(41), and the stability of operators T}, and T}, in (26).
As for the consistency error estimate (49), we split it in two parts using the fact that, from the
definition of (45), it holds
Br(A = Am,uo — Ug;XH,wo) =ap(A— Ay, xw) + bn(XmH,uo — ug)
(®)
+bn (A = Aar, wo) + e (ug — g, wp) -

(i1)
First, using the characterization of the exact solution u in (15) and the approximate solution ugp in

(31), and observing that [u] =0 on E € & and u — g = 0 on E C 99, we get from the definitions of
by, (-, ) and ¢ (-, ) in (28), that

br(A = A, wo) + (g — ug, wo) = Z TE([[(Th —T)A+ (Tn — T)f]],[[wo]])E.
BeE

Next, from the Cauchy-Schwarz inequality and applying the trace inequality (42) and (37), we obtain
that (i#4) can be bounded as follows

bh()\ — )\H,U}o) + Ch(’d() — Ug,wo)
<> 7ol [T = T)x+ (@ = D) £ llo, sl wollo,z

Ee&
<CIT =T+ (T =T fllv [ HiEH[[wom 2e]”

Bee
< CIT = T)X+ (T = Ty) fllv llwolls -

For the second part (), we use the same arguments as in (i) and the definitions of a,(+,-) and b, (-, -)
in (28), to get

an(X = Ag, Xar) + bu (X wo — u6) =(Xa, (Th — T)AN+ (T, = T) f)oz

+ 3 me([Toxal, [T = TIA+ (T = T)f])e,
EcE

and, from the Cauchy-Schwartz inequality and applying the trace inequality (42) and (26), we arrive at
an (X = A, xXa) + bu (x> o — ug)
) v 7 2
<sup W02 7, )y g (8~ )y

cev Iollv
+ 3 me([Txal, [(@ = DA+ (@ = D)f s
Ecé&

<IT = Ti)A + (T = Tn) fllv x5

+ > 7l [(@ = TN+ (@ =) ] ol ITxadllo,s
EcéE

<C (T =T)X+ (T = T0) fllvIxwls -



Therefore, from the definition of By (-, -), we get the following estimate

Bi(A = A, ug — ul; Xz, wo)

sup
(XH,wU)GAHXVO |(XH7wO)|A><‘H

<C sup (T = Th)A + (T = Th) fllv (Ixa s + [lwoll#)
(X wo) €A XV |(XH’w0)|A><H

<CIT = Ti)A+ (T =Tu)fllv -

O

Next, we address the well-posedness of (27) (e.g. (47)).

Theorem 4.3. Letk > ¢+ d and £ > 1. Let By(-,-) be given in (45). Hence, there exists a positive

constant ag, independent of h and H, such that for 0 < a < «q, problem (27) (e.g. (47)) is well-posed.
Moreover, it holds

Bh(MH7Uo§€H,w0) >

sup 2 Ol v0) | xa » (50)

(€5 wo)EA L XV, |(£H7w0)|A><H
for all (ug,ve) € Ay X Vy, where C is a positive constant independent of H, H and h.

Proof. Let Ay be the following null space
JVH = {é’HeAH : bh(fH,’Uo):O for all UOEVO} . (51)

Let £ € ANy and Oy € AR be such that Oy |pcok = (n}E( -np)Te[Théu]. Define ug :=&u + 0y € AH,
and note from (51) that py satisfies

(tm;vo)az =0 forall vy € Vg, (52)
and
|£H‘A < 2||NHHA- (53)
Indeed,
1€xrlp < ke lla + 10w o
O, V)4
— Nl + sup 2oz
seV o]l
, \1/2 oy \1/2
s (Sree e ITnllde) " (Saee o 5113 )
S [[HHE|A T SUup po
bIa% o]l

<|lpulla +aC Anin || Théullv
Ca
< lpwlla + > [€aly s

where C, depends only on the Poincaré and trace constants. Therefore, (53) follows setting a < C%l

From (52), (8), (42) and Lemma 4.1, there exists C such that
Il = sup L0102
sev 0Ny
<C sup (MH»Hfjf))a@
SeEV HHhUHV
<C sup (i, vn)o
v, EV}, lvnllv

< C sup (:U’H7 ﬂh)a@

b, €V, 25 llv
<C sup Prew Ju AVTpy - Vo,
A 10n1ly
<C sup Ykew Jx AV - Vi, + sup Yokew Jx AV - Vi,
a 8,€V), (o IP% 5, €V, 1951l
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and, thus, from the Cauchy-Schwartz inequality, it holds

lalls < O (3 IVT&alBn + 3 IVT0al3x)
KeZ Ke2
o

2)1/2
Kez

¢ ( Z HVTh€H||g,K + (sup W) )

IN

1/2

2, AT

IA

c 2 )1/ : (54)

KeZ Ee&

Next, we use & in ay(+,-), (54) and (53) to get

an(E,€n) > Amin D IVTuéulld x + Y 7o I[Théullld £

Ke2 Ee&
> C|uwlz > C |€H|i- (55)

Also, for all vg € Vo, from (37) it holds

cn(vo,00) = Y 7e | [wo]lI3,5 = C llvoll3 (56)
EeE

Next, given vy € Vo take fiy € Ay such that fiy|pcox = (N - nE)H—lE[[vo]], then

Z (fim,vo)ox = Z 7-[ ”[[UOH]HOE = Jlwoll% - (57)

Ke Ee&

Observe that

inly = sup $002 < 0 (5 S lllfe) = C ol

et el 2

Next, from the definition of by (+,-) in (28), norm || - |4 in (37), (40), (42), and the stability of 7}, in (26),

it holds o o
o Uy a Uy —
by (fir,vo) > (1 — 7) l[voll3 > C (1 — — ) lvollwl iy »

where C depends only on the Poincaré and trace constants. By choosing a < C%,’ we arrive at

b
sup h(MH7UO)

1
05 llvo |9 - (58)
w €AY tpr |

Then, using o < min {Cib, C%l}’ the (55), (56) and (58) also hold, which are the conditions for the
existence and uniqueness of a solution for method (27) (see [23, Theorem 3.3.1]). In addition, the inf-sup
condition (50) holds following closely the proof in [13, Proposition 2.36]. O

Error estimates for the discrete solution of (27) and its enriching counterpart (34) are next.

5 Error Analysis

This section presents a priori error estimates for the PGMHM method under the following assumption
on the mesh skeleton:

Assumption A: The family of meshes {£ } 5., induces a shape regular family of triangulation {Eg}l_bo
for each K € &, such that their trace on 9K coincides with {E} ;-

11



Notice that Assumption A yields a conforming simplicial partition =g := UgeZE of Q with the
following property: for each F' € £p, there exists an element T' € =y with face F'.

Next, we recall some important estimates to measure the impact of the second-level discretization.
Following [3, 14], we define wy, := Ty, + T}, f € V},(K) as the unique solution of the problem

/ AV (T 4 T f) - Von = (s vn)or + / fon = / AV(Tu+TF) - Vo,
K K K

for all v, € V;,(K), and thus, using Cea’s Lemma (c.f. [13, Lemma 2.28]), the following estimate follows

ITp+Tf—wylix < Ck illf(K) 1T +Tf —vpllx (59)

v, €V,

where C'i depends on the ratio of Amax and Amin in K, but is independent of h, H, or H. Moreover,
under the assumption that (13)-(14) have smoothing properties, in the sense of [13, Definition 3.14], and
using [13, Theorem 3.18] we also get

|Tp+Tf —willox < Cxh  inf K)|\TM+Tf—Uh|\1,K- (60)

UhEVh

Before presenting the main error estimate, we recall the following approximation result concerning
space Ay. A version of this result was originally presented in [15], and revised in [14] in the context
of two-dimensional polytopal elements, and further extended to the tri-dimensional case in [22]. Here,
we state the result proposed in [22] in the scalar functional case, for the sake of completeness (see [17,
Lemma 5.1] for details).

Lemma 5.1. Suppose Assumption A holds and let w € H™(2) N H(Q) and AVw € [H™(P)]|%, and
AVw € H(div,Q) with1 <m < £+ 1 and £ > 0. Let p € A be such that p|g := AVw - n™ |g for each
E € €. There exists a positive constant C, independent of h, H, H and A, such that

inf |lp— pella < CH™ [AVW| 10, 5 , (61)

Ky €Ny
where Ay is given in (23).
We are ready to present the main convergence result.

Theorem 5.2. Let us assume that u, solution of (12) belongs to H**' () and AVu € [H™(2)]¢, with
1<s<kand1<m<{€+1,£>0and k > {+d. Then, there exists C such that

luo = w§llv + 1A= Auly < C (B [ulsss, o + H™ [AVUl ) - (62)

In addition, if ugy, = ulf + Ty + f’hf, then the following error estimate holds
lu = umilly < C (B lulss1, + H™ [AVul,50) (63)
Proof. First observe that A € L?(02), and let ug € Ay be such that um|r is the L?(F) projection of
A on Py(F), for all F € Ex and ¢ > 0. Note that A\ — uy € A". Then, from (50) and stability of T}, in

(26) it holds

Cl(Ag — pE,ug — Ug)|AxH

< sup Bn(Ag — fim, uo — Ul X, Wo)

(XH,'LUO)EAHXVO |(XH’wO)‘A><’H

Br(\ — 0;

< sup m( a5 05 X, wo)

(X g wo) EA XV |(XH7w0)|A><7-L

+ sup Br(X— A, uo — ub; X, wo)
(XH,wO)EAHXVO |(XH7wO)|A><’H_
Br(\ = Mg, uo — uls x g, w

SCH)\—MHHA"‘ sup h( H> Uo 03 XH>Wo) (64)

(XH,'LUO)GAHXVO |(XH7wO)‘A><’H

12



Next, we estimate the consistency error using (49) and (64), to arrive at
(Ot = aarst0 = 0 e < € (IA = sl + 1T = TA+ (P =Tl ) -
Then, using the fact that u = ug + TA+T'f € H**'(K) and (59), it holds

ITA+Tf = (Tnf +Tu)\) v < CR° Julgys o, (65)

which combined with Lemma 5.1 yields

|(Aer — prs uo — uS)le’H <cC (hs ulst1, + H™ \AVU|m,9) :
Estimate (62) follows from the triangle inequality and Lemma 5.1, which leads to
|()‘ — A, U — Ug)'AxH <C (hs |u‘s+1,9 +H™ |Avu|m,9) ) (66)

and then (62) follows using (40). Regarding (63), we perform as follows

lu —ugnllv < lluo — ugllv + ITA+Tf — (Todg + T f)llv
<o = uglly + ITA+Tf — (T + TuHllv + 1T Ae — N lv
S C (hs |u|s+1,9 + Hm |Avu‘m,9) )

where we used the stability of T}, in (26), (65) and (62). O

5.1 An Error Estimate for ||u — @yl
The next result addresses the convergence of the discrete enriched solution i, given in (34).

Lemma 5.3. Assume the hypothesis of Theorem 5.2 hold. Then, defining g, = ul —|—Th5\H +Thf, the
following error estimate holds

lu =y < C (B [ulss1,0 + H™ [AVUlp ) - (67)

Proof. First, let £ € & be a face and K, K’ € & the two elements sharing E. Select uf; € Ay as
Wl|Enor == [[uo — ug]] |e and pi|prox’ = —[[uo — ug]] |E, and zero elsewhere. If E € £ N 0N, then
take uir|Erox = (uo — ul) | where K is the element containing E. Then, testing (36) and (16) with
(p3r,0), and following closely the proof of [17, Theorem 5.4], we get

(3 Mo~ ] 1Be)" < 19— warn)lo. (68)
Ece 'E

From the definition of A in (32), the regularity of u, and the trace inequality in (42) and (68), it holds

S Heldwlie <0 (X - llumdle+ 3 s-lmeg — wmlds)

Ec& Ecgy E ECoQ He
1
<C > 7 Mw =l 6,8
Ecg 'TE

1 Rl 2
<C Z = l{|wo — uo ||0,E
il
1
+ 3 A+ T = Tids = T 113,
Eee E
< C|V(u—um)lp, =

<C (W [ul2ir,0 + H*™ [AVUl% ) (69)

13



where we used Theorem 5.2 in the last step.
Next, we estimate ug := TpAp € V. For that, we use inequality (42), (33) and (2), Cauchy-Schwartz
inequality and the definition of norm || - ||, as follows

lurllf <C D IVTARIG x
Keo

<C Z (AR ThAR) oK

Kec2

<C Y IMallo.£llTaArDllo,z

EcE

<C[ X wsllis] [ X TR

Ee& Ec& He

1/2
<0 (X Helrnlde) "l (70

EcE

and as result, we get

lugls < 0 (32 Helralde) "

Ec&

Then, using (40) and (69), we arrive at
lurlly < Cllurly < C (B lulsss, o+ H™ [AVulp,5). (71)
The result (67) follows from the definition of Gy, in (34) and the triangle inequality

lu = dmnlly <llu—uvmnllv + lluzrllv,

and using (71) and Theorem 5.2.

6 Numerical validation

This section verifies the theoretical aspects of the method (27). The goal of the first experiment is to
assess the theoretical results using a smooth analytical solution, while the second and third test cases aim
at showing the robustness of the method when applied to problems with highly heterogeneous coefficients.
We shall distinguish two kinds of convergences, namely,

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

Second-level meshes are made of triangles that respect the requirement for the well-posedness of the
PGMHM method, i.e., K > £+ 2. Their diameter h tends to zero in both mesh-based and space-based
convergence validations.

Following [17], the convergence history is measured in the L?(Q)— and H'(Z?)—norms for the primal
variable u g, and in the following H (div, .7}, )—norm

1/2

lollaw = > > lollor +h3lV-ollir ,

Ke2 TeghK

for the post-processed stress tensor o nyp := AVig.
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6.1 An analytical solution case

We consider an analytical solution
u(z,y) = sin(27zx) sin(27y)

on a unit square and prescribe the corresponding homogeneous Dirichlet boundary conditions and right-
hand side, with A being the identity matrix. We use global meshes based on triangles and on L-shaped
elements.

For the mesh-based convergence, we use H = H, that means that we do not divide the edges of the
partitions any further. The results for the two types of meshes cited above with £ € {0,1} can be seen
in Figure 3 and Figure 4, respectively. We illustrate in Figure 2 two L-shaped global meshes with their
overlaid solutions.

@
L0

Figure 2: Isolines of the numerical solutions on L-shaped meshes.

We remark that all the errors tend to zero as predicted by theory in Section 5. Interestingly, for the
case £ = 0 on simplicial meshes the norm ||ogn — A Vu||aiv shows O(H*) convergence, while this does
not occur for the L-shaped mesh (See Figures 3 and 4). Such experiments used one-element second level
meshes with a polynomial degree of order k = ¢ + 2 for the simplicial element case.

10% £ 4
100 b
102 |
. .
o o =
= = -4
o o 1077 ¢
100+ ITu-tpnllo —— | 106 L~ [Tu-tpnllo —— |
Hu-uppl 1y —— Hu-upplly ——
Io-opnllay —#— lo-opnllav —*—
108 O(Hly -+ 3 108 ol -+ 1
O(Hi) —- O(H;) —-
10710 ‘ oY) —— - 10710 ‘ o) —— -
-2 -1 0 -2 -1 0
10 10 10 10 10 10
H H

Figure 3: The mesh-based convergence on simplicial elements for £ = 0 (left) and ¢ = 1 (right).

Next, we report the results obtained for the space-based strategy. For this, we fixed the coarse mesh
with 16 triangular elements or 32 L-shaped elements. The edges get refined as well as the second level
sub-meshes. It’s interesting to notice that for £ = 1 we obtain an unexpected extra order of convergence
O(H'?), while for £ = 0 case an additional O(H) order of the convergence were found. These very
attractive features deserve more investigation, and can be seen in Figures 5 and 6. An additional O(H'/?)
rate of convergence was also observed in the original MHM method and theoretically investigated in [24].

We also compare the solutions from the mesh-based and the space-based using ¢ € {0,1} in the L?
and H' norms with respect to the number of degrees of freedom. Figure 7 shows the case of triangular L-
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10% | 1
100 k
10-2 L
§ 10 E .
S 106}
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108 ¢ O(H) -+ 1 10 o(Hh -+
o(HY) —- - 12 o(HA) —- -
10710 ‘ ‘ o) — - 0 ‘ ‘ o) —— -3
1072 107 10° 1072 107t 10°
H H

Figure 4: The mesh-based convergence history on L-shaped elements for £ = 0 (left) and £ = 1 (right).

10?
100 L
1072 ¢ .
. g
b5
10—4 L
106 ¢ Mu=pnlTo —— |4 10710 Iu-pnllo —— |4
[u-Upnlly —¢— Hu-upnlly ——
O(H2) — - — 12| o172 — | |
108 ‘ o) — —- 10 ‘ oH3*?) — — -
1072 10! 10° 1072 107! 10°
H H
Figure 5: The spaced-based convergence on simplicial elements for £ = 0 (left) and £ =1 (right)
10?
10° T
1072 - 1
10 E
10-6 4
108 ¢ 1
10710 | Mu-nllo —+— 14 10710 1u-Upnllo ——1+4
[u-upplly —¢— Hu-upnlly —¢—
_ 0 2y _ 0 2+1/2y
10712 ¢ ‘ 05:3; I 10712 ¢ ‘ o(:m/z) -1
1072 107! 10° 1072 107! 10°
H H

Figure 6: The spaced-based convergence on L-shaped elements for £ = 0 (left) and ¢ = 1 (right).

shaped element meshes. We can see that the space-based case requires fewer degrees of freedom compared
to the mesh-based strategy to achieve a certain error threshold.

6.2 A heterogeneous media case

The domain corresponds to a unit square with 27 x 27 square inclusions in which the diffusion coefficient
has different values as proposed in [14]. The domain setting is depicted in Figure 8 for the case with
three inclusions in each direction. The diffusion matrix is given by A = kI with k = 1 in the blue region
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Figure 7: Comparision between mesh-based and space-based convergences on simplicial elements (left) and
L-shaped elements (right) in the L? and H' norms with respect to the DoF. Here £ = 0.

and k = 10° in the green one, where I stands for the identity matrix. The boundary conditions are
homogeneous Dirichlet in the whole boundary and f =1 in Q.

Figure 8: A sketch of a heterogeneous diffusive media. Here r;, = %, Teg =

are k = 1 (blue) and xk = 10° (green).

‘i

1—16, L= ;11. Coeflicient’s values

We compute a reference solution using a refined global mesh with over 100,000 triangular elements
using the MHM method with constant interpolation on faces (see Figure 9).

—Reference

Figure 9: The 27 x 27 inclusion teste case: Reference solution on a triangular mesh with DoF= 328,192 using
the MHM method with ¢ = 0. The right figure shows the profile solution at y = .

We solve the model using a L-shaped mesh with 328 degrees. Observe that the PGMHM method
provides a more accurate solution than the one from the MHM method (see Figure 10). It indicates that
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the additional terms in the PGMHM method may play an important role in heterogeneous cases. Such
a difference decreases as the mesh get refined as expected.

MHM x PGMHM - coarse simplicial global mesh
0.05-
0.04¢-
0.046-
0044
0.042-
o004
0.03¢-

003 ‘ 0,058
—Reference
0034, —MHM
0032 - -PGMHM 0056
0.03-
0028. 0.054 —Reference
0026 —MHM

- -PGMHM

002 0,052
o022
002
oot
0016
o014
0012
oot
0005
0006

0004
0.002-

ol 0z 03 04 05 06 07 08 09 1 11 12 13 14 052 054 056 058 06 0562 064 06 068 07 072 074 076 078 08 082 084 036 088

Figure 10: The 27 x 27 inclusion teste case: Comparison of the solutions using the MHM and PGMHM
method on a simplicial coarse global mesh. Here ¢ = 0.

6.3 SPE 10

We use the Model 2 of the 10th Society of Petroleum Engineers Comparative Solution Project (cf. [25])
hereafter referred to as the SPE-10 model. As detailed in [26], the model represents a very heterogeneous
reservoir and is represented by a regular Cartesian grid. The model dimensions are 1200 x 2200 x 170(ft).
It consists of part of a Brent sequence, with top 70 ft (35 layers) represents the Tarbert formation, which
is a representation of a prograding nearshore environment and the bottom 100 ft (50 layers) represents
Upper Ness, which is fluvial. The fine-scale (geological) model contains 60 x 220 x 85 blocks or cells (for
a total of 1,122,000 cells), with the block size at the fine-scale being 20 x 10 x 2(ft).

To validate our method using the model described above, we are going to choose the first layer as the
object of our study and set the entry pressures as u = 1 (bottom side) and exit v = 0 (upper side). On
the other two boundaries, we set the homogeneous Neumann condition. Notice that Neumann boundary
conditions can be handle in the PGMHM method as in the MHM method., i.e. as an essencial condition
(see [17, Remark 2.3] for details).

148403
100

001
0001
00001

permeabilty

eS| R i
&

36807

Figure 11: Reference solution (left) on the first layer for the SPE10 case (right).

For the reference solution (see Figure 11), we used a quadrilateral mesh with DoF = 118,160 and
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over 2,000,000 elements. According to the theory proved in Section 5, as we refine the global mesh the
numerical solution should get closer to the reference. We observe such a behavior in Figure 12 (right).

PGMHM mesh based convergence - cut at x = 600

— Reference

—PGMHM - 41 elements

| =—PGMHM - 199 elements
- «PGMHM - 3168 elements

106400

solution

3
[ 2 :
0
24806 0 100 200 300 400 500 ebo 700 800 900 1000 1700 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200

Figure 12: A study of a mesh-based convergence on three different unstructured triangular meshes, ¢ = 0.

Next, we set a coarse global mesh with only two elements and refine the second level meshes (see
Figure 13). We used 2048 elements in total. We can observe that, as we refine the edges (space-based
approach), the solution gets closer to the reference solution and with a number of mesh degrees of freedom
far lower than the one in the reference. In fact, the best approximation has only 14 degrees of freedom.

—Reference
—PGMHM edge partition = 0
—PGMHM edge partition = 2
- -PGMHM edge partifion = 4

solufion

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200

Figure 13: Solution using a global mesh with only two elements with the overlaid solution (left) and a study
of convergence of the space-based approach (right). Here the sub-meshes are very refined and contain 2,048
elements. Here ¢ = 0.

We conclude that the space-based strategy appears as the better option to handle highly heterogeneous
media problems with respect to the number of degree of freedom needed to achieve a target accuracy.

7 Conclusions

In this work, we proposed, analyzed, and validated a new multiscale finite element method, called
PGMHM method, for the two- and three-dimensional Darcy problem. The method emerged from the
enrichment of the Lagrange multiplier trial space, which after a static condensation procedure, turns out
to be a way to enforce the H'-conformity of the MHM method. Also, it yields a natural way to post-
process the numerical solution through a “physical” Lagrange multiplier space which may help dealing
with highly heterogeneous media.
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From the theoretical viewpoint, we proved the well-posedness of the PGMHM method by showing the
continuity and an inf-sup condition for the (bi)linear forms associated with the PGMHM method. Next,
we showed that the method delivers an optimally-convergent numerical solution in the broken H'-norm.
We also extended such an analysis to the post-processed numerical solution.

The numerical results support the theoretical results. Also, interestingly, we found (numerically)
unexpected extra orders of convergences in the case of the space-based approach (and also for the norm
Il - |laiv in the mesh-based approach for £ = 0 on a triangular mesh). Indeed, numerics pointed out
additional O(H'/?) and O(H) rates of convergence whether ¢ is odd or even, respectively, in the space-
based convergence case. Such results are also present in the MHM method, which shows an additional
O(H v 2). In the case of even ¢, the super-convergence is new and deserves theoretical investigations.
Numerical results for the heterogeneous problems also confirmed that the space-based strategy is better
than the mesh-based one as long as the number of degrees of freedom is concerned with achieving a given
error threshold.

Regarding numerical differences between the MHM and the PGMHM methods, we found that the
PGMHM method yielded slightly more accurate solutions than the MHM method on a heterogeneous
media case. In addition, further investigation is needed, mainly for measuring the impact of the post-
processing strategy on the numerical solution’s accuracy, an aspect of the PGMHM method not explored
computationally in the present work.
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