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ABSTRACT. This work introduces and analyzes novel stable Petrov-Galerkin Enriched Meth-
ods (PGEM) for the Darcy problem based on the simplest but unstable continuous Py /Py
pair. Stability is recovered inside a Petrov-Galerkin framework where element-wise depen-
dent residual functions, named multi-scale functions, enrich both velocity and pressure trial
spaces. Unlike the velocity test space that is augmented with bubble-like functions, multi-
scale functions correct edge residuals as well. The multi-scale functions turn out to be the
well-known lowest order Raviart-Thomas basis functions for the velocity and discontinuous
quadratics polynomial functions for the pressure. The enrichment strategy suggests the way
to recover the local mass conservation property for nodal-based interpolation spaces. We
prove that the method and its symmetric version are well-posed and achieve optimal error

estimates in natural norms. Numerical validations confirm claimed theoretical results.

1. INTRODUCTION

The Darcy equation arising in a porous media field belongs to the family of mixed problems
[13] for which numerical methods are limited by the choice of pair of approximation spaces.
From classical stable elements as the Raviart-Thomas family (RTj) [27], Brezzi-Douglas-
Marini elements (BDMy) [12], high order stable elements given in [25, 5, 6] to more recent
stabilized or least square finite element methods [26, 23, 14, 10, 11] the range of possibilities
to tackle the Darcy equation has increased over the past years. Methods for this problem
should combine stability and accuracy while preserving physical properties inherited from
the continuous problem. Properties that are only fulfilled by few of them.

To the best of our knowledge, symmetric stable nodal based finite element methods for
the Darcy equation preserving mass locally remain an open problem (see [11] for a recent
discussion). For example, least-squares finite element methods (cf. [10]) lead to a symmet-
ric positive-definite system, but, in their original nodal version they are not locally mass
conservative, and in [11] nodal unknowns for the velocity are forbidden. Furthermore, in
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both cases, the lowest order piecewise constant space for the pressure is not allowed. This
possibility is considered in [25], but the degrees of freedom for the velocity are not nodal.

Some of the previous requirements are satisfied by the so-called Petrov-Galerkin Enriched
Methods (PGEM). PGEM have been developed in [19, 20, 21] and further analyzed in
[18, 4]. The method is constructed by enriching polynomial functions with two types of
enhancement: we add bubble functions to the test function and we add a special function
to the trial function. The latter depends on the residual of the polynomial part over edges,
and thus, it is no longer a bubble-like function. This gives us a Petrov-Galerkin framework.
To get stabilized method forms of PGEM we use static condensation, thanks to the use of
bubbles as test functions [3, 8]. Number and type of degrees of freedom stay unchanged
whereas basis functions incorporate unsolved sub-scales modifying their form yet preserving
the polynomial basis function support. Interested readers can find a review on the subject
in [2].

When applied to the Darcy equation, the Petrov-Galerkin approach leads to different
finite element methods [7]. One of them is obtained by searching the velocity solution
into a subspace of the Raviart-Thomas space built with the Raviart-Thomas interpolation
over the linear continuous trial functions. The space for the pressure stays untouched.
The underlying PGEM appears to be stable for the simplest pair of interpolation spaces
P, /Py while preserving the mass-conservative feature, a desirable property for porous media
practitioners. Performance of PGEM over several numerical tests given in [7] attests its
stability and accuracy while keeping loss of local mass negligible.

Based on the previous considerations, the current work introduces a variant of the strategy
proposed in [7] and leads to a final method which is symmetric, locally mass conservative
and whose degrees of freedom are piecewise constants for the pressure and nodal values for
the velocity. Indeed, we keep the trial space for the velocity and pressure as in [7], but
the test space is built differently: it is first mapped using the Raviart-Thomas interpolation
operator and then enhanced with bubble functions, an approach which allows the static
condensation procedure. This new perspective opens the door to two new finite element
methods, one of them fulfilling all the requirements of symmetry, nodal degrees of freedom
for the velocity and locally mass conservative. Both methods prove to be well-posed and
achieve optimal error estimates in natural norms. Since the starting point of our approach
is a Petrov-Galerkin method, the terminology PGEM is still used in this work, even if the
final methods differ from the ones presented in [7]. Finally, the approach suggests a general
way of rendering some finite element methods locally mass conservative.

We end this introduction by summarizing the plan and main results of this paper:
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e In Section 2 we introduce the new finite element methods, namely, the non-symmetric
(13) and its symmetric counterpart (16). We then derive the methods in a PGEM
framework in Section 2.1, and in Section 2.2 we explicit the local problems solved by
our enrichment basis functions (cf. (35) and (37)). In particular, we recover the local
basis of the RT space as the solution of (35)-(36). Finally, in Section 2.3 we prove
that the discrete enhanced solution is locally mass conservative;

e Section 3 is devoted to the error analysis. We analyze in detail method (16) (the
analysis of (13) is treated in Theorem 9, Section 3.3). Well posedeness and consis-
tency error are proved first (cf. Lemmas 3 and 4) followed by convergence results
(see Theorems 7 and 8 in Section 3.2). Furthermore, we use the characterization of
the RTj interpolation operator as the solution of (35)-(36) to obtain an alternative
proof for the classical RT} error estimate (see Corollary 6);

e The numerical tests are in Section 4 where two analytical solutions confirm theoretical
results;

e Conclusions and future perspectives are drawn in Section 5;

e Finally, we relax the assumption on the source term g (initially assumed piecewise
constant) to propose in Appendix A an error estimate for a smooth datum ¢ (cf.
Theorem 10).

1.1. Some notations. This section introduces definitions and notations used throughout.
In what follows, €2 denotes an open bounded domain in R? with polygonal boundary X2,
and x = (1, 22) is a typical point in . As usual, L?*() is the space of square integrable
functions over 0, L2(Q) represents functions belonging to L?(Q) with zero average in €,
and H%" () is composed by functions that belong to L?*(2)? with divergence in L?(£2). The
space HI"(2) stands for the space of functions belonging to H%*(Q2) which have normal

component vanishing on 0f).

From now on we denote by {7,} a family of regular triangulations of Q built up using
triangles K with boundary 0K composed by edges F. The set of internal edges of the
triangulation 7y, is denoted by &,. The characteristic length of K and F' are denoted by hy
and hp, respectively, and h := max{hx : K € 7,} > 0, and due to the mesh regularity there
exists a positive constant C' such that hr < hx < Chp, for all FF C 0K. Also, for each
F=KNK' €&, we choose, once and for all, an unit normal vector n which coincides with
the unit outward normal vector when F' C 9€). The standard outward normal vector at the

edge F with respect to the element K is denoted by n¥. Moreover, for a function ¢, one
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denotes [¢] its jump, defined by (see Figure 1):
1 = li on) — li J
(1) [a](x) := lim g(x+dm) — lim g¢(x+on),

and [¢]] =0 if FF C 0Q.

Next, we denote by H{"(K) the space whose functions belong to H{" () with support in
K and vanishing normal component on K, and L3(K) the space of functions which belong
to L3(Q) with support and zero mean in K. Then, we can define the corresponding global
spaces

H{"(T) =@ Y H{"(K) and Ly(T,) =& Y L§(K).
KeT, KeT,
Finally, (-,-)p stands for the inner product in L?(D) (or in L?(D)?, when necessary), and
|- ls.0 (I |s.0) the norm (seminorm) in H*(D) (or H*(D)? if necessary), and |- ||gwv.p the

norm in H% (D).

FIGURE 1. The normal vector.

1.2. Preliminaries. In this work we consider the following Darcy problem: Find (w, p) such
that

(2) cu+Vp=f, V-u=g in(),
u-n=0 on 0,

where ¢ = £ € R" is assumed constant in €2, with p and & denoting the viscosity and
permeability, respectively. Here, u is the so-called Darcy velocity, p is the pressure, f and
g are given source terms. We suppose f piecewise constant since it is usually related to the

gravity force. Moreover, we assume that the given data have enough regularity and the usual

/gZQ
Q

compatibility condition
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holds.

Remark. When we consider (2) with a prescribed flux b on 02 such that

Jio= 1
Q o0

we can recover the homogeneous case since there exists a function w,, belonging to H%*(Q)
such that wy-n = b on 00 (cf. [22]), and thus we replace the right hand side f by f — ow,
and g by g — V-w,. U

Remark. In the more general case, o can always be approximated by performing projections
onto the piecewise constant space. This possibility has been considered in [7]. On the other
hand, despite the fact that the methods are presented in the two dimensional case, their

extension to the three dimensional framework is straightforward. [

The standard symmetric mixed variational formulation associated with (2) reads: Find
(u,p) € HI® () x L3(Q) such that

(3) A ((u,p), (v,q) = Fs(v,q) ¥(v,q) € Hy"(Q) x L(9),
where

AS((u?p)> (an)) = (U u?”)ﬂ - (pv V’U)Q - (Q>V u)Q> FS(’U,(]) = (fav)ﬂ - (g,Q)Q

The well-posedness of (3) follows from the classical Babuska-Brezzi theory for variational

problems with constraints (see [13] for more details).

Remark. An equivalent and still well-posed non-symmetric version of (3) arises from adding
the weak form of the second equation to the first one in (2). The bilinear form and the linear

form are now denoted by A(.,.) and F(.), respectively, and are given by
(4) A((’U,,p), (’U, Q)) = (U u, v)Q - (p> V- ,U)Q + (Q> V- 'U/)Q, F(’U, Q) = (f? v)Q + (ga Q)QD

Next, the classical discrete mixed formulation of this problem is: Find (un, pn) € Vi, X Qp
such that

(5) A((un, pn), (n, qn)) = Fo(vn, qn)  V(vn,qn) € Vi X Qn,

where V;, and Q) are finite-dimensional approximations of H{*(Q)) and L2(Q), respectively.
It is well known that the pair of interpolation spaces for pressure and velocity must satisfy
the discrete Babuska-Brezzi (or inf-sup) condition [13] in order to lead to a stable discrete

version of problem (5). For the Darcy model containing a zero order term, this restriction
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has been proved to be unnecessary. In fact, in [24] standard continuous Lagrangian finite
element spaces have been proved to be stable and convergent.
The lowest order Raviart-Thomas space is one of the simplest examples of a stable mass

conservative element, and is composed by the velocity space
Vir, = {v € H{"(Q) : v|x € RTo(K) VK € T,},

where the local space RTy(K) is defined by

(6) RTo(K) := Py(K)? + xPy(K),
and
(7) Qn = {q0 € L§(Q) : qolx € Po(K) VK € Tp,} .

Hence, only the normal component of the velocity is continuous and the inf-sup condition is
satisfied since V- Vgr, = Q. Associated with the space RT((K) there exists a natural local
interpolation operator 7y : [H'(K)]? — RTo(K), defined by (cf. [13, 17])

) [ mxtorn= [ on,

for all F' € 0K, or, equivalently

(9) Tr(v) = > Jeom

h
rcox F

where ¢ is the Raviart-Thomas’ basis function given by
(10) Pp(x) = to—=(x —xp),

and xpr denotes the node opposite to the edge F. Hence, a global interpolation operator
noted 7 : [H'(Q)]? — Vgr, follows by defining (v) |x = 7x(v) in each K € Tj,.

Remark. The sign before the Raviart-Thomas basis function ¢, depends on whether the

normal vector n on F' C 0K points inwards or outwards K. [

A lifting operator from L'(F) to V gy, will be needed in the sequel, it is denoted by ¢ and
is such that £(q) :== > _pce, €r(q) where

(11) trtq) = et

where the coefficient o is a given positive constant which is independent of hr and o, but
can vary with F. We finally denote, for K € 7, (x(q) := {(q)| k-
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2. THE FINITE ELEMENT METHODS

We begin by introducing the standard finite element space Vj, := [V},]> N HE?(Q) for the

velocity variable, where
(12) Vi i ={v e C’Q) :v|g € Py(K), VK € T},

whereas the pressure is discretized using the space @), defined in (7). We start by presenting
the methods that will be analyzed in this work. First, the Petrov-Galerkin Enriched Method
reads: Find (uy,po) € Vi, X Qy such that

(13) B((u1,p0), (v1,q)) = Fs(m(v1), q0) ,
for all (v1,q0) € Vi, X Qp, where

(14)

B((u1, po), (v1,90)) 1= As((m(wr), po), (m(v1), 90)) + (U(Ipo]), o (1)) = > 7o ([po], [a])r
Fe&y,

and 7 and ¢ are the operators defined through (8) and (11), respectively, and the coefficient

T stands for

(15) -
g

In Section 3 this problem is proved to be well-posed for an appropriate choice of ap.

Alternatively, a symmetric related formulation can also be derived and reads: Find (w1, pg) €
V, x Qp such that

(16) B.((1,p0), (v1,)) = Fs(m(v1), Q) ,

for all (v1,q0) € Vi, X Qp, where

(17) B, ((u1,p0), (v1, %)) == As((m(w1), po), (7(v1), q0)) — Z 7r ([pol, [90]) -

Feé&y,

Remark. The latter method is based on the error analysis (see §3) which points out that we
can remove from (13) the term (¢([po]), o 7(v1))q without introducing a loss of accuracy.
Moreover, we recover the symmetric form of the so-called reduced PGEM method presented
in [7], by replacing the term (7 (wu),7(v1))q by (u1,v1)q in (13). This reduced method
turns out to be optimally convergent [14], and in §2.3 we show how to render it locally mass

conservative.
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2.1. Derivation of the methods. The starting point towards our final method is the
following Petrov-Galerkin method for (2): Find wy, := u; + u, € Vj, + H¥(Q) and py, :=
Po + pe € Qn @ LE(T},) such that

(18> AS((uhvph)v (Uha qh)) = Fs(vha Qh>7

for all vy, := w(vy) + vy, € 7(Vy) @ HE(T,,) and for all ¢, == qo + g € Qi ® L3(7;). Here
m(V},) stands for the subspace of Vgr, built as the image of space V}, through the operator
.

This scheme is equivalent to the following system: for all (vq,q) € Vj, x Q) and for all
(b, ge) € H§™(Tn) x Li(Tn)

(19> As((uhaph)v (71'(’1]1), qO)) = Fs(ﬂ-('v1>7 qo>7

(20) As((uhaph)? (’Ub, QE)) = Fs(vb> Qe)'

From now on, and just in order to derive the method, we will assume that g is a piecewise
constant function (even if the method is analyzed and implemented for more general functions
g). With this assumption in mind, starting from (20) and proceeding as in [7], the following

strong problem is obtained for (u., pe):
(21> Uue"_vPe = f—O"U,l, v'ue:m—i_(HK(v‘ul)_v'Ul) iIlK,
(22) oCU, M= Qp / [po] + ((f —ouy)-n—1Ip((f—oup) - n)) ,

F

oneach F C OKN&E,, and u.-n = 0 on F C 09. Here, Iz and IIx stand for the L2
projection operators over the constant space, i.e, lIg(v) = ﬁ [ v and g (v) = ﬁ [ v

Finally, the constant [po] is chosen in order to make (21)-(22) compatible, and is given by

3
T 7. 1 ar; hFi / K
[[po]] T |K| ; o " [[po]] n-ng .

Remark. For higher order velocity interpolation the vanishing right hand side term I (V -

w1) — V - uy left in the local problem (21) needs to be taken into account. Moreover, written
in this form, it will help us to bound the consistency errors (see equation (62) below). On
the other hand, since we have assumed that f is a constant (or piecewise constant) function,

the divergence equation in (21) may be rewritten as follows

(23) V-ue:m—l—% (V- (f—ouy) —g(V-(f—0ouy))),

which is the form that we will consider from now on. [
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Remark. The boundary condition (22) assures the continuity of the normal component of
the velocity on each edge, thus keeping our approach conforming. This fact may be kept
even for discontinuous coefficients, as it has been done in [7], where the mean value of o has

been included in the boundary condition. [

Now, let Mg = (M% ML) : HY(K)? — HI*(K) x L3(K) and Dg = (D%, D%) :
L*(0K) — H%"(K) x L3(K), defined as follows: (v, n.) := (M%(v), M} (v)) is the solution
of

(24) ove+Vn.=v, oV-v,=V-v—-Ig(V-v) inkK,

ove-n=wv-n—Ilp(v-n) on each F CIK,

and (w., &) := (D%(q), D(q)) solves

3

1 OéF.hF.

(25) cwe+VE =0, Vowe=——-» ——
K| = o

/ qnnﬁf in K,
F.

U'we-n:ap/q oneach FFC oK NQ.
F

Then, using these operators and (23), we can characterize the solution (u.,p.) = (uM +
ul pM + pP) of (21)-(22) as follows

(26) (w',pe') = Mg (f —ow)) VK €T,
(27) (e, p’) = D ([pol) VK € T

Next, we turn back to equation (19). First, since p. € LZ(K) and V-7(v1) |k € R we

obtain

(28) (pe, V-m(v1))g =0 for all K € 7.

Therefore, the problem (19) becomes: Find (wi,pg) € Vi, X Qp such that

(29) As((u1 + e, po), (m(v1),q0)) = Fs(m(v1),90) V(v1,90) € Vi X Qn,

where u, is characterized with respect to u; and py by (26)-(27). It is also convenient to

rewrite the problem above in an equivalent form integrating it by parts in each K € 7},

(30) > (00, Vou)k = > 7 ([po] [ao]) -

KeTy, Fegy,
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Remark. The term related to f in (26) vanishes. Indeed, since f is constant in K then
f -n —Ip(f  -n) = 0 on each edge F, and there also exists a polynomial function ¢,
belonging to L3(K) such that

Vg.=f ineach K € Ty,

which leads to MY f = 0. Therefore, no enriching contribution comes from (26) but for the

one related to wy. O

Finally, based on the previous remark, and replacing (30) and (26)-(27) in (29), we arrive
at the following final form of PGEM: Find (uq,po) € Vi, X Qy such that

A ((ur — oM (w), po), (w(v1),90)) + Y (Dic([pol), o 7(w1)) i

KeTy,

~ 5" 7 ([pol, [ao]) r = Film(v1), a0),

Fe&y,

for all (v1,q0) € Vj X Qp, which is precisely the method (13) since, as it will be shown in

terms of the basis function in the next section, the following holds

(31) mi (1) = (T — oMi)(wr) and  Lx([po]) = Di([pol)-

Next, the symmetric method (16) follows by neglecting the non diagonal term (¢([[po]), o 7(v1))q

as this term does not undermine convergence estimates (see Section 3).

Remark. Following analogous steps and just replacing the forms A,(.,.) and F(.) by A(.,.)
and F(.), and switching the velocity test space 7(V},) to V;, in (18) we arrive at the following
method: Find (4, po) € Vi, X Qp such that

(32)  A((w(@). po): (v1,40)) + (C([o]). o vi)a + Y 7 (b0l [ao])r = F(v1,q0)

Feé&y,

for all (v1,qy) € Vi X @Qp, which is exactly the PGEM proposed in [7]. O

2.2. The local problems. This section is devoted to show the relationship between the
local problems (26)-(27) and the Raviart-Thomas interpolation operator = and the lifting
operator (. First, we decompose u; = Zk 1 ZZ 1 Uy kap¥ where u¥ are the nodal values of u,
and 9% that denotes the (vector-valued) hat function. Then, we look for solutions of (26)
and (27) in the form

(33) Z fF il @, and p’lx = Z 25 e 2P0 f? o nj

=1 j=1
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and

2 3
(34) ull | == Y > uf@t and pMllx =-0 > Y ufT.

Here, indexes j and 7 are representing edges and local nodal numeration, respectively. Next,
by replacing (33) and (34) in the local problems (27) and (26) respectively, and factoring
out the coefficients it follows that the multi-scale basis functions (¢;,7;) and (@,7) must

satisfy the following well-posed local Darcy problems

hp.
(35) o, +Vn; =0, V-p,= |I?|nnﬁfj in K,
1 ifj =1,
(36) P n= . on each F; C 0K,
0 otherwise
and
(37) oIV =9, V-gl=0 inK,
(38) op-n =1 n—Tp@F-n) oneach F CIK.

The enrichment functions emanating from the problem (35)-(36) are nothing but the well
known basis functions of the space RTy(K), i.e, the lowest order Raviart-Thomas approxi-
mation of H%(K) defined by (6), and they are given by (cf. (10))

h.
(39) P,(x) = :t2|§é,| (x —xp,) forj=1,2,3.
Consequently,
ohg, /|x|? .
(40) nj(x)::F2|l?| (%—x xFJ+Cj> for j =1,2,3,

where the constant C; is set up so [, 1; = 0. The solution of (37)-(38) can also be analyti-

cally computed, providing
3
(41) o =¥ — ) Hp(¥f-n) ¢, =9} —mx(y),
j=1

where g has been defined in (9). A similar local problem has been used in [15] to obtain
multiscale basis functions for the Darcy problem with oscillating coefficients (see also [1] for

the extension to porous media with stochastic coefficients).
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2.3. The local mass conservation feature: a general strategy. Computing numerical
solutions through PGEM (13) and the symmetric method (16) does not assure local mass
conservative velocity field if only linear part of solution w; (or ;) is considered. Regarding
the first method, the required feature is achieved by locally updating w; with u” given by
(27). In fact, since discontinuous pressure interpolations are used it emerges from (13) that

(see [7] for a related idea)

/V (uy +u?) = /g, for all K € 7;,.

Remark. Summing up, we see that in order to obtain a stable pair of interpolation spaces with
discrete velocity field locally mass-conservative, it is fundamental to enrich the linear part
of the discrete velocity u; with an element of the Raviart-Thomas’ space V gy, namely, the
multi-scale function u? computed from (33). We stress the fact that the computation of (33)
follows directly from the discrete solution, without the need of any extra local computation.

Moreover, the exact velocity w is approximated in each K € 7, by

M D
up, =u; +u, +u,

=Zzuwf—azzuk¢f+z [l

= mr(u1) + L ([pol),

so, as expected, the continuity of the normal velocity component through the internal edges

is assured, but not the tangential one. [

Now, it turns out that such local mass recovering is not only restricted to methods arising
exactly from the enhancing approach. For example, stabilized methods based on pressure
jumps as the one presented in [14], or the symmetric method (16) are elegible to recover the
local mass conservation feature adding ¢ ([po]) to the computed velocity field, where py is
the constant pressure solution. We illustrate this fact for the symmetric formulation (16).
Choosing v; = 0 in (16) and ¢y = 1 in K and —|K|/|K'| in K’ (where K N K' = F € &),
we obtain after integration by parts and the definition of /x that

[ 9t tallm) = e [ -t bl L) =

K] ) . _/ K]
/KV U ‘K/| K/v u; + Z TF(HPO]],[[QO]])F— g |K/| Klg’

FCOKUOK'
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and then, following closely the arguments given in [7], we obtain that the value [, V- (i —
Ck([po])) — g vanishes in each K, and hence it must vanish on each element. It is important
to emphasize once more that ¢([p]) does not perturb too much the solution in the sense

that the order of error estimates is still preserved (see Theorems 8 and 9 for details).

3. ERROR ANALYSIS

In the sequel C' denotes a generic positive constant, independent of h or o, with values
that may vary in each occurrence. Before performing an error analysis of (13) and (16), we

need to consider interpolation inequalities to approximate variables.

3.1. Interpolation, stability and consistency results. We start by presenting the Clément
interpolation operator (cf. [16, 22, 17]) C, : H'(Q) — V} (with the obvious extension to
vector-valued functions), satisfying, for all K € 7;, and all F' € &,

(42) lv = Ch(0)llmxc < Chig™ [vlrwye Vv € H(wk),

(43) v = Ch()lor < Chy ? )y Vv € H(wp),

fort=1,2,m=0, 1, wherewx ={K' € Tj, : KNK' # 0} andwr = {K € T, : KNF # 0}.

Now, in order to take into account the approximation of the pressure and the consistency
error, we consider the L?(§) projection onto @ which is denoted by II;, : L*(Q) — Q.
This projection satisfies (cf. [17])

(44) lg = 4(q)|[me < Ch"™|gha  VYqge HY(Q),

for m = 0, 1. Moreover, using the result above and the following local trace inequality: given
K € T, F C 0K, there exists C such that for all v € H'(K)

1
(45) ol < O (5wl + P offac)
we obtain
, 11/2
(46) > hella-@llEe] < Chldhe.
Fe&,

Moreover, we will systematically use the Raviart-Thomas interpolation operator m defined
through (9) as
w(v) = Y Tp(v-nlr) ¢,
Fe&y,
satisfying (see [17] or Corollary 6 for an alternative proof)

(47) lv =7(@)lloa < Chlvhia,
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for all v € H'(Q)? and
(48) IV-v =V -7(v)|oag < Ch|V-v|q,

for all v € H'(Q2)? such that V- v € H'(Q).

Now, we define the following mesh dependent norm

(19) @ )l = (X olole+ X mellallie)

KeTy, Fegy,

and we present an interpolation result in this norm.

Lemma 1. Let us suppose that (v,q) € H'(Q)? x H'(Q). Then, there exists C' such that

(50) (0= #(Cy(w)).a = (@)l < Ch (VG lola+ = laha).

Proof. From the definition of the norm, (42) and (46) there follows that

I = 7(Ch(v)).a = Wu(a)) i = o lv = 7(Cu())ll5n + Y 7rllla — Ma(@)]Il5 r

Feé&y,
<20 (Jlv = 7(v)[50 + [7(v = Ca()l5.0) + X 7o g = Tn(@)]lIF
Feé&y,
2 2 h'2 2 2
(51) < C ol Plig+ —ldia ) +20|m(v = Cu())l0-

Next, from its definition it is easy to prove that the Raviart-Thomas operator 7 satisfies (see

9] for a related result and Lemma 5 for an alternative proof)

(52) Im(@)lloo < C(lvloq+hlve),

for all v € H'(Q)?, and then the result follows applying (52) and (42) in (51). O
Before heading to stability, an auxiliary result is stated next.

Lemma 2. Let m be the Raviart-Thomas interpolator, then there exists a positive constant
C such that, for all v, € Vj, and ¢y € @y, it holds

(53) (£(lg0]), o m(v1))e < G { > II[[qO]]IIS,F} voah|r(vi)log.

Fe&,

where a := max{ap : F' € &,}.
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Proof. In order to prove (53) we first note that ¢([¢o]) € Vrr,. Hence, using successively
the Cauchy-Schwarz inequality, (11) and ||¢p|lo.x < Ci hr we get

(C(lgo]), o w(w1))a < Y ek lgoD)llox o 7 (v1)llo.x

KeT,

<Y Y % lmlllerlos o ln)los

KeT, FCOK

<G Y Y mwhillalloro lm(en)llox

KeT, FCOK

<Ci { Z TF ||[[€I0]]||3,F} hvoa|r(vi)llog,

Fe&y,

and the result follows. O
We are ready to prove PGEM are well-posed.
Lemma 3. The bilinear forms Bg(.,.) defined in (17) satisfies

B.((v1,q0), (v1,—q0)) = [(m(v1), )} V(v1,9) € Vi x Q.

_1_
C? h?

form B(.,.) defined in (14) satisfies,

Moreover, assuming o < where (1 is the positive constant from Lemma 2, the bilinear

B((o1,a0), (01, —0)) = 5 (@), @)} (01,d0) € Vi x Q.

Hence, the problems (13) and (16) are well-posed.

Proof. The first equality follows directly from the definition of the bilinear form By(.,.). For

the second one, we recall that

(54) B((v1.40), (v1,—a0)) = o [w(01) 3 + (E([go]), o w(v1))o + Y 7 [TaoD5. -

Feé&y,

As for the second term, we use Lemma 2 to obtain

(€(Igol), o 7(w1))0 < C4 { Yo ||[[qO]]H3,F} hv/oa|m(vi)lloo

Fe&y,

1 1
< Y sCtak el s+ 5o In)le.
Feé&y,
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Hence by successively applying inequality above into (54) and assuming o < ﬁ it holds
1
o C? o h?
B((v1,90), (v1, =) 2 5 [m(v1)ll50 + > a-— 5 ) 7ellloo]ll6 -

Feé&y,

> %H(w(vl),qo)Hi-

The continuity of bilinear forms is straightforward and thus the well-posedness of (13) and
(16) stems from the Necas Theorem [17]. O

Remark. We remark that the metric ||(7(v1), qo)||s defines a norm in the space V, x Q);, since
the Raviart-Thomas interpolation operator is injective when restricted to V5. On the other
hand, we remark that the hypothesis on « is not really restrictive, since it only applies for

coarse meshes. For a sufficiently refined mesh the choice for « is essentially unlimited. [

Neither of the methods proposed in the previous section are formally consistent as points

out the next result.

Lemma 4. Let (u,p) € HJ"(Q) x [H1(2) N L3(2)] be the weak solution of (3), (u;,po) the
solution of (13) and (@, po) the solution of (16), respectively. Then,

B((U — U1, P — Do), (’0176]0)) = - Z (0 Mg (u), 0 mr (V1)K

KeTy,

Bs((u - 'alap _ﬁ0)> (’01,610)) = - Z (UMIIL{(’U’)aUﬂ-K(’Ul))K>

KeT,

for all (v1,qy) € Vi X Qp.

Proof. The result follows from the definition of B(.,.) and By(.,.), and noting that [p] =0

a.e. across all the internal edges O

3.2. Error estimates for the symmetric formulation. We begin this section by proving

the following technical result concerning the operator M.

Lemma 5. Let v € H'(K)?. Then, there exists a constant C such that
IMi@)llo.x < Co™" hic |v]1x .

Proof. Let v € H'(K)?, and w := M%(v). Then, from the definition of M% (cf. (24)), w
satisfies
(55) cw+Vé=v, oV-w=V-v—-IgV-v) in K,

cw-n=v-n—Igv- -n) on each F' C 0K,
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where ¢ € LZ(K). Multiplying the first equation by w and integrating it by parts we arrive

at

0'||’w||8,1< = (v,w)k + % (&, V.o —IIg(V-v))x — % Z &v-n—Ip(v -n)p

FCOK
= (v,w)x + % (€ = Hk(§), V.o = k(V-v))k
- > (TR0 m = Tl(o )

FCOK

1
< |lvfo,xllwllo.x + S 1€ =Tk ()llox|V-v =TTk (V-v)|lo,x

(56) F S - @ oo~ Te(w - m)o

FCOK
Next, from (55) it holds | V||o,x < ||v]jo,x +0 ||lw]/o,x and hence, using the local trace result
(45), the approximation property of the projection operators Iz and Ix, and the inequality

above to obtain

C
ollwlsx < lolloslwllos +—hu[€hxlvli

Chy
v |lo,x||wlo,x + Y (lvllo,x + o |lwllo,x) |v]1,x

IN

_ o
(57) < Co (lvllg e + Mol ) + 5 1wl
and then we have proved that
(58) M (0)llox < Cot (lv]lox + hi [v]1 k)

Finally, let us denote vy = IIx(v). Since vy is a constant in each element, there holds that
M (vg) = 0 and then, from (58) it follows that

M (0)[lo.xe = [MF(v = vo)llox <Co™ (o —wollox + b [vh k),
and the result follows using the approximation properties of the projection. O

The previous lemma results in an alternative proof of the following classical interpolation

error estimate:
Corollary 6. There exists C' such that
v — 7k (V)]lo,x < Chk |v]1x,

for all v € H'(K)2.
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Proof. The result follows from the previous lemma and the fact that v — 7x (v) = o M¥%(v).
U

Theorem 7. Let (u,p) € HI(Q) N H?*(Q)? x HY(Q) N L3(Q) be the solution of (2), and
(t1,p0) € Vi X Qyp, the solution of method (16). Then, defining wy, := w(u,), the following

error estimate holds

1

(59) l(w = @, p = Po)lln < Ch(Vo||lullaa+—=Ipla)-
/o

Proof. Let (v1,q0) = (Cp(w),II,(p)). From the triangle inequality we have

(60) I(w = 7 (@), p = o) lln < [[(w = 7(v1), p = qo)|n + (7 (v1 — @1), g0 — o) |-

The first term is easily estimated using Lemma 1. Next, let us estimate the second term
on the right hand side. For that, we use the coercivity of By(.,.) (cf. Lemma 3) and the

consistency result (cf. Lemma 4) to obtain

[(m(v1 — @1), g0 — Do) |5, = Bs((v1 — @1, 90 — Po), (v1 — @1, Po — @)

= —B,((u —v1,p = q), (v1 — @1, 0 — q)) — 0 Z (M (u), mr(v1 — @)k
KeT,

= —0 (m(u —v1),7(v1 —U1))a+ (p—qo, V- (m(v1 — @)+ (Po — g0, V - (m(u — v1)))a
+ > 7e(lp — ol [Po — aol)r — D 0% (Mie(w), mic (v — @) ) -

Fe&, KeT,

Next, from the properties of the projection operator IIj it holds

(61) (P—qo0, V- (r(vy —11)))a =0,
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and then, integrating by parts and using the Cauchy-Schwarz’s inequality we arrive at

(w1 = @1), 90 — Po)ll7 < o 7w —v1)[loallm(vr — @)oo+ Y ([ — gl (w—v1) - n)p
Fe&y,

+ > llp — aolllo.rlllBo — aollor +0° Y (Mic(u), mx(v1 — @)k

Fe&y, KeT,

3
<o |m(u—v1)loallm(vr = @)loa+C > ldo — dolllor ki |wlow,
Fe&,

+ Y 7l — qolllo.sllo — qolllo.r + 0 D (Mi(w), 7 (vr — )k

Fegy, KeTy,

. 1 Lo
< olln(u —vy)lloalm(vr = @)oo+ C Y o272 [bo — qolllo.rhr|ulzw,
Fe&y,

+ > e = qolllo.rll[Bo — aollor +0° Y (Mic(w), (01 — 1)

Fe&y, KeT,,

2
< {0' Im(u —v1)lgq +oPlulsg+ Y 7elllp - qo]]||§,p} (7 (v1 = @1), go = Do)l

Fe&y,

+0? > (Mi(u), 7 (01 — @)k -

KeTy

The last term on the right hand side is estimated next. Using Lemma 5 we may bound the

consistency term as follows

D Mie(w), mc(vr — @) < Y (1Mo rellmre (01 — @) lox

KeT, KeTy,
(62) S CO'_lh|’U,|17Q ||7T(’l)1 —ﬁ1)||07g.

Collecting all the above results it follows from Lemma 1 that

1 ) ) h A
3 |(7(vy — @), q0 — Po)|; < C (x/EhHUH2,Q + — |p\1,9> |(m(v1 — @), Po — qo)|ln

o

and hence (59) follows. O

Next, we analyze the error in the H%(Q) norm for the velocity and the L?(Q) norm for

the pressure.
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Theorem 8. Let (u,p) and (wy,po) be the solutions of (3) and (16), respectively, and
wy, := m(wy). Under the hypothesis of Theorem 7, there exists C' such that

R 1
(63) lu — tp|giva < Ch(!|u||2,9+;\p|1,9) ;
R R 1
(64) |w = an — £([po])[laive < Ch([|ullso + p plie)
(65) 1P —Dolloe < Ch(o|ulzse+ [phea)-

Proof. First, let v, := Cp,(u); then

IV - (u—a)[§o= (V- (uw—), V- (u—1t1)o
(66) =(V-(u—u),V-(u—v1))g + (V- (u—1u),V- (4 —v1))q-
Next, from Lemma 4 (considering qp := V - (4; — v1) € @ and v = 0) we get

(V- (u—@),V- (@ —vi)o=— > 7 ([p—boll, [V- (& — v1)])r

<

Feé&y,
<> 7l = Polllo.p 11V (@ —v1)]llo.r
Fe&y,
TF A N
(67) <> =g e+ Y 7o IV (@ — w115 -
Fe&y, 7 Fe&y,

Next, using the local trace result (45), (42) and the mesh regularity to obtain

. ah _ .
1 Y TRl G — o)l < Oy Y2 S RV - (i = 0)

Fe&y, KeT,

Cry R
<Y IV =il g+ V- (u— vl i
KeT,
Cry R
(63) <=3 IV =il g+ Ol ul,, |-
KeT,

a

Hence, choosing v = ;% in (68) and using ab < (a®/4) + b*, the mesh regularity and (42)
again, (66) and (67) become

N 1 N
IV-(u=a)sa < 7IV- (w=a)llGa+ V- (w—v1)llGq

F X Cy A
F 0 = Aollie + = S (19 (= )+ O

Fe&y, KeT,

IA

_ R 1 N
Cot S el —pollr + C 1 JuBg + 5 IV - (w— )R

Feé&y,

N R 1 N
(69) < Co fl(w =, p=pollls + CPulzq + IV (w—)l5q
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and the result follows by applying Theorem 7 and extracting the square root.

Now, we use the local mass conservation feature to prove (64). In fact, we get

[ V-t = G =0,
and then, since V - (w1 + (i ([po]))|x € R, we end up with
IV - (= a1 — e ([po])lo, = (V- (w =i = Lre([Bo])), V - (w — @1 — e ([Bo]))) ¢
= (V- (u =1 — lg([po])), V - (u — 7(u)))k
(70) < Ch|V-ulik [V - (w —dy — L ([Po])[lo,x -
As seen in Lemma 2 we can prove that

(71) le@seD) o < D 7 lerlloallpoll < Cho™ { > TFI|[[p—ﬁo]]||3,F} )

Feg, Feg,
and then using (59) we obtain
A . 1
(72) lw =@ = €D o < Ch(llullzn + —Iplio)

and (64) follows from (70) and (72).
Finally, we consider the estimate for the pressure. From the continuous inf-sup condition
(see [13]), there exists a w € H () such that V-w = p — py in Q and

(73) lwllie < Cllp—polloe-
Let w; = Cp(w). Since V- w; = V - (m(wy)), using Lemma 4 and recalling that mx =
T — o MY, we obtain
lp — ]50||(2),Q =(V-w,p—po)a
= (V- (w—w1),p—po)a + (V- -wi,p—po)e

= (w—wy, Vp)k + (w—wy, (p—po) T-n)ok]

£ 3 0 (T — oM () — s, (w2 + 0% (M (un), )
<O [ S Bclplta + ol —nun).p— o))

Jun

— _ 2
|3 mllw —wilE e+ 3 bt = wil e + ()R |
KeTy, Fegy,
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Now, using (42)-(43), the regularity of the mesh, (52) and (73) we obtain

1/2 .
[ h2 i+ 3 e — w3+ e o] < Cleolia < Cllp— gl
KeTy, Fegy

hence, dividing by ||p — pollo.o and using Theorem 7, we arrive at

1
Ip = Bolloa < C [ (w = m(@n),p~ po)l + * b2 |plEa] " < Ch[ofullan + Iphiol.

and the result follows. O

Remark. Having assumed the coefficient o to be constant in €2 (and then independent of any
small scale), the H%(2)-norm of the exact solution u does not blow up as is usual in Darcy

problems with highly oscillating coefficients (see [15] for further details). OJ

3.3. An error estimate for the method (13). We end the error analysis by proving the

following error result concerning the method (13).

Theorem 9. Let (u,p) € HI(Q) N H*(Q)? x HY(Q) N L3(2) be the solution of (2), and
(u1,p0), (W1, po) the solution of methods (13) and (16), respectively. Then, defining wuy, =

m(uy) and uy, = w(w,), the following error estimate holds
(e = wn, p = po)lln < 3l(w —@n,p = po)lln-

Proof. First, from Lemmas 3 and 4 and Lemma 2 it follows
1 . . . . . .
2 (7 (w1 — @1),po — Po) [, < B((wr — @, po — Po), (w1 — @1, po — Po))

=B((w —U1,p — po), (w1 — U1, po — Do)) + Z (e ME(u),0mr(ug — )
KeT,

=B, ((u — @1, p — po), (w1 — @1, po — po)) + Z (Ux([p — pol), o mre(ur — 1)) i
KeT,

+ Z o (Mi(u),0mr(u —uy))k

KeT,

= 3 (el — ol o el (w1 — o))

KeT,

<C { >l —ﬁo]]Hg,F} Voohlr(uy —)oe

Fe&y,

R 1 .
<Crah® Y wlllp — pollls,r + 7 ollm(wn —a)llG g
Fe&y,

N . 1 . "
(74) < |l(w — tp, p — Po)“i + 1 (7 (wy — 1), po — po)”%@
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where we used o < ﬁ and (' is the positive constant from Lemma 2. The result follows
1

applying the triangular inequality. U

Remark. We end this section by remarking that the same analysis from Theorem 8 may be

carried out to prove error estimates on ||u — Uy giv0 and ||p — pollo.q as well. O

4. NUMERICAL EXPERIMENTS

Now, we are interested in the numerical validation of the PGEM in its symmetric version
(16). The method (13) behaves similarly as shown in Section 3.3. Two numerical tests
with available analytical solutions are performed and the theoretical results validated. The
assumed vanishing boundary condition to generate the methods is adopted by the first nu-
merical test, a property which is no longer shared by the second case. In all the computations

the value for ar has been set to one.

4.1. An analytical problem. The domain is © = (0,1) x (0,1) and we set ¢ = 1 and
the exact pressure is given by p(x,y) = cos(2mz)cos(2my). Next, the exact velocity is
determined from the Darcy law and the boundary condition is taken to be its normal com-
ponent on the boundary, thus b = 0. Consequently, the divergence velocity field is set as

g = 87? cos(27wx) cos(2my).

MESH

FIGURE 2. Mesh for the analytical problem.

In Figures 4-6 we report the errors on velocity and pressure in a sequence of structured

meshes. One observes optimal convergence of all quantities as h — 0 in their respective
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natural norms, which are in accordance with the theoretical results. Moreover, in Figure 4

we also plot the error ||m(uw) — 7m(u1)|o.o which is smaller than ||w — w;||oq. Here we denote

= polln = | Sres, 7 12— ol

First, we adopt the structured mesh described in Figure 2 which contains 4096 triangular
elements (h = 3.125 x 1072). We depict in Figure 3 the isolines (free of oscillations) of the

pressure and |u;| obtained from (16).

Furthermore, in Table 4.1 we study the local mass conservation feature of (16) whether

we look at either w; or uw; + u.. We define the quantities

e i (Ve (w1 + ) — g)dx] e e (Vo — g) dx]
(75) M. := max T4 and M := max x| :

and we find a loss of mass, as expected, when just the linear part of the solution is used.
Nevertheless, we recover the local mass conservation property updating the linear velocity
field by the multi-scale velocity u.. Similar results were obtained in [7] using the non-
symmetric PGEM (32).

h 0.25 0.125 6.25 x 1072 | 3.125 x 1072 | 1.5625 x 1072 | 7.8125 x 1073
M, |23x 107" |23 x 1071 10712 10~ 1 1.2 x 10710 107°
M, 0.81 0.35 0.09 0.03 6.4 x 1073 1.6 x 1073

Table 4.1: Relative local mass conservation errors with the symmetric method (16).
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method (16).
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4.2. A second analytical problem. The problem is set up as in the first test, differing

3 3
x x
by replacing the previous exact pressure by p(z,y) = 9 y? Once again, the velocity

is computed from the Darcy law and the boundary condition b is taken to be its no van-
ishing normal component on the boundary. On the other hand, clearly the velocity field is
divergence free (g = 0).

We validate the symmetric method (16) using a sequence of structured meshes. Optimality
is reached whatever the norm is considered as shown in Figures 8-10. Similar quadratic
convergence is observed for ||lu — ui|loo and ||7(w) — 7(w1)|/oo. Table 4.2 highlights that

the local mass conservation property is recovered as soon as w, is updated by w; + u..

h 0.25 0.125 6.25 x 1072 | 3.125 x 102 | 1.5625 x 10~2 | 7.8125 x 103
M, |31x1075%|[1.5x 1074 | 1.9x 10718 | 7.1 x 10713 5.6 x 10712 7.6 x 1071
M, 0.14 0.08 0.04 0.02 0.01 5.3 x 1073

Table 4.2: Relative local mass conservation errors with the symmetric method (16).

Next, the structured mesh of Figure 2 is once more adopted, and the solution is oscillation-

free as it can be seen through the isolines of py and w; in Figure 7.

PRESSURE VELOCITY

N\—

FIGURE 7. Isolines of the pressure (left) and || (right) using the symmetric
method (16).
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and ||(u — m(wy1),p — po)l|n for the symmetric method (16).
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F1GURE 10. Convergence history of ||p — polloo and |[p — po]|n for the sym-
metric method (16).

5. CONCLUSION

New enriched finite element methods make the simplest pair of nodal based interpolation
spaces stable for the Darcy model. It has been proved that such methods lead to optimal error
estimates in natural norms in addition to be locally mass conservative. Such fundamental
property is recovered inside a general framework which relies on updating the linear part
of velocity with a particular Raviart-Thomas function. Such strategy can prevent other
jump-based stabilized finite element methods from local loss of mass while keeping them
stable and accurate. Alternatives to deal with higher order interpolations should include
additional control on the jumps of gradient of the pressure, in the form of a new enrichment
function leading to a term like (¢([Vp;-n]), Va1 )q, a feature that may be incorporated into

the current Petrov-Galerkin framework.

APPENDIX A. THE ERROR FOR GENERAL ¢

If we do not suppose that g is a piecewise constant function, instead we admit that

g € H'(Q), then a third enrichment function (u?,p?) appears as the solution of

(76) ocu? +Vp! = in K, V-ul=g-1Ilkg(g) inkK,

in 0K .

9.0y —
ul-n =20
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Now, denoting (u?,p?) = Gk (g — [Ix(g)), then, the original method (13) becomes: Find
(w1, o) € Vi, x Qp, such that for all (vq,qp) € Vi, x @y it holds

(77 B((@.50), (v1,40)) = Fy(m(v1),q0) = Y (Gx(g — Uk(9)), 0 mic(v1))e

where we recall that Tk (g) = ﬁ [k 9

Remark. Regarding the symmetric method its right hand side must be enhanced with the

same contribution as well, and then the following results also apply to such version. [
Remark. Next, we see that there exists C' > 0 such that

(78) [ulllox < Chillg =k (@llox VK ET,.

Indeed, we remark that multiplying (77) by w¢ and integrating it by parts we obtain that

1
o = —= (Vot u)x

1
= g (pg> V- ’U/‘Z)K

= L 09~ k(o))

1
< - 1P 0l0.5 lg — i (9)]]0,x

h
< ™yt llg — Tl o
= Chg [|[ullo.x llg — Uk (9)lo,x,
and the result follows. [J

Now, applying the Strang Lemma (cf. [17]) and (78) we arrive at

[(m(@1 — w1), Po — po)lln < sup — 2 xer, (9x(g — Tk (9)), 0 T (V1)) xc

(v1,90)EVH x Q0 — {0} (7w (v1), q0) |0

2

< C | ) 19k(g = ()5 x

KeT,

Chllg —Hk(g)llo.
< COn |9|1,Q>

IA

and then, as claimed, we see that the error is not affected by the fact that we projected

g onto the piecewise constant space. Therefore, following the same strategy in §3 we can
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estimate pressure and divergence of velocity in their respective natural norms, and so they

are summarized in the following theorem:

Theorem 10. Let us suppose that g € H'(Q) and denote @y, := w(wy). Then, under the

hypothesis of Theorem 9, the following error estimates hold

N 1
lu — @y |gine < Ch(Julog + > plo+hlglie),

- - 1
|w — @y — £(Po)|laive < Ch(Julan+ 5 plo+Rlglie),

1P — Bolloe < Ch(o|ulsn+ plie+ohlglie).
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