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Abstract

In this paper we analyze fully-mixed finite element methods for the coupling of fluid flow with
porous media flow. Flows are governed by the Stokes and Darcy equations, respectively, and
the corresponding transmission conditions are given by mass conservation, balance of normal
forces, and the Beavers-Joseph-Saffman law. The fully-mixed concept employed here refers to
the fact that we consider dual-mixed formulations in both the Stokes domain and the Darcy
region, which means that the main unknowns are given by the pseudostress and the velocity
in the fluid, together with the velocity and the pressure in the porous medium. In addition,
the transmission conditions become essential, which leads to the introduction of the traces of
the porous media pressure and the fluid velocity as the associated Lagrange multipliers. We
apply the Fredholm and Babuska-Brezzi theories to derive sufficient conditions for the unique
solvability of the resulting continuous formulation. Since the equations and unknowns can
be ordered in several different ways, we choose the one yielding a doubly mixed structure
for which the inf-sup conditions of the off-diagonal bilinear forms follow straightforwardly.
Next, adapting to the discrete case the arguments of the continuous analysis, we are able
to establish suitable hypotheses on the finite element subspaces ensuring that the associated
Galerkin scheme becomes well posed. In addition, we show that the existence of uniformly
bounded discrete liftings of the normal traces simplifies the derivation of the corresponding
stability estimates. A feasible choice of subspaces is given by Raviart-Thomas elements of
lowest order and piecewise constants for the velocities and pressures, respectively, in both
domains, together with continuous piecewise linear elements for the Lagrange multipliers.
This example confirms that with the present approach the Stokes and Darcy flows can be
approximated with the same family of finite element subspaces without adding any stabiliza-
tion term. Finally, several numerical results illustrating the good performance of the method
with these discrete spaces, and confirming the theoretical rate of convergence, are provided.
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1 Introduction

The derivation of suitable numerical methods for the coupling of fluid flow (modelled by the
Stokes equations) with porous media flow (modelled by the Darcy equation) has become a
very active research area during the last decade (see, e.g. [2], [9], [10], [11], [13], [14], [18],
[20], [21], [27], [28], [29], [32], [33], [34], [36], and the references therein). This fact has been
motivated by the diverse applications of this coupled model (in petroleum engineering, hydrology,
and environmental sciences, to name a few), and also by the increasing need of simpler, more
accurate, and more efficient procedures to solve it. Moreover, the latest results available in the
literature also include porous media with cracks, nonlinear problems, and the incorporation of
the Brinkman equation in the model (see, e.g. [7], [16], and [37]).

In general, most of the finite element formulations developed for the Stokes-Darcy coupled
problem are based on appropriate combinations of stable elements for the free fluid flow and
for the porous medium flow. The first theoretical results in this direction go back to [14] and
[28]. An iterative subdomain method employing the primal variational formulation and standard
finite element subspaces in both domains is proposed in [14]. Alternatively, the approach from
[28] applies the primal method in the fluid and the dual-mixed one in the porous medium, which
means that only the original velocity and pressure unknowns are considered in the Stokes domain,
whereas a further unknown (velocity) is added in the Darcy region. The corresponding interface
conditions are given by mass conservation, balance of normal forces, and the Beavers-Joseph-
Saffman law. Since one of them becomes essential, the trace of the porous medium pressure needs
to be incorporated as an additional Lagrange multiplier. More recently, new mixed finite element
discretizations of the variational formulation from [28] have been introduced and analyzed in [20]
and [21]. The stability of a specific Galerkin method is the main result in [20]. This scheme is
defined by using Bernardi-Raugel elements for the velocity in the fluid region, Raviart-Thomas
elements of lowest order for the filtration velocity in the porous media, piecewise constants with
null mean value for the pressures, and continuous piecewise linear elements for the Lagrange
multiplier on the interface. The resulting mixed finite element method is the first one which is
conforming for the primal/dual-mixed formulation proposed in [28]. The results from [20] are
improved in [21] where it is shown that the use of any pair of stable Stokes and Darcy elements
implies the stability of the corresponding Stokes-Darcy Galerkin scheme. In particular, this
includes Hood-Taylor, Bernardi-Raugel and MINI element for the Stokes region, and Raviart-
Thomas of any order for the Darcy domain. The analysis in [21] hinges on the fact that the
operator defining the continuous variational formulation is given by a compact perturbation of
an invertible mapping.

On the other hand, mortar finite element techniques, discontinuous Galerkin (DG) schemes,
and stabilized formulations have also been applied to solve the Stokes-Darcy coupled problem.
We first refer to [18] where a non-matching approach is combined with Hood-Taylor and lowest
order Raviart-Thomas spaces in the Stokes and Darcy regions, respectively. Also, stabilized
formulations for the free fluid flow combined with stable elements for the Darcy equation are
considered in [2] and [33], while stabilized formulations for the porous medium flow combined
with stable elements for the Stokes equations are provided in [12] and [36]. Similarly, stabilized
formulations in the whole domain are presented in [11] and [32]. It is important to notice
here that the formulations in [2] and [11] are able to approximate the Stokes and Darcy flows
with the same finite element subpaces. Other stabilized formulations with this characteristic



are developed in [9], [10], [29], and [34]. In particular, a stabilized piecewise linear/piecewise
constant method with an added penalization of pressure jumps over the edges is proposed in [10].
In addition, Crouzeix-Raviart elements for the velocities and piecewise constants for the pressures
in both regions, combined with a stabilization term penalizing the jumps of the discontinuous
velocities over the edges, are employed in [34]. This approach differs from the one in [9] where
the stabilization term depends on the normal vectors of the interior edges. In connection with
these references we remark that different finite element subspaces in each flow region may lead
to different approximation properties for each subproblem. For instance, one could obtain a
more accurate velocity field in the Stokes domain than in the Darcy region. On the contrary,
employing the same spaces guarantees the same accurateness along the entire domain and leads
to simpler and more efficient computational codes.

The purpose of the present work is to contribute in the development of new numerical meth-
ods for the Stokes-Darcy coupled problem, allowing the utilization of the same family of finite
element subspaces in both regions, but without introducing any stabilization term. To reach
this aim we consider dual-mixed formulations in both domains, which yields the pseudostress
and the velocity in the fluid, together with the velocity and the pressure in the porous medium,
as the main unknowns. Then, we apply the well known Fredholm and Babuska-Brezzi theories
to prove the unique solvability of a suitably chosen continuous formulation and derive sufficient
conditions on the finite element subspaces ensuring that the associated Galerkin scheme becomes
well posed. The rest of this paper is organized as follows. In Section 2 we introduce the main
aspects of the continuous problem, which includes the coupled model, its weak formulation, and
the corresponding variational system. The Fredholm theorems and the classical Babuska-Brezzi
theory are applied in Section 3 to analyze the continuous problem. Then, in Section 4 we define
the Galerkin scheme and derive general hypotheses on the finite element subspaces ensuring that
the discrete scheme becomes well posed. In addition, we show that the assumption of existence
of uniformly bounded discrete liftings of the normal traces on the interface simplifies the state-
ment of one of the hypotheses. Next, in Section 5 we describe a specific choice of finite element
subspaces, namely Raviart-Thomas of lowest order and piecewise constants on both domains,
and piecewise linears on the interface, and show that they satisfy all the required assumptions.
In particular, we prove that a quasiuniformity condition in a neighborhood of the interface im-
plies the existence of the above mentioned discrete liftings. Finally, several numerical examples
employing these spaces, ilustrating the good performance of the method, and confirming the
theoretical order of convergence, are reported in Section 6.

2 The continuous problem

2.1 Statement of the model problem

The Stokes-Darcy coupled problem consists of an incompressible viscous fluid occupying a region
Qg, which flows back and forth across the common interface into a porous medium living in
another region {)p and saturated with the same fluid. Physically, we consider a simplified
model where Qp is surrounded by a bounded region (g (see Figure 2.1 below). Their common
interface is supposed to be a Lipschitz curve ¥ and we assume that 9Qp = . The remaining
part of the boundary of §2g is also assumed to be a Lipschitz curve I's. For practical purposes,
we can assume that both I's and X are polygons, although this fact will not be used in the
general considerations about the formulation of the problem. The unit normal vector field on



the boundaries n is chosen pointing outwards from Qg (and therefore inwards to Qp when seen
on X). On ¥ we also consider a unit tangent vector field t in any fixed orientation of this closed

curve.
| T

Figure 2.1: The domains for our simplified Stokes—Darcy model

The mathematical model is defined by two separate groups of equations and a set of coupling
terms. In Qg, the governing equations are those of the Stokes problem, which are written in the
following non-standard velocity-pressure-pseudostress formulation:

os = —psl + vVug in g, diveg + fs = 0 in Qg,
(2.1)
divug = 0 in Qg, us =0 on Iy,

where v > 0 is the viscosity of the fluid, ug is the fluid velocity, pg is the pressure, og is the
pseudostress tensor, I is the 2 x 2 identity matrix, and fg are known source terms. Here, div is
the usual divergence operator acting on vector fields,

ou;

Vu= <8 Z> , and diveo = (div(ail,aig)) ,
L

i.e., the divergence operator applied to a matrix valued function (a tensor) is taken row-wise.

On the other hand, the flow equations in 2p are those of the linearized Darcy model:

up = —KVpp in Qp, divup = fp in Qp, (2.2)

where the unknowns are the pressure pp and the flow up. The matrix valued function K,
describing permeability, satisfies K¢ = K, has L*°()p) components and is uniformly elliptic.
Finally, fp are source terms. We will see that a necessary and sufficient condition for well
posedness of the model equations is
/o =0. (2.3)

Qp
Finally, the transmission conditions on > are given by

ug-n =up-n on X,

(2.4)
osn +vel(ug-t)t = —ppn  on X,
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where k > 0 is the friction constant. The first equation in (2.4) corresponds to mass conservation
on Y, whereas the second one can be decomposed into its normal and tangential components as
follows:

(Usn) n = —pp and (Usn)t = —vr! (ug-t) on X,

which constitute the balance of normal forces and the Beavers-Joseph-Saffman law, respectively.
The latter establishes that the slip velocity along X is proportional to the shear stress along X
(assuming also, based on experimental evidences, that up - t is negligible). We refer to [6], [26],
and [35] for further details on this interface condition.

The description of our model problem is completed by observing that the equations in the
Stokes domain (cf. (2.1)) can be rewritten equivalently as

V_lo'g:Vus in Qg, diveg + fs = 0 in g,
ps = —%tras in Qg, us = 0 on TIg, (25)
where tr stands for the usual trace of tensors, that is tr 7 := 71 + 729, and
A %(trT)I

is the deviatoric part of the tensor 7. The third equation in (2.5) allows us to eliminate pg from
the system and compute it as a simple posprocess of the solution. Note that a constant ¢ added
to both ps and pp is not perceived by the system: its only effect is a correction in og that has
to be subtracted c¢ times the identity matrix.

We end this section by remarking that, though the geometry described by Figure 2.1 was
choosen to simplify the presentation, the case of a fluid flowing only across a part of the boundary
of the porous medium does not really yield further complications for the analysis in the present
paper. For instance, if we consider a fluid over the porous medium, 9€)g stays given by I's U X,
but now with both curves meeting at their end points, whereas a new piece of ddp, say I,
such that 0Qp = X U I, needs to be identified. In this case, besides the equations given in the
present section (which hold now with the notations introduced here), a boundary condition on T’
needs to be added. Following [18] and [28] (see also [16]), one usually considers the homogeneous
Neumann condition:

up-n =0 on T, (2.6)

which constitutes a no flow assumption through I'.  We refer to [18] for further details and
emphasize that only minor modifications will need to be incorporated into the forthcoming
analysis. In particular, this is certainly valid for the discrete analysis, which is illustrated by
two numerical examples reported below in Section 6.

2.2 The weak formulation

Let us first introduce some general functional spaces. If O is a domain, I" is a closed Lipschitz
curve, and r € R, we define

H'(0) = [H"(O)2, H'(0) := [H"(0)**?, and H'(T) := [H"(D)]?.

In the particular case 7 = 0 we usually write L2(0), L2(0), and L?(I') instead of H°(O), H(0),
and HO(T'), respectively. The corresponding norms are denoted by || - [|.0 (for H"(O), H"(0),
and H"(0)) and || - ||, (for H"(I") and H"(I")).



Also, the Hilbert space
H(div;0) := {w e L*(0): divw € L*(0)},

is standard in the realm of mixed problems (see [8] or [23] for instance). The space of matrix
valued functions whose rows belong to H(div; O) will be denoted H(div; ©). The Hilbert norms
of H(div; O) and H(div; O) are denoted by || - |laiv;o and || - [|div;0, respectively. Note that if
T € H(div; 0), then div T € L%(O). Note also that H(div; Q) can be characterized as the space
of matrix valued functions 7 such that c¢‘7 € H(div; O) for any constant column vector c. In
addition, it is easy to see that there holds:

H(div; 0) = Ho(div;0) & Po(O)1, (2.7)

where

Ho(div; 0) = {0' € H(div; 0) : /otra' = o} (2.8)

and Py(O) is the space of constant polynomials on O. More precisely, each 7 € H(div; Q) can
be decomposed uniquely as:

1
T =170+ cl, with 79 € Hyp(div;O) and c := m/ trT € R. (2.9)
]

This decomposition will be utilized below to analyze the weak formulation of our problem.

On the other hand, for simplicity of notations we will also denote, with x € {S,D}

(,0), == /u (0, v), = /*u-v, (0,7)s = /*0:7'7

2
where o :7 = tr(o'T) = Z 0;;7ij- Note the following simple and useful identity
ij=1

1
ol:ml =gl 7 :O'ZT—§(tr0')(tI‘T).

The symbol for the L?(X) and L?(X) inner products
ENs = [0 ENs = [ e
by by

will also be employed for their respective extensions as the duality products H~1/2(X) x H'/?(%)
and H-1/2(%) x HY2(%).

The unknowns in the weak (mixed) formulation will be the two unknowns in (2.2) and the
unknowns of (2.5) without the pressure ps. The corresponding spaces will be:

og € H(div; Qg), ug € L%(0g), up € H(div; Qp), pp € L*(Qp). (2.10)
In addition, we will need to define two unknowns on the coupling boundary

@ = —us € H/*(X), X:=pp e HA®). (2.11)



Note that in principle the spaces for ug and pp do not allow enough regularity for the traces
above to exist. However, solutions of (2.2) and (2.5) have these unknowns in H!({2s) and
H'(Qp) respectively.

In order to obtain the weak formulation of (2.2)-(2.4)—(2.5), we apply the divergence theorem
to the first equation in both (2.2) and (2.5), that is to those equations relating og and up to
other magnitudes. Then, due to the mixed nature of the model, the Dirichlet condition in (2.5)
and the traces of pp and ug on Y become natural and hence they are incorporated directly in
the weak formulation. On the contrary, both transmission conditions in (2.4) become essential,
whence they have to be imposed independently, thus yielding the introduction of the auxiliary
unknowns (2.11) as the corresponding Lagrange multipliers. According to the above, the weak
equations can be written as follows: we look for the unknowns

(os,us, ) € H(div; Qg) x L2(Qg) x HY/2(%),

(2.12)
(up,pp, A) € H(div; Qp) x L3(Qp) x HY2(X)
satisfying two variational equations
v ol 78 + (divTs,ug)s + (Tsn, @)y = 0 Vg € H(div;Qg), (2.13)
(K_l uD,VD)D — (diVVD,pD)D — <VD - n, )\>Z =0 Vvp € H(diV;QD), (2.14)
two differential equations
dives + fs = 0 in Qg,
(2.15)
divup = fp in Qp,
and two restrictions on the boundary
e-n4up-n=0 in H VX)),
(2.16)

osn+An — v l(e-t)t =0 in HV3(X).
The apparently wrong sign in the term where A appears in the second equation of (2.16) is due
to the fact that the normal on ¥ points inwards from the point of view of Qp.

Different orderings of the equations and unknown will emphasize different structural proper-
ties of the system. We will show three possibilities shortly.

THEOREM 2.1 Assume that we have a solution (2.12) of the system (2.13)—(2.14)—(2.15)—(2.16)
and that we define ps := —%tras. Then ug € HY(Qg), pp € HY(Qp), ¢ = —ug on %,
A = pp on X and we have a solution of the system (2.1)—(2.2)—(2.4).

Proof. 1t is a simple application of well known results on distribution theory and Sobolev spaces
of HY(O) and H(div; O) type. O
2.3 The variational system

The weak system (2.13)—(2.14)—(2.15)—(2.16) can be described in purely variational form. To do
that, we now test the equations (2.15) and the first equation of (2.16) with arbitrary v € L2(Qg),
q € L?*(Qp), and ¢ € Hl/z(Z), respectively, which give

(dives,vs)s = —(fs,vs)s  Vvs € L*(Qg), (2.17)



(divup,gp)p = (fo.gp)p  Yagp € L* (), (2.18)

and
(o n&s + (up-n &y =0 VEe HAXD). (2.19)

In addition, for convenience of the subsequent analysis we consider the decomposition (2.7)—(2.8)
with O = Qg, and from now on redefine the fluid pseudostress as

os + ul with the new unknowns os € Hy(div;Qs) and p € R. (2.20)

In this way, the variational formulation of the second transmission condition in (2.16) becomes

(osn, )y + (Y -m Ny —ve e -th-t)y +plp-n,l)y =0 Vo € H/2(D), (2.21)
and the equation (2.13) is rewritten, equivalently, as

v (ed, s + (divrs,ug)s + (tsm, @)y = 0 V7g € Hy(div;Qs), (2.22)

and
n{p-n,lyy =0 vVn e R. (2.23)

As a consequence of the above, we find that the resulting variational formulation reduces to a
system of seven equations ((2.14), (2.17) — (2.19), (2.21) — (2.23)) and seven unknowns, which
can be written in terms of the following nine bilinear forms:

A vl (O'CSl, Tg)s D : vkl (-t t)y G : —(divup,gp)p
B : (diveg,vs)s E : (p-nés H : —(up-nyx (2.24)
C : (osnv)s F : (K 'up,vp)p J + n{e-n )y

On the left of each column of (2.24) we have added a key letter for the nine different bilinear
forms (or related operators). It is easy to see that all these bilinear forms are bounded. Also,
those with both arguments in the same space

A: v (ol g, D: v -t -t)s, F: (K lup,vp)p
are symmetric and positive semidefinite. In addition, the bilinear forms

D: V’%_l<cp't7/l/)’t>27 E: (@’n7§>2
are compact by the compact inclusion of HY/2(X) in L2(%).

Now, it is quite clear that there are many different ways of ordering the variational system.
In order to illustrate this fact and identify a suitable form, in Table 2.1 we show three options,
emphasizing different structural properties of them. On the left of each row we indicate the
corresponding equation. Asides the row and the column involving the unknown pu, we observe in
(1)) that the remaining equations show two blocks on the diagonal: the Stokes block in mixed
form with a penalization term and the Darcy block in mixed form. The coupling is limited to
E and E!. Changing the sign of the fourth equation we obtain a symmetric system, whereas
changing the sign of the second and third equations we see the sign of the underlying quadratic
form: off-diagonal terms compose a skew—symmetric matrix and diagonal terms are positive



(1) |os us @ |up pp A || p (2) |os uplus pp ® A | p
(2.22) | A Bt ¢ (2.22) | A B! C!
(2.17) | B (2.14) F Gt Ht
(2.21) | C -D Et || Jt
(2.17) | B

(2.14) F Gt H (2.18) G
(2.18) -G (2.21) | C -D Et || Jt
(2.19) E |-H (2.19) H -E
(2.23) J (2.23) -7

@3) |os up| ¢ X |lus pp p

(2.22) | A Ct B!

(2.14) F H' G!

(2.21) | C -D E! Jt

(2.19) H|-E

(2.17) | B

(2.18) G

(2.23) J

Table 2.1: Three different forms of structuring the variational system.

semidefinite. Similarly, asides again the row and the column involving p, we observe in ((2)) that
the variables are grouped by character and a different mixed structure, with a non—-symmetric
and negative semidefinite penalization term, is recovered. Nevertheless, a good feature of this
system is the fact that D and E are compact, so taking away the penalization term, the remaining
system consists of a purely mixed problem, which can be decoupled in two mixed problems. On
the other hand, ((3)) shows a particular overlapping of the Stokes and Darcy blocks, which, at
first sight, seems to mix everything in an unconvenient way. However, a closer look to this
ordering allows to identify a doubly-mixed structure in which the interior mixed formulation
contains the same penalization term observed in ((2)). Moreover, all the block bilinear forms,
except the one defining the penalization term, show a diagonal structure, which constitutes an



advantageous feature when proving the corresponding inf-sup conditions.

Throughout the rest of the paper we adopt the structure ((3)) for our analysis. This means
that we group unknowns and spaces as follows:

o = (os,up,p,\) € Xy := Hy(div; Qg) x H(div; Qp) x H/2(2) x H/3(%),
(2.25)
u = (us,pp,pu) € M := L*(Qg) x L*(Qp) x R.
In this way, the variational system of our problem reads: Find (o,u) € Xy x M such that

Ale,T) + B(t,u) = F(r) Vr:= (7s,vD,¥,§) € Xy,

Blo,v) = G(v) Vv := (vs,ap.n) € M, (2.26)
where
F(r) =0, G) = G((vs,qp,n)) := —(fs,vs)s — (fp,qp), (2.27)
and A and B are the bounded bilinear forms defined by
A(Q,I) = a((057uD)7(757VD)) + b((757VD)7(‘P7)‘))
(2.28)
+ b((os,up), (¥,£)) — c((p,A), (¥,)),
with
a((os,up), (1s,vp)) = v7! (chl,fg)s + (K~'up,vp)p [A+F],
b((7s,vp), (¥,€)) = (Tsn,¢¥)s — (vp-n,{)s [C+H],
c((‘Pa)‘)v (¢7€)) = VR (p -t -t)s + (‘P ’ n7§>2 — (¥ -n,Ns [D +E - Et] )
and
B(t,v) := (divTs,vs)s — (divvp,qp)p + 7 (¥ -n,1)s B+ G+J]. (2.29)

It is quite evident from (2.28) that A has a mixed structure with penalization term given by
— ¢, which confirms the doubly-mixed character of (2.26). Note also that ¢ is non-symmetric
and positive semidefinite (this fact will be emphasized and utilized in Section 3). In addition,
we remark again that the diagonal character of the bilinear forms a, b, and B will yield simpler
and more straightforward proofs of the corresponding inf-sup conditions.

3 Analysis of the continuous problem

The approach that we will follow for the analysis of the continuous problem (2.26) is the one of
Fredholm theorems and Babuska-Brezzi theory for mixed problems.

3.1 Preliminaries

We group here some merely technical results and further notations that will serve for the forth-
coming analysis. For elementary results on Hilbert space theory, we refer to [17] for example.
The first of them is an abstract result on Hilbert spaces that can be read as follows: a symmetric
positive definite bilinear form in a Hilbert space that can be made elliptic by the addition of a
compact bilinear form, is necessarily elliptic.
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LEMMA 3.1 Let X be a Hilbert space, and let a : X X X — R and k : X x X — R be bounded
bilinear forms. Assume that a is symmetric and positive definite, k is compact, and there exists
a > 0 such that

a(r,z) + k(z,z) > ofz|? Ve e X.

Then there exists § > 0 such that
a(z,z) > Bz|? Ve € X.

Proof. Let A: X — X' and K : X — X’ be the linear and bounded operators induced by a and
k, respectively, that is A(z) = a(x,-) and K(z) = k(z,-) for each z € X. The hypotheses on a
and k imply that A is selfadjoint and injective, K is compact, and A+ K is invertible, whence A
is Fredholm of index zero. It follows that A is an invertible selfadjoint positive definite operator,
and hence, by elementary spectral properties of bounded selfadjoint operators, A is necessarily
elliptic. ]

LEMMA 3.2 There exists ¢ > 0 such that
Ivbllo,op = cllvpllaiv.op Vvp € H(div;Qp) such that divvp € Py(Qp).
Proof. Let vp € H(div;Qp) such that divvp € Py(Q2p). It is simple to see that
Ivplldiv.ay = Ivbll§.ap + #(vD, VD),

where & : H(div; Qp) x H(div; Qp) — R is the bounded bilinear form defined by

1
k(wp,vp) := —— { diVWD}{ diVVD} Vwp, vp € H(div;Qp).
|QD| Qp Qp
Since k is clearly compact, a direct application of Lemma 3.1 ends the proof. O

LEMMA 3.3 There exists c; > 0 such that
IT8150s + IdivTslias > crllTsllfes Vs € Ho(div;Qs). (3.1)
Proof. See [3, Lemma 3.1] or [8, Proposition 3.1, Chapter IV]. O

LEMMA 3.4 Let (X,(-,-)x) and Y, (-, )y) be Hilbert spaces and let A : X — X, B: X =Y,
and C 1Y — Y be bounded linear operators. Assume that A is elliptic, B is surjective, and C
s positive semidefinite, that is, respectively

i) there exists a > 0 such that (A(z),z)x > oz} VzeX,
ii) there exists B > 0 such that ||B*(y)||lx > Bllylly YyeY,
ii) (C(y),y)y =20 Vyey.

A B*

B —C’] : X XY — X XY is bijective.

Then the matriz operator T := [
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Proof. 1t suffices to observe that, being A invertible thanks to i), T' is bijective if and only if
S := BA™'B* + C : Y — Y is bijective, which follows from the fact that S becomes elliptic.
We omit further details and refer to [19, Lemma 2.1] for a nonlinear version of this result. O

We end this section with some notations concerning our product spaces. In fact, we now let
X = H(div; Q) x H(div; Qp) x H/2(2) x H'/?(%),

recall that M := L2(Q5) x L?(Qp) x R (cf. (2.25)), and define

I7lx = lIsllaiv.os + [vDllaives + [[¥ll2s + [li2s VT o= (7s,vD,9,€) € X,
and
¥l == llvslloqs + llapllogs + [0l V¥ := (vs,qp,n) € M.
Note that || - ||x and || - |y are equivalent to the product norms that make X and M (and hence

Xo and M) Hilbert spaces. We will use them for all forthcoming estimates.

3.2 The main results

We begin by showing that (2.26) has a one dimensional kernel. More precisely, we have the
following result.

LEMMA 3.5 Let (o,u) := ((os,up, ¥, ), (us,pp,p)) € Xo x M be a solution of (2.26) with
homogeneous right hand side. Then there exists ¢ € R such that

o =(0,0,0,c) and u = (0,c,—c)

Proof. Testing the equations (2.26) with = = (os,up, —¢,—A) and v = (—ug, —pp, i), and
then adding them, we find that

0=v1(ed ol + (K up,up)p + v t{p t,p-t)s.

Note that this is equivalent to changing the sign of either the second and third rows in (1)) or
all the rows but the first two in ((2)) or all the rows but the first two and the last one in ((3))
(see Table 2.1), and then adding all them. It is clear from the above equation that

chl:O in Qg, up =0 in Qp, and -t =0 on X.
Using Theorem 2.1 it follows that Vug = v~1od = 0 (cf . (2.5)) and —ug -t = 0, which
implies that ug = 0 in {2g. Hence, again by Theorem 2.1 we have that ¢ = 0 and diveg = 0,
which, together with the fact that og € Hy(div;Qg) and O'g = 0, yields g = 0 in Qg. Next,
since Vpp = K~'up = 0, we deduce the existence of ¢ € R such that pp = ¢ in Qp, whence
A = con X. According to the above, the equation (2.21) reduces now to un + ¢n = 0 on X,
which gives 4 = —ec. U

Our next goal is to demonstrate that a simple restriction on the pressure in the Darcy domain
solves the indetermination generated by the non-null kernel of (2.26). To this end, we now let

My := L%*(Qg) x L3(Qp) x R,
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where

Li(Qp) = {q € L*(Qp) : / q = 0} ,
Qp
and consider the reduced problem: Find (o,u) € X x My such that

«4(271) + B(Ivg) = ‘F(I) VI = (7-87VD7¢7£) € XO)

Bla,v) = G(v) Vv := (vs,qp,n) € Mo, (3:2)

Throughout the rest of the section we follow the analysis suggested by the Babuska-Brezzi theory
to conclude finally that (3.2) is well posed. This requires the inf-sup condition for B and the
invertibility of the operator induced by A in the kernel of B. We begin with the first.

LEMMA 3.6 There exists 3 > 0 such that

sup B(t,v)

> Bllvlle Vv € M. (3-3)
rexo\o |ITlx

Proof. We first observe that the diagonal character of B (cf. (2.29)) guarantees that (3.3) is
equivalent to the following three independent inf-sup conditions:

sup > fBsllvsllogs  Vvs € L¥(Qs), (3.4)
Ts € Ho(div;Qs)\0 HTSHdiv,Qs
(div vp, gp)p )
sup ————— > fp |lapllo,0p Vagp € Ly(Qp), (3.5)

vp € H(div;Qp)\0 VD llaiv,op

-n, 1
sp T BUS S sl v eR, (36)
wer2no  |[®lhyes

with s, Op, Bx, > 0. For instance, the above statement follows from a direct application of the
characterization result for the inf-sup condition on product spaces provided in [22, Theorem 5].

Now, given vg € L2(Qg) we define 7 as the Hy(div; Qg)-component of Vz € H(div;Qg),
where z € H!(Q)g) is the unique solution of the boundary value problem:

Az = vg in Qg, z=0 on 0Qg.
This proves the surjectivity of the operator div : Hy(div;Qg) — L?(Qg), which is (3.4). Simi-
larly, it is easy to see that div : H(div; Qp) — L?(Qp) is also surjective, which yields (3.5).

On the other hand, the inf-sup condition (3.6) is equivalent to the surjectivity of the operator
¥ — (¢ -n, 1)y from H2(X) to R, which in turn is equivalent to showing the existence of
o € H/2(X) such that (b, -n,1)s # 0. In fact, we pick one corner point of ¥ and define a
function v that is continuous, linear on each side of ¥, equal to one in the chosen vertex and
zero on all other ones. If n; and ny are the normal vectors on the two sides of ¥ that meet at
the corner point, then ¥, := v (n; + ny) satisfies the required property. O

We now let V be the kernel of B, that is

Vi={reXy: B(r,v) =0 Vv eM}.
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It is easy to see from the definition of B (cf. (2.29)) that V = V; x Vg, where
V, = Hy(div;Qg) x H(div;Qp) and Vy = HY2(X) x HY2(%),

with

T, (div; Qg) = {TS € Ho(div:Qs): divrs = 0},

H(div; Qp) := {VD € H(div;Qp) :  divvp € ]P’O(QD)},

and

HY2(3) = {w c H2(®): (¢ -nl)y = o}.

Then, in what follows we apply Lemma 3.4 to prove that the operator induced by A (cf. (2.28))
is invertible in V. This means showing that a is elliptic on V1, b satisfies the inf-sup condition
on Vi x Vo, and c¢ is positive semidefinite on V.

As remarked in Section 2, the condition on c is pretty straightforward since
(V). (0 V) = vitllp-tlay = 0 V(A e HYAS) x H2(x).  (3.7)
The remaining conditions for a and b are established in the following lemmas.
LEMMA 3.7 There ezists aq > 0 such that for each (Ts,vp) € V; there holds
a((rs,vp), (15,vD)) = a1 {[I7slFiv.0s + IVDIIGiv.ap ) -
S, VD), \1 S, VD = &1 Slldiv,Qg Dilldiv,Qp
Proof. It suffices to observe that
a((7s,vp), (ts,vp)) = v [T¢I3.0s + (K™ vp,vD)p > {7850 + IvDl§as )
and then apply Lemmas 3.3 and 3.2. O
LEMMA 3.8 There exists B > 0 such that
b
wp DU vD). (.0)

(Ts,vD)€EV1\O ”(TSvVD)”

> Bl Ol Y@, eV, (3.8)

Proof. Analogously to the proof of Lemma 3.6, and thanks to the diagonal character of b, we
find that (3.8) is equivalent to the following two independent inequalities:

TSN, ~ ~
sup (T30, 9)x > Bsl[Ylips Voo € HYAD), (3.9)
Tg € Ho(div;Q25)\0 75 ldiv, 05
VD - 1N, ~
sup (vp -1, &)» > Op€llps  VE € HYA(Y), (3.10)

vp € H(div;Qp)\0 ||VD||diV,QD
with BS) BD > 0.

Now, given x € H™Y/2(X) we let 7 be the Hy(div;Qg)-component of Vz € H(div;Qg),
where z € H!({)g) is the unique solution of the boundary value problem:

Az =0 in Qg, z=0 on I's, Vzn=x on 3. (3.11)
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1
In other words, T := Vz — cl, where ¢ := 270 trVz (cf. (2.9)), which implies that
sl Jag

T € Hg(div;QS) and Tn = x —cn on X. It follows that (Tn,¢)s = (x,%)s for each
P € H'/2(%), which proves the surjectivity of the operator 7 — 7n from Hy(div;Qg) to
(H'/2())’, that is (3.9).

Similarly, given xy € H™'/2(X) we define v := Vz € H(div;Qp), where z € H'(Qp) is the
unique solution of the boundary value problem:

1
Az = —(x,1)s in Qp, Vz-n=yx on X, / 2 =0. (3.12)
|QD| p

It follows that v € fI(divi OQp) and v-n = x on X, which proves the surjectivity of the
operator v.— v -n from H(div;Qp) to H-/2(X), that is (3.10). O

As a consequence of the previous analysis we conclude that A is invertible in the kernel of
B. This result and the inf-sup condition for B (cf. Lemma 3.6) allow to establish the following
theorem.

THEOREM 3.1 For each pair (F,G) € X{ x M, there ezists a unique (o,u) € Xy x My solution
to (3.2), and there exists a constant C > 0, independent of the solution, such that

I Wikoar < C {1l + Gl }-

In particular, if (F,G) is given by (2.27) and there holds fo = 0 (¢f. (2.3)), then the
Qp
solution of (3.2) is also a solution of the original variational formulation (2.26).

Proof. The well posedness of (3.2) follows from a straightforward application of the classical
Babuska-Brezzi theory for mixed problems (see, e.g. [23, Theorem I.4.1] or [8, Chapter II]).
Now, let (o,u) € Xy x My be the solution of (3.2) with (F,G) given by (2.27). Since the first
equations of (2.26) and (3.2) coincide, it only remains to show that o verifies the second equation
of (2.26) to conclude that (o, u) also solves that problem. In fact, taking = = (0,0,0,¢&) in the
first equation of (3.2) we deduce that up -n + ¢ -n = 0 on X, and hence, according to the
definition of B (cf. (2.29)) and the second equation of (3.2), we obtain that

B(g,(0,1,0)) = —(divup,l)p = (up-n,1l)y, = —(p-n, 1)y
= B(g,(0,0,-1)) = G((0,0,-1)) = 0.

Then, given v = (vs,qp,n) € M, where gp = qo + ¢, with (qo,c¢) € LE(Qp) x R, we use the
above identity and again the second equation of (3.2), to find that

B(o,v) = B(o, (vs,q0,1m) = G((vs,q0,n)) = — (fs,vs)s — (fp,q)D

= —(fs5,vs)s — <fD o

1| Jay,

fD,QD> ,

D

which, thanks to the assumption (2.3), becomes B(o,v) = G(v) Vv € M. O
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Note from the last identity in the previous proof that if we solve (3.2) with (F,G) given by
(2.27) but (2.3) is not satisfied, then we are finding a solution of (2.26) for a slightly modified

right hand side, with fg unchanged but with fp — fp instead of fp. Moreover, we

| Jap,
can actually prove the following result characterizing the solvability of (2.26).

THEOREM 3.2 Problem (2.26) with (F,G) given by (2.27) is solvable if and only if (2.3) holds.
In that case, the solution is defined up to a multiple of ((0,0,0,1),(0,1,—1)).

Proof. Tt suffices to observe that the operator induced by the left hand side of (2.26), say L,
is Fredholm of index zero. In fact, using that L?(Q2p) = L3(Qp) & Po(dp), we decompose
the pressure unknown pp in (2.26) as pp = po + ¢ with pg € LZ(p) and ¢ € Py(Qp), and
similarly for the corresponding test functions qp € L?(Qp). In this way, it is easy to realize
that (2.26) is equivalent to a compact perturbation of a problem equivalent to (3.2). Since the
latter is well posed, this proves the announced property of £. Now, the kernel of the adjoint
operator L* is the same as £ because this operator is symmetric up to some sign changes of its
rows (see Table 2.1). Therefore, by the Fredholm alternative, the system (2.26) is solvable if
and only if the right hand side vanishes when applied to an element of the kernel of the adjoint.
With the right hand side (2.27) and the kernel given in Lemma 3.5 this is just condition (2.3).

O

4 The Galerkin scheme

In this section we introduce and analyze the Galerkin scheme of the reduced problem (3.2).

4.1 Preliminaries

Here we define the discrete system and establish suitable assumptions on the finite element
subspaces ensuring later on that it becomes well posed. For this purpose, we first select two
collections of discrete spaces:

H,(Qp) € H(div; Qp), Ly(Qp) C L*(Qp), AP(Z) € HY2(3),
4.1
H,(Qs) € H(div;Qs),  Lu(Qs) C L*(Qs),  A(D) € HYA(D). )

However, the spaces for the Stokes domain will have to be doubled. In particular, in the case
of the matrix valued unknown og we will consider the space of matrix valued functions whose
rows belong to Hp(£2g). According to this we now define

Li(Qs) = La(Qs) x Lu(Qs),  AS(D) = AS(X) x AS(D), (4.2)

H,(Qg) := {7:Qs = R¥>?: ' € Hy(Qs) Ve € R*} C H(div;Qg),  (4.3)

and
Hh@(Qs) = Hh(Qs) N Ho(diV;Qs). (4.4)

In addition, in order to deal with the mean value condition of the Darcy pressure we define

Lh,O(QD) = Lh(QD) N Lg(QD). (4.5)
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In this way, we define the global finite element subspaces as:

Xpo = Huo(Qs) x Hy(p) x AR (E) x AP(D), (46)
Mpo = Lp(Qs) X Lpo(2p) X R,

and consider the following Galerkin scheme for (3.2): Find (o,,u;,) € Xp 9 x My, o such that

Alay, ) + B(ty,w,) = F(T,) V1, € X0,

Bl vy) = G(vi) Vv, € Myg. (4.7)

Note that the different structures shown in Table 2.1 are inherited by the linear system associated
to (4.7) once we have chosen bases for all the discrete spaces.

In what follows we derive general hypotheses on the spaces (4.1) that will allow us to show
in Section 4.2 below that (4.7) is well posed. Our approach consists of adapting to the present
discrete case the arguments employed in the analysis of the continuous problem, mainly those
from the proofs of Lemmas 3.6, 3.7, and 3.8. We begin by observing that in order to have
meaningful spaces Hy, o(€2s) and Ly, o(2p) (cf. (4.4) and (4.5)), we need to be able to eliminate
multiples of the identity matrix from Hj(€g) and constants polynomials from Lp(2p). This
request is certainly satisfied if we assume that:

(H.0) [Py(2s)]?2 € Hy(Qs) and Po(Qp) € Ln(p).

We remark that the above hypothesis is only related to the ability of the spaces to deal with
problems inherent to the kernel of (2.26). In particular, it follows that I € Hj,(Qg) for all h,
and hence there holds the decomposition:

Hy(Qs) = Hpo(Qs) @ Po(2s) 1. (4.8)

Next, following the same diagonal argument utilized in the proof of Lemma 3.6, we deduce
that B satisfies the discrete inf-sup condition uniformly on X}, o x M, ¢ if and only if there exist
0Os, Bp, OBx > 0, independent of h, such that

(div T, vi)s

sup > s ||vallo,0s Vv, € Ly(Qs), (4.9)
rheHyo@sN\0 I Thldiv,0s
div vy, qn)p

sup (div Vi, gn)n > Bpllanlloy  Yan € Lpo(9p), (4.10)

vheH, (N0 Vallaiv.ap

-n, 1
sup M mLE oy R (4.11)
Py, eA,SL(E)\O H"wbh||1/2,2
However, since div Hj,(Qg) = divHj, o(2s) (cf. (4.8)), the supremum in (4.9) remains the same
if taken on Hp,(Q2g) instead of Hy o(£2s), and hence this inequality turns out to be equivalent to
the following inf-sup condition:

div 7, vp)s
Sup (v 7h, vh)s > f3s [|vnllo,ns Yo € Lp(Qs).
e Hy (N0 |17hlldiv.0s
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Notice also that a sufficient condition for (4.11) is the existence of ¥, € H'/?(X) such that
Py € AJ(X) Vh and (b, -n,1)y # 0. Consequently, we now introduce the following
hypothesis summarizing the above analysis:

(H.1) There exist S5, fp > 0, independent of h, and there exists 1, € HY?(X), such that

(diV Th, ’Uh)s

sup > Bs||vnllo0s Yop € Lp(Qs), (4.12)
7 € Hp (Qg)\0 HTthiWQS
div vy,
sup (divva, gn)o > Bp llanlloon Yan € Lino(Qp), (4.13)
vneHy oMo Valldiv.ap
Py € AF(X) Vh and (Py-n,1)x #0. (4.14)

On the other hand, we now look at the discrete kernel of B, which is defined by
Vh = {Ih € Xh,(]: B(Ih,xh) = 0 Vzh € Mh@}.
In order to have a more explicit definition of V; we introduce the following assumption:
(H.2) diVHh(Qs) - Lh(Qs) and diVHh(QD) - Lh(QD).
It follows from the definition of B (cf. (2.29)) and (H.2) that V;, =V, 5 x Vg, where
~ ~ ~S
Vi = Hao(Qs) x Hy(Qp) and Vi = A(S) x AP(E),
with B
th(Qs) = {Th S Hh@(Qs): divr, = 0},
H,(Qp) = {Vh € Hp(Qp): divvy € PO(QD)},
and s
Ap(X) = {":bh € AR(E): (¢ m 1)y = 0}-
Note that V; C V, which yields in particular V;; C V.
Then, applying the same diagonal argument employed in the proof of Lemma 3.8, we find

that b satisfies the discrete inf-sup condition uniformly on V; ; x Vyj, if and only if there exist
Bs, Bp > 0, independent of h, such that

Thn, ~ s
sup M > BsllYnllies Vb € Ap(2), (4.15)
Th € Hp 0(Q2s)\0 HTthw’QS
(v n,&)s - D
sup S = Bol&nllies YV € AR(D). (4.16)

vi, €H,(2p)\0 [vallaiv,on
In addition, the characterization of the elements of A, (X) yields the supremum in (4.15) to

remain unchanged if taken on Hh(QS) = {Th € Hy(Qg): divr, = 0} instead of HMO(QS),
and therefore it is not difficult to see that a sufficient condition for (4.15) is given by:
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(Th -1, )5
sup AR AL

> Bslvnllijzs Y € AY(S),
ety @sno  Ihlldiv.os

where

I:Ih(Qs) = {Th € Hh(Qs): divr, = 0}.

In this way, we now add the following hypothesis:

(H.3) There exist Bs, Bp > 0, independent of h, such that

Th -, ~
sup {1, 9n)s > Gs|Unllijzs Yon € AY(S), (4.17)
et @sno  Ihlldiv.os
Vi, -1, :
b M > Pp ||£h||1/2,2 V&, € AE(E)' (4.18)

vy, € H,(2p)\0 [vallaiv,on

We end this section by mentioning that for computational purposes we replace the Galerkin
scheme (4.7) by the equivalent one arising from the utilization of the decomposition (4.8). In
other words, we drop the explicit unknown approximating ¢ € R and keep it implicitly by
redefining the approximation of the pseudostress og € H(div;{g) as an unknown in Hp(Qg).
This can also be seen as a discrete version of the reconstruction of og from the decomposition
(2.20). In this way, the equivalent Galerkin scheme reduces to: Find (o;,u;) € X; x My such

that
Alay, 1) + B(Ty,u,) = F(1p) V1, € Xp,

B(ap,vy) = G(vn) Vv, € My, (4:19)
where
Xh = Hh(Qs) X Hh(QD) X A?L(E) X AE(E),
(4.20)
M, = Lp(Qs) X Lpo(Qp),

and B is redefined by suppressing the third term on the right hand side of (2.29). The numerical
results shown below in Section 6 consider precisely this scheme in which the mean value condition
of Ly 0(f2p) is imposed through a Lagrange multiplier.

4.2 The main result

The following theorem establishes the well posedness of (4.7) and the associated Cea estimate.

THEOREM 4.1 Assume that the hypotheses (H.0), (H.1), (H.2), and (H.3) hold. Then the
Galerkin scheme (4.7) has a unique solution (o, u;) € Xp o x My and there exists C > 0,
independent of h, such that

lenwhllen < €1 { 1F b0l , + 19ha ol }-
In addition, there exists Cy > 0, independent of h, such that

lo —anllx + u—ulwm < Cz{ inf |lo —7llx + inf Hu—zhHm}, (4.21)
7,€Xp0 v, €M} 0

where (o,u) € Xy x My is the unique solution of (3.2).
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Proof. Tt is clear from the analysis in Section 4.1 that (H.1) (resp. (H.3)) implies the discrete
inf-sup condition for B (resp. for b) uniformly on Xj o x My, o (resp. on V; , x Vo 3). In addition,
the fact that V;;, C V; and Lemma 3.7 imply that a is uniformly elliptic in V; ;, whereas c
is trivially positive semidefinite on Vo5, C Vo € HY2(X) x H/2(Z) (cf. (3.7)). In this way,
applying the discrete version of Lemma 3.4 we conclude that the discrete operator induced by
A is invertible in V}, with uniformly bounded inverse. Therefore, the rest of the proof reduces
to a straightforward application of the discrete Babuska-Brezzi theory (see, e.g. [23, Theorem
I1.1.1], [8, Chapter IIJ). O

It is important to remark here that the second and third terms defining the bilinear form c
are the only ones in the whole variational system where the Darcy and Stokes discrete spaces
meet. However, it is also clear from the previous proof that these terms do not play any role in
the stability analysis of the Galerkin scheme since c is already positive semidefinite in the whole
space HY/2(X) x H'/2(X). This fact also explains why each one of the hypotheses (H.0), (H.1),
(H.2), and (H.3), is formed by independent conditions concerning the subspaces for the Stokes
and Darcy domains separately. Nevertheless, we notice that these independent assumptions
show analogue structures, particularly with respect to the kind of operators and continuous
spaces involved: compare for instance (4.12) with (4.13) in (H.1) and (4.17) with (4.18) in
(H.3). This fact confirms the strong possibility of deriving stable finite element subspaces of
the same kind in both domains. A specific example in this direction employing the well-known
Raviart-Thomas subspaces is given precisely in Section 5 below.

Meanwhile, we prove next that the existence of uniformly bounded discrete liftings for the
normal traces on ¥ coming from both regions simplifies the statement of (H.3).

4.3 Stable discrete liftings

The aim of this section is to give sufficient conditions for the inf-sup inequalities (4.17) and
(4.18) in hypothesis (H.3). These new conditions have to do with the eventual existence of
stable discrete liftings of the normal traces on 3, and they will be working hypotheses that can
be more easily verified for each set of discrete spaces. In particular, these will be the conditions
that we will verify for the example with Raviart—Thomas elements in Section 5.

We notice first that conditions (4.17) and (4.18) are hypotheses that deal with how the normal
components of elements of Hy,(Qs) and Hy,(Qp) are tested with A$(X) and AP (%), respectively.
Because of the already mentioned analogue structure of these assumptions, we summarize them
as follows with x € {S,D}:

sup RGN g e o YE € AYE). (4.22)
vnem,@no  Vallaivo,

This kind of condition can be broken into two pieces. Let us recall from Section 4.1 that

I:Ih(Qs) = {Vh S Hh(Qs): divvy, = 0}, ( )
4.23

Hh(QD) = {Vh S Hh(QD)Z divvy € ]P)()(QD) },
and for x € {S,D} define
PE(X) :={vp-n|x: v, € Hy(Q)}. (4.24)
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Assume that the linear operator v;, — vp-n from Hy(€,) to ®}(¥) has a uniformly bounded
right inverse, i.e., there exist a linear operator £} : ®;(3) — Hp(Qgs) and ¢, > 0, independent
of h, such that

17 (Pr)lldiv., < cell@nll—1/2,x and  Li(dn) -m = ¢p on X Ve, € &5(X).  (4.25)

Such a uniformly bounded right inverse of the normal trace will henceforth be referred to as a
stable discrete lifting to 2, (x € {S,D}). Note that by [15], existence of L} satisfying (4.25)
is equivalent to existence of a Scott-Zhang type operator 77 : H(div;€) — ﬁh(Q*), linear
and uniformly bounded, such that

wi(vy) = v, Vv, € H(Q), and v.n=0 on ¥ — (73(v)) ) n=0 on X.

The following lemma reduces the inf-sup condition (4.22) to the inherited interaction between
the elements of ®}(X) and A7 (X).

LEMMA 4.1 Assume that there exists a stable discrete lifting to Q.. Then (4.22) is equivalent
to the existence of B, > 0, independent of h, such that

sup  ORES G Ye € AL(S). (4.26)
snedr (2o 1Pnll-1/2,5

Proof. It suffices to show that there exist Cy, Co > 0, independent of h, such that for each
& € Aj(X) there holds

¢ swp (Dn,En)s < sup (Vi m, &) <G sup (Dn,En)s (a2
oncer N0 19nll—125 ~ §, o0 IVallave. onedr (2\0 1onll-1/2,5
In fact, on the one hand
(Dn,En)s < e *<¢h7§h>2 < e sup (Vi -0, &p)s Von € DY),
Pnll=1/2,9 1L (on)llaiv. 0. wrem,@no  IVallaiv.a.
and on the other hand
(Vi n, &) e (Vi - m, &) < ¢ sup (Dn,En)s Vi € H (),
[Vhlldiv,o. [vi-nl 125 snedr 2o onll-1/25
which yield (4.27) with C; = 1/¢, and Cy = C. O

We have thus proved that the existence of stable discrete liftings to {25 and Qp together with
the inf-sup condition (4.26) constitute sufficient conditions for (H.3) to hold. To this respect,
we find it important to emphasize that (4.26) deals exclusively with spaces of functions defined
on the interface .
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5 A particular choice of discrete spaces

5.1 Discretization of the domains

Let ’ThS and ’ThD be respective triangulations of the domains {2 and Qp formed by shape regular
triangles in the usual conditions of the finite element literature. Assume that these triangulations
match in X, so that ’Ths U ’ThD is a triangulation of Qg U ¥ U Qp. Let X; be the partition of
Y inherited from ’Z;LS (or ’Z;lD ). Then, given a triangle 7" we consider the local Raviart—Thomas
space of the lowest order

RTo(T) := span{(l,()), (0,1), (xl,@)}.

We then define one Raviart—Thomas space on each subdomain and their usual companion spaces
of piecewise constant functions: for x € {S,D}

H,(Q,) = {vh € H(div; Q) :  vulr € RTo(T) VT € Th}
(5.1)
Ly(Q) = {qh:Q* ~R: qulr € Po(T) VT € Th}

It is clear that (H.0) and (H.2) are satisfied and it is well known that so are the discrete inf-sup
conditions (4.12) and (4.13) in (H.1) (see, e.g. [8, Chapter IV] or [30, Chapter 7]). Moreover,
the spaces ®3(3) and ®P () of discrete normal traces on ¥ (cf. (4.24)) are, for the time being,
contained in

By(3) = {5h 'Y S R: &l € Pole) Vedgee € zh}. (5.2)

We will see later on, as a corollary of Lemma 5.1 below, that actually % () = ®P(3) = ¢,(2).

Now, although we could keep our options open for the remaining spaces A}SL(E) and A?(E),
we simplify the situation by taking

AR(E) = AR(D) = An(D).
Gathering Theorem 4.1 and Lemma 4.1 we are left with the following tasks:

i) prove the existence of stable discrete liftings (or give conditions on the grid that ensure
their existence).

ii) choose Aj(X) such that we can find ¥, € HY2(X) satisfying ¥, € An(X) VYh and
(hg-n,1)s # 0 (cf. (4.14) in (H.1)), and such that the inf-sup condition (4.26) holds.

In Sections 5.2 and 5.3 below we deal precisely with i) and ii), respectively.

5.2 The discrete liftings

We are going to be able to construct discrete liftings to (g and Qp by demanding some additional
conditions on the triangulations. Namely, we ask for ThS and ’Z}LD to be quasiuniform in a
neighborhood of Y. More precisely, we assume that there is an open neighborhood of ¥, say Qy,

22



with Lipschitz boundary, and such that the elements intersecting that region are roughly of the
same size. In other words, for x € {S,D} we let Q, 5. := Q, N Qy, define

e = {TEeT: TnOn#0},  Tw=TyuTh,
and assume that there exists ¢ > 0, independent of h, such that

max hp < ¢ min hr.
TETh,E TETh,E

Because of the shape regularity property, this implies that Y, is quasiuniform, which means that
there exists C' > 0, independent of h, such that

hy = max{|e|: e € Eh} < C’min{|e|: e € Eh}.
Moreover, the quasiuniformity of ¥; implies the inverse inequality in ®,(X), that is

onll—1/216x < Chg’llonll_12x  Vén € ®u(X), Vo € [0,1/2]. (5.3)

Next, in order to define the discrete liftings we need to introduce the Raviart—Thomas
interpolation operator. For the forthcoming definitions and arguments x is a mute symbol taken
in {S,D}. Hence, given a sufficiently smooth vector field v : Q, — R?, we define IT}(v) as the
only element of Hj () such that

/Hfl(v)-n:/v-n Ve € &, (5.4)

where & is the set of the edges of the triangulation 7,°. Let us review some properties of this
operator that we will use in the sequel:

a) The interpolation operator I is well defined in H?(Q,) N H(div; ) for any § > 0 (see,
e.g. [1, Theorem 3.1]).

b) For all v there holds divII;(v) = Pj(divv), where P; : L?(%) — Lp(Q) is the
orthogonal projector. Equivalently

(diVH;;(V)7qh)* = (divvv(Jh)* th € Lh(Q*)

This property is a simple consequence of the divergence theorem and the interpolation
property (5.4) defining IT}. In particular, if divv = ¢, it follows that divII}(v) = c.

c) f v-n € &,(X) then II}(v) -n = v -n. This property also follows from (5.4).

d) There exists C' > 0, independent of h, such that for each v € H(Q,) N H(div; () , with
0 € (0,1], and for all T" € T;*, there holds (see, e.g. [25, Theorem 3.16])

Iv = WWllor < B { Vlsr + divvlor |- (5.5)

We are now in a position to establish the existence of stable discrete liftings.
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LEMMA 5.1 Assume that ’ThS and ’ThD are quasiuniform in a neighborhood 2y, of X as explained in
the present section. Then there exist uniformly bounded linear operators L} : ®5,(X) — Hp(Qy)
(cf. (4.23)) such that Ly(¢p) -n = ¢ on X for each ¢ € Pp(X).

Proof. We start with the lifting to the Stokes domain 2g. First of all we increase this region
across the external boundary I's to a new domain Qg with Lipschitz boundary ¥ U T'§®. Then
we recall that Qg y := Qg N Oy and remark that Qg \ Qg y; is interior to Q& since both parts
of its boundary lie at a nonzero distance of 9Qg*. We refer to Figure 5.1 for the geometry. The
thick lines enclose the extended Stokes domain Q& whereas the shaded area corresponds to

the neighborhood Q5.

,,,,,,,,,,,,,,,,,,,,,,,,

Figure 5.1: The domains in the proof of Lemma 5.1.

We now begin the construction of our operator. Given ¢, € ®,(X), we let v € H'(QZ")
be the unique solution of the bounday value problem

Av=0 in QF wv=0 on IF Oy =¢, on X,

which can be seen as a discrete version of (3.11). Then, as a consequence of the Lax—Milgram
lemma, the interior elliptic regularity estimate, and the classical regularity result on polygonal
domains (see, e.g. [24]), we obtain, respectively, the following continuity bounds (we write them
in the domains where they will be used):

[vles < Cillgnll-1/25, (5.6)
[vl20500ss < C2llonll-12x, (5.7)
lvll5/a,0s < Csllénll—1/a5 - (5.8)

Note that in particular Vv € HY4(Qg) N H(div; Qg), and hence, thanks to a), we can define
Ly(én) = I;(Vo) € Hy(Qs).

Since divVv = Av =0 in Qg and Vuo-n = 0hv = ¢, € ®3(X) on X, we deduce from
b) and c), respectively, that

divﬁ;sl(qﬁh):O in Qg and E,Sl(gbh)-n:gbh on X,
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which proves that Efsl is a lifting satisfying £}SL(¢}L) € ﬂh(Qs) Vo € Op(X).

It remains to show that E,SL is uniformly bounded. To this end, we divide 2g into two regions

QL = u{T eTd: T ¢ T } C 05\ Qsy and 0F, == Q5\ QL' C Qg

where we recall that ’Ths2 = {T €eTS: TnQgy # (Z)}. Then, using (5.6), (5.7), and

the stability of the Raviart—-Thomas projection when applied to functions in Hl(Qéh), we can
bound:

L5 (61| aiv,0

128 @nlloes < I€5@nlay, + 1560z,

< ) logy, + IV0logz, + V0 = (V) oz,
< c{IVehagass + Ionll1os + V0= T(T0)lo0g s |
< C{lonllros + IV = IE(T0)loggs |-

At the same time, applying (5.5) in d) to Vo € HY4(Qg) N H(div;Qg), and employing the
bound (5.8) and the inverse inequality (5.3) with § = 1/4, we find that
1/2 1/2
Vo = I3(V)Basy < C D BNVl ur < Chl” 01300
TeTly,

< Chd" Ionl2ijas < C llonll

= D hll-1/42 = hll-1/2,% -
This estimate and the preceeding inequality give the result.

On the other hand, in the case of the Darcy domain Qp, the interface Y constitutes the
whole boundary, which implies that Qp \ Qp x is interior to Qp, and hence there is no need to
extend the domain to deal with regularity issues in the (non existent) remaining part of the
boundary. According to this, given ¢, € ®5,(X), we now define

L3 (¢n) = II;) (Vo) € Hy(Qp),

where v € H!(Q)p) is the unique solution of the bounday value problem
1
Afu:—/qﬁh in Qp, 0Oyv = ¢, on X, /UZO,
Qb Jx o

which can be seen as a discrete version of (3.12). Since divVv = Av = ﬁ Jsdn in Qp

and Vo-n = 0hv = ¢, € Pp(X) on X, we use again b) and c) to deduce, respectively,
that

. 1 .
div LD (¢5) = m/quh €R in Qs and LP(¢p) n=¢, on X,

which proves that £P is a lifting satisfying £P (1) € Hu(Qp) V¢ € ®,(2). The uniform
boundedness of EE proceeds as in the previous case. We omit further details. O

As a consequence of this lemma, and as already announced in Section 5.1, we now notice that
$%(¥) and ®P(X) coincide with ®p(2) (cf. (5.2)), and therefore the inf-sup condition (4.26)
reduces simply to the existence of 3 > 0, independent of h, such that

¢h7 gh = ~
sup  APBEE S Ge s ve € (). (5.9)
sned,no 1onl-1/2,5
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5.3 Discretization on the interface

In this section we discuss on how to choose Ay (3) so that ii) be satisfied. In fact, there are many
possible choices of Ap(X) such that (5.9) holds, while the condition requiring the existence of
Wy € HY2(X) such that ¥, € Ap(X) Vhand (1,-n,1)x # 0, is easy to verify if the sequence
of subspaces is nested or if we are able to find a coarser space where the hypotheses hold.

OPTION 1. If the partition X inherited from the interior triangulations is uniform, which is
feasible only on very simple geometries 3, we can take Ap(X) to be the space of continuous
linear elements of the dual grid, that is, on the grid whose nodes are the midpoints of ¥j. Note
that dim Ay (X) = dim @,(X), and that on each corner of ¥ there is an element of the dual grid
with half of its length on each of the edges that meet in that corner. The inf-sup condition (5.9)
for these spaces is verified in [31, Lemma 6.4].

OPTION 2. Let ih be another partition of X, completely independent from X;, and take now

Ap(D) = Py(Sh) N C(X), with Py(Sy) == [] Pule).
eéih
If both ¥}, and ih are quasiuniform, then there exists a constant Cy € (0, 1] such that whenever
hy < Coﬁz, EE = max{]E]: RS ih},

then (5.9) holds [5, Lemma 3.3]. In this case, if we assume that elements of 5, are segments (no
element crosses a corner point), then 1, can be constructed exactly as explained at the end of
the proof of Lemma 3.6.

OpTION 3. A very flexible (from the geometric point of view) construction of Aj(X) can be
done using a coarsened grid. In fact, let us assume that the number of edges of ¥}, is an even
number. Then, we let X9 be the partition of ¥ arising by joining pairs of adjacent elements,
and define

Ap(E) = P1(E9) N C(X). (5.10)

The following lemma shows that with a very mild condition on the mesh ¥ (which is implied by
bounded variation, for instance), (5.9) holds for this choice of spaces.

LEMMA 5.2 Assume that there exists ¢ > 0, independent of h, such that
max {|e1|, [e2|} < ¢ min {|e1], |e2|}
for each pair ey, ea € Xy, such that e; U ea € Yop. Then (5.9) holds for the space (5.10).

Proof. The result follows from a series of technical but simple arguments. We will be using five
discrete spaces

Dp(X) == Po(Zrn),  Pi(Xon),  Au(E) = Pi(Z2n) NCE),  Po(Xa2n),

and the space P;(Xy,) spanned by the hat functions with nodes on vertices of ¥, that are interior
for ¥op. We refer to Figure 5.3 for a sketch.
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® (2)=P () P.(Z,) N

o—0
< A()
G_
Po(Zp) P,(2)

Figure 5.2: The five discrete spaces of the proof of Lemma 5.2.

We begin by showing that the spaces in each of the two rows in Figure 5.3 form stable pairs
in L2(X). In fact, the first inequality is:

;¢

sup & &)z > Cliénllox  Vén € P1(Zan). (5.11)
PrePR(X)\0 |’¢hH072

Note that dim ®,,(X) = dimPy(X9y) = 2#X9p = #X5. Moreover, both spaces are orthogonal

sums of two finite dimensional spaces with functions supported on each of the elements of Yop,.

The proof of (5.11) follows then from a very simple local argument. The second inequality is:

sup (dn,Vn)s

ST = Clldnllos Vo € Po(Za). (5.12)
vnePrs\0  [[¥nllos

Similarly, dimPy(29,) = dimPj(X,) = #X9p, and the spaces are still orthogonal sums of two
finite dimensional spaces with locally supported functions, whence (5.12) is also straightforward
to verify.

Next, note that for all §, € Ap(X) C C(X), we have & € Py(Xg;). Note also that if
Y, € P{(E) € C(X), then ¢}, € Py(X) = ®4(X) and there holds

U, Py
[Whlloie =  sup RPN
pertmno llells
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Therefore, using (5.11) and (5.12), we can prove that for all &, € Ay (2),

[énlls < llénllos + 1€Lllo,s

< C’{ sup (Ens On)s + sup <§;Lﬂ/1h>2}

sneanmno onlloxs  weprzano [[¥nllos
/
< C sup (Ens n)x L swp <§h,71/1h>2
sneanono 1Pnll-1s  yeprmaono 1¥hll-1s
(&n, dn)x

< C sup =
snedn(N0 1onll-1,5

Finally, an interpolation argument applied to this inequality and (5.11) restricted to elements
of Ap(X), yields (5.9) and completes the proof. O

5.4 The main results

As a consequence of the results and analyses in Sections 5.1, 5.2, and 5.3, we can establish the
following theorems.

THEOREM 5.1 Let Hy,(Qg), Hp(2p), Ly (2s), and Ly (2p) be the Raviart- Thomas finite element
(5.1

subspaces given in (5.1) and define
H,(Qs) = {7:Qs —=R¥?: cl'rc H(Qs) Vece R},
Hpo(Qs) = Hu(2s) N Ho(div;Qs),
Ln(25) = Lp(Qs) x Lp(Qs),
Lno(Qp) = Lp(Qp) N LE(Op).

Assume that ’Ths and ’ThD are quasiuniform in a neighborhood of ¥ and that Ap(X) (and hence
Ap(X) = Ap(X) x Ap(X)) is given by any of the three options described above. Then the
Galerkin scheme (4.7) with the discrete spaces Xp o = Hp 0(2s) X Hp(Q2p) x Ap(X) x Ap(E)
and My o = Lp(Qg) X Lpo(Q2p) x R, has a unique solution (o, 1) € Xpo X My, which
satisfies the corresponding stability and Cea estimates.

Proof. It follows by gathering the results from Sections 4 and 5. O

THEOREM 5.2 Assume the same hypotheses of Theorem 5.1. Then the Galerkin scheme (4.19)
with the spaces Xh = Hh(Qs) X Hh(QD) X Ah(E) X Ah(E) and Mh = Lh(Qs) X th(QD),
has a unique solution (o, u;) € Xjp x My, which satisfies the corresponding stability and Cea
estimates.

Proof. 1t follows from Theorem 5.1 and the equivalence between (4.7) and (4.19). O

In order to provide the rate of convergence of the Galerkin scheme (4.7), we now recall the
approximation properties of the subspaces involved (see, e.g. [4], [8], [25]):

(AP1) For x € {S,D}, for each § € (0,1], and for each 7 € H®(Q,) with divr € H®(Q,),
there exists 7, € Hp(2,) such that

I = mullave. < Ch* {lirlsa. + ldivrisa, |-
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(AP2) For » € {S,D}, for each 6 € [0,1], and for each ¢ € L?(€),), there exists g, € Ly (%)
such that
lg = gnlloo. < Ch allse, -

(AP3) For each § € [0,1] and for each ¢ € HY?%9(X), there exists &, € Aj(X) such that

1€ = Enllijoy < Che €111 /2465 -

The following theorem provides the theoretical rate of convergence of the Galerkin scheme
(4.7) (equivalently (4.19)), under suitable regularity assumptions on the exact solution.

THEOREM 5.3 Let (o,u) € Xg x My and (o),,u;,) € Xp 0 x My be the unique solutions of
the continuous and discrete formulations (3.2) and (4.7), respectively. Assume that there exists
§ € (0,1] such that o5 € H(Qg), dives € HY(Qg), up € H*(Qp), and divup € H®(Qp).
Then, ug € H'T9(Qg), pp € H'(Qp), ¢ € HY2H(X), X € HY/?Y(X), and there exists
C > 0, independent of h and the continuous and discrete solutions, such that

(@ 0) ~ (e ws)ln < OB {lloslsas + lldivosilsos

(5.13)

+ Jupllsop + lldivuplson + lusllisos + leolhzson }-
Proof. We first recall from Theorem 2.1 that Vug = v~! O'CSl and Vpp = — K 'up, which
implies that ug € H(Qg) and pp € H'(Qp), whence ¢ = —ugly € HY/?H9(X) and

A =opply € H 1/2+8 (X). The rest of the proof follows from the corresponding Cea estimate,
the above approximation properties, and the fact that, thanks to the trace theorem in Qg and
Qp, respectively, there holds

lelli/215x < clluslivsns and  [[Ali24ss < cllpplli+sap -
O

We end this section by commenting that one should be able to extend the analysis of Section
5, without difficulties, to the case of Raviart-Thomas finite element subspaces of higher order.

In this case, given k > 1, RTo(T) is replaced by RTx(T) = [Px(T)]* @ Pr(T) < zl ), and
2
Ap(X) is defined in terms of piecewise polynomials of degre k + 1.

6 Numerical results

In this section we present three examples illustrating the performance of the Galerkin scheme
(4.19) (equivalently (4.7)) with the subspaces X := Hp,(Qs) x Hp(Qp) x Ap(X) x Ap(X2) and
My, == Lp(2s) X Lp,0(2p) defined in Section 5. In particular, we adopt the third option from
Section 5.3 to choose the space Ap(X) of continuous piecewise linear functions on X.

We now introduce additional notations. The variable N stands for the number of degrees of
freedom defining X;, and M, and the individual errors are denoted by:

e(os) = |los — os.nlldiv,0s > e(ug) = [Jus — ugp||div,0s »
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e(up) = |lup — up plldiv.0p e(pp) = [lpp — Po.ulloop
e(p) = [l —enllijox, e(A) == A= Aullijex

where o), = (Fsh upn, @n, An) € Xp and u, = (usp,ppn) € My constitute the unique
solution of (4.19).

Also, we let r(og), r(us), r(up), r(pp), r(¢), and 7(A\) be the experimental rates of conver-
gence given by

_ log(e(%)/e' (%))
r(%) = log(h/1)

where h and h’ denote two consecutive meshsizes with errors e and e’.

for each % € {os,us,up,pp, @, A},

In what follows we describe the data of the examples. In all cases we choose for simplicity
v=1,k=1,and K = I, the identity matrix of R?*2,

In Example 1 we take Qp = (—1/2,1/2) x (—1/2,1/2) and Qg := (—1,1) x (—1,1)\Qp,

which represents a porous medium completely surrounded by a fluid. Then we choose the data
fg and fp so that the exact solution is given by

—4 (22 - 1)2 (22 — 1) 22
ug(r1, ) = ) ) ) in Qg,
4(xf—1) (25— 1)z

ps(z1,x2) = —sin(z1)e™ in Qg,

and
pp(x1,22) = —sin(x1)e™ in Qp.

In Example 2 we consider g := (—1,1) x (0,1) and Qp := (=1,1) x (—1,0), which
constitutes a particular case of a fluid over a porous medium, and choose the data fg and fp so
that the exact solution is given by

—2(e%2 —el) (23 — 1)2 e
us(zy,x2) = in Qg,
4 (e¥2 — el)? (:17% — 1)z

ps(x1,x2) = (a:2+3)2 sin(zy x2) in Qg,

and
pp(x1,29) = sin(mz1)® (e® —e )% in Qp.

Finally, in Example 3 we consider the same geometry of Example 2, and take the data fg
and fp given by

—4sin(z122) 1 + exp(z))
fs(w1,22) =
4 exp(3z1) + 4o

and
fo(z1,22) = 2f (exp(a3) — 0.5).
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This example corresponds to a more realistic situation in which the exact solution is unknown.

The numerical results shown below were obtained using a MATLAB implementation. In
Tables 6.1 and 6.2 we present the convergence history of Examples 1 and 2, respectively, for
a set of uniform triangulations of the computational domain Qg U Qp. We see there that the
dominant error in both examples is given by e(og), though this is more evident in Example 1.
In addition, we observe that the rate of convergence O(h) provided by Theorem 5.3 for § = 1
is attained by all the unknowns. Furthermore, the rates of convergence of e(pp) and e(\) are a
bit higher than O(h) in Example 2, which, however, is just a special behavior of this particular
solution. Next, in Figures 6.1 and 6.2 (resp. Figures 6.3 and 6.4) we display the approximate
and exact values of some components of the solution of Example 1 for N=144641 (resp. Example
2 for N = 123396). It is clear from these figures that the finite element subspaces employed
provide very accurate approximations to the unknowns in both domains. In particular, the
quality of these approximations is not affected at all by the strong oscillations of some solutions.

Next, in Table 6.3 we present the convergence history of Example 3 for a set of uniform
triangulations of the computational domain Qg U Qp. The errors and experimental rates of
convergence shown there are computed by considering the discrete solution obtained with a
finer mesh (N = 984068) as the ezact solution. Similarly as for Examples 1 and 2 we observe
that the rate of convergence O(h) is attained by all the unknowns, and the dominant error
is also given by e(og). Next, in Figures 6.5, 6.6, and 6.7 we show some components of the
approximate solutions obtained for N=123396. Note that in this example the normal on the
interface 3 := (—1,1) x {0} is given by n = (0, —1)*, and hence the first transmission condition
becomes equality of the second components of ug and up. This can be verified at the discrete
level in Figure 6.6 where we display 3D and 2D joint pictures of the second components of ug j,
and up .

Summarizing, the numerical results reported here confirm the good performance of the mixed
finite element scheme (4.19) with Raviart-Thomas finite element subspaces of lowest order in Qg
and Qp, and continuous piecewise linear functions on the interface 3, for different geometries of
the coupled problem.

N h e(og) | r(og) || e(us) | r(ug) || e(up) | r(up) || e(pp) | r(pp)
641 0.3536 || 5.2974 0.3622 0.1204 0.0645
2401 0.1768 || 2.6875 | 1.0277 || 0.1802 | 1.0573 || 0.0584 | 1.0957 || 0.0320 | 1.0615
9281 0.0884 || 1.3468 | 1.0219 || 0.0900 | 1.0269 || 0.0289 | 1.0406 || 0.0160 | 1.0253

36481 | 0.0442 || 0.6737 | 1.0121 || 0.0450 | 1.0128 || 0.0144 | 1.0178 || 0.0080 | 1.0128
144641 | 0.0221 || 0.3369 | 1.0062 || 0.0225 | 1.0064 || 0.0072 | 1.0064 || 0.0040 | 1.0064

N h ep) | r(e) | eV | (V)
641 | 0.3536 | 1.0988 0.2572
2401 | 0.1768 || 0.5390 | 1.0787 || 0.1260 | 1.0807
9281 | 0.0884 | 0.2661 | 1.0441 || 0.0619 | 1.0514

36481 | 0.0442 || 0.1321 | 1.0232 || 0.0306 | 1.0294
144641 | 0.0221 || 0.0658 | 1.0119 || 0.0152 | 1.0159

Table 6.1: degrees of freedom, meshsizes, errors, and rates of convergence (EXAMPLE 1).
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Figure 6.1: components (1,1) of ogj, and og (EXAMPLE 1)

Figure 6.2: second components of ug ; and ug (EXAMPLE 1)

N h e(os) | r(os) || e(us) | r(us) || e(up) | r(up) || e(pp) | r(rp)

516 0.3536 || 9.3222 0.6912 1.7140 0.1269
1988 | 0.1768 || 4.6255 | 1.0201 || 0.3440 | 1.0347 || 0.8964 | 0.9612 || 0.0368 | 1.8356
7812 | 0.0884 || 2.3433 | 1.0126 || 0.1713 | 1.0189 || 0.4533 | 0.9964 | 0.0125 | 1.5780
30980 | 0.0442 || 1.1715 | 1.0064 || 0.0855 | 1.0088 || 0.2274 | 1.0015 || 0.0052 | 1.2733
123396 | 0.0221 || 0.5857 | 1.0032 || 0.0428 | 1.0014 || 0.1138 | 1.0018 || 0.0025 | 1.0598

N h e(p) | rle) || (V) | r(N)
516 | 0.3536 || 4.1453 0.4671
1988 | 0.1768 || 2.0153 | 1.0694 || 0.2378 | 1.0011
7812 | 0.0884 || 1.0023 | 1.0208 || 0.0786 | 1.6179

30980 | 0.0442 || 0.5004 | 1.0084 | 0.0268 | 1.5620
123396 | 0.0221 || 0.2501 | 1.0036 | 0.0094 | 1.5161

Table 6.2: degrees of freedom, meshsizes, errors, and rates of convergence (EXAMPLE 2).
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Figure 6.4: pp ; and pp (EXAMPLE 2)

N h e(os) | r(os) || e(us) | r(us) || e(up) | r(up) || e(pp) | r(rp)

516 0.3536 || 6.7467 0.1873 0.1911 0.0301
1988 | 0.1768 || 3.4022 | 1.0152 || 0.0758 | 1.3414 || 0.0921 | 1.0823 || 0.0112 | 1.4659
7812 | 0.0884 || 1.6984 | 1.0153 || 0.0340 | 1.1717 || 0.0456 | 1.0273 | 0.0050 | 1.1786
30980 | 0.0442 || 0.8482 | 1.0080 || 0.0164 | 1.0584 || 0.0227 | 1.0126 || 0.0024 | 1.0655
123396 | 0.0221 || 0.4243 | 1.0024 || 0.0081 | 1.0208 | 0.0114 | 0.9967 | 0.0012 | 1.0031

N h e(p) | rle) | e | (V)
516 | 0.3536 || 0.5915 0.1324
1988 | 0.1768 | 0.2838 | 1.0890 || 0.0498 | 1.4499
7812 | 0.0884 | 0.1449 | 0.9824 || 0.0185 | 1.4472

30980 | 0.0442 || 0.0761 | 0.9349 | 0.0062 | 1.5870
123396 | 0.0221 | 0.0401 | 0.9271 || 0.0019 | 1.7115

Table 6.3: degrees of freedom, meshsizes, errors, and rates of convergence (EXAMPLE 3).
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Figure 6.5: first and second components of ug ;, (EXAMPLE 3)

‘ ‘
0.

-0.4

~

-1 -08 -06 -04 -02 0 02 04 06 08 1

Figure 6.6: second components of ugp and up ;, (EXAMPLE 3)

Figure 6.7: ppj and A, (EXAMPLE 3)
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