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Abstract

This paper is concerned with new insights on the application of the boundary-field equation ap-
proach, which refers basically to the combined use of finite element and boundary integral equation
methods, to numerically solve nonlinear exterior transmission problems in 2D and 3D. As a model,
we consider a nonlinear second-order elliptic equation in divergence form holding in an annular
domain coupled with the Laplace equation in the corresponding unbounded exterior region, to-
gether with transmission conditions on the interface and a suitable radiation condition at infinity.
We first extend the classical Johnson & Nédélec coupling procedure, which makes use of only one
boundary integral equation, to our nonlinear model without assuming any restrictive smoothness
requirement on the boundary but only Lipschitz-continuity. Next, we extend the applicability of a
recently introduced modification of the Costabel & Han coupling method, which employs the two
boundary integral equations arising from the Green representation formula, to our nonlinear model
as well. This new boundary-field equation method is based on the introduction of both Cauchy data
on the boundary as independent unknowns. Primal and dual-mixed variational formulations are
analyzed for each extension described above, and suitable hypotheses on the nonlinear coefficient of
the elliptic equation allow to establish well-posedness of the corresponding continuous and discrete
schemes by using monotone operator and nonlinear Babuska-Brezzi theories. Finally, a priori error
estimates are established.

1 Introduction

The combination of finite element methods (FEM) and boundary element methods (BEM), which
is usually employed to solve transmission problems, has been frequently utilized for many years in
diverse applications. In this regard, the most popular procedures have been the Johnson & Nédélec
and Costabel & Han coupling methods (cf. [6], [10], [30], and [32]), which use the Green representation
of the solution in the corresponding region. Moreover, the former, which is based on a single boundary
integral equation and the compactness of the double-layer boundary integral operator, was initially
applied only to transmission problems involving the Laplace operator. Indeed, its applicability to
other elliptic equations, such as the Lamé or Stokes systems, was forbidden due to the lack of the
required compactness. This drawback soon motivated the approaches by Costabel and Han in [10]
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and [30], respectively, which, being both based on the incorporation of a second boundary integral
equation, differed only in the sign of a common integral identity, thus explaining that, in spite of this
minor difference, they were both named as the Costabel & Han method. Actually, and to be more
precise, Costabel’s approach yielded a symmetric and non-positive definite scheme, whereas the one
by Han gave rise to a non-symmetric but elliptic system.

Almost two decades later, the aforementioned limitation of the Johnson & Nédélec coupling method
was finally solved in [41] (see also [44], [26] and [42]), where it was proved that the Galerkin scheme
for this approach is always stable after all, thus confirming that, on the contrary to the common
belief since its creation, the procedure can be applied to other elliptic equations and to arbitrary
polygonal /polyhedral regions as well. The analysis from [41] was then generalized in [34] to the
coupling of mixed-FEM and BEM for the Poisson equation on Lipschitz-continuous domains, and soon
after that, the application to the three dimensional exterior Stokes problem was developed in [24] and
[25]. Further contributions along the last three decades dealing with the use of either the Johnson &
Nédélec or Costabel & Han coupling procedure to solve 2D and 3D problems, including coupling with
mixed-FEM, nonlinear models, fluid-solid interaction, and eddy current problems, among others, can
be found, e.g. in [1], [7],[8], [11], [14], [16], [18], [19], [20], [21], [22], [23], [35], [36], and [37].

On the other hand, the combined use of the virtual element method (VEM) - a rather recent
technique originally proposed in [2] and [4] - and BEM, has been introduced and analyzed for the
first time in [27] for solving a linear exterior transmission problem in 2D and 3D. More recently, the
approach in [27] was extended in [28] to the case of acoustic scattering problems. Regarding [27]
(similar comments apply to [28]), let us begin by stressing that the philosophy of VEM is based on
two main aspects. Firstly, the discrete spaces are defined on meshes formed by polygonal or polyhedral
elements, and the corresponding basis functions are not known explicitly (which justify the concept
virtual utilized), but only the degrees of freedom defining them uniquely on each element are required
to implement the method. Secondly, suitable projection operators and stabilizing terms are utilized
to define approximated bilinear forms, which provide still consistency and stability of the resulting
discrete scheme. The aforementioned degrees of freedom normally have to do with polynomial moments
within each element and with traces and normal traces, both polynomial as well, on the boundaries of
them. Having said the above, the approach in [27] reduces basically to the usual primal formulation
in the corresponding bounded region, coupled by means of the Costabel & Han procedure with the
boundary integral equation method in the exterior domain. In this way, and besides the original
unknown of the problem, its normal derivative in 2D, and both its normal derivative and its trace
in the 3D case, are introduced as auxiliary non-virtual unknowns. Actually, for the correct matching
between the degrees of freedom of VEM and the densities of the boundary integral operators, a new
variational formulation for the coupling, which is given by a suitable modification of the Costabel &
Han technique, and which incorporates precisely both Cauchy data on the boundary as independent
unknowns, needs to be introduced in the 3D case. In this regard, and in spite of the very intuitive
character of the resulting boundary-field equation method, it is surprising to realize that it had not
been employed before. This latter remark motivates our present application of this approach and its
dual-mixed version to nonlinear exterior transmission problems.

According to the previous bibliographic discussion, and motivated by the advances from [41], [34],
[26], [24], and [25], in the present paper we first extend the applicability of the Johnson & Nédélec
coupling method to analyze the weak solvability and Galerkin approximations of nonlinear transmis-
sion problems in Lipschitz-continuous domains, that is without requiring the double-layer boundary
integral operator to be compact. Next, and bearing in mind eventual forthcoming developments on
the coupling of VEM and BEM for nonlinear models, here we also address the same goal as above
but, instead of the Johnson & Nédélec technique, using now the primal and dual-mixed versions of
the modified Costabel & Han procedure introduced in [27]. The rest of our work is organized as
follows. In Section 2 we introduce our nonlinear transmission problem and recall the main definitions



and results regarding the boundary integral equation method. Then, in Sections 3 and 4 we consider
the primal and dual-mixed approaches, respectively, of the Johnson & Nédélec coupling method as
applied to our model from Section 2. Under suitable assumptions on the nonlinearity of the problem,
the well-posedness of the continuous and discrete formulations are established and corresponding a
priori error estimates and rates of convergence are derived. In Section 5 we basically follow the same
structure of the previous two sections, but now employing the modified Costabel & Han coupling pro-
cedure from [27]. Finally, we include Appendixes A and B with some details on the optimal choice of
certain parameters needed along the analysis, and with the main results that form part of a nonlinear
Babuska-Brezzi theory, respectively.

We end this section by stressing that standard notations for spaces and norms will be employed
throughout the paper. In particular, given a real number r, a domain G C R", n € {2,3}, and a
part S of its boundary G, H"(G) and H"(S) stand for the respective Sobolev spaces of order r, with
vector versions given by H"(G) := [H"(G)]™ and H"(S) := [H"(5)]", and whose norms and seminorms
are denoted by || - ||¢ and | - |,g, and || - |5 and | - |, g, respectively (cf. [33]). In addition, we
use the convention L?(G) := HY(G), L%(G) := HY(G), L%(S) := H°(S), L2(9) := H°(S), and recall
that for each » € (0,1], H"(0G) is the dual of H"(0G) with respect to the pivot space L?(9G).
Furthermore, denoting by div the usual divergence operator, we also introduce the classical Hilbert
space for dual-mixed formulations

H(div; Q) := {r cL2(Q): div(r) € L2(Q)}, (1.1)
which is endowed with the inner product and induced norm given by
€ = [ {¢7 +div@div(n)}  ve e Hdm9),
Q

and
ITFv0 == ITll6e + [div(r)§e V7 € H(div;Q).

respectively. Other definitions and notations are given along the paper when they are needed.

2 The model and the boundary integral equation method

In this section we introduce the model of interest and recall the main results concerning the boundary
integral equation method to be employed later on.

2.1 The nonlinear transmission problem

Let Qy be a bounded, simply connected domain in R", n € {2,3}, with Lipschitz boundary I'g, and
let 2 be the annular region boundary by I'g and the boundary I' of a Lipschitz-continuous region O
containing 9. We denote by O, the complement of O, and let m be the unit outward normal to I'
pointing towards O, (see Figure 2.1 below). Then, given f € L2(f2), we consider the transmission
problem:

—div(a (-, ||Vu|) Vu) = f in Q,
u = 0 on I,
ou ou
- . B e 2.1
u=1u and a(,HVUH)an n on I, (2.1)
A’U,e =0 in Oea

ue(x) = Oz

o

s lz|| = 400,



where a : © x RT — R is a nonlinear scalar function satisfying certain regularity conditions to be
specified later on. We remark that in the case n = 2, the condition u.(x) = O(1) as ||z|] = 400
would be sufficient. The boundary-field equation methods to be considered in this paper are obtained
by using different primal and dual-mixed approaches to transform (2.1) into an equivalent nonlocal
boundary problem holding in the bounded domain 2. This goal is achieved in each case by employing
first the boundary integral equation method to solve the Laplace equation in the exterior region (2.,
which is explained in the following section.

Figure 2.1: 2D geometry of the model problem.

2.2 The boundary integral equation method

We first let v and v, be the usual trace and normal trace operators on I' (acting either from Q or
O.). Then, proceeding in the usual way, we compute the harmonic solution in the exterior region O,
by means of the Green representation formula

OE(|z —
wie) = [ R uas, — [E(e—srwds, Ve (2.2
where 1 1
—_— ifn=3
B —y)) = ¢ 7Y

1
—%log|x—y| ifn=2
is the fundamental solution of the Laplacian, and
¥ = y(u) =y(ue) and A = yn(a(|[Vul]) Vu) = 1 (Vue) (2.3)

are the Cauchy data on this interface. We stress here that the first and second expression on the
right hand side of (2.2) constitute the double D and single layer S potentials, respectively, which are

defined as 9B

5 ely) Yz eR™I, VeeHVA(D),
r Ty

and
(S0@ = [Ee—yhut)ds, Vo eRT, VpeHAT).
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In what follows, we denote the restrictions D; := D|q, D, := Dlq,, Si := S|q, and S¢ := S|q,. Then,
the jump conditions on I' of these potentials establish that (cf. [31], [40])

1Pu0) = G+ K)o, A(Dile)) = (- 21+ K)gp,

(2.4)
(VDe(9)) = m(VDily)) = —We Vo eHYA(D),
and
W(V8(0) = (— 5T+ K, (V&) = (51+ K, s

Y(Se(w) = ¥(Si(w)) = Vi VueHVAT),
where V, K, K*, and W are the boundary integral operators of the single, double, adjoint of the
double, and hypersingular layer potentials (cf. [31]), respectively, whereas I is a generic identity
operator. Moreover, from the first two identities in (2.4) and (2.5) we obtain, respectively,

0 = 1(Delp)) = 7(Dily)) Ve eHA(D), (2.6)
and
p=1m(VSi(1) — m(VSe(n))  VpeHVAI). (2.7)
In turn, by applying (2.4) and (2.5) in (2.2), we deduce that
v(ue) = (%I—FK)?/) — VX on T, (2.8)
and )
n(Vue) = =W + (QIfKt)A on T. (2.9)

We now denote by (-, -) the duality pairing between H=/2(I") and H'/?(I") with respect to the pivot
space L2(T"), and introduce the spaces

Hy*(D) := {w € H'/2(I) : {L,¢9) = 0}
and
Hy (1) = {p € HV2(ID) : (1) = 0},
for which there hold the decompositions
H/2T) = HM) @R and HV2T) = H; /*(T)®R.
Then, the main mapping properties of V, K, K* and W are given as follows (cf. [31], [40]).
Lemma 2.1. The linear operators

Vi H (D) — D), K HPD) — (D),

K*: H-V2(0) — H YD), and W HYX(T) — H(D),

are bounded. In addition, there exist positive constants oy, aw such that

VMGH_l/Q(F) ifn=2
V) > a 2 0 ’ ’ 2.10
and
(We,0) = (Weo, o) > aw lloll?or (2.11)

for all ¢ := g +c € HY2(T), with ¢o € H(I)/2(F) and c € R.

The different ways of handling the first two equations of (2.1) with the boundary integral equations
provided by (2.8) and (2.9) give rise to the boundary-field equation methods that we introduce and
analyze in the following sections. Throughout the rest of the paper, and given any generic normed
space X, [+, | stands for the duality pairing between X’ and X.



3 The Johnson & Nédélec coupling: primal approach

In this section we employ the classical Johnson & Nédélec coupling method, in its primal approach,
to analyze the respective continuous and discrete formulations of the model introduced in Section 2.

3.1 The continuous formulation
We begin by replacing 7 (ue) and 9 in (2.8) by y(u), which yields
(%I—K)’y(u) +VA=0 on I. (3.1)
Next, we introduce the space
Hp (Q) = {v ceH'(Q): v=0 on ro} , (3.2)
and let ¢, be the positive constant arising from the Poincaré inequality for H%O(Q), that is such that
Wi 2 gllvlia  YveHR(Q). (3.3)

Then, multiplying the first equation of (2.1) by a test function v € HILO (), integrating by parts, and
using that A = v, (a (-, | Vul|) Vu), we obtain

/a(-,HVu])Vu-VU — (AN y(v) = /fv Vv € Hp, (). (3.4)
Q Q

In turn, testing (3.1) with p € H-Y/2(T) := Hal/Q(F) when n = 2, or H"Y/2(I') := H~/2(I") when
n = 3, and adding the resulting expression to the foregoing identity, we arrive at our first boundary-
field equation formulation: Find (u,\) € H := H%O(Q) x H™1/2(T") such that

[A(u,A), (v,p)] = F(o,n)  V(v,p) €H, (3.5)

where A : H — H’ is the nonlinear operator defined by

(A€ (op)] = [ aIVul) Vi Vo = (€40) + (u (G1= K)w) + (Ve (39

for all (w,€), (v,u) € H, and F € H’ is the functional given by

F(v,p) := /va V(v,u) € H. (3.7)

3.2 Solvability analysis of the continuous formulation

Here we address the solvability of (3.5). In fact, denoting by A the linear part of A, we first observe
from (3.6) that for each (v, u) € H there holds

(A, 1), (0] = = () + (51— KO (0)) + (0, Vi),
which, using the first identity in (2.5), and also the one given by (2.7), becomes
[A(Ua :u)’ (Uv M)] - = <7n (Sz(,u)) —Tn (Se(:u))”y(v» - <’7n (Se(/‘))a’y(v» + <:UJ7 V,LL> ’
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that is N

[A(v, 1), (v, )] = = (v (Si(), 7 (0)) + (1, V) -
Then, integrating by parts backwardly in 2, bearing in mind that v = 0 on I'g, AS;(x) = 01in Q, and
(u, Vi) = HVS(,LL)HaRn, and applying the Young inequality with parameter § > 0, we find that

A, 0] = = [ VS0 Vo + (V)
> — |9S(Wllog | Vulog + (1 Vi)

4] 1
zZ -5 IVSWIIg rr — % IVollga + (1, Vi)

— 0 1 2
= (1-3) WV - 5 IVvlda.

In order to combine the foregoing inequality with a suitable estimate for the remaining term defining
the operator A, that is its nonlinear part, throughout the rest of the paper we assume the following
hypotheses on the nonlinear coefficient a:

(H.1) [CARATHEODORY AND BOUNDEDNESS CONDITIONS]. The function a(-,t) is measurable in
Q for all t € RT, a(x,-) is continuous in R* for almost all x € Q, and there exists a constant
C > 0 such that

la(z,t)] < C VteRT, VzeQae.

(H.2) [STRONG MONOTONICITY]|. There exists a constant a4 > 0 such that
/Q {aCIxl)r = allsl)s} - (x =) = aallr =sliq

for all r, s € L2(Q).

(H.3) [LIPSCHITZ-CONTINUITY]. There exists a constant £4 > 0 such that

| / rlbr = at.Islhs} ] < el sla ltlos
for all r, s, t € L%(Q)

For explicit examples of nonlinear coefficients a satisfying the above assumptions we refer to [20]
and [29] (see, also [13] and [17]). We remark here that (H.1) guarantees that the nonlinear part of
A is well-defined, whereas (H.2) and (H.3) allow to show that A becomes strongly monotone and
Lipschitz-continuous. More precisely, we have the following main result.

Theorem 3.1. Assume that the constant aca from (H.2) is such that ca > 1/4. Then, the variational
formulation (3.5) has a unique solution (u, \) € H, and there exists a positive constant C4, depending
only on aa, ¢p (cf. (3.3)), and ay (cf. (2.10)), such that

1/2 B
I Wl = {ulZa + I ar ) < Cit Il (3.9)

Proof. Given (w,§), (v, ) € H, we begin by observing from the definition of A (cf. (3.6)) and the
linearity of A, that

Aw.6) = A, (0.6) = o)) = [ {aC.|Vul) T = ol [90]) Vo} - Tw =)
+ [A((wvf) - (U,,LL)), (w7§) - (U,M)L



from which, employing the hypothesis (H.2) and the estimate (3.8), it follows that

1 4]

[A(w,€) = Av, ), () = (0,0)] = (aa = 5 ) IV =) [3g + (1=3) € = mV(E=m)

for any § > 0. In this way, in order to have positive constants multiplying the expressions on the right
hand side of the foregoing equation, we require to choose ¢ such that
1 )

— d 1 h
04,4>2(S an >2,

1

that is Sors < ¢ < 2, which is feasible under precisely our assumption that ay > 1/4. Thus,
aA

choosing for instance § as the midpoint of its range of variability, and applying (3.3) and (2.10), we

deduce the existence of a positive constant C4 := min {cp (aA — 2%) ,ay |1 — g }, such that

[A(w,€) = A, 1), (w,€) = (v,2)] = Ca {Jw —v

%,Q + Hf - /1'”2,1/271'*} > (310)

which proves that A is strongly monotone. In turn, it is straightforward to see from (H.3) and the
boundedness of A, that A is Lipschitz-continuous, that is there exists a constant L4 > 0, depending
on la, |7, |K]|, and ||V (cf. Lemma 2.1), such that

[A(w,&) = Ao, p)l[wr < Lall(w,§) = (v,p)lla V(w,§), (v,u) € H. (3.11)

Therefore, applying the abstract result from [38, Theorem 3.3.23], we conclude the existence of a unique
(u, A\) € H solution to (3.5). Moreover, employing (3.10) with (w, &) = (u, A) and (v, u) = (0,0), using
that (u, \) satisfies (3.5), and noting that A (0, 0) is the null functional, we arrive at (3.9) and conclude
the proof. O

3.3 The discrete formulation

In this part we introduce the Galerkin formulation associated with (3.5) and analyze its solvability and
convergence properties under the same assumption of Theorem 3.1, that is that agq > 1/ 4. To this
end, we let {H%};~0 and {H}},~0 be families of finite dimensional subspaces of H%U () and H-1/2(I),

respectively, and introduce the Galerkin scheme: Find (up, A\p) € Hy, := H} x Hz such that

[A(up, An), (Vny ptn)] = Fon, pn) Y (vn, pn) € Hy, (3.12)

Then, it is straightforward to see from (3.10) that Alg, : Hp — Hj is strongly monotone as well.
In turn, for all (wp, &), (vn, pr) € Hy, there holds

[A(wp, &n) — A(vn, ) (2hs 1))

IA(wn.) ~ Alon, ), = sup
. (zpsmp)€HY H(Zh’ﬁh)H
(A (w1,€6) — Alen i) (o)
Wp, - Uh, s (2
< sup 2L E) A ) G A () — Ao ) e
(z,n)€EH l|(z,n)ll
(2,m)#0

which, thanks to the estimate (3.11), implies the Lipschitz-continuity of Alg, : Hy — Hj. Hence,
an application of [38, Theorem 3.3.23] to this discrete setting yields the existence of a unique solution
(up, An) € Hy, to (3.12). In addition, proceeding exactly as in the proof of Theorem 3.1, we obtain

[(un, M)l < CLM I f

0,8 -



On the other hand, concerning the corresponding a priori error estimate, we first observe from (3.5)
and (3.12) that there holds the Galerkin orthogonality type condition

[A(u, )\) — A(uh, )\h), (’Uh, ,uh)] =0 v (’Uh, Mh) cH,. (313)

Then, given an arbitrary (wp, &) € Hy, we use the strong monotonicity of A|g, , the identity (3.13),
and the Lipschitz-continuity of A, to find that

Ca |l (un, An) = (wry &) lEr < [A(uns An) — Awn, &), (un, An) — (wh, &)
= [A(u, \) = A(wn, &), (un, An) — (wn, &)

Lal[(u, A) = (wp, &) |11 (| (un, An) — (wh, En)l| S

IN

which yields
(s An) = (wn, &p) |l < La Ci [ (u, A) = (wy €n) |1 -
Then, applying the triangle inequality and using the foregoing bound, we obtain

1 A) = (s M)l < {14+ LaCR } I N) = (wns&)lm ¥ (wns &) € H,
which implies the Cea estimate
(s A) — (umy M) 1 < {1 + Ly 0;11} dist((u, \), Hj) | (3.14)

where, as usual, and from now on, dist stands for the distance of a given vector to the specified
subspace.

We end this section by stressing that specific families of finite elements subspaces of H%O(Q) and

H-V 2(T), and their approximation properties, which together with (3.14) yield the rates of convergence
of the Galerkin scheme (3.12), are available in the literature (see, e.g. [12], [39], [40]).

4 The Johnson & Nédélec coupling: dual-mixed approach

Here we employ again the Johnson & Nédélec coupling method, but now in its dual-mixed approach,
to analyze the respective continuous and Galerkin schemes of the nonlinear problem introduced in
Section 2. In this case, and for sake of simplicity of the analysis, we slightly change the original model
(2.1) by considering a homogeneous Neumann boundary condition on T'.

4.1 The continuous formulation

In order to set the dual-mixed formulation, we introduce the auxiliary unknowns

t == Vu and o :=a(,|[t|)t in Q, (4.1)
so that the transmission problem becomes
t=Vu, o = a(,|t])t in Q,
divie) = —f in Q,
(o) = 0 on I,
(4.2)
Y(u) =v(ue) and n(o) = n(Vue) on I,
Au. = 0 n O,

ue(z) = O(fz|") as [zl = +oo.

o



Then, introducing the subspace of H(div; ) (cf. (1.1)) given by
Hy(div; ) := {T e H(div;Q):  ~p(T)=0 on FO}, (4.3)

testing the first equation in the first row of (4.2) against 7 € Hy(div;(2), integrating by parts, and
recalling that ¢» = y(u) on I', we arrive at

/T-t + /udiv(r) — (W (7),¥) =0 V7 eH(div; Q). (4.4)
Q Q

It is worth mentioning here that, while the Neumann boundary condition on I'y becomes an essential
one within the present dual-mixed formulation, the fact that we are assuming it to be homogeneous,
which, by the way, motivated the introduction of Ho(div;2) (cf. (4.3)), avoids the need of incorpo-
rating v(u)|r, as the Lagrange multiplier taking care of it. Indeed, it is already well-known that if
such condition were non-homogeneous, the latter procedure would be a suitable way to deal with it
by means of a conforming scheme. On the other hand, testing the second equation in the first row of
(4.2) against s € L%(Q), we get

. .S — o-s = S 2 . .
/Qa(,||t||)t /Q 0 Vs e L7(Q) (4.5)

Moreover, regarding the same equation, and for purposes that will be clarified along the analysis
below, we also add the consistent equation

/-@/Q{a —aC et} =0 Ve Hy(divie), (4.6)

where k > 0 is a stabilization parameter to be chosen conveniently. Next, replacing vy (Vue) and A in
(2.9) by vn (o), we obtain

1
Wiy + (§I—|—Kt) (W(o)) =0 on T,
which, tested against ¢ € HY/2(I), leads to

(Wap, ) + ((%I—th)(yn(a)),@ =0 VeeHYXD). (4.7)

Finally, from the equation in the second row of (4.2) we have

/deiv(a) = /qu Vo € L3(9Q). (4.8)

In this way, adding the equations (4.4), (4.5), (4.6) and (4.7), keeping (4.8) as it is, performing some
algebraic rearrangements, denoting t := (t,0,v), §:= (s, T,¢), H := L2(Q) x Ho(div; Q) x H/2(I),
and Q := L%(Q), we arrive at the boundary-field equation formulation: Find (t,«) € H x Q such that

[A£).8] + B(E),u] = F() VSeH, (4.9)
B(t),0] = G(v) Vveq, |

where the nonlinear operator A : H — H' and B € E(H, Q’) are defined for each r:= (r,(,¢) € H
as

[A(T),§] := /Qa(‘, Ir|)r-s — f@/ﬂa(', Ie|)r -7 + [A(F), 5] vVseH, (4.10)

10



with A € E(H, H’) given by

[&ma:mACw—A§s+lfm—mMﬂ@

) (4.11)
+ (Wo,0) + (GI+E%) (m(Q).9)  VSeH,
and
[B(r),v] := /vdiv(() VveQ, (4.12)
Q

respectively, whereas F € H and G € Q' are set as

F(s) :=0 VSeH and G(v) := —/ fv VveQ. (4.13)
Q

4.2 Solvability analysis of the continuous formulation

We aim here to analyze the solvability of (4.9) by applying the abstract result given by Theorem B.1
(see Appendix B), for which we need to state first the main properties of the forms involved. We begin
with the inf-sup condition for B.

Lemma 4.1. There exists § > 0 such that there holds

e
sup B 5 5101 veeq. (4.14)
I8l

Proof. Given v € Q, and recalling that §:= (s, T, ), we first observe that

BE)] /deiv(T)‘

sup —— = sup (4.15)
seH ||S||H TEH(div;Q) HTHdiv;Q
§#£0 T#0

Then, we proceed as in [15, Section 2.4.1] and let z € HL(Q) := {z eHYQ): ~(2)=0 on I’} be
the unique weak solution, guaranteed by the Lax-Milgram Lemma, of the boundary value problem

Az=v in Q, ~(z)=0 on I', 7m(Vz)=0 on TIYy.

The corresponding continuous dependence result establishes that [[z(1,0 < ¢, Yvllo.q, where, simi-
larly to (3.3), ¢, is the constant yielding the Poincaré inequality for HL(Q2). Thus, setting 7 := Vz,
we notice that div(7) = v and 7,(7) = 0 on I'g, which confirms that 7 € Hy(div;2). Moreover,
Fllave = {IVzl2a + Ivl2a} < {1 +2}"?|[v]o0, and hence, bounding below (4.15) with

T =T, we get the required inequality (4.14) with g := {1 + 552}71/2. O

At this point we remark that for the actual purpose of the above lemma, it would have sufficed to
prove the surjectivity of B, which is basically achieved with the fact that div(7) = v. The explicit

knowledge of the constant S for this continuous inf-sup condition is not as relevant as it is for the
respective discrete one. Next, denoting by V the null space of B, we easily find that

Vo= {f’:: (r,¢,¢) €H: div(¢) =0 in Q} (4.16)

11



so that we now aim to look at the behaviour of the linear component A of A with respect to V. More
precisely, for each ¥:= (r,{,$) € V we obtain from (4.11) and the second identity in the first row of
(2.4) that

[A(F), 7] = rI¢

2o — (1(€).6) + (Wo.6) + (514 KY) (w(Q)).6)

= Kl¢a + (W6.0) + ((— 5T+ K (m(0)). 6)

= kl¢I3q + (Wo,0) + {(1m(C), (— %I+K)¢>

= k€¢I + (W, 0) + (1n(C),7(Di(0))).

Then, integrating by parts backwardly the last term in the foregoing equation, and bearing in mind
that div(¢) =0 in  and 7,(¢) = 0 on 'y, we arrive at

AE), T =r[CRa + (Wo,0) + /Q VDi(é) ¢

from which, applying Cauchy-Schwarz’s and Young’s inequalities, the latter with parameter 6 > 0,
and employing that [[VDi(9)[[§ ¢, < [VD())|§rn = (W¢, d), we find that

A > (5= 55) Ko + (1-5) (Vo) vE@eaev. @)

Note here that the constants multiplying HCH%Q and (W¢, ¢) become positive if i < § < 2, which
constitutes a feasible range for ¢ if x is chosen such that x > i. Having established the above,
we now look at the whole nonlinear operator A in order to derive conditions under which it becomes
strongly monotone on V. In fact, using the assumptions (H.2) and (H.3), and applying again Young’s
inequality, but now with a parameter ¢ > 0, we deduce from (4.10) that for each g € H, and for all

r:=(r,{,¢), S:=(s,T,9) € V there holds
[AF+q) - A(S+q), 7 —5§] = [A(F+q) — AS+q),(T+q) — (§+q)]

> aallr—slEo — wlalr—slloall¢ — rloo + [AGF-5).F -5 (18

Kl4 klpe ~ . L
> (on = ) lr-slia = “5E0C -7l + G- 9.7 -3,

Thus, bounding [A(F — §), T — §] according to (4.17), replacing the resulting estimate back into (4.18),
and noting that ||C]jo.o = |[{]|div:o for all ¥ := (r,(,$) € V, we obtain

for each g € H, and for all ¥:= (r,({,¢), S:= (s, 7,¢) € V, where

o KlA o 1 Klye o 1)
Cl = <O[A— 25) s 02 = <<K/—2) - 9 ) 5 and 03 = (1—2> . (420)

Hence, in order for the above constants to be positive, we need, in addition to the already stated

conditions i <d<2and kK > i, that agq > % and (n — %) > MQAE, which turns into the
KA 2 1

constraint 524 < e < 7% (1 — m). Certainly, the latter is a feasible range for ¢ if the difference

between the upper and lower ends of the interval is positive, which is equivalent to requiring that
2
aq > Zf‘g(n, J), where

g(k,8) = (“1) Ve (3,40), Ve (L,2). (4.21)
2Kk0
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In Appendix A below we show that the infimum of g within the above specified region for x and §
is given by 1, which is attained for x = % and 6 = % = 2. In this way, we conclude that a sufficient

2
condition for the constants in (4.20) to be positive is that ay > %‘. Indeed, this inequality is

equivalent to stating 2602““ > %, so that choosing «x € (%, 2;2“‘) and § = %, we satisfy the conditions
A A
2 2
required for these parameters. In addition, it follows in this case that % g(k,0) = KATF” < a4, which

kla 1 )

confirms the feasibility of the range for ¢, that is ¢ € (m, i) Hence, choosing k, §, and ¢ as

indicated, the constants from (4.20) become

oA _rla o flacl SR
01 = - (E 204,4)’ 02 = B <€A 5), and 03 = H(K 2),

which are clearly all positive. Certainly, the values of these constants are maximized if x and ¢ are
chosen as the midpoints of their respective ranges. In any case, from the previous analysis and (4.19)

we conclude that there exists a positive constant C'4 := min {C’l, Co, 03}, depending on £4 and a4,

in particular on the difference 4oy — Ei, such that

AG+d) - AE+E),F—8 > Ca{llr—slig + ¢~ Tla + WG—9)ho-¢)},  (422)

for each 4 € H, and for all ¥:= (r,{,¢), §:= (s, 7,p) € V.

Unfortunately, this estimate does not guarantee the strong monotonicity of A on V since the
ellipticity property of W given by (2.11) (cf. Lemma 2.1) holds for Hé/z(f‘) but not for H/2(T"), and
therefore the last term in (4.22) does not yield the required norm for ¢ — ¢. However, in what follows
we circumvent this difficulty by observing that there is actually a lack of uniqueness for the nonlinear
problem (4.9). To confirm this, we now consider the homogeneous linear problem arising from (4.9)
after replacing A by K, and F and G by the respective null functionals, that is:

[A(t),8] + BS),u] = 0 VSecH,
(4.23)
B(t),v] = 0 VeoeQ.

Then, it is easy to see that if (t,u) € H x Q is a solution of (4.23) with t = (0,0,), necessarily
there holds o =0, ¥ = ¢, and u = ¢, with ¢ € R. In fact, it readily follows from the second equation
of (4.23) that div(c) = 0, so that taking § = t in the first equation, and using (4.17) and (2.11), we
deduce for o and . In turn, knowing this, the first equation becomes

0=—(m(7T),c)+ / udiv(T) = /(u —c)div(r) VT € Hp(div;Q),
Q Q

which, thanks to the inf-sup condition (4.14), yields u = ¢. Conversely, it is straightforward to check

that for each ¢ € R, the pair (t,u) := ((0,0,¢),¢) € H x Q solves (4.23).

According to the above discussion, we conclude that given any solution (t,u) € H x Q of (4.9),
(t,u) + ((0,0,¢),c) also becomes a solution for any ¢ € R. Therefore, in order to avoid this non-
uniqueness, we could look either for u € L§(Q) := {v € L*(Q) :  [,v = 0} instead of u € L*(2),
or for ¢ € H(l)/ 2(F) instead of ¢ € HY/2(T"). For simplicity of the analysis, and particularly due to
the H(l)/ 2(F)—ellipticity of W (cf. (2.11)), we prefer the second option. Thus, instead of H, we now
introduce the space Hy := L2(Q) x Ho(div; Q) x Hé/z(F), and observe that testing the first equation
of (4.9) against § € H is equivalent to doing it against § € Hy, which follows from the fact that
W(1) = 0, identity that is implicit in (2.11), and K(1) = —1 (cf. [31], [40]). In this way, from now on
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we consider, in replacement of (4.9), the formulation: Find (t,u) € Hy x Q such that

[A(t),8] + [B(5),u] = F(s) Vs e Hp,
) (4.24)
B(t),v] = G(v) VveQ.
Then, instead of V (cf. (4.16)), the null space of B now becomes
Vo = {F:: (r,¢,9) €eHp: div(¢)=0 in Q}, (4.25)
and hence, thanks to (4.22) and (2.11), and defining & := C4 min {1, ay }, we deduce that
AF+d) ~ AE+a),7 -8 = a{ll—slBa + 1€~ Tlha + 16— ¢l ar |- (4.26)

for each g € H, and for all ¥:= (r,{, ), §:= (s, T, ) € V, which proves the strong monotonicity of
A on V. In turn, starting from the definition of the nonlinear operator A (cf. (4.10)), and employing
hypothesis (H.3), Cauchy-Schwarz’s inequality, the boundedness of the normal trace 7, (cf. [15,
Theorem 1.7]), and the corresponding properties of the boundary integral operators W and K* (cf.
Lemma 2.1), we deduce the existence of a positive constant L4, depending on ¢4, x, and the norms
of W, K*, and ~,,, such that

JAE) —A@) e < LallF -8l VFSeH, (4.27)

which shows the Lipschitz-continuity of A.
We are now in position to establish the main result concerning (4.24).

62
Theorem 4.1. In addition to the hypotheses (H.1), (H.2), and (H.3), assume that ccy > ZA. Then,

problem (4.24) has a unique solution (t,u) € Hy x Q. Moreover, there hold

. 1 LA LA L
[t]a < 3 <1+ 52) [fllo,e and lullq < 3 <1 + &) | fllo.0 - (4.28)

Proof. In virtue of Lemma 4.1 (which is easily seen to be valid for Hy as well, instead of H), (4.26),
and (4.27), the proof reduces to a straightforward application of Theorem B.1. In particular, the
a priori estimates in (4.28) follow from (B.5) and (B.6) after observing that in this case F = 0,
IGllq' = [[flloe, and A(0) = 0. O

4.3 The discrete formulation

In what follows we introduce a discrete formulation associated with (4.24) and discuss its solva-
bility and convergence properties. For this purpose, we now let {H}“L} h>0’ {Hg} h>0’ {H}f} h>0? and
{H%}h>0’ be families of finite dimensional subspaces of L2(2), Hg(div; ), H(l)/Q(F), and L2(Q),
respectively, set Hpj := H}’Z x HY x H;’f, Qn = H}, and consider the Galerkin scheme: Find
(Eh,uh) = ((th,dh,¢h),uh) € HO,h X Qp, such that

—

[A(tr),sh] + [B(Sh),un] = F(Sh) V8h == (Sh, Th,n) € Hop
(4.29)

—

B(tn),vn] = G(vn) Vo, €Qp.
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In this case, and aiming to apply later on Theorem B.2, the solvability analysis of (4.29) requires to
identify first the null space of the discrete restriction B]HM :Hyp, — Qj,, which is defined as

Vou = {Fh = (r, Ch,®n) € Hop : [B(Fh),vp] =0 Vo, € Qh},

that is
VO,h = {Fh = (I‘h, Ch7¢h) S HO,h : /th diV(Ch) =0 VUh S Qh} . (4.30)

Having this in mind, we assume the following hypothesis on H and Q; = Hj}:
(H.4) div(H7) C HY,
thanks to which (4.30) becomes

Vo= {fh = (rp,Ch,on) €Hop o div(¢r) =0 in Q},

and hence V, is clearly contained in Vg (cf. (4.25)). In this way, it follows straightforwardly from
(4.26) that the discrete restriction Algm,, : Hop — H&h is strongly monotone on Vj ;, with the same
constant & from (4.26). Thus, in order to complete the hypotheses of Theorem B.2, we need to satisfy
the corresponding discrete inf-sup condition (B.12), for which we incorporate the following additional
assumption:

(H.5) There exists a positive constant 34, independent of h, such that

/ Vh diV(Th>

meng || Thlldive
T #0

> Ballvn]

0,0 Vop € Qp.

Then, proceeding analogously to the first part of the proof of Lemma 4.1, and employing now (H.5),
we find that for each v, € Qp, there holds

- (% diV(Th)
B Sh ), Up /
sSup [ (_,)7 ] = Sup L > /BdHUh 0,25
sueHg,,  |ISIH meng | hlldive
Sp#0 Th#0

which provides the missing hypothesis. For specific examples of finite element subspaces Hf and H}!
verifying (H.4) and (H.5), we refer to [3], [5], and [15], among several other suitable references.

Consequently, we are now able to establish the following result providing the well posedness of
(4.29) and the associated Cea estimate.

Theorem 4.2. In addition to the hypotheses of Theorem 4.1, assume that (H.4) and (H.5) are
satisfied. Then, problem (4.29) has a unique solution (gh,uh) € Hon x Qp, and there hold

- 1 EA zA EA
il < <1+a> floe and fnlla < £ (”a) I£los.
d

Moreover, recalling that (E,u) € Hy x Q stands for the unique solution of (4.24), the corresponding a
priori error estimates reduce to

- L 1 .
[t —tullm < (1 + f‘) (1 + ﬁ> dist (€, Ho 1)

« d
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and

a

It = unlloq < (1+1> dist(u, Q) + ZA (1424 <1+1) dist (€, Ho ) -
’ Ba Ba Ba ’

Proof. According to the previous discussion, the proof follows from a direct application of Theorem
B.2 and the simplified Cea estimates (B.22) and (B.23), observing again that F = 0, ||G||q' = || f]l0,0
and A(0) = 0, noting from (4.12) that ||B|| < 1, and using the fact that Vo C V. O

In addition to the already stated remark on H7 and Hj, and similarly as we did at the end of
Section 3, we emphasize here that specific families of the required finite element subspaces, and their
approximation properties, can be found at several places in the literature.

5 The modified Costabel & Han coupling

In this section we apply the primal and dual-mixed approaches of the new coupling procedure intro-
duced in [27] in the context of VEM and BEM (see also [28]), to analyze, via FEM or mixed-FEM
instead of VEM, the respective continuous and discrete formulations of the model introduced in Section
2. The main difference of the procedures to be employed here with respect to the original Costabel
& Han coupling method (see [10], [30]), lies on the simultaneous use of both Cauchy data on the
boundary as independent unknowns, namely

Y= y(u) = y(ue) € HY?(M) and A = v (a (-, |Vul)) Vu) = 7o (Vue) € HVAT),  (5.1)

with H=Y/2(T") defined in Section 3.1.

5.1 The primal approach

In this case, we proceed similarly to the derivation of (3.4), but now adding and subtracting the
expression (A, ¢) with arbitrary ¢ € Hé/ 2 (T"), and imposing weakly the relation ¢ = v(u) with a test
function p € H~1/2(T). As a consequence of it, we obtain

/ o (- [Vul) Vu- Vo — (y@®) — @) — () + (my(u) — ) = / fo (5.2)
Q Q

for all (v,p,pu) € X := H%O(Q) X H(IJ/Q(F) X I/-\Ifl/Q(F). On the other hand, we rewrite the identities

(2.8) and (2.9) as
(%I—K)@/} +VA=0 on T, (5.3)

and

A=Wy + (%I—Kt))\ on I'. (5.4)

Thus, replacing A in the third term on the left hand side of (5.2) by the expression provided by
(5.4), and incorporating (5.3) into the fourth one, we arrive at the variational formulation: Find
@ = (u,, \) € X such that

[A (@), 7] = F(?) V7= (v,0,u) € X, (5.5)

where the nonlinear operator A : X — X' is defined for each & := (w, ¢,¢) € X as

A(@), 7] = /Qa(-,HVwH)Vw-Vv +A@), 5] V= (0,00 € X, (5.6)
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with A € L(X,X’) given by

A@), 7 = (W, ¢} + (0, VE) = (690) — ) + (171(w) — 6)
(5.7)
(6 GI-K)9) + (I K))) V= (e €X,

and F € X’ is set as
F(v) = / fo VU= (v,0,u) € X. (5.8)
Q

We stress here that the transmission conditions (5.1) (see also (2.3)), which are employed in the
derivation of the present continuous formulation, are recovered precisely from (5.5) and the Green
representation formula (2.2), similarly as done in [27]. We omit details and refer to the last paragraph
of [27, Section 4.2].

Next, concerning the solvability analysis of (5.5), we begin by observing, in virtue of the definition
of A (cf. (5.7)) and the ellipticity properties of V' and W (cf. (2.10) and (2.11) in Lemma 2.1), that
for each ¥ := (v, p, ) € X we obtain

A@),5 = (We,0) + (Vi) = min {aw, av} { el or + 1l 1o } - (5.9)

Hence, proceeding similarly as in the proof of Theorem 3.1 (cf. Section 3.2), we have from (5.6) that
for each W := (w, ¢,&), U:= (v, o, u) € X there holds

A (@) — A@),@ — 7] = /Q {al IV wl) Vo = a(, |Vol) o} - V(w = v) + [A@G - 9), 7~ 7],

from which, invoking the hypothesis (H.2), and employing (3.3) and (5.9), we find that

(AGE) ~ A@), @~ 7] > Ca{llw—oliq + 16— Gl + 1€ — 1o} = Ca 5 - 51k
with C4 := min {cp aq, aw, av}, which proves the strong monotonicity of A. In addition, appealing
now to (H.3) and the boundedness of A, whose norm depends on |[W|, ||V, ||7], and | K], we
deduce that A is Lipschitz-continuous with a constant L, depending on ¢4 and ||1~XH In this way,
applying again the abstract result from [38, Theorem 3.3.23], and noting that |F|x/ < || fllo,, we
can establish the following main result.

Theorem 5.1. The variational formulation (5.5) has a unique solution @ := (u,¥,\) € X, and there
holds
lilx < 3t If

0.0 (5.10)

On the other hand, in order to set the discrete formulation of the present coupling method, we first
let {H}}n>o, {H;f}h>0, and {H}},~0 be families of finite dimensional subspaces of HILO (Q), H(l)/Q(F),
and H™/2(T"), respectively. Then, the Galerkin scheme associated with (5.5) reads: Find ), =
(Uh, Yn, An) € Xy := H} x H;f X Hz such that

[A(ty),0p] = F(Uh) YU, = (vn, @n, pn) € Xy (5.11)

Since the strong monotonicity and Lipschitz-continuity properties of A are certainly transferred to
Alx,, analogously as explained in Section 3.3 for the primal approach of the Johnson & Nédélec
coupling procedure, we conclude the well-posedness of (5.11) by applying again [38, Theorem 3.3.23],
but now to the present discrete setting. In particular, the corresponding a priori estimate becomes
the analogue of (5.10), that is

lanlx < C3HlIfllog - (5.12)
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Moreover, following the same arguments from the second half of Section 3.3, we are able to establish
the respective Cea estimate, which has the same structure of (3.14), namely

17 — dnllx < {1+LA c/;l}dist(ﬁ,xh). (5.13)

We conclude this section by observing that an analogue remark to the one stated at the end
of Section 3, referring now to specific families of finite element subspaces of HILO(Q), H(l)/ 2(F), and

HV 2(T), is valid here. Additionally, we highlight that, as compared with the method from Section 3,
the present primal version of the modified Costabel & Han method has the advantages, on one hand,
of not requiring any restriction on the strong monotonicity constant « 4, and on the other hand, of
yielding direct approximations, without any further computation or differentiation, of both Cauchy
data. Nevertheless, assuming that the restriction on « 4 is satisfied, the former method, involving only
one boundary integral equation and two boundary integral operators, is certainly of less complexity
and hence computationally cheaper.

5.2 The dual-mixed approach

We now address the dual-mixed version of the modified Costabel & Han coupling method as applied
to the nonlinear model introduced in Section 2. Similarly as we did for the same approach of the
Johnson & Nédélec coupling in Section 4, and for sake of simplicity of the discussion to be presented
below, we consider again a homogeneous Neumann boundary condition on I'g. Then, after introducing
t := Vuand o := a(-, ||t]|) t as auxiliary unknowns (cf. (4.1), Section 4.1), we proceed similarly to the
derivation of (4.4), but now adding and subtracting the expression (£, ¢) with arbitrary £ € HV 2(1),
and imposing weakly the relation 7, () = A with a test function ¢ € Hé/ 2(F). The resulting equation
of the above arrangements reads

/ ot / wdiv(t) — (1) = £.4) — (E0) + (m(@) — Ag) = 0 (5.14)
Q Q

for all (7, ¢,¢) € Ho(div; Q) x Hy2(T') x H=1/2(T"). In turn, the identities (2.8) and (2.9) (or, equiva-

lently, (5.3) and (5.4)), are now rewritten as
1
Y = (§I+K)1/} —VA=0 on T, (5.15)

and
1 t
Wi+ (GI+K)A =0 on T. (5.16)

Therefore, replacing 1 in the fourth term on the left hand side of (5.14) by the expression provided
by (5.15), and incorporating (5.16) into the fifth one, we obtain

/ - / wdiv(t) — (1(T) — &) + (o) — A\, @)
Q Q

(5.17)
1 1

for all (1,9,&) € Hy(div;Q) x HY*(T') x H-V/2(T'). Moreover, adding (4.5) and (4.6) to (5.17),

keeping (4.8) as it is, performing some algebraic rearrangements, and denoting t := (t,o,,\),

§:= (s,7T,9,6), H:=L3(Q) x Hy(div; Q) x H(l)/2(F) x H1/2(T), and Q := L2(f2), we arrive now at

-

the variational formulation: Find (t,u) € H x Q such that

[A().8) + BE).u] = FE VSecH,
) (5.18)
B).,0] = Gb) VveQ.
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where the nonlinear operator A : H — H' and B € £(H, Q’) are defined for each ¥ := (r,{,¢,m) € H
as

A®F),§] = /Qa(-,HrH)r-s - K/Qa(-,HrH)r-T +[A(F),§ VScH, (5.19)

with A € £(H,H') given by

A8 = »:/Qc-r - /Qc-s+/ﬂf-r— () = €,6) + (1n(0) =)

(5.20)
1 1
+ (W, 9) + (& Vm) = (& (G1+K)e) + (. (51+ K)p)  VSeH,
and
[B(r),v] := /vdiv(C) VveQ, (5.21)
Q

respectively, whereas F € H and G € Q' are set as

F(s) :=0 VS§eH and G(v) := / fv YveQ. (5.22)
Q

We now discuss the solvability of (5.18) by applying, analogously to the analysis in Section 4, the
abstract result given by Theorem B.1. For this purpose, we first observe that, irrespective of the fact
that the product space H now includes additionally H-1/2 (T") as a fourth component, the continuous
inf-sup condition for the present operator B (cf. (5.21)) is proved exactly as we did in Section 4.2 (cf.
Lemma 4.1) since the only spaces involved in it are the second component of H and Q. In this way,
with the same constant 8 from that lemma, there holds

supM > Blvllq YveQ. (5.23)

sen |ISlm
540

Moreover, the null space V of B remains basically unchanged with respect to (4.16), namely

V = {f"::(r,(:,qﬁ,n)EH: div(¢) =0 in Q}

It follows from (5.20) and the ellipticity properties of W and V (cf. Lemma 2.1) that for each
r:=(r,{,¢,n) € V there holds

[A[©),7] > sllCIFa + aw [l )2r + av ]2 - (5.24)

Therefore, employing once again the hypotheses (H.2) and (H.3), and applying Young’s inequality
with a parameter 6 > 0, we deduce from (5.19) and (5.24) that for each g € H, and for all ' :=
(r,¢,¢,m), S:= (s, T,¢,£) € V there holds

[A(f+4d) - A +q),F -8 = [AT+4) - AE+4), (F+4) — (§+4)]
RKA EA(S
> (an = 52) el + o (1= %) 1¢ -l

+ awllo—¢lijpr + avin =&,

from which we conclude the strong monotonicity of A on V if § and k are chosen such that § € ((), %)

and Kk € (0, 2‘22“‘). In particular, taking the midpoints of each range, that is § = i and Kk =

which maximize the respective constants, we arrive finally at

day
la

AF+d) - AG+a),F~8) = a{llc—slfo+1I¢ — Tla + 16— @l o +1In— €210} (5.25)

19



with a = min{O‘A, 20‘1% , aw, av}. We stress here that, differently from the analysis in Section 4.2
(cf. (4.17), (4.19), (4.20)), and thanks to the restriction-free positiveness condition (5.24) satisfied
by .K, the inequality (5.25) has been derived without assuming any relation between a4 and £4. On
the other hand, the Lipschitz-continuity of A is established analogously as done in that same section,
using (H.3), Cauchy-Schwarz’s inequality, and the boundedness of the linear operators involved, so
that with a positive constant L A, depending on £4 and the norms of W, V| K, and ~,, there holds

JA®) - A@)|w < LalF—sla  VESeH.

Consequently, bearing in mind (5.23) and the previous discussion on the properties of A, we can
state the following main theorem concerning the solvability of (5.18), whose proof, similarly to the
one of Theorem 4.1, follows from a direct application of Theorem B.1.

Theorem 5.2. Assume the hypotheses (H.1), (H.2), and (H.3). Then, problem (5.18) has a unique
solution (t,u) € H x Q. Moreover, there hold

L La La
It < 3 (1 + = ) [flloe and [lullq < -3 <1 + &) [/ llo.e2-

Furthermore, regarding the Galerkin scheme associated with (5.18), we now let let {Hz} h>0’
{Hg}h>0’ {Hf}hw, {H})‘L}}DO, and {HZ}}DO, be families of finite dimensional subspaces of L2(),

Hy(div; ), Hl/Q( I), ﬁ_l/z( '), and L2(), respectively, set Hy, := H! x HY x Hw x H), Q;, == HY,
and consider the discrete formulation: Find (th, up) = ((th, o, Vn, )\h) uh) € Hh x Qy, such that

—

[A(ty), 8] + [B(Sh),un] = F(8n)  VSh:= (S, Th,n. &) € Hy,

—

B(tn),vn] = G(vn) Yo, €Qp.

(5.26)

The rest of the discussion proceeds as we did in Section 4.3 for the dual mixed approach of the
Johnson & Nédélec coupling procedure, by assuming additionally the hypotheses (H.4) and (H.5).
We omit further details and just summarize the main results in the following theorem, which is the
analogue of Theorem 4.2.

Theorem 5.3. In addition to the hypotheses of Theorem 4.1, assume that (H.4) and (H.5) are
satisfied. Then, problem (5.26) has a unique solution (fmuh) € Hy, x Qp, and there hold

. 1 L La L
[tnlla < 2 <1+ ~ > [fllo.e and |lunllq < <1+ ~ > [ fllo.q -

Moreover, the corresponding a priori error estimates reduce to

o L 1 -
It —tullm < <1+ ~A> (1+ﬁ> dist (¢, Hy,)
d

[u—unllon < <1 + Bld> dist(u, Qpn) + E (1 + L~A> <1 + 6«1) dist (t, Hp,) -

We conclude this section by highlighting that the very same remark stated at the end of Section
5.1 applies here when comparing the advantages and complexity of the present dual-mixed approach
of the modified Costabel & Han coupling procedure with those of the method from Section 4.

and
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A Optimal choices of parameters x and 9

In this brief appendix we confirm the optimal choices of k and  given in Section 4.2. In fact, let
us consider minimizing the function g (cf. (4.21)) in its range of definition, that is in the region

R = {(/1, )) € R2:. ke (i,—i—oo) , 0€ (i,Q)} Then, we observe that

1
>0 if H>g,
dg  1-—35 . 1
o (1 L) =0 if k=7,
2Kk0 1
0 if =
< 1 /€<6,
O T g Y (k,0) € R
85_(1_¢)2 ’ '
2K0

It follows that for given § , the function g(-,d) is decreasing in the interval (%, %) and increasing in

(%, +00), which means that it attains its minimum at x = %, whereas given k, the function g(k,-) is

always decreasing (see Figure 2 below for a graphic illustration of the region R).

4 ’”lll," Y 7T

pe il 2 3 4
3

Figure A.1: R, the feasible region for the choice of parameters x and d.

Therefore, g(k,d) attains its infimum at x = % and § = % = 2, whose value is 1. In this way, we

confirm the already announced sufficient condition for a well-posedness of the dual-mixed formulation
2
(4.24) (cf. Section 4.2), namely ayg > %‘.

B A nonlinear Babuska-Brezzi theory

In this appendix we address a nonlinear version of the classical Babuska-Brezzi theory for saddle point
problems in a Hilbertian framework. While the results to be presented in what follows can be obtained
as particular cases of more general abstract theories (see, e.g. [43, Proposition 2.3], [9, Theorem 3.1]),
particular proofs for them as such are, up to our knowledge, not available in the literature. This
is the reason why, for sake of clearness of the discussion in some sections of this work, we provide
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them below. Our problem of interest is precisely the one for which the following theorem establishes
sufficient conditions under which it is uniquely solvable.

Theorem B.1. Let H and Q be real Hilbert spaces, and let A : H — H' be a nonlinear operator, and
Be E(H, Q’) In addition, let V be the null space of B, and assume that

a) the family of operators A(-+7) : V — V' with T € H, is uniformly strongly monotone, that is
there exists a > 0 such that

AT +7) A+, 7-( 2 alr ¢ VFeH, Vr(eV, (B-1)

b) A:H — H is Lipschitz-continuous, that is, there exists La > 0 such that

IA(T) = ADlln < Lallr=Clla V7 (eH, (B.2)

c) there exists B > 0 such that

sup B > ey veeq. (B.3)
rehy T

Then, for each pair (F,G) € H' x Q' there exists a unique (o,u) € H x Q such that

[A(o), 7] + [B(7),u] = F(r) VreH,
(B.4)
B(o),v] = G(v) YveQ,
and there hold ) . I .
lolhe < 2F + 5 (1424} Gl + S 14O (8.5)

and
1 Ly Ly Ly 1 L
< |14+ —=)||Flg + =(1+—= 4 =1+ = |A ’. B.
g < 5 (14 22 ) 1l + 53 (1452 161o + 5 (1422 ) 1@ (B9

Proof. Let us first introduce the operator B € £(Q,H’) defined for each v € Q by [B(v), 7] := [B(7), v]
for all 7 € H, so that (B.4) can be rewritten as the operator equation system:

A(0) + B(u) = F, .
B(o) = G. '

Furthermore, denoting by Ry : H — H and Rq : Q' — Q the respective Riesz operators, and defining
B:=RqB: H— Q, it readily follows that its Hilbert-adjoint is given by B* = Ry B : Q — H. In turn,
it is easy to see that the inf-sup condition (B.3) can be rewritten as [|[B(v)|g > S |lv|lq for all v € Q,
which, according to the above identity, is the same that ||[B*(v)||lz > 3 ||lv||q for all v € Q. Moreover,
noting that the null space of B and B coincide, the foregoing inequality also says that B* : Q— Vvt
is an isomorphism, which, thanks to a classical result on linear operators (see, e.g. [15, Lemma 2.1]),
is equivalent to saying that B : V.- — Q is an isomorphism as well, and that H]§(T)||Q > B |7l for
all 7 € V. Thus, going back to B and B, we conclude from the above discussion that B : V& — Q'
and B : Q — Ry;'(V*) are isomorphisms and that there hold

IB(Mlgr = Blirlle ¥reV: and Bl = Bllvlq YveQ. (B.8)
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Now, given (F,G) € H x Q', we proceed to construct (o,u) € H x Q solving (B.7). In fact, we
1
first let o, be the unique element in V< satisfying B(o,) = G and |loy|ln < 3 |Gllqy (cf. first

inequality in (B.8)). Next, thanks to the assumptions (B.1) and (B.2), a straightforward application

of [38, Theorem 3.3.23] implies that A(- 4+ o4) : V. — V' is bijective, and hence there exists a unique

oo € V such that A(og + 04) = F|ly € V/, that is [F — A(og + 04),7] = 0 for all 7 € V. This

means that F — A(og + 04) € T\’,ﬁl(Vl), and therefore there exists a unique u € Q such that
1

B(u) =F — A(og + 04) and |Jullq < 3 |IF— A(og + og)|lm (cf. second inequality in (B.8)). In this

way, defining o := o9 + o4 € H, we have A(0) + B(u) = F and B(c) = B(oy) = G, which proves
that (o,u) solves (B.7). Concerning the boundedness of (o, u), we begin by applying (B.1) to 7 = oy,
T = 0¢, and ( = 0, which yields

aloollfy < [Aoo + 0g) = Aog), 00] = [F = A(og), 0]

Then, adding and subtracting A(0) in the foregoing inequality, and applying (B.2), we deduce that

1
ool < = {IFllw + IOl + La llogll } - (B.9)

On the other hand, proceeding similarly with the bound for |lu|/q, we find that

1
fulla < 5{ Pl + 1A©) e + La o]l + La ll s} (B.10)

Consequently, recalling that o = o0y + 04, the required estimates (B.5) and (B.6) are obtained directly
from (B.9), (B.10), and the already stated bound for ||o4||g. It remains to show that (o,u) is the
unique solution of (B.4) (equivalently (B.7)). For this purpose, we now let (o,u) € H x Q be another
solution of (B.7). It follows that c — ¢ € V and A(c) — A(c) = B(u — u), so that from the latter we
see that [A(c) — A(c),7] =0 for all 7 € V. Then, applying (B.1) toT =0, 7 =0 — 07, and ( =0,
we get
allo =5l < [A(o) - A(@),0 —5] =0,

from which it is clear that o = 7, and thus B(w—u) = 0. Finally, the bijectivity of B : Q — Rﬁl(Vl)
gives u = u, which completes the uniqueness and ends the proof. ]

The discrete version of Theorem B.1, including the associated Cea estimates, is stated as follows.

Theorem B.2. In addition to the hypotheses of Theorem B.1, let {Hh}h>0 and {Qh}h>0 be families of
finite dimensional subspaces of H and Q, respectively, and let Vy, be the null space of Blu, : H, — Qj,,
that s

Vh = {ThGHhi [B(Th),’vh]zo vvaQh}.

Assume that

a) the family of operators A(-+7) : Vi, = V), with 7, € Hy,, is uniformly strongly monotone, that
is there exists aq > 0, independent of h, such that

[A(Th +7n) = A(Ch +Th), Th — Gl > aallmn — Gl V7, € Hy, V1, G € Vi, (B.11)

b) there exists fq > 0 such that

B(7y),v
sup [B(n),on] Balonlg ~ You € Qu. (B.12)
ThE€Hp || h”
T #0
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Then, for each pair (F,G) € H x Q' there exists a unique (op,up) € Hy X Qp, such that

[A(on), ] + [B(mh),un] = F(m) V7, € Hy,
(B.13)
B(on),vn] = G(vp) Vo €Qp,
and there hold L,
ol < Il + - (1+ ) IGllgr + - A0) v (B.14)
and
Ly Ly Ly Ly
o < 5; (1+ 22 ) 1P + 53 (1422 ) 161e + 5 (1+ 2) 1A (B15)

Moreover, bearing in mind that (o,u) € H x Q is the unique solution of (B.4), the respective Cea
estimates become

o= onlla < Pl @) + (14 £2) (14 21 dison1n) (B.16)
Qg Qg Ba
and
B| L.|B L L B
u— upllog < ( + ”ﬁd” + Cf;‘d”ﬁd|> dist (u, Qp) + ﬁ;‘ ( + A) (1 ”ﬁd”> dist(o, Hy) . (B.17)

Proof. We first observe that the Lipschitz-continuity of A, which is guaranteed by (B.2) (hypothesis
b) from Theorem B.1), implies the same property for Aly, : H, — Hj and with the same constant
L. Thus, in virtue of this fact and the present hypotheses a) and b), we deduce that the existence of
a unique (o, up) € Hp x Qp, solution of (B.13), and the a priori estimates (B.14) and (B.15), follow
from a straightforward application of Theorem B.1 to the present discrete context. Hence, it only
remains to show the Cea estimates (B.16) and (B.17), for which we proceed very similarly to the proof
of the general linear case of the Babuska-Brezzi theory (see, e.g. [15, Theorem 2.6]), even using some
of the estimates provided there. In fact, we first define a kind of translation of V}, given by

VY = {Th €H,: [B(m), ] =Glup) Yope Qh} :

and notice that o} belongs to Vz, whence it readily follows that o}, — sz € Vy, for all T,f € Vi. Then,
applying the strong monotonicity assumption (B.11) to 7, = T;Z € Hy, 7, = o5 — sz € Vy, and

(=0 € Vj, we find that
agllon — TNk < [Alon) — A()), 00 — 7],

from which, adding and subtracting [A(0), o, —77] on the right hand side, and using the first equations
of (B.4) and (B.13), as well as the fact that [B(op, — 73), v5] = 0 for all v, € Qp, we arrive at

agllon — T NE < Blon — 1), u —vp) + [Al(o) — A(T]),0n — 7] Yon € Q. (B.18)

This is a key point of the argumentation in the sense that, if we had Vj, contained in V, then the first
term on the right hand side of (B.18) would also vanish, and, on the contrary to what we show next,
the a priori estimate for ||o — op||g would not depend on dist(u, Qp) but only on dist(c, Hy,). After
finishing the present proof, we go back to this issue. Now, without assuming a priori any relation
between Vj and V, we simply apply the boundedness of B and the Lipschitz-continuity of A (cf.
(B.2)), to derive from (B.18) that

L
“aq e welle + 2 llo = illle - Yo €Qu, V7€ Vi, (B.19)
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so that, employing additionally the triangle inequality to bound |o — o/, we conclude that

LBHdist(u, Qh) + <1 + LA) dist(a, V‘z) . (B.20)
a

Qg

lo—onlln <
Next, we recall from the proof of [15, Theorem 2.6] that there holds

dist (o, V9) < ( L : ”) dist (o, Hy)
d

which, replaced back into (B.20), yields (B.16). In turn, the preliminary estimate for ||u — upl/q is
obtained almost exactly as done in the proof of [15, Theorem 2.6], except that besides applying the
triangle inequality and the discrete inf-sup condition (B.12), the Lipschitz-continuity of A needs to be
employed as well. In this way, we easily get

B . L
lu—upllq < (1 + ’H> dist (u, Qn) + “Ao —onllu, (B.21)
Ba Ba
which, together with (B.16), imply (B.17) and complete the proof. O

We end this appendix by stressing, as commented in the proof of the foregoing theorem, that in
the case that Vy, is contained in V, the a priori estimate for ||o — oy, ||z does not depend on dist(u, Qp,),
and hence the Cea estimates (B.16) and (B.17) simplify to

lo —onllg < <1+) ( HﬂdH) dist (o, Hp,) (B.22)

and

lu —unlloa < <1 + HBBdH> dist(u, Qn) + Lﬂd <1 + oz) < HﬂdH> dist (o, Hy,). (B.23)
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