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Summary In this paper we propose a Lagrange multiplier method for the finite element
solution of multi-domain elliptic partial differential equations using non-matching meshes.
The interface Lagrange multiplier is chosen with the purpose of avoiding the cumbersome
integration of products of functions on unrelated meshes (e.g, we will consider global
polynomials as multiplier). The ideas are illustrated using Poisson’s equation as a model,
and the proposed method is shown to be stable and optimally convergent. Numerical

experiments demonstrating the theoretical results are also presented.

1 Introduction

When considering multi-domain problems with non-matching meshes using Lagrange mul-
tiplier techniques, two basic problems occur. First and foremost, the discrete spaces for the
discretization of the primal variable and the multipliers have to fulfill the inf-sup condi-
tion [8] in order the resulting numerical scheme to be stable; it then turns out that many
natural choices of approximations do not. Fortunately, this problem can be alleviated

by use of stabilized multiplier methods [16,19,1,4], or by using mesh-dependent penalty
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methods [2,3]. The second problem is that products of traces of the primal variable and
the multipliers have to be integrated on the interfaces. For methods known to fulfill the
inf-sup condition, such as the mortar element method (see, e.g., [5,6] and [20]), as well
as most stabilized methods, this will mean integrating products of piecewise polynomials
on unrelated meshes. This is not easily done in practice for problems in R? (see, however,
[17]). To mitigate these two problems, we suggest a stabilization method which avoids the
cumbersome integration of products of unrelated mesh functions. For example, as already
done in [14], global polynomial multipliers can be used on the interfaces: only products
of global polynomials and local polynomials have to be considered and this makes the
integration problem much simpler in many cases. The obtained method is stable and
optimally convergent. We remark that stability is achieved under the very mild assump-
tion that the approximation space for the interface multiplier contains the constants. The
method is presented and analyzed using a two-dimensional Poisson equation as a model
with two subdomains. From a geometric point of view, two situations can occur: the case
where the intersections of the boundaries of both subdomains with the outer boundary
have non-zero 1D measure, and the case where the interface is a closed curve (see Fig. 1
below). We point out that the stability analysis of the former case, for which similar ar-
guments as in [1] could be applied, is simpler than that of the latter case. In this paper

we present an analysis that covers both cases.

As a basic motivation for this work, we have in mind the contact problem in elasticity.
In standard commercial codes for computing contact between two elastic bodies, the
contact condition is only checked at the nodes either on one or on both of the bodies.
This corresponds to choosing discrete Lagrange multipliers which is not natural from the
perspective of the variational formulation of the problem. The stability and convergence
properties of these approaches are in general not known, and the results have to be
carefully interpreted, which requires some experience. Furthermore, in our experience,

plenty of choices have to be made in discretizing the interface, choosing the master surface,
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etc. An obvious reason for choosing discrete multipliers is that it makes the integration
problem particularly easy; as mentioned above this is also the aim of the method to be

presented.

One could interpret our approach as covering the contact surface with, for example,
a polynomial layer which acts as an intermediate between the two surfaces (which do
not have to be known in advance). Even though this results in a global coupling of all
the variables on the contact surface, the typical contact application has a small zone of

contact and the global coupling will not cause the problem to grow excessively in size.

The outline of the paper is as follows. In Section 2 the interface Lagrange multiplier
method with a generic discretization of the multiplier is presented, after introducing the
model problem together with some notation, and discussing the motivation of the present
work. The stability and error analysis of the new method is carried out in Section 3, and
numerical experiments (with a global polynomial multiplier) demonstrating the theoretical

results are presented in Section 4. The paper ends with some conclusions in Section 5.

2 Formulation of the method

In this section we introduce an interface Lagrange multiplier method for the finite el-
ement discretization of elliptic problems on non-matching grids. Before doing that, we
make precise the model problem we will be working on, together with some notation and

motivation of the present work.

2.1 Model problem

Let 2 be a bounded domain in R?, with boundary d42. (The extension to R3 is straightfor-
ward.) As a model problem, we consider a stationary heat conduction problem in the case

where there is a piecewise straight internal boundary I dividing (2 into two subdomains
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{21 and §25. Thus, we want to solve for u the problem
=V - (kiVu;)) = f in
u; =0 on 02 N012,
up—uy =0 on I
N1 -K1Vu] +no - koVug =0 on I
for ¢ = 1,2, where we have denoted by w; the restriction of v to (2;. Here f is a given
function, x;, which is assumed to be positive and smooth in (2;, is the conductivity, and
n; is the outward pointing normal to §2; at I', ¢ = 1, 2. This formulation of the standard
Poisson problem is common in the context of domain decomposition problems, cf. [13].

Define
V={v:v; € H (), v, =00n o\ T, i =1,2}
and
A= (Hy (1)),
the dual space of Héf(F) (see, e.g., [15]). Notice that, whenever I'N 92 = ) (see Fig. 1,
right), H&éQ(F) coincides with H'/?(I') and A = H-Y2(I").
A weak form of (1) using the Lagrange multiplier approach is as follows:

Find (u,\) € V x A such that
Z/ IiiVui-Vvidx+/)\[v]d5:Z/ fvide Yv eV,
—~Jo, r —~Jo,

/[u},ud.s:O Vi e A,
r

where [v] := (v1 — v2)|p is the jump of v across I'. Notice that

A= —mVul Ny = KQVUQ ‘T On I.

2.2 Notation

We introduce the necessary notation for the definition of the method we are going to
present and its subsequent analysis, focusing, for simplicity, on the case of triangular

elements. Therefore, we assume that we are given a triangular mesh 7.* of the domain (2;,
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i = 1,2. We denote by h; the mesh-size of ’Z;h. Obviously, 7" = T UZ} provides a mesh
for (2, whose mesh-size is h = max{hy, ha}. We introduce the (family of) finite element
space

Vh={veV: v|g e PKK), VK € T"},
where Pk(K ) denotes the space of polynomials of degree at most k on K, with k& > 1.

On I' we introduce a family of spaces AP of discrete multipliers such that
PY(r) c A7, (3)

PY(I') being the space of constants on the whole interface I'. As a particular case, we
will consider the space AP of global polynomials defined as follows: the interface I is
decomposed as the union I' = (J I of np straight lines I'; of length ¢; (see Fig. 1); we
associate with each I'; the non-negative integer p; and define p := [p1,...,py,|; then our

particular choice is
API{MEA:,U,‘FjEij(Fj),jZl,...,nF}, (4)

with PPi(I) denoting the space of polynomials of degree at most p; on I'; with respect
to a local coordinate. In this particular case the elements of AP can be discontinuous at
the endpoints of the I'}’s.

We also remark that two different situations can occur from a geometric point of view:

1. both 0421 N 912 and 025 N 92 have nonzero 1-D measure (see Fig. 1, left);

2. either 021 N OS2 or 025 N OS2 has zero 1-D measure (see Fig. 1, right).

As we will see in the next section, the stability analysis is more difficult for the second

case.

2.8 Background

A standard penalty method for domain decomposition problems is the following (cf. [2]):

Find " € V" such that

Z/ ki Vult - Vo da +/ = [u"] [v] ds = Z/ fuidx Vo € V. (5)
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Fig. 1. Two different geometric situations.

There is a consistency error present in (5), but by letting the penalty function v depend
on the mesh-size, i.e., v of the order of A", for suitable values of r > 0, this consistency error
will not dominate the discretization error in energy-like norms (see [3] for an extensive
investigation).

The main problem of implementation of (5) is how to evaluate integrals of the type

/u?vjds, i # g,
r

especially in three dimensions. If quadrature is used, we have an expensive search problem
in locating elements in the mesh on §2; containing quadrature points in the elements of the
mesh on (2;. Exact integration is within reach; Priestley [17] has made an implementation
of exact quadrature in the case of triangular surface meshes with common boundary. Here
we take an alternative route which greatly simplifies the implementation, by introducing
a suitable multiplier on the interface I

Therefore, starting from (5), one could consider the following inconsistent perturbed
Lagrange multiplier method:

Find (u, \P) € V" x AP such that

Z/ /iiVu?‘Vvid:L’—i—//\p[v]ds:Z/ fuide YoeVh
— Ja, r —~ Ja,

/[uh],uds—/’y)\puds:o Vi e AP.
r r
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Now, as v — 0, the problem will be a standard saddle-point problem which requires
compatibility between the discrete spaces for AP and u” in order to fulfill a Babuska-
Brezzi condition [8]. Again, we can let 7 to be of the order of A", so that the problem of
balancing AP and V" is alleviated. In case of (4) the product of basis functions and global
polynomials can easily be integrated exactly, at least for simplicial elements.

On the other hand, due to inconsistency, the formulation (6) exhibits a loss of accuracy,
as our numerical results in Section 4 indicate. It also requires coupling the parameter «
to the polynomial degree of approximation, which is detrimental to the conditioning of
the system. In order to overcome these drawbacks, we are going to present a consistent

version of (6).

2.4 The consistent method: A Nitsche-type interface condition

The classical method of Nitsche [16] for handling Dirichlet boundary conditions weakly
was extended to the case of domain decomposition with non-matching meshes by Becker,
Hansbo and Stenberg [4]. The problem of having to integrate products of functions on one
side of the interface with functions on the other side arises also in their method. However,
Nitsche-type methods are consistent and thus optimally convergent with a fixed “penalty”
parameter of O(h™!), which does not destroy the conditioning of the resulting system.
Thus, there could be some advantages to formulating a Nitsche-type interface formulation

using the interjacent multiplier space. To this end we define n :=n; = —n9 on I" and

{n-w}=an -w; +(1—-a)n-w,,

where 0 < a < 1. We propose an unsymmetric method and its symmetric variant, the

latter one only for the choices @« =0 and o = 1.

2.4.1 The unsymmetric method For any choice of 0 < o < 1, the unsymmetric method

reads as follows:
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Find (u”, A\P) € VP x AP such that

Z/ K;Z-Vu?-Vvidx—f—/)\p[v]ds:Z/ fuidz Yoe V",
i 2; r i £2;

/[uh],uds—/v{nw-@Vuh},uds—/v)\puds:O Y e AP,
r r r

where 7 is the function of L (I") defined as follows. Denote by N the set of nodes of

(7)

7" and T} lying on I'. Fix a point 2 on I"\ N7 and let K; and K3 be the two elements
of T/" and 7.}, respectively, such that the interior of K; N 0K, N I is non empty and
x € 0K1 NO0Ky NI Denote by hg, and hg, the diameters of K; and Ky, respectively.

For ¢ € I\ N, we define

() =0 min { ot (1 - o) 2 )

k1)’ k2 ()
with 7y a constant independent on the mesh-size and the material properties. Restrictions
on g will be made precise later on. Notice that ~ is defined almost everywhere on I". We

remark that the function v here plays the same role as the v in the formulations (5)

and (6).

2.4.2 The symmetric variant In the cases of @ = 0 and a = 1, the method (7) can
be symmetrized without introducing integration of cross terms across the interface; this
would not be possible for 0 < o < 1. The symmetric formulation reads as follows:

Find (u”, A\?) € V* x AP such that

Z/ miVu?'Vvidw—F/ AP (v ds—/'y)\p(n‘fivaj) ds
—Jo, r r

—/ y(n - /ﬁjVu?)(n -k V) ds = Z/ fuidz Yve V", (9)
r —J

/F[uh]uds—/F*y(n-/ﬁjVu?)uds—/F’y)\puds—0 Yu € AP,

with subscript j = 2 if « =0, and j = 1 if a = 1. Again, the function + is as in (8). We
remark that, as pointed out in the discussion after Theorem 2 below, a = 0 and a = 1
are reasonable choices and in particular the sole choices which give the best convergence

results whenever the characteristic mesh-sizes of the two domains are significantly different
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from each other. One reason of using the symmetric formulation is its adjoint consistency,
that is useful whenever duality arguments need to be applied.

Both the formulations (7) and (9) are consistent (see Lemma 1 below).

3 Analysis of the method

In this section we develop stability analysis and derive error estimates of the methods (7)
and (9). The analysis will show that, in the particular case of global polynomial multipliers
(i.e., (4)) and quasi-uniform meshes 7" of size h, for analytical solutions in H?({2;) the
choice of the polynomial approximation orders for A that give the best error estimate is
pj = Lj/h, j =1,...,np. In correspondence to that, and for v of the order of h=t, we

obtain the optimal error estimate

1w —u, X = AP)||| < Chz il g2(02,)s

where ||| - ||| is an energy-like norm, and C' is a positive constant independent of h. More
in general, the estimates we will derive take into account the local mesh-size and material

properties.

Before proceeding with the analysis, we rewrite the formulations (7) and (9) in a unified
way:

Find (u”, \?) € V* x AP such that
2/ miVu?~Vvida:+/)\p[v]ds—S/q/)\p{nwﬁVv}ds
— r r
—S/ n-kVu i dn - kVotds = /fvidx Yo eV, 10
vt p e ds =37 | (10

/[uh]uds—/W{n-HVuh},uds—/'y)\puds:O Yu € AP,
r r r

either with S = 0 and any 0 < o < 1 (to get the unsymmetric formulation (7)), or with

S=1and a=0o0r a=1 (to get the symmetric formulation (9)).



10 Peter Hansbo et al.

Introducing

B"(w, v; v, ) ::Z/ mini-Vvid1:+/ v[v]ds
— Jo, r
—S/fyy{n-an} ds—S/’y{n-an}{n-an} ds
r r

—/[w],uds—l—/’y{ninw},uds—&—/’yvuds,
r r r

and

By oy .
F (”7“)—;/@“@“7

the formulation (10) can be written as follows:

Find (u”, A\P) € V* x AP such that
B (u! N0, p) = F'(v, ) Y(v,p) € VI x AP, (11)

Lemma 1 The method (11) is consistent in the sense that, if (u, \) is the solution of (2),
then

B(u —u, X\ = NP u, 1) =0 V(v ) € VI x AP,

Proof Inserting (u, \) solution of (2) in the place of (u”, A\P) in (11), recalling that A\ =

—k1Vuq -n = —k9Vus -n on I', we find that
Z/ iV (u; —ul') - Vo do + / (A= AP) [v]ds =0,
—Jo r

YA =M)in - kVv ds—i—/’y n-kV(u—u" n-kVopds =0,

Joro={nwvbas [ {n -ty {n v}
/[u—uh]uds—/’y{n'/iV(u—uh)}uds—/’y()\—)\p),udS:O,
r r r

for all v € V" and pu € AP. The assertion immediately follows.

3.1 Stability

Defining the (weighted) broken H!'-norm

1/2 1/2
ol = (DI 2V willy o) + lawlly ) s

with a = k!/2 /diam(£2), we introduce the norm

1/2
lGw, )l = (lollp + 12012, )
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Define the constant k as the mean value of the function s on £2 and b := (k/diam(£2)) vz

On the interface I', we will use the norm

1/2
. 2 1/2, 12
DeDuyar i= (10l + W20 )
together with its dual denoted by [] - [|_i/2,r. We recall that, whenever I' N 082 = (),

1

| - ’HoéQ(F) coincides with | - /2y (see [15]).

Remark 1 The norm []-[]; o, 1 is the natural norm for the traces on I" of functions belonging

to V, when V is endowed with the || - [[y—norm.

We proceed by proving continuity and inf-sup properties of the form B". In the sequel
C, (C4,... denote generic strictly positive constants possibly depending on the shape of
the domain, on the shape regularity of the meshes, on the quantity max x/ min x, and on

the polynomial approximation degrees of V", but independent of the mesh-size and of AP.

Proposition 1 For allw, v €V, v, u € A we have

B (w,v5v,) < C (Il Il + Iy 2[llyry + D00 apor) sl (12)
Proof The bound follows from the Cauchy-Schwarz inequality, from the duality inequality

with respect to the norms [| - |19, and [| - [[_1/2,r, the inverse inequalities

ey 20 P - kiVwill?, py < Ctlle*Vwill? 0, Ywe Ve i=12, (13)

K3 2

and from

Dlwllly2,r < Jwillijor + Qwallie,r < Cllwlly

(see Remark 1).

Proposition 2 Provided that vy is small enough (see Remark 2 below), for all (w,v) €

VR X AP there is (v, ) € VP x AP such that

[l Cvs Il < Calll(w, )],

BMw,viv, 1) = Caf| (w, )|,
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Proof Let (w,v) € V* x AP and take (v,pu) € VP x AP as v = w and pu = p3 + duo,
with p; = v and pg = —b?IIg[w], where IIj is the Ly(I")-projection operator onto P°(I"),
and ¢ is a positive parameter still at our disposal. From the definition of us, the bound

byl/ 2 < C’Wé/ 2, and a trace inequality, we have

2 1/2
2 pallzo(ry = Bl ) ol a(ry < €Ml oy < Ol

The continuity estimate |||(v, u)||| < C1l||(w,v)||| immediately follows.
For the coercivity, we proceed in two steps. First, from the definition of v and p; we

have
B (w,viv, 1) = Y 1612 Vwil3, ) + (1~ 9) / 7 {n - kVw}vds
y r

— S|y 2 - kYW, oy + IV oy
By combining a weighted Cauchy-Schwarz inequality with the inverse inequality (13),

provided that vy < 1/C}, making use of the Young inequality, we obtain

1/2
B (w,v;0, 1) = C( 3 6> Fwilld, o) + V20141 ) (14)

7

where C' depends on C7 and g, but is independent of the mesh-size.

For the second step, we can write

Bh(W,V;O;IQ) :/

Fb[w]bﬂo[w] ds—/FbQPy{n-HVw}Ho[w] ds—/FbQ’yuﬂo[w] ds

= \|bﬂ0[w]H%2(F) — /Fbey {n - kVw} II[w] ds — /FbQ’yyﬂo[w] ds.
Using suitably weighted Cauchy-Schwarz inequalities for the last two integrals and the

inverse inequality (13), we obtain
1 1/2
B (w30, 12) > LTI,y ~ CCrd S 162Vl )~ Croln 2y (15)

By adding together (14) and (15) multiplied by §, and taking 0 small enough (depending

on the constants C, C7 and ), we obtain

1/2
B"(w,v;v,1) > Cy (Z 32V will3, 0y + 116 Mo[w] I,y + !\'71/2V|!%2(p)> ,  (16)

1
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with a positive constant Cs only depending on C and g, therefore independent of the
mesh-size.

In order to complete the proof of the proposition, we need to show that

lawl|3, o) < C (Z > Vw12, ) + ano[mu%m) , (17)

with a constant C' independent of the mesh-size. The coercivity estimate B"(w, v;v, p) >
Coll|(w, v)|||? will follow easily. In the case where both 921 and 02, contain a part of
the Dirichlet boundary with nonzero 1-dimensional measure (see Fig. 1, left), the esti-
mate (17) directly follows from the standard Poincaré’s inequality. On the other hand,
if either of 027 or 0§25 does not contain a part of the Dirichlet boundary with nonzero
1-dimensional measure (see Fig. 1, right), we still make use of the Poincaré inequality,
but the proof is not straightforward. A similar result has been proven in [7] for piecewise
H' functions. We develop the latter case in detail.

Assume, to fix the ideas, that 029 does not intersect 9f2. Then, 021 contains the

Dirichlet boundary. Therefore, the following Poincaré’s inequality holds true:
[willL, (0 < Cdiam(§21) [V, 0,)- (18)

Write wy as (wg — ng2|F) + H(]’U}2|F, where H0w2|F is the constant function on {25 equal

to the mean value of the trace of wo on I'. The Poincaré’s inequality
lwa = Hows| .|| 1y(2,) < C diam(§22) [|[Vwa || 1, (2,)

follows from Bramble-Hilbert’s lemma applied to the operator 7 : H'(25) — Lo({2s)
defined by 7(w) = w — ITyw),., which is zero on P°({2;), the space of constants on 2.

Therefore,
wallL,(2y) < llwe — Howsy || Ly(0,) + 0wz 1l Ly(2)
< C diam(22) [Vws | () + (1221/101) 2 [ Tows | 1y )
< Cdiam(§22) ([Vwall 1y (20) + [HTows — Hows || pycry + [ Hows || £y ()

< Cdiam(£2) ([Vwa| £,0,) + Ho[w]l oy + Vw1l Lye21))
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where in the last step we have used a trace theorem and (18). Estimates (18) and (19)

immediately give (17).

Remark 2 From the proof of Proposition 2, it is clear that ~g in the definition of v has to be
chosen smaller than 1/C7, where C7 is the inverse inequality constant in (13), which only
depends on the shape regularity of the meshes, on max x/ min , and on the polynomial

approximation degree for the variable w.

3.2 Error Analysis

We derive error estimates for the method (7) in a standard way from the results proven

in Proposition 1 and 2.

Theorem 1 Provided that condition (3) is satisfied, we have

—ah Pl < ; N N
=" A=l <€ nt (= whx =) "
+ Iy - wthz(F) + A =P 1y9r)-
Proof We decompose, as usual, the error (u—u", A= \P) as (u—w", A\ —vP)+(w" —u", vP —

AP). From triangle inequality, Proposition 2, Lemma 1 and Proposition 1, we obtain (20).

For the choice of global polynomial multipliers (see (4)) and under usual regularity as-

sumptions for the analytical solution, we can prove the following result.

Theorem 2 Assume AP given by (4), u; € H¥TY(§2;), i = 1,2, with s > 1/2. Denote by
Tz-h, 1= 1,2, the union of the elements contained in §2; and having one side on I' and, for

KeThuTl, d = i . Weh
any 1 5, define vk mergfl(r{lw'y e nave

in{k, _ in{k,
=" A=) < Ok 30 m g + D0 R
KeTh KeThuT)

B B 1 (25— 1/2
F Y sup B ) AR )
j :I:EFJ'
(21)

with a positive constant C' independent of the mesh-size and of p.
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We briefly comment on the result of Theorem 2 before showing its proof.
e Assume that 77" is quasi-uniform and denote by h its characteristic mesh-size. Then,
from (21), the optimal choice of the polynomial approximation seems to be p; ~ ¢;/h,
j=1,...,np, when k > s, or p; = Ej/hk/s, j=1,...,np, when k < s < +00. Estimate

(21) then becomes
Il =, X = AP)||| < CicM/2pminthsh Z il o1 2))-

For analytic solutions, from Theorem 3.20 in [18], we have that the approximation error for
A depends on p exponentially. Therefore, p; can be chosen as p; = |logh|, j =1,...,nr,
which allows for a saving in the number of degrees of freedom for the approximation of A
(we give an example in Section 4).

e Assume that 7" and 7 are quasi-uniform and denote by h; and hy their charac-
teristic mesh-sizes (here, we are not assuming any bound of h; and hy in terms of each
other). Then, from the definition of the parameter =, it is clear that, if h; and he are very
different in size, estimate (21) significantly depends on «. If hy < hg (resp. he < hq), the
best result is given for o« = 0 (resp. @ = 1), which gives the symmetric formulation (9). We
point out that the same strategy was adopted in [10,11] for an interior penalty treatment
of the interface between non-matching meshes.

If we assume s = 1, for the sake of simplicity, and the optimal choice of the polynomial

approximation orders, namely p; ~ {;/ max{hi, ha}, j = 1,...,np, estimate (21) becomes
(= u" A= N < CV2 > hiluil (-
i

Proof of Theorem 2 Let 11? € V;h be the nodal interpolant of u; in 2;, i = 1,2, and let \P

denote the Lo(I")—projection of A on AP: from (20), we have

I =, A= 3y < € (= A= 32) )+ Iy~ 2= @ iy + DA = WD agor)
(22)

Then the error bound (21) follows from the approximation estimates of v — @" and
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In fact, for the terms involving u — @", the standard interpolation estimates give

~ ~ 2min{k,s
S w2V (= a2, 0 + lalu — @) 12,0 < Ok S B u g, (28)
i KeTh

and

Iy = @7,y < 2072 (ua = a3,y + 20y (w2 — @),y

—1/2 1/2 ~
<2 3 v P = @2 om0 +2 Y I e — )12, om0

KeT} KeTh
2m1n{k s+l
<C > g [y
KeThuth

(24)

For the terms with A — AP, since |A — AP||p,(r;) = Mgggpﬂ)\ — WP\l Ly (ry), from standard

hp—approximation estimates we have
A= NllLyryy < CEPT Ny, 0<t<pj+1, (25)
which immediately gives

B o1 —(25—1) 1/2
720 = 30ty < O3 sup (D62, W eearay) - (26)
j T

It remains to deal with the third term appearing at right-hand side of (22). We derive an es-
timate of A—A? in the norm [|-[] _1/2,r by means of interpolation theory (see, e.g., [15, The-
orem 12.2]) between the norms ||b~" ||,y (which is the dual of ||b- ||, ¢ry) and [ - |11,
where [| - [|-1,r denotes the dual norm of (Hb H2 )+ diam(2)'/2|x'/2 . HI(F))I/z. We
have
5 A= . p)r
IA=2"0-0r < uesflll}zp) diam(£2)/2|/2 | gy

NP — P
_ diam(g)—l/Qk—lﬂ sup (A=N,u—@P)r
pEH(I) kel 1y
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where [iP denotes the Lo—projection of  on AP, and (-, -) denotes the usual inner product

of Ly(I'). Furthermore,

A=A, = fP)p =Y (A= X, — i?) <ZHA N\ Lol = B Locry)
J

= L0 A = Nl o & pille = | oy
7
1/2 1/2

Z@pﬁm N2 67— 1y
J

IN

(28)

We exploit the estimate (25) with ¢ = s — 1/2 (resp. t = 1) to bound the first (resp. the

second) term at right-hand side of (28) and obtain

1/2 1/2

N ~ s —(2s+1)
A= u—pP)r<C 252 “p; = Ao 2(ry) Zmﬁll(ﬂ)
i J (29)

s —(2s+1 1/2
<O( e PN ) Il
J

From (27) and (29) we easily get

< . C1/2 il —(2s 1/2
DA =M1 < Cdiam(2)7 V2672 (S0 @ 2 L, T (30)
J

Moreover, from estimate (25), evaluated with ¢t = s — 1/2, we get immediately

)

Finally, from (30) and (31) we can use the interpolation theory between function spaces:

) B o1 —(25— 1/2
< Cdiam(2) 22 (S E T CTINE L) T 6)
J

L*(T)

note that the right hand sides of (30)—(31) may be viewed as seminorms on the products
(with different weights) of the H*~1/2(T}) spaces, and therefore the interpolation and the
summation can be interchanged. This leads to
\p —1p2s, —2s]y |2 1/2
DA = N0y < C( YK BB Ny (32)
J

Inserting (23), (24), (26) and (32) in (22) gives the result. O
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4 Numerical examples
4.1 Implementation issues

We now describe how to implement the method (7) with the choice (4) for two-dimensional
problems. Some care has to be taken to avoid ill conditioning of the polynomial approx-
imation on the interface. The mass matrix corresponding to the Taylor polynomial, for
example, is the Vandermonde matrix which is notoriously ill conditioned. We have chosen
to instead work with Legendre polynomials which are orthogonal in the Lo([—1,1]) prod-
uct. Instead of programming each Legendre polynomial P, (z) separately for n =0,1,...,

we have used the summation formula

In/2] i
1 (—1)%2n — 26)! o
Falz) = 5 ;) K(n—k)(n—2k1"

where |- | is the floor function, and integrated (analytically, in advance) products of poly-
nomials and (traces of) test functions, and derivatives thereof, term-wise.

As for three-dimensional problems, we remark that the orthogonality property of the
Legendre polynomials in one dimension can no longer be used; a 3D implementation
requires the computation of integrals of general high order (piecewise) polynomials on a
regular mesh, also for the products of the multipliers. Nevertheless, for this integration
problem, assuming affine trace meshes, simple closed formulas exist for each element

integral, e.g., for K N I" a triangle in a local coordinate system (z,y),

)

™y drdy = 2meas(K N [) ———M—
/}(mp y y ( )(2+m—|—n)!

if m,n are positive integers. This is in contrast to the more difficult computation of
integrals of products of low order piecewise polynomials emanating from different (non
matching) grids.

We discuss now possible iterative algorithms for the solution of the algebraic system

arising from the symmetric method (9). Assume that bases for the discrete spaces V" and
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AP are given; then we can rewrite (9) in algebraic form:

Au" + BIAP = £
(33)
Bu" — 0N =0,
where u” and AP are the vector coefficients for u” and AP referred to the chosen bases, f is

the V" expansion of the source term, while the matrices A, B and C are the representation

of the the bilinear forms
(w,v) — a(w,v) := Z/ ki Vw; - Vu; doe — / y(n - k;Vw;)(n - k;Voj)ds,
— Ja, r

(v.1) = blosp) = |

wlv)ds — / yp(n - k;Voj)ds,
r r

and
(v, 1) = e, ) :=/quds,

respectively. Taking o small enough, as stated in Proposition 2 and Remark 2, the bilinear

form af(-,-) is positive semi-definite:
a(v™ o) > C’Z |Uh|§{1(9i) Vol e V.
i

If we are in case of Fig.1, left, where the boundary of each subdomain intersects 92, then
a(-,-) is actually positive definite, whence A is invertible, and we can easily obtain from
(33) the equations for AP

(BAT'B'+C) A\’ = BA™'f. (34)

Note that the evaluation of (BA~!B! + C)AP, as well as the evaluation of BA~f, which
requires the solution of a linear system for A, can be performed in parallel on the two
subdomains, since A is block diagonal. Therefore an iterative algorithm for solving (34)
can be carried out in parallel.

In the situation of Fig.1, right, when the boundary of one subdomain does not intersect
012, the bilinear form af(-,-) is only positive semidefinite. Then we cannot proceed as in
(34), i.e., we can not easily eliminate u” from (33) in parallel. To overcome this difficulty,

more sophisticated iterative procedures, which are based on a suitable modification of
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a(+,-), have been proposed in other contexts (see, e.g., [12]) and could be adapted to (33)
as well. Nevertheless in this context, due to the presence of a stabilizing term (i.e., to
the presence of the positive definite matrix C' in (33)) we can adopt a more standard

approach. Starting from (33), we can eliminate AP , obtaining
(A+B'C'B)u" =f. (35)

Note that C~! is associated with the y-weighted L2-projection on each straight line I'; of
the internal interface I'; therefore, it can be easily computed when an orthogonal basis for
AP is used, as above discussed. Since A is positive semidefinite, C' is positive definite and
Ker(A)NKer(B) = {0}, then M := A+ B'C~!B is positive definite. The splitting of u” as
[ul, U-}(Lz\ ), where ult. are the coefficients associated with the degrees of freedom located

at the interface I, while U-}(Lz\ ;- are the remaining coefficients, induces a corresponding

splitting of M and f:

Mpruaf + Mr,()\ru]})\p =fr
(36)

Mo\ r,ruf + MQ\F,Q\FU?)\F =fo\r.

Since a(-, ) is positive definite when its arguments vanish on I, the submatrix Mg\ o\ r
turns out to be invertible, which allow us to eliminate the internal degrees of freedoms

u?)\r from (36):

(MF,F - Mr,n\rMﬁ\lpﬂ\pMn\nr) uf =fr— MF,Q\FM(_)\lp,_Q\pr\F- (37)

Therefore, we can implement an iterative solver for (37), which can be carried out in
parallel due to the block diagonal structure of Mo\ r o\ r-

We observe that the above discussion remains valid when {2 is partitioned into more
than two subdomains.

We also note that efficient iterative solvers for (34) or (37) need suitable precondition-
ing; this is a relevant topic which is nonetheless beyond the scope of the present work.

In the examples below, unless otherwise stated, we doubled the polynomial degree

for the approximation of A, for every doubling of the number of nodes on the interface,
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starting with p; = 1 on the coarsest mesh. The parameter « was chosen as vl = hmin/ V3

where hyi, denotes the smallest element size along I';.

4.2 Interior domain

We considered the domain 2 := (0,3) x (0,3) divided into one interior domain {2 :=

(1,2) x (1/2,3/2) and one exterior {29 := §2\ 2;. We set k1 = ky = 1,

2
f= 2% sin (mx/3) sin (7y/3),

and boundary conditions such that the analytical solution is
u = sin (wx/3) sin (7y/3).

The initial and final meshes, with the elevation of the corresponding approximate solution,
are shown in Fig. 2, and in Fig. 3 (see also Table 1) we show the corresponding convergence
behavior, second order convergence in Lo—norm and first order convergence in broken

energy norm.

Fig. 2. First and last mesh in the sequence corresponding to Fig. 3.

In contrast, the inconsistent method (6) gives optimal convergence in broken energy
norm but not in Lo—norm, see Fig. 4 and Table 2.

We remark that, in more general cases (e.g., when k1 # k2 and I is only Lipschitz
continuous), the model problem (1) lacks of elliptic regularity. Typically, full elliptic reg-
ularity can only be expected if I" is sufficiently smooth, cf. [9]. Therefore, in general, we

cannot expect optimal convergence in Ly—norm even with the consistent method.
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Fig. 3. Convergence in Ly and in broken energy norm.
Convergence
h Lo —error x 10  Rate Energy error x10?  Rate
0.177 283. - 27.4 -
0.0884 71.1 1.99 13.4 1.03
0.0442 17.8 2.00 6.70 1.00
0.0221 4.41 2.01 3.35 1.00

Table 1. Numbers underlying Fig. 3. The rates are based on the current and preceding values.

Convergence
h Lo —error x 10*  Rate Energy error x10? Rate
0.177 255. — 27.4 -
0.0884 61.5 2.05 13.4 1.03
0.0442 19.8 1.63 6.72 1.00
0.0221 9.46 1.07 3.36 1.00

Table 2. Numbers underlying Fig. 4.

Finally, we give an example showing that the polynomial degree of the multiplier can
grow much slower than the number of degrees of freedom on the interface without loss of
convergence. In Fig. 5 (see also Table 3), we give the convergence resulting from letting

p; = |logh|, in accordance with the discussion after Theorem 2, which gives p; = 4 on
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log(error)

e L2 norm
- - Broken energy norm

Fig. 4. Convergence in Lo and in broken energy norm for the inconsistent method.

-3 2 -1 0
log( h)
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the last mesh in the sequence, much less than the number of nodes on each segment in

the final mesh (cf. Fig. 3). Nevertheless, comparable errors are obtained.

2

log(error)

L, norm
- - Broken energy norm

Fig. 5. Convergence in L2

4.8 The case k1 # Ko

-3 -2 -1 0

and in broken energy norm using p; = | log h/.

Consider solutions to the ordinary differential equation

Z%(”

) =15 u(1/2)] =0 G 1/2) = o

du1
dx
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Convergence
h Lo —error x 10*  Rate Energy error x10?  Rate
0.177 283. - 27.4 -
0.0884 71.1 1.99 13.4 1.03
0.0442 17.8 2.00 6.70 1.00
0.0221 4.41 2.01 3.35 1.00

Table 3. Numbers underlying Fig. 5.

The domain is (0,1), with an interface at = = 1/2. While this is a one-dimensional
problem, we solved it numerically in 2D on the domain (0,1) x (0, 1), with zero Neumann
boundary conditions at y = 0 and y = 1. The equation has a closed-form solution that,

for homogeneous Dirichlet boundary conditions at x = 0 and x = 1, is given by

(3K1 + Ka) x z? ko — K1+ (3K1 + K2) T x?
ur(r) = +— — o, u(r) = 5 -
4k +4K1K2 2K 4 k5 +4 K1 Ko 2 Ko

We chose k1 = 1/2, ko = 3.

The initial and final meshes, with the elevation of the corresponding approximate solu-
tion, are shown in Fig. 6, and in Fig. 7 we show the corresponding convergence behavior,
again with second order convergence in Lo—norm and first order convergence in broken

energy norm (see also Table 4).

W\
N
N

DR
R
N

Fig. 6. First and last mesh in the sequence corresponding to Fig. 7.
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log(error)
~

—o— L _norm
10+ - o= Broken energy norm

6 5 4 2 1 0

-3
log( h)

Fig. 7. Convergence in Lo and in broken energy norm.

Convergence
h Ly —error x 10° Rate Energy error x10®  Rate
0.125 194. - 26.8 —
0.0625 47.5 2.03 13.4 1.00
0.03125 114 2.06 6.72 1.00
0.015625 2.66 2.10 3.36 1.00

Table 4. Numbers underlying Fig. 7.
4.4 Non-constant conductivity

In the last numerical example, we use the same domains as in Example 4.2, but with
quadratic approximation, nonconstant conductivity,
k= (1+2)%(2+sin(l +y%)),
and also with the symmetric variant of the method (choosing the normal fluxes from the
exterior domain). We used a source term
f=02r(1+2)(=3(1+z)y cos(my/3) cos(1+ y?)sin(m x/3)
—3 cos(mx/3) sin(ry/3)(2 + sin(1 + y?))+
7 (14 ) sin(r 2/3) sin(ry/3) (2 + sin(1 + y2))))/9,

corresponding to the exact solution

u = sin(w x/3) sin(my/3).
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Convergence
h Lo —error x 105 Rate Energy error x10°  Rate
0.25 1700. - 91.2 -
0.125 198. 3.10 22.9 1.99
0.0625 24.5 3.01 5.82 1.98
0.03125 3.05 3.00 1.47 1.99
Table 5. Numbers underlying Fig. 8.
Again, we used p; = |logh|, and for this example we also used high order quadrature

instead of exact integration. In Fig. 8 (see also Table 5) we give the obtained, and expected,

convergence behavior: third order convergence in Lo—norm and second order convergence

in broken energy norm.

log(error)

o L2 norm

- © - Broken energy norm

-3 -6 -4

-2 0
log( )

2

Fig. 8. Convergence in Ly and in broken energy norm.

5 Concluding remarks

We have introduced and analyzed a new stabilized Lagrange multiplier method for inter-

face problems. The basic idea in this method is to avoid integrating products of piecewise

function from the two trace meshes, and instead use a global polynomial for the multiplier.

It should be pointed out that the stability of our method is not related to the globalness
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of the polynomial; if a global polynomial is not feasible, some other simple approximation
on the interface could be chosen (though we have not analyzed the convergence of other
choices). A typical example could be a multiplier space consisting of piecewise constant
multipliers on a structured Cartesian grid. The main point is avoiding Le—projections
between unrelated and unstructured meshes.

Future work will focus on elastic contact problems where, typically, discrete Lagrange
multipliers in the nodes of the trace mesh(es) are used. With a distributed multiplier
approach, such as the one suggested here, the need for carefully selecting a master surface
(from the point of view of the discretization of the surfaces) will be alleviated since the

multiplier space will not be tied directly to the discretization of the contact surfaces.
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