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Projection stabilization applied to general Lagrange multiplier finite element methods is introduced and ana-
lyzed in an abstract framework. We then consider some applications of the stabilized methods: (i) the weak
imposition of boundary conditions, (ii) multiphysics coupling on unfitted meshes, (iii) a new interpretation
of the classical residual stabilized Lagrange multiplier method introduced in Barbosa and Hughes, Comput
Methods Appl Mech Eng 85 (1991), 109-128.  © 2013 The Authors. Numerical Methods for Partial Differential
Equations Published by Wiley Periodicals, Inc. 30: 567-592, 2014
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. INTRODUCTION

The use of Lagrange multipliers to impose constraints in the finite element method is a well-known
and powerful technique. To obtain a stable method, the finite element spaces for the primal vari-
able and the multiplier must be carefully matched so as to satisfy an inf-sup condition uniformly
in the mesh parameter (see Babuska [1], Brezzi [2], Pitkdranta [3, 4]). If an unstable pair is used,
stability can be recovered using a stabilized method [5, 6].

In many cases such as when imposing incompressibility for flow problems, there are several
choices available, both to design inf-sup stable velocity-pressure pairs (see for instance [7]) and to
design stabilized methods for pairs that do not satisfy the inf-sup condition. A class of method that
has been particularly successful recently are projection stabilization methods. Loosely speaking
such methods ensure stability by adding a term that penalizes the difference between the pressure
solution and its projection onto some inf-sup stable space [8—11].

Recently, there has been renewed interest in Lagrange multiplier method in the context of
imposing constraints on embedded boundaries and multiscale or multiphysics coupling problems
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[12-16]. Also, here care must be taken to chose pairs of finite element spaces that satisfy the
appropriate inf-sup condition, in order to avoid spurious oscillations or locking.

In some of these cases, although the choice of stable space is known, it may be inconvenient.
Either the spaces may be very complicated to design or use from an implementation point of view,
or the multiplier space simply is too small to give sufficient control of the constraint. Here, the
state of the art method for stabilization is the residual-based formulation introduced by Barbosa
and Hughes [5]. This method has been shown to be closely related to Nitsche’s method, in cases
where the Lagrange multiplier can be eliminated locally [17]. It can also be applied for interface
coupling proplems, with a large flexibility in the choice of multiplier space, see for instance [18].

It appears that the idea of projection stabilization, that has been very successful for Stokes’ prob-
lem, has not yet been exploited to its full potential in the context of other type of problems featuring
Lagrange multipliers. However, it appears that such an approach can give certain advantages.

* For domain decomposition with nonmatching meshes, it allows for the use of a Lagrange
multiplier that is defined on a third mesh which can be chosen arbitrarily (typically struc-
tured). In this case, the stabilization operator only acts on the multiplier space, see [19].
This reduces the problem of interpolating between two fully unstructured meshes to that of
interpolating from two unstructured meshes to one structured mesh.

* Another example is fictitious domain methods where the multiplier can be chosen piecewise
constant per element and distributed in the interface zone if projection stabilization is used
[20]. This choice is advantageous from the point of view of implementation, but normally
prohibited as the inf-sup condition fails [21].

* Compared to Nitsche type methods or the Barbosa—Hughes stabilized method the projection
stabilized multiplier method does not use the trace of the stress tensor explicitly. This is
particularly advantageous in the nonlinear case, as the nonlinearity then appears only in the
bulk and not in the interface terms.

Stabilized Lagrange methods seem to be attracting increasing attention, in particular for the
imposition of embedded Dirichlet boundary conditions [13, 20, 22—-24]. It is interesting to note that
the extension to extended finite element (XFEM) type interface coupling methods is practically
always straightforward.

The focus of the present article is on the generality of this type of method. We prove a well-
posedness result for discrete solutions and a best approximation result in an abstract framework.
Then, we show how to apply the ideas to the analysis and design of stabilized Lagrange multi-
plicator methods first in the simple case of the weak imposition of boundary conditions and then
sketching an unfitted finite element method for multiphysics coupling.

As a last example of the applicability of our framework, we give a new interpretation of the
nonsymmetric version of the method of Barbosa and Hughes [5], for the imposition of boundary
conditions. In these methods, the stabilization acts on the difference between the multiplier and
the gradient of the primal variable. Using a recent stability result for the penalty-free, nonsymmet-
ric Nitsche’s method [25], we show that the nonsymmetric version of such stabilized Lagrange
multiplier methods are in fact closely related to projection stabilization methods by the inf-sup
stability of the Lagrange multiplier space consisting of normal gradients of the primal variable
on the boundary trace mesh.

As a model problem, the reader may consider the Poisson problem set on an open connected
domain Q C R?, d = 2,3, with polygonal (or polyhedral) boundary. Find u : & — R such that

—Au=f inQ
u=0 onadQ. 1.1)

Numerical Methods for Partial Differential Equations DOI 10.1002/num



PROJECTION STABILIZATION OF LAGRANGE MULTIPLIERS 569

The weak formulation of this problem, using Lagrange multipliers to impose the boundary
constraints, takes the following form: find (uz,1) € H! (Q) x H -3 (02) such that

Jo Vu - Vvdx + [, dvds + [, puds = [, fvdx

: i (1.2)
Vv, u) e H (Q) x H 2 (3Q).

We will frequently use the notation a b for a < Cb where C is a constant independent of the
mesh-size, but not necessarily of the local mesh geometry. We also assume quasiuniformity and
shape regularity for all meshes.

Il. ABSTRACT SETTING

We will here give an abstract framework for this type of method to give some understanding of
the underlying idea. Our aim is to make the simplest possible framework. Let

a(,):VxV—->R
and
b(,):LxV —>R

be two bilinear forms representing the partial differential operator on weak form and the constraint,
respectively. The abstract formulation then writes: find (u,A) € V x L such that

a,v) +b,v)+b(u,u)=(f,v) 2.1

for all (v, u) € V x L. We assume that the spaces V and L are chosen such that the problem is
well posed. First, we assume that the bilinear forms satisfy the following continuities

a@,v) Slullyvllvlly, VYu,veV

b (A, v) SIIAlILlvlly, YA € LandVu € V
and secondly that the form a (u, v) is coercive on the kernel of b (X, v), that is,
||v||%,§a (v,v),forall vsuchthath (u,v) =0, VYu € L.

Finally, we assume that the Babuska—Brezzi condition is satisfied so that VA € L there holds

b(x,v)
Al Ssup .
vev |V]ly

Example 1. In the case of the Poisson problem (1.1) above the bilinear forms are given by the
weak formulation (1.2) as

a(u,v) = / Vu - Vvdx, 2.2)
Q
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570 BURMAN

and

b(A,v) = / Avds. 2.3)
a0

The spaces are given by V := H' (Q) and L := H? (092).

Now, consider the discretization of the problem (2.1) in V, C V,L, C L. We assume that
these spaces satisfy the discrete version of the inf-sup condition uniformly so that VA, € L, there
holds

b (A, v
a1 S sup 2 tn),
v eV ||vh||V

2.4)

It is known [26, 27] that the discrete inf-sup condition is equivalent to the existence of an
interpolant 7 : V — V,, such that for any v € V there holds

b(w—mpv,up) =0 VYu, €Ly, and ||mev|lySlvlly. (2.5

We introduce norms defined on functions in the discrete spaces || - ||, and || - ||y, and assume
that the bilinear forms also satisfy the following continuities,

a (up,vp) < lupllv, lonlly,,  Vup,v, €V,

b (A vn) < 1Al llvnlly,, YAy € LyandVuy, € V).
We will also assume that ||v, ||y Sllvp||y, for all v, € V.
Example2 ForV, C H'(Q)and L, C H’%(BQ) N L?(3R)), we may take
el 1= 1102 a2
and
lvally, = 11Vl 2@ + AT 0l 200,
It follows immediately by the Cauchy—Schwarz inequality that the following continuities hold
a (up, vp) Sllupllv, vlly,  Yup,vp € Vi, (2.6)
and
b (s vn) SHAallz, lloally,  YAu € Ly, Yy, € V. 2.7
This leads to the following formulation: find {u,, 1,} € V}, x L, such that
a (up,v) + b Ay o) — b (up, ) = (f,vn) s VA{vn, unt € Vi x Ly (2.8)

Then, we know that the discrete problem is well posed and we may prove optimal convergence
provided the spaces have optimal approximation properties. We will denote the kernel of b (-, -)
by

Ky ={v, € Vi, 1 b(up,vn) =0,y € Ly}

Numerical Methods for Partial Differential Equations DOI 10.1002/num



PROJECTION STABILIZATION OF LAGRANGE MULTIPLIERS 571

Consider now the case where we do not want to use the space L, because it leads to incon-
venient interpolation problems. We want to work with the possibly completely unrelated, richer,
space A, C L, for which no stability is known to hold, but which is convenient from the point of
view of implementation. We also assume that there exists a projection 7, : A, — L, so that the
following continuity holds forall v € V,

b (M — 7w A, v) SHAw — i dall, ]y 2.9

This is a technical assumption that only constrains the choice of 7, used in the analysis and
not in practice, as we shall see later. When the Fortin interpolant is used for the analysis as we do
here this assumption is convenient as otherwise one must work in the norm || - ||, when designing
the stabilization term. Under (2.9), one may use the discrete norm directly. An alternative route
for the analysis is to use a discrete inf-sup condition in the discrete norm and associated analysis.

Instead of (2.4), we then have the following stability property.

Lemma 2.1 Forall A, € Ay, , there holds

b (Ap,vp)
[l 1L S sup —

+ [[An — L AnllLy,
v, eV ||vh||V

where wp © A, — L, denotes an interpolation operator from Ay, to Ly, such that (2.9) holds.

Proof. By the continuous inf-sup condition there holds for all 1, € Ay,

b (Ap,v)
A2 Ssup——=2
veV ||U||V
As A, € Ly, the condition (2.4) holds and hence by (2.9)
b (hy — 7L b b (T,
gl Ssup? G = ek ©) + b (T, 7rv)

veV ||v||V

b (A, TpV)

llmrvlly

SHAp = o dnlle, +

We may then add and subtract A, in the last term in the right-hand side to obtain using (2.9)

b(mphy,mpv) b Ay, wpv) +b (LA — Ay, TEV) b (Ap,vp)
= SHAn = o dpllz, + sup —————.
llrvlly [lrvlly wevy vnlly

This means that, provided that we can control the distance [|A; — A4 ]|;, from the approxima-
tion in the space A, to the space L, , which satisfies the Babuska-Brezzi condition, we will have
stability using the space A,. The simplest way of obtaining this is to add a symmetric operator
s (An, Up), designed so that
<5 (An, Ap) (2.10)

~

2
[|An — T[L)\hHLh

to the formulation (2.8). Since the effect of s (-, ) is to reduce the effective dimension of the space
A, it can be thought of as a coarsening operator.
This leads to the stabilized formulation:

a (up, vp) + b (A, vp) + b (p, ) — 5 (g, o) = (f, vn)
forall (v, wy) € Vi, x Ay,. (2.11)
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572 BURMAN

The signs in (2.11) have been chosen so as to preserve symmetry, note, however, that the prob-
lem is indefinite due to the saddle point structure. For the operator s (-, -), the following design
criteria are advantageous:

* minimal dependence of the stable subspace L,
* the smallest possible stencil
* optimal weak consistency.

Often s (-, -) may be chosen as the jump of the function or of function derivatives over element
faces in the multiplier space and we will explore this possibility further below.

When we work with the multiplier space A, it is no longer sufficient to assume that a (u;,, v;)
is coercive on the kernel K, of b (A;,v,), for A, € A,. Indeed, the stabilization term could upset
the coercivity. To ensure that the constraint remains strong enough compared to the penalty term
we assume that for all u;, € V), there exists &, (u,) € A, such that

Ols||14h||%/h <a (up,up) + b (&, (up),up)
S (un) & ) ? < cllunlly,, (2.12)

where ¢; can be made small by choosing the stabilization parameter small. &, (u},) is related to the
constraint that one wishes to impose. For the case of weak boundary conditions typically &, (u,)
is the projection of the trace of u, onto the Lagrange multiplier space as we shall see later. We
first state and prove the obtained coercivity result in a lemma and then conclude this section by
our main theorem, showing a best approximation property for the formulation (2.11). ]

Lemma 2.2 Forall {u,, ,} € V), x L, there holds

||Mh||%/h + 5 (ks M) Sa up, up) + b Ay up) — b (ki — & (un) ,un) +5 oy by — & (up))
(2.13)

Proof. Starting from the right-hand side of (2.13) we have using (2.12) and an arithmetic-
geometric inequality

a (up,up) +b pyun) —b oy — & (up) sun) +5 (ny A — & (un))
1 1
> g lunlly, + o (A M) — 55 (&n (un) , En (up)) .
Using now the second inequality of (2.12) we may conclude, assuming ¢, small enough. m

Remark. If &, (u,) may be chosen such that s (¢, () ,v,) = 0, Vv, € Ay, then (2.13) holds
without constraints on ¢ .

Existence and uniqueness of a solution {u,,,} of the system (2.11) as well as the best
approximation result are consequences of the Lemmas 2.2 and 2.1 as we now show.

Lemma 2.3 Assume that the coercivity condition (2.12) holds for V,, x A, and that there exists
a space Ly, such that the condition (2.4) holds for the pair V), x L;. Then, the system (2.11) admits
a unique solution {uy, Ay }.
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Proof. As the left-hand side of (2.11) represents a square linear system, it is sufficient to
show that f =0 in (2.11) implies {u,, 1,} = {0,0}. By Lemma 2.2 and Eq. (2.11), we have

unlly, + 5 Gons n) =0 (2.14)

by which we conclude that u;, = 0. Once again by (2.11) we then have b (A, v;) = 0 for all
v, € V,,, which we may use together with (2.14) and (2.10) in (2.4) to conclude that 1, =0. =

Theorem 2.4 Assume that the coercivity condition (2.12) holds for V}, x A, and that there exists
a space Ly, such that the condition (2.4) holds for the pair V,, x L, . Then, the solution {uy, A} of
the system (2.11) satisfies the following best approximation property

. . 1
i = wnlly + 113 = 2lle S inf lle = yilly + inf (112 = ville + s ).
yheVy vpEA

Proof. Assume that u;, and X, exist. Now by the triangular inequality
u —uplly < llu —mpully + |lmru — uplly,,

where 7 is the Fortin interpolant associated to the spaces V,, x L. Set n, = u, — mpu and
¢ = Ap — v, By Lemma 2.2, we have

[l 15, + 5 (G &)
Sa u, n) + b Cnnn) — b (& — & n) s ) + 5 Cns & — &1 (1)) - (2.15)

Subtracting (2.11) from (2.1) with v = v;,, u = Uy, gives the Galerkin orthogonality
a( —up,vp) +b A=Ay, vp) + b (up,u —up) +5 Ay, py) =0. (2.16)

Taking v, = 1, and w;, = — (& — &, (,)) in (2.16) and adding the left-hand side of (2.16) to
the right-hand side of (2.15) yields

mnlly, + 5 @Chs &) Sa (u — mpu,mi) + b (= v, )
—b (&h — &n () s u — Tpu) + 5 (Vs & — & () - (2.17)

Since b (uy,,u — wrpu) = 0 for all u;, € L, there holds

||77h||%/h +5 (G, &) Sa w —spu, ) +b (A — vy, ) +b & (1) — &y (), u — wpu)

—b (& — L8 u — mwpu) +5 (Vi & — & (M) -

Using the continuity (2.9), we have

b & () —7rn (), u —wpu) — b (& — wplp, u — Tpu)
S (||§h (mw) — & ) e, + 116n — 7TL§h||Lh) [lu — wrpully
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and together with the continuity of a (-,-) and b (-, -) and the bound ||7,||v SIIn4lly, this leads to
mall3, + 5 G &) S (e = swrully + 1A = vill) Hnally,
+lu — wrully (11E 1) — 7€ ) e, + 1180 — 7nllL,)
s (5@ e + 56 @) 6 )?). 2.18)

Using the upper bound ||, — 71 & | %h <s (¢n, ¢) of (2.10) and (2.10) combined with the second
relation of (2.12) to obtain

1€n () — 7eLén () [, Ss 6 (1), € (nh))%SIInhllvh

we observe that
1
[l 3, +5 @ &) S (Il = 7pully + 113 = vills + 50 )

1
2

x(1mll, +5 @) (2.19)
This gives the following upper bound for ||7,]y,
il + 5@ &2 Sl —wpully + inf (112 = ville + 5002 ).
By the stability of 7 we have, for v, € V,,
llu — swrully < [lu—villy + llvp — 7rully
= llu —vlly + Il (up —w) [lv Sl — vally. (2.20)

‘We conclude that

1 . . 1
lu —uplly + 5, )2 S inf [lu — v,lly + inf (||)L—V11||L+S(Vh,vh)2>-
vREV) vREN

For the bound on A — X, we use the triangle inequality to write
A = Anlle < 1A = valle + 11SallL

followed by the result of Lemma 2.1:

b (&, vn) b (Cn,vp) 1
a1 S sup =222 118, — 708l S SUp =2 4 5(Chy £1) 2.
v eV ||vh||V v €V ||vh||V

As we already have the desired bound for the stabilization term, we only need to consider
the first term of the right-hand side. By the Galerkin orthogonality (2.16), with @, = 0 and the
continuities of the bilinear forms we have

b (Cnvp) =b A —vpvp) +a (u —up,vp) SUIA = vl + N — uplly) vl ly.
We deduce the upper bound on |||,

1
N llL SHA = il + Nlu — uplly + 5(Cns n) 2. (2.21)

This concludes the best approximation result. ]
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PROJECTION STABILIZATION OF LAGRANGE MULTIPLIERS 575
lll. STABILIZATION USING JUMP PENALTY OPERATORS

The design of the stabilization operator s (-, -) is important, indeed if the construction of the pro-
jection 1, requires a too detailed understanding of the inf-sup stable space L, the advantages of
the stabilized method may be lost. Typically, this is the case if 77, is chosen to be the L2-projection.
Fortunately, there are some operators that can handle a relatively large set of spaces {L,, A, }. The
two natural choices are local projection stabilization or interior penalty stabilization. Herein, we
will only discuss the second choice. For examples of local projection stabilization methods that
can be used in this context we refer to [24, 25, 28] where such methods have been proposed in a
different context. The extension to the present case is straightforward. Below, we will focus on
the construction relevant for weak imposition of boundary conditions. The extension to domain
decomposition is straightforward. We assume that b (-, -) is defined by (2.2).

We consider only one side I" of the polygonal boundary d€2. Denote the trace mesh of V), by
I'y. Let the space L, be defined on a trace mesh I,

Ly:={l, € L>(TL) : lylx € P (K) VK €T},
and A, on a trace mesh I,
Ay = {h € L* (Ta) : Ml € P (K) VK € Ty}

The mesh function on the trace meshes will be denoted & x, with X = V, L, or A. We assume
that there are positive constants ¢y, ¢, and ¢z such that

hra (x) < cihry (x) < chryp (x) < cshra (x), forallx €T

We first note that using these spaces it is straightforward to design r; so that (2.9) holds, the
only requirement is orthogonality against constants on the elements of I'; . Indeed, if 7, is chosen
as the L?-projection on L, it follows from the definition of || - ||, that it can be replaced by any
interpolant in L, using the stability of the L?-projection and the quasiuniformity constraint on
the mesh parameter

2 2 - 2
An — e dally, < E chrolglldn — L dnll ]2 ) = Ullellf E cahr Lk llAn — vall 2 4 -
Kel'p, h=Fh Kel'p,

It follows that v, may be chosen as any interpolation of A, in L, . For imposition of boundary
conditions and more generally for domain decomposition methods, the classical condition for
inf-sup stability is that i, > Chry for some constant C > 1, (see [1]). Using the projection
stabilization, this condition may be relaxed for the space Aj, as the stabilization controls the
unstable modes. The relative difference in mesh size should be accounted for in the stabilization
parameter to tune the constant of the inf-sup condition. Numerical evidence, however, indicate that
this dependence is relatively weak. Assume for simplicity that hr , < hr . Let the interpolation
operator 777 : A, — L, denote the quasi interpolation operator such that for u;, € A,

Truy, (x;) = N;l Z uy (x;) |, forallnodesx;of 'y,

{kerp:mxek}

Numerical Methods for Partial Differential Equations DOI 10.1002/num



576 BURMAN

where N, denotes the cardinality of the set {K € 'y : x € K}. Now, consider any element in the
trace mesh K € I'; and map it to a reference element K, . Also, map the subset I'), for which

I, := {K': K'N Kr # @} and denote the interior faces of ', by . It then follows that

W = Fodally, o = > Z/ 193,045,

Fer’ i=0

where [[x]] denotes the jump of the quantity x over an element face, with [[x]] = O for faces on
the boundary and 9’ denotes the normal derivative of order i, with n the outward pointing normal
from the element K’ and with 8,?, defined to be the identity.

This upper bound on the reference element follows by the observation that if the jump of A
and all its normal derivatives are zero, then kh is a polynomial over all of Kr, but as 77, inter-

polates this polynomial (Ah — nLAh) |¢. = 0. To show that A is a polynomial over all of Kr,
it is enough to consider one face F apd the associated elements such that £ = K 1 N 122. We
choose the coordinate system so that F C {(%, ) : § = 0}. We let p; (£, §) = A4l and define
the polynomial § py (£, $) = p; — p» on K, U K,. We must then show that

8pr (£,9) =0 =0,Vi € F s a
8;;5pp(£,§))|;:020,i:1,...,k,V)?EI:" — dpr (£.5) =0.

This is straightforward by noting that a polynomial of order k has (k + 1) (k 4+ 2) /2 degrees
of freedom and that §pr ()? )3) ly=o = 0 implies k+ 1 independent equations and that for each
i €({1,....k} the relation 38 py (%, 3) |y—o = O gives k — i + 1 independent equations. Summing
up the independent equations, we get

k+ D) (k+2)

k
k+1+) (k—i+1) >

i=1
and we conclude that é pr ()?, )3) = 0. It follows that i, is defined by one polynomial over K UK,.

The result on K is obtained by repeating the argument for all faces FeF.
After scaling back to physical space and summing over all elements in ['; we obtain, if F,
denotes the set of interior faces in ",

WA = Zdall}, < D Z/ RO+ 95, ] ds.

FeFp i=0

The order s, depends on L, and follows from the scaling argument, in our example where

. 1 . .
the L;, -norm is the h2-weighted L?-norm over I we have s, = 2. We conclude that the interior
penalty stabilization operator may be written

s Gus ) == ) Zf o2 [9i,]] [0 ] ds.

FeFyp i=0

It may be inconvenient to compute all normal derivatives up to polynomial order and an equiv-
alent local projection approach may be used instead as suggested in the references given above.
Observe that above we have assumed that A, and L, have the same polynomial everywhere in
the domain. If this is not the case the analysis has to be modified accordingly.
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IV. PENALTY STABILIZATION OF LAGRANGE MULTIPLIER FORMULATIONS:
APPLICATIONS

As an example of the above theory, we recall a stabilized method introduced as a fictitious domain
method in [19] and using the results of [21] for the underlying stable spaces. Here, we will first
present the method in the simple case of weak imposition of boundary condition and then pro-
pose an extension to unfitted finite element methods. Both cases are considered in two space
dimensions, but the extension to three dimensions is straightforward.

A. Weak Imposition of Boundary Conditions

In this section, we will consider the problem (1.1), that we recall here for the readers convenience.
Let © be a bounded domain in R?, with polygonal boundary 9€2. The Poisson equation that
we propose as a model problem is given by

—Au=f inQ
u=g ond2 4.1

where 3Q denotes the boundary of the domain @, f € L?2(Q),and g € H > (0€2). Under these
assumptions (4.1) has a unique solution u € H' () satisfying ||u| L@ SIfIl 2. As already
suggested, we define V := H' (Q) and L := H? (092).

The usual L?-scalar product on the domain  will be denoted by (-, ), or on the boundary
(-, )5 We also introduce the discrete norms

2 -1 2
M g = 0 A Adage IRIP 0 = (hhA)ag
and
2 . 2 2
18 2= 11Vl g+ Nl

Recall that VA, u € L? (3R2) there holds

The weak formulation of the problem is given by (1.2) with a (-, -) defined by (2.2) and b (-, -)
by (2.3).

Finite Element Formulation. We introduce a triangulation 7, fitted to the boundary of .
The set of faces of triangles that form the boundary 9<2 of €2 is denoted F.
We will use the following notation for mesh related quantities. Let hx be the diameter of K
and & = maxge7, hg. We introduce the finite element spaces
Vii={veH (Q) :vlx € P (Q).VK € T}
and

Ay = {pn e L* Q) : ulr € Py(F) ,VF € F}.
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It is known that this choice of spaces does not satisfy (2.4).
The standard finite element formulation reads: find u; € V,, and A, € A, such that

a (up, vp) +b A, vp) + b (i up) = (f,vp) + b (y, g)  forall (vs, up) € Viy x Ay (4.3)

Assume that L, denotes a coarsened version of A, L, C A, such that the inf-sup condition
is uniformly satisfied for the pair V), x L,, we know that this is always possible if L, is chosen
coarse enough, that is, if H denotes the mesh size of L, thereholds H > ch, for some ¢ > 1
and we assume that there exists a positive constant ¢y such that cy H < h. We let 7, denote
the L2-projection on the space L, . As proposed in the previous section, we may stabilize the
formulation (4.3) by adding the penalty term

S (Mg, ) = (b (A — L Ap) , on — 7TLlih)aQ-

Clearly, the space A, is more convenient to work in as it does not require any special meshing
of the boundary. If we now let X' := {x;} be the set of all the mesh nodes in 92 excluding corner
nodes. Then, there holds, by the arguments of Section III

2 2 2
1A =7 hnlP g, g < € D B IDGTIE,
xjeX
This prompts the stabilization operator
s Q) =Y W2 (D1, [adl s,
xJ'GX

Observe that penalizing the jump of A, over a corner node leads to an inconsistent method
even for smooth u, as A will jump across the corner due to the jump in the boundary normal. The
stabilized method reads: find u;, € V,, and A;, € A, such that

a (up,vp) + b Ay, vp) + b (g, up) — s (hpsy )
= (f,vn) +b(uy,g) forall (vy, wy) € Vi X Ay. 4.4

We will outline the analysis of the penalty stabilized Lagrange multiplier method using the
abstract framework derived in Section II.

Satisfaction of the Assumptions of the Abstract Analysis. 'We may now use the abstract
analysis of Theorem 2.4 combined with Lemma 2.1 to prove a best approximation result. We will
use the discrete norms

etnllvy = Hanllons HAnlle, o= 1AL -

By assumption L, satisfies the inf-sup condition (2.4), for 77, defined as the L?-projection on
the piecewise constants (2.9) holds and hence we have the stabilized inf-sup condition (IL.1). It
is easy to see that the continuities (2.6) and (2.7) hold. The condition (2.12) also holds by taking
&, (up) :=8h~'m u,, where § € R*. The satisfaction of (2.12) now follows from the construction
of s (-, -), the quasiuniformity between H and A, the stability of the L2-projection and the definition
of the L, and V,, norms,

1 _
cos En (up) & ()2 < [|h ' mpuyllr, < ||Mh||%,h,3g =< lunlly,- 4.5)

Numerical Methods for Partial Differential Equations DOI 10.1002/num



PROJECTION STABILIZATION OF LAGRANGE MULTIPLIERS 579

The second relation of (2.12) is satisfied using the approximation property of the projection
Ty
[lup — 7TLMh||%,;,,39 =< col|Vuy, x nyell_1

5009

and a discrete trace inequality ||Vu, x nasz||_%,h,39 < c/lIVupll 2y, leading to

2 2 2
+2¢’Ocr||Vuh||L2(m.

(4.6)

2 2 2 2
a1} < 2t = 7010111, s+ 20wl 0 < 2Nmiual ],

It follows that

2 2 2 $ 2
a (u,up) +b & wy) s un) = (1= cgerd) [IVunllja g + EH”hH%,h’aQ

and hence for § < ¢;”c;? the coercivity assumption is satisfied.

We conclude that the assumptions of Theorem 2.4 are satisfied and that the formulation (4.4)
is wellposed and satisfies a best approximation result.

B. Unfitted Finite Element Methods and Multimodel Coupling

Here, we will consider the coupling of two models of elasticity over a smooth interface that is not
fitted to the computational mesh. This type of method can be useful for problems where the inter-
face itself is an unknown and repeated computations have to be performed with different interface
positions, for instance for transient problems where an interface moves through the mesh or for
inverse identification where the interface will move during iterations.

We consider a geometrical setting where a polygonal €2 is decomposed in two subdomains,
2 and €2, and a separating interface I". In each subdomain €2; we consider the following partial
differential equation:

V.o (u)=f, in¢

where u; € V; = [H‘ (S2,~)]2 denotes a displacement field, o; (#;) € [H (div; Q)]? the stress
tensor and f € L2 () the applied force. Across the interface we assume that the following
matching conditions hold

up —uy =0, (01 (1) — 02 (u2)) - nr = 0.
For simplicity, we assume that « =0 on the outer boundary 9<2. Let
V.= {(UlsUZ) € Vi x Vi i vilagroe = 0}

and L be the dual space to the space of traces of V on I'. We propose the following norm on V:

2
llully =Y IVullg, + llu = sy - 4.7)

i=1

Numerical Methods for Partial Differential Equations DOI 10.1002/num



580 BURMAN

We assume that the following coercivity and continuity properties hold for the continuous
problem. There exists positive constants g, &1, M such that

2
a0 DIVl = D2 (0 @) Vieg, + il By ra) + s = w2l ¥ (ur,w2) € Vi x Vo
i i=1

(4.8)
2
anllully, <D (05 (). Vitr)g,, Yu€{veV: (v, — vy =0,Yv e L}, 4.9)
i=1
2
> (0 ). Vg, | < Mllullyllvlly, Vu,veV. (4.10)

i=1

Note that (4.8) typically implies a Korn’s inequality and that (4.9) is a consequence of (4.8), the
boundary and interface conditions and the Poincaré inequality. We propose a weak formulation
using Lagrange multipliers that takes the form, find (#,1) € V x L such that

a@,v) +b,v)+b(u,u)=(f,v) forall(w,u)eV xL, 4.11)

where

2
au,v):=Y (0 ), Vv)g, b0,v)= % v —v) (4.12)

i=1

Note that the continuity b (A, v) < M,||A||.]|v]|y holds. If in addition to (4.8), (4.9), and
the above continuities we assume that o; (u;) are linear, this formulation is wellposed by the
Babuska—Brezzi Theorem (see [1, 2]). Observe that there are some differences in the functional
analytical framework depending on whether or not I' intersects the Dirichlet boundary. These
differences are irrelevant for the present discussion and will be neglected.

Finite Element Formulation. Consider the mesh family {7}, where we let 7, := {K} be a
triangulation of €2 that is constructed without fitting the element nodes or sides to the interface
I". For any 7}, we now extract two subtriangulations, 7; := {K € 7, : K N Q; # @},i=12. We
define two finite element spaces, one for £2; and one for €2, by

Vip :={v eV :vlx € [P (K)I*,VK € T;and v|yonz; = 0} .

Let Gh = {K €T, KNT # Q}. We assume that the mesh is fine enough so that, for all
K € G,,TNK canbe approximated by a line segment, i.e. that I" intersects the boundary of K in
two points and that there exists ¢ > 0 so that meas (I' N K') < ch for all elements and all meshes.

Observe that the finite element functions extend to all of the mesh domain 7; which can lead to
conditioning problems if there are elements in G, with very small intersection with the physical
domain. On the set G, we define the following multiplier space

Ay = {A,, c [LZ (é,,)]z alk € [Py (K)IP,VK € Gh}.
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The Lagrange multiplier is defined on the same elements as the primal variables and hence
has been extended in space, the advantage of this is that the stabilization of the multiplier can be
designed on the standard volume elements (here in R?) and we do not need to consider a trace
mesh of T".

The finite element method once again is on the generic form find u, := {u,1, up2} € Vipx Vo, =:
V, and A, € A} such that

a (up,vp) + b Ay, vp) + b (p, up) — s (Mg, o) = (f,vp)  forall (v, wy) € 'V, x Ay, (4.13)

where the bilinear forms a (-,-) and b (-, -) are defined by (4.12) and s (-,-) will be detailed
below. We know that if we instead looked for A, in a space L, defined on macro elements with
diameter H such that H > c,h, with ¢, sufficiently large the inf-sup condition would be sat-
isfied. We also assume that there exists ¢y > 0 so that cy H < h. We assume that the space
L, is constructed by assembling elements in G, into macro patches F; such that for every
jH <meas (F;NT) < H + h. By the constraints on the mesh with respect to the interface, we
may conclude that the cardinality of the set {K cKNF; # @} is upper bounded uniformly in j
and h by some M € N*. To each boundary patch F; , we associate a shape regular macro patch
a); C ; consisting F; N €; and a sufficient number of interior elements K C 7;;, N ; so that
meas (a)’J N SZ,-) =0 (H 2). It follows by construction that Ej N 55 = F; and we assume that for
fixed 7, the interiors of the patches wj are disjoint. The rationale for the patches ', is that for all

u; € H' (') the following trace inequality holds
_1
H 2||“j—JTLMmew;, SCP||VMj||w; (4.14)

where 7, denotes the projection onto piecewise constant functions on F; and cp is independent
of the mesh interface intersection. This inequality is proven by mapping to a reference patch @,
there applying a trace inequality followed by a Poincaré type inequality (see Corollary B.65 of
[27]) and then mapping back to the physical patch a)j., using the shape regularity of the patch for
uniformity. For completeness, we sketch a proof of the construction of the Fortin interpolant in
appendix. Observe that using the stable pair V,, x L, and taking s (-,-) = O then leads to a best
approximation for the inf-sup stable unfitted finite element method using Theorem 2.4.
As before, we get the abstract stabilization operator

s (Mg, ) = (b (A — L Ap) 5 oy — TOL MR ) - (4.15)

In practice, as we do not want to be concerned with the construction of L,, we apply the ideas
of Section III and instead work with the operator

§ G ) 1= Z / B - ) ds, (4.16)

IK\OG,

where [[x]] denotes the jump of the quantity x over the interior faces of the elements in the set
Gy.

Remark. Note that although the operator of (4.15) is defined on I', the operator (4.16) is defined
on the interior faces of elements in G;,. This convenient trick introduced in [19], allows us to use the
volume mesh structure for stabilization and we never need to worry about the actual intersections
of I with element boundaries. Uniformity of the stabilization relies on the mesh regularity.

Numerical Methods for Partial Differential Equations DOI 10.1002/num



582 BURMAN

Satisfaction of the Assumptions of the Abstract Analysis. For the method to be robust
with respect to the mesh-interface intersection, the constants in the bounds in the above abstract
analysis must all be independent of the cut. This holds for the approximation using the inf-sup
stable space V), x L, thanks to the robustness of the Fortin interpolant and the properties of a (-, -)
and b (-, ). Therefore, we only show that the inequalities (2.12) also can be made independent of
the cut, under the above assumptions. Similarly, as in the case of weak boundary condition we
introduce the following norms on the discrete spaces

||)"h||2%hr = (h™"h> Mn)rs ||)»h||2,%hr = (hAn, Andrs
2
2 . 2 2
laenl = D Vil gy + Mot = uanll,
i=1

To prove that the hypothesis of Theorem 2.4 are satisfied, we chose the norms || - ||y, and
[l - |z, as follows,

aellv, = Huellins 1A, 2= AL, e

To satisfy the coercivity condition of (2.12), we take &, (u) |r, = SH 'y (uy — uy). We
recall that 7r; is defined by the projection on the space L, with mesh size H,

r (Uin — uam) |5 1=|Fiﬁr|_1/ (w1, — uop) ds.

F;nr

By this choice, using the orthogonality of 7, we have

b (& (wn) ) =8y (H™ 'y (i — ) , 7 (an — ) geor

_1 _1
=8) NH 2 Gty = D) Gy = uzn) s |or +8 ) H2 (i = w2 |l o

J J

2
_1 _1
>-26> S |H z(nL—I)u,-h||§)§_mr+6Z||H 2 vy — ) |1 -
J

i=1
Applying (4.14) in the right-hand side of the last inequality, it then follows that

2 2
a(up,up) + b (uy),uy) > Z (o Win), Vuin)g, — 28¢h Z ||Vuih||g22i + dcylluy, — M2h||2%’hqr-
i=1 i=1
We then apply (4.8) in the right-hand side, recalling that u;, € V;,i = 1,2 to obtain
2
a (up, up) + b (&, (uy) ,up) > (20 — 28¢3) Z ||Vuih||g2’zi + By — h) ||lum, — b12h||2%,h,r
i=1

and we conclude by choosing § = ::—% and taking 1 < §cy.
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For the second inequality of (2.12) observe that by the fact that an interface segment F'; can only
be cut by a uniformly upper bounded number of elements, the mesh condition, c,h < H < c,}l h,
and that the &, (u;,) are constant over each macro patch F; we have

Z fak\aéh hllEn ()P dxS Z 2 1€, (uy) |k |

KeGy KeGy,

SMp Y R & () e, 1P SHE ) 117,
J

Then, using the stability of the L2-projection and the mesh conditions linking # and H, we
conclude

N&n (un) Iz, = 8|H ™7y (uyy — uzn) ||,%,h,r,§||7TL (Ui — uzp) ||%,h,r§||uh||vh-
We conclude that the results of Theorem 2.4 hold in this case as well.

Remark. By using suitable extensions of the solution following [20] and [29] optimal conver-
gence may be obtained for smooth solutions. The conditioning of the system, however, depends
on how the interface cuts the mesh and must be handled either following the ideas introduced in
[25] or by preconditioning.

C. Nitsche’s Method and Stabilized Lagrange Multiplier Methods:
A Different Approach

The close relation between the residual-based stabilized methods for Lagrange multipliers as
introduced by Barbosa and Hughes and Nitsche’s method was discussed by Stenberg in [17].
The idea of that paper was that if the Lagrange multiplier can be eliminated locally by solving
the constraint equation, Nitsche’s method is recovered. Other authors have recently discussed the
need of penalty for Nitsche’s method and its close relation to Lagrange multiplier methods, see
for instance [30-32].

Herein, we will show the connection between the nonsymmetric variant of Nitsche’s method,
the projection stabilized methods discussed above and the residual-based stabilization of the
Lagrange multiplier. Let us first recall the nonsymmetric version of the method of Barbosa and
Hughes: find {u,, 1} € V,, x A}, such that

ABH [(uh3 )\'h)’(vh’ /’L/’l)]
i=a Wy, vp) +b Ap,vp) — b (up, ) + y{h Ay + Vuy -n), wy, + Vo, - n)yg
= (f,vn), Y {vn, i} € Vi x Ay, 4.17)

with a (-,-) and b (-, -) are defined by (2.2) and (2.3), corresponding to the weak imposition of
boundary conditions. Recalling that formally the Lagrange multiplier is given by the diffusive flux
A = —Vu - n, we immediately conclude that the method is consistent. Stability is then typically
proven by testing with v, = u, and w, = A, using the positivity of the form to obtain control
of ||h%kh |lac by absorbing all the other terms in the stabilization using the H'-seminorm of u;,
over the domain. Control of u;, on the boundary is then obtained in a second step by choosing 1,
suitably.
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We will now consider the stabilization used in (4.17) as a penalty on the distance to a stable
subspace. This would mean using the space N, of normal derivatives of V), on the trace mesh
as multiplier space, together with V), for the primal variable. Since in that case V,, and N, no
longer can be chosen independently this method may be written: find u;, € V), such that

Ayir (U, vp) = a (up, vy) + b (=Vuy, - n,v,) — b (uy, —Vuy, - n)
= (f,U},),VUh S Vh. (418)

We have eliminated the Lagrange multiplier in the formulation using its equivalence with the
diffusive flux. Writing out this variational formulation leads to

/Vuh - Vu,dx —/ Vuy, - nvyds +/ Vv, - nuyds = / fudx,
Q a0 a0 Q

which we identify as the nonsymmetric version of Nitsche’s method, without penalty. For the
argument to make sense, we now need a stability result for this method. The question of the
inf-sup stability of the nonsymmetric version of Nitsche’s method, without penalty, was recently
treated in [30], where the following stability result was proven.

Lemma 4.1 Let V), be the standard space of piecewise polynomial continuous finite element
functions. Assume that the each face of the polygonal 2 is meshed with a sufficient number of
elements (depending only on the shape regularity), then for some { > ¢y > 0, with ¢y independent
of h, but not of the mesh geometry, there holds

< Anie (up, vy)
NunllinS sup ————
v V) ||vh||l,h
where
2. 2 -1 2
lall2, o= 11Vus] oy + 12041 R € > 0.

It follows that we have the required stability and we may prove stability of the residual-based
stabilization using the techniques discussed above.

Remark. The above lemma can be rewritten as dw; € V}, such that
Cw||uh||%,h < Ani (up, wy) 4.19)
with wy, := u, + ¢y, ¢, > 0and
Heallin < Ca||uh||%,h,ag- (4.20)
The function ¢, ensures the control of the boundary contribution.
We now give an alternative proof of the equivalent of Lemma 4.1 for the formulation (4.17)
using the framework of penalty on the distance to the stable subspace. The result holds for

multiplier spaces satisfying the following compatibility assumption.
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Assumption [A1]. The following continuity holds for the spaces V,, and A,. For every v, € V),
there exists z;, (v,) € Ay such that

1
b (up, Vo - n+ zi (i) < Co|[Vupll 20 VUil 2¢0), 18220 (i) 1 1200) < c:lIVURll12g)-
4.21)

Theorem 4.2 Let V), x Ay, satisfy assumption [A1] . Then, for all {u,, ,} € V, x Ay there
holds
Apn [(Wp, Ay) 5 (wp, vp)]

Nunllin + HAnllL, S sup . (4.22)
{wpanyevpxa,  Wallin 3 1vallL,

Proof. First, take v, = u;, and u, = A, to obtain

IV unl 22 g+ VIIAE G+ Vi) [Py,
= a (up,up) + b Apyup) — b Apyup) + v (h A+ Vuy - n) Ay + Vuy - n)yq (4.23)
We add and subtract Vuy, - n and Vv, - n in the b (-, -) forms of the formulation
a (up,vp) + b A o) — b (up, i) + v (h iy + Vuy - n), iy + Vg - n)yg
=a (up,vy) +b(—Vuy, -n,v,) +b (Vuy, - n+ Ay, vp)
—b (up, =V, -n) = b (up, Vo, -n+pp) +y(h (A + Vuy -n), i, + Vo, - n)yq
= Anit (up, vn)

+b (Vuy -1+ o) — b (up, Vo -+ ) + v (b Ay + Vg, -n) iy + Vo, - n)pq. (4.24)
We will first show that by taking v, = wj, [of (4.19)—(4.20)] and w,, := X, + 2, (£ p,) we have

eenl 175, + v hlIAw + Yoy - 1132 0 SAsa [ns 2 s (Wi Ay + 21 (E@a))] -

First, note that by the construction of w;, and w, and the form (4.24) we have
1
Apn [, i) s (Wiy )] = Anic (ns wp) + V12 (A + Vuy - n) ||22(m)

+ b (Vuy - n+ Ay @) — £b (up, Vo - 1+ 25, (93))
+y&h (Vuy -n+ 7)), Voy - n+ 2, (99))sq- (4.25)

Then, note that by the continuity of b (-, -) and by using the Cauchy—Schwarz inequality in the
penalty term we have

1
O (Vuy - n+ Ay, 03) < cpllh2 (A + Vuy - n) ||L2(BQ)€CS||uh||%Yh’39

1 1 _
= 272 Gt Vi) gy + v Gl o (4.26)
b (up, Voy - n+ 2, () < CC A Vupllp20)ll@allin
1
= seullVunlliag + C2er' Gl o (4.27)
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and
Y¢S (h (Vuy -n+Ay), Vo - n+ z, (¢3)) 53—11/”}1% (An + Vuy - n) ||22(as2)
+2(cfe; + )yl o (4.28)

If we choose ¢ small enough, it follows from (4.25), (4.19)—(4.20) and the bounds (4.26)—(4.28)
that

1 1 1
A [Guns ) s (wis )] 2 Seullunllyy, + S¥ 1A O+ Vit - 1) 125,
. 1 1
Since ||A2Anll1200) < I1A2 (An + Vuy - n) |12 + ¢l Vinll 2oy we deduce that

1
unll], + ||h2)\h||iz(39)5A3H [y An) s (s pn)]

It only remains to show that

1 1
lun + Soallin + 1102 Qo + 21 CPa)) 11200 SHtnllin + 11AZ X411 200)-

This is immediate by the triangle inequality and the stability

1
Nwallin + [1h2z4 (C@a) ||L2(3Q)§||uh||%,hvag-

Remark. The condition (4.21) is easily satisfied for any reasonable space A . For spaces includ-

. . . . —1

ing discontinuous functions on boundary elements F'; take zj (vy) | F; 1= —meas(F J-) f r Vo
J

nds. If the spaces A, consists of continuous functions decompose the boundary in macro

patches F; consisting of a sufficient number of elements for the construction of functions
zn (vy) € H{ (F;) such that [, z, (vy)ds = — [, Vv, - nds. Then, on each subdomain F;
J J

there holds (with 77, denoting the L2-projection on constant functions on F; )
(n, Vo - n 2z () p; = (un = 7003, Vi - 10425 (UR)) p; -

It also follows that whenever the choice z;, (v,) = —Vv, - n is possible, the right-hand sides
of (4.27) and (4.28) are zero and, therefore, the stability is obtained independently of the stability
parameter y . It is then straightforward to show, using the above inf-sup argument, that the solution
u;, of (4.17) converges to that of (4.18) in the limit y — oo. This is consistent with the argument
of [17], as the local elimination of the Lagrange multiplier in (4.17) yields the nonsymmetric
version of Nitsche’s method with a penalty that vanishes in the limit y — oo.

Remark. It follows from Theorem 4.2 that the nonsymmetric version of the stabilization of Bar-
bosa and Hughes, can be interpreted as a penalty on the distance to the stable subspace, consisting
of the normal derivatives of the primal finite element space in the setting of the nonsymmetric
Nitsche method. Loosely speaking, we can consider the nonsymmetric Nitsche method as a spe-
cial member of the set of inf-sup stable Lagrange multiplier methods. An associated stabilization
based on penalty on the distance to a stable subspace is the Barbosa—Hughes method. In case the
Lagrange multiplier can be eliminated locally the two methods are equivalent and the stabilized
method is robust for large values of the penalty parameter.
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V. NUMERICAL EXAMPLE

The aim of this section is to compare the performance of the different methods in the simple case
of weak imposition of boundary conditions. All computations were carried out using Freefem-++
[33].

We consider the Poisson problem in the unit square, 2 := (0, 1) x (0, 1). The source term and
boundary terms are chosen so that

u(x,y) = #cos (mx)cos(my)+025x (1 —x)y (1 —y).

We compute the solution using the nonsymmetric residual stabilized method, a projection
stabilization method, and penalty free Nitsche methods. Below, the forms a (-,-) and b (-, ) are
given by (2.2) and (2.3). We impose Dirichlet boundary conditions on the boundaries y=0 and
y=1 (denoted 92, below). On the other two boundaries, we impose Neumann conditions. In all
cases the primal variable u;, is approximated using continuous finite elements, of first or second
polynomial order,

Vii={v, € C°(Q) s vylx € Pu (K),VK € T}}, k=12

Let G, := {F}denote atrace mesh on d€2p, coinciding with the trace mesh of 7}, and G = {F}
a trace mesh on d€2p, such that the local mesh size in Gj; is half that of 7, # = 2h. Define the
Lagrange multiplier spaces by

Ay = {vy € L* (3Qp) : vylr € Po,YF € G;},
A; = {v, € L* (3Qp) : vilr € P2,VF € G} .

These spaces are chosen so that the pair V x A%

-k = 1,2 are unstable. The stabilizing spaces
were then both chosen as

Ly :={v, € C°(3Qp) : wulr €P,VF € G;}, k=1,2.

Here, C° (851)) stands for functions continuous on each separate connected component of
dQp. It is straightforward to verify that the spaces V x L} are stable for our problem. In all
figures below square markers refer to methods using k=1 and circles to methods using k=2.
Empty markers indicate convergence of the error in the H'-norm and filled markers in the L*-
norm. We have also plotted for reference the slopes corresponding to O (h*) convergence with
o = 1 in dotted line, « = 2 in a dashed line, and ¢« = 3 in dash dotted line. These reference
plots are the same for all methods so that the relative performance can be assessed. In all cases,
the stabilization parameter has been set to ¥ = 1. This parameter appeared to give a resonable
result for all methods. We observed that increasing the parameter can improve the accuracy in the
multiplier at the expense of the primal variable and vice versa.

We consider the formulation (2.11) with the stabilization given by

S (s ) = (Y h oy — 7L A0), o — Tl ) yg),

and the finite element spaces proposed above. In Fig. 1, left plot, we give the convergence plots
for k=1 and k =2. Then, we consider the method (4.17) and give the same convergence curves in
the right plot of (5). For comparison, we also present the results obtained using the inf-sup stable
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FIG. 1. Left plot: convergence of the projection stabilized methods, (k=1 square marker, k=2 round
marker, markers for L2-error filled). Right plot: convergence of the method (4.17) (k = 1 square marker, k =2
round marker, markers for L2-error filled) and the stable Lagrange multiplier method (k = 1 diamond marker,
k =2 triangular marker, markers for L2-error filled).

finite element pairs V;* x L}. Finally, we consider the penalty free version of Nitsche’s method,
both the nonsymmetric version given by Eq. (4.18) and its symmetric equivalent that may be
written

/ Vuy - Vu,dx —/ Vuy, - nv,ds —/ Vo, - nuyds = / fudx —/ Vv, - ngds.
Q FYe! Ffo) Q FYs!

Observe that the stability properties of this latter method are unknown, but for the compu-
tations considered herein the method remained stable and optimally convergent. We report the
convergence of the Nitsche type methods in the left plot of Fig. 2. The symmetric version is
distinguished by thick lines. A consequence of the close relation between the Barbosa—Hughes
method and Nitsche’s method is that in both the symmetric and the nonsymmetric case, the unpe-
nalized Nitsche methods are recovered in the limit as the stabilization goes to infinity. This is
illustrated in the right plot of (6) where we show the variation L?-error of the difference between
the solution obtained by the Barbosa—Hughes stabilization and Nitsche’s method on a 20 x 20
mesh as the penalty parameter goes to infinity. In both the nonsymmetric and the symmetric case
the penalty free Nitsche type methods are recovered. Observe the strong increase in the error for
the symmetric case at approximately 2.1 where the matrix becomes singular. For higher values
of the penalty parameter no instabilities were observed.

We make the following observations. The H'-norm error is almost identical for all methods.
For the L?-norm error, all adjoint consistent methods have very similar error curves, whereas
the lack of adjoint consistency is expressed only as a larger error constant and not in a loss of
convergence order as expected from the analysis. In experiments not reported here, we imposed
Dirichlet conditions all around the domain to see the effects on the corners in the nonsymmetric
Nitsche method, but optimal convergence was still attained on the finest meshes. We also studied
the error in the fluxes approximated by the multiplier and the results were similar to that of the
L?-norm error.
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FIG. 2. Left plot: convergence of the penalty free Nitsche type methods, (k =1 square marker, k =2 round
marker, markers for L?-error filled, symmetric version plotted with thick line). Right plot: asymptotic behavior
of the difference in the L2-norm between the solution of the Barbosa—Hughes method and the corresponding
Nitsche type method (symmetric version plotted with thick line).

VL. CONCLUSIONS

We have given an analysis of projection stabilized Lagrange multipliers in an abstract framework
and shown some applications of this theory. We then showed how the residual-based stabilization
method of Barbosa—Hughes can be interpreted as a method penalizing the distance to a stable
subspace by relating it to the inf-sup stable penalty free Nitsche method. The methods were tested
and compared numerically on a simple model problem. All these methods appear to have very sim-
ilar properties. In particular, optimal convergence was observed in both the H'- and the L?>-norms
independently of adjoint consistency. Nevertheless adjoint consistent methods have smaller errors
in L?-norm for a fixed mesh size and similarly for the approximation of the fluxes. The observed
difference was a moderate factor. One may conclude from this that it is reasonable that one may
base the choice of method entirely on what is the easiest to implement for a given application.
Two open problems are the question of stability of the penalty free symmetric Nitsche method
and accuracy in the L?-norm of the nonsymmetric Nitsche method. Both of which are observed.

APPENDIX CONSTRUCTION OF THE FORTIN INTERPOLANT

We will use the notation of Section IVB and prove that the Fortin interpolant v satisfying (2.5)
exists and that the stability constant is independent of how the interface I" cuts the mesh 7;,. Note
that the stability of the Fortin interpolant writes

2 2
2 2 2 2
D IVmevlly, + v = wevsl 3 S NIVl + v = wallf

i=l1 i=1
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where the hidden constant must be independent of the mesh-interface intersection. We intro-
duce the extension operators IE; such that for all v € V;,Ev € H' (Tin) , Ejvlg, = v,
and ||E,-v||H1(Tih),§||v||H1(Qi). Here, T;, denotes the mesh-domain defined as Ugc7, K. Let

Ii H! (T ») — Vi, denote an H' (Q) stable interpolant For each j deﬁne the extended patch

w; = w;UF;. Then, on eachpatchw deﬁneafunctlomp € Vi, with supp<p = wl,g0|dw ing, =

0 and

f pds = O (H).[IV9}ll; = O ().

Fj
Define v, 1= Z} E;v; + Zj a_"f(p_if where
fF- (U,‘ — IZEZ U,') ds
J

- fF/(p;dS

This construction is always possible, provided H is a given (fixed) factor larger than A, typically
H = 3h is sufficient.

Then, the orthogonality condition of (2.5) holds by construction. It remains to prove the
H'-stability. By the triangle inequality and the disjoint supports of the wj’f we have,

1

2
i i\2 i
IV rville, SIVIEvi ||, + (Z (eh) ||w,-||;,;> =T+ T 6.1)
J

J
By the assumed stability of Z and E;, we immediately have
T Sl Vvillg,.

For T,, we consider one term in the sum and get by the construction
CAINAINSS - / v)dsSH 2w — vl
J
<H||Ev —I,QIE,-UHW}-_ + IV (Eiv — Z; E;v) ||u_)};.

By the shape regularity of the w’ there is no dependence on the mesh domain intersection in
the constants. Summing over j and us1ng the fact that the @} are disjoint for fixed i we obtain that

LSH ' Ejv — Bz, + 11V (B — L Ew) |z,

and the desired stability estimate follows by the approximation and stability properties of Z! and
the stability of I;. It remains to prove that

2
llrv = 7wl (S DIVl + vy — vl L
2’ 2’

i=1
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This follows by adding and subtracting v; — v, in the left-hand side, and using a triangle

inequality to obtain

2 2 2 2
llmrvr — wpval 7 (Slvr — w5 [+ lwror — uilly o+ v — vl
7 7 7 2

We now proceed using a global trace inequality, the stability of the interpolant Z} and the above

bound on the term 7’5, to show that

2 i 2 i 2 2 2
[lmrvi — Ui||%f§||z-;lvi - vi”Hl(Ql_) + LI E v — EivillHl(Z’ih) + [vlly SHvlly-

Collecting the above bounds concludes the proof.

Section I-1II of this article was written for a doctoral course given in September 2009 at the
doctoral school ICMS, Paris-Est Marne-la-Vallée, that the author gave as invited Professor. The
kind hospitality of Professors Alexandre Ern and Robert Eymard is graciously acknowledged.
Finally, the author thanks the reviewers of the article whose constructive criticism helped improve
the manuscript.

References

1
2

10.

11.

12.

13.

. 1. Babuska, The finite element method with Lagrangian multipliers, Numer Math 20 (1972/73), 179-192.

. F. Brezzi, On the existence, uniqueness and approximation of saddle-point problems arising from
Lagrangian multipliers, Rev Francaise Automat Informat Recherche Opérationnelle Sér Rouge 8 (1974),
129-151.

. J. Pitkdranta, Boundary subspaces for the finite element method with Lagrange multipliers, Numer Math
33 (1979), 273-289.

. J. Pitkdranta, Local stability conditions for the Babuska method of Lagrange multipliers, Math Comput
35 (1980), 1113-1129.

. H. J. C. Barbosa and T. J. R. Hughes, The finite element method with Lagrange multipliers on the
boundary: circumventing the Babuska-Brezzi condition, Comput Methods Appl Mech Eng 85 (1991),
109-128.

. G. Rapin and G. Lube, A stabilized scheme for the Lagrange multiplier method for advection-diffusion
equations, Math Model Methods Appl Sci 14 (2004), 1035-1060.

. F. Brezzi and M. Fortin, Mixed and hybrid finite element methods, Vol. 15, Springer Series in
Computational Mathematics, Springer-Verlag, New York, (1991).

. F. Brezzi and M. Fortin, A minimal stabilisation procedure for mixed finite element methods, Numer
Math 89 (2001), 457-491.

. R.Becker and M. Braack, A finite element pressure gradient stabilization for the Stokes equations based
on local projections, Calcolo 38 (2001), 173-199.

C. R. Dohrmann and P. B. Bochev, A stabilized finite element method for the Stokes problem based on
polynomial pressure projections, Int J Numer Methods Fluids 46 (2004), 183-201.

E. Burman, Pressure projection stabilizations for Galerkin approximations of Stokes’ and Darcy’s
problem, Numer Methods Partial Differential Equations 24 (2008), 127-143.

E. Béchet, N. Moés, and B. Wohlmuth, A stable Lagrange multiplier space for stiff interface conditions
within the extended finite element method, Int J Numer Methods Eng 78 (2009), 931-954.

R. Codina and J. Baiges, Approximate imposition of boundary conditions in immersed boundary
methods, Int ] Numer Methods Eng 80 (2009), 1379-1405.

Numerical Methods for Partial Differential Equations DOI 10.1002/num



592

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

BURMAN

H. B. Dhia and G. Rateau, Analyse mathématique de la méthode Arlequin mixte, C R Acad Sci Paris
Sér I Math 332 (2001), 649-654.

F. Liu and R. I. Borja, Stabilized low-order finite elements for frictional contact with the extended finite
element method, Comput Methods Appl Mech Eng 199 (2010), 2456-2471.

P. Hild and Y. Renard, A stabilized Lagrange multiplier method for the finite element approximation of
contact problems in elastostatics, Numer Math 115 (2010), 101-129.

R. Stenberg, On some techniques for approximating boundary conditions in the finite element method,
J Comput Appl Math 63 (1995), 139-148.

P. Hansbo, C. Lovadina, I. Perugia, and G. Sangalli, A Lagrange multiplier method for the finite element
solution of elliptic interface problems using non-matching meshes, Numer Math 100 (2005), 91-115.

E. Burman and P. Hansbo, Fictitious domain finite element methods using cut elements: 1. A stabilized
Lagrange multiplier method, Comput Methods Appl Mech Eng 199 (2010), 2680-2686.

E. Burman and P. Hansbo, Interior-penalty-stabilized Lagrange multiplier methods for the finite-element
solution of elliptic interface problems, IMA J Numer Anal 30 (2010), 870-885.

V. Girault and R. Glowinski, Error analysis of a fictitious domain method applied to a Dirichlet problem,
Japan J Ind Appl Math 12 (1995), 487-514.

A. Gerstenberger and W. A. Wall, An embedded Dirichlet formulation for 3D continua, Int J] Numer
Methods Eng 82 (2010), 537-563.

M. Hautefeuille, A. Chandrasekhar, and J. E. Dolbow, Robust imposition of Dirichlet boundary
conditions on embedded surfaces, Int ] Numer Methods Eng 90 (2011), 40-64.

G. Barrenechea and F. Chouly, A local projection stabilized method for fictitious domains, Appl. Math.
Lett. 25 (2012), 2071-2076.

E. Burman, Ghost penalty, C R Math Acad Sci Paris 348 (2010), 1217-1220.

M. Fortin, An analysis of the convergence of mixed finite element methods, RAIRO Anal Numer 11
(1977), 341-354.

A. Ern and J.-L. Guermond, Theory and practice of finite elements, Applied Mathematical Sciences,
Vol. 159, Springer-Verlag, New York, 2004, xiv+524 pp, ISBN: 0-387-20574-8.

R. Becker, E. Burman, and P. Hansbo, A hierarchical NXFEM for fictitious domain simulations, Int J
Numer Methods Eng 86 (2011), 549-559.

A. Hansbo and P. Hansbo, A finite element method for the simulation of strong and weak discontinuities
in solid mechanics, Comput Methods Appl Mech Eng 193 (2004), 3523-3540.

E. Burman, A penalty free non-symmetric Nitsche type method for the weak imposition of boundary
conditions, SIAM J. Numer. Anal. 50 (2012), 1959-1981.

G. Dupire, J. P. Boufflet, M. Dambrine, and P. Villon, On the necessity of Nitsche term, Appl Numer
Math 60 (2010), 888-902.

C. Grossmann, Penalties, Lagrange multipliers and Nitsche mortaring, Discuss Math Difter Incl Control
Optim 30 (2010), 205-220.

F. Hecht, O. Pironneau, A. Le Hyaric, and K. Ohtsuka, FreeFem++ v. 2.11, User’s manual, University
of Paris 6 (2007).

Numerical Methods for Partial Differential Equations DOI 10.1002/num



