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A PENALTY-FREE NONSYMMETRIC NITSCHE-TYPE METHOD
FOR THE WEAK IMPOSITION OF BOUNDARY CONDITIONS*
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Abstract. In this paper we show that the nonsymmetric version of Nitsche’s method for the
weak imposition of boundary conditions is stable without penalty term. For nonconforming elements
we prove the same result for the symmetric formulation as well. We prove optimal H!-error estimates
and L2-error estimates that are suboptimal with half an order in h. Both the pure diffusion and the
convection—diffusion problems are discussed.
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1. Introduction. In his seminal paper from 1971 [16], Nitsche proposed a con-
sistent penalty method for the weak imposition of boundary conditions. The formula-
tion proposed was symmetric so as to reflect the symmetry of the underlying Poisson
problem. Stability was obtained thanks to a penalty term, with a penalty parameter
that must satisfy a lower bound to ensure coercivity.

A nonsymmetric version of Nitsche’s method was later proposed by Freund and
Stenberg [10], and it was noted that this method did not need the lower bound for
stability. The penalty term, however, could not be omitted, since coercivity fails, and
error estimates degenerate as the penalty parameter goes to zero. The nonsymmetric
version of Nitsche’s method was then proposed as a discontinuous Galerkin (DG)
method by Oden, Babuska, and Baumann [17], and it was proved by Riviere, Wheeler,
and Girault [18] and Larson and Niklasson [15] that the nonsymmetric version was
stable for polynomial orders k¥ > 2. In [15] stability for the penalty-free case was
proved using an inf-sup argument that relies on the important number of degrees of
freedom available in high order DG methods.

To the best of our knowledge no similar results have been proved for the nonsym-
metric version of Nitsche’s method for the imposition of boundary conditions when
continuous approximation spaces are used. Indeed in this case the DG analysis does
not work since polynomials may not be chosen independently on different elements
because of the continuity constraints. Weak imposition of boundary conditions has
been advocated by Bazilevs and Hughes for large eddy-type turbulence computations
in [1]. They showed that the mean flow in the boundary layer was more accurately
captured using weakly rather than strongly imposed boundary conditions. They noted
that the nonsymmetric version of Nitsche’s method appears stable without penalty
(see also [14]).

In applications there is interest in reducing the number of free parameters used
without increasing the number of degrees of freedom needed for the coupling; see
[11] for a discussion. From this point of view a penalty-free Nitsche method is a

*Received by the editors December 10, 2010; accepted for publication (in revised form) March 20,
2012; published electronically July 31, 2012.
http://www.siam.org/journals/sinum/50-4/81784.html
TDepartment of Mathematics, University of Sussex, Brighton, BN1 9QH, United Kingdom (E.N.
Burman@sussex.ac.uk).

1959

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



1960 ERIK BURMAN

welcome addition to the computational toolbox, in particular for flow problems where
the system matrix is nonsymmetric anyway, because of the convection terms. It has
no penalty parameter and does not make use of Lagrange multipliers.

Numerical evidence also suggests that the unpenalized nonsymmetric Nitsche-
type method has some further interesting properties. When using iterative solution
methods in domain decomposition it has been shown to have more favorable conver-
gence properties compared to the symmetric method [9]. For the solution of Cauchy-
type inverse problems using steepest descent—type algorithms it has been shown nu-
merically to have superior convergence properties in the initial phase of the iterations
compared to the symmetric version or strongly imposed conditions, in spite of the
lack of dual consistency.

In view of this the question naturally arises whether the penalty-free method is
sound or if it could fail under unfortunate circumstances.

In this paper we prove for the Poisson problem that the nonsymmetric form
of Nitsche’s method is indeed stable and optimally convergent in the H'-norm for
polynomial orders £ > 1 on regular meshes. We also show that in this case, the
convergence rate of the error in the L?-norm is suboptimal with only half a power
of h. Hence the nonoptimality due to the nonsymmetry is not as important for
continuous Galerkin methods as it is for DG methods (see [17] and [12] for numerical
evidence of the suboptimal behavior in this latter case).

We then show how the results may be applied in the case of convection—diffusion
equations, considering first the streamline—-diffusion method and then outlining how
the results may be extended to the case of the continuous interior penalty method.

Nitsche’s method, however, has some stabilizing properties of its own, in particular
for outflow layers; this phenomenon was analyzed in [19] and is illustrated herein with
a numerical example. This makes Nitsche’s method on nonsymmetric form an appeal-
ing, parameter-free, method for flow problems where the system matrix is nonsym-
metric and the use of stabilized methods usually also results in the loss of half a power
of h. It should be noted, however, that the smallest error in the L?-norm is obtained
with the formulation using penalty on the boundary, as illustrated in the numerical
section. So we do not claim that the penalty-free method is the most accurate.

We only prove the result in the case of the imposition of boundary conditions, but
the extensions of the results to the domain decomposition case of [2] or the fictitious
domain method of [4] are straightforward using techniques similar to those below. Also
note that since the main aim of the present paper is the study of weak imposition of
boundary conditions, we will assume that the reader has a basic understanding of the
techniques for analyzing stabilized finite element methods, and thus some arguments
are only sketched.

For the sake of clarity, we first prove the main result on the pure diffusion prob-
lem and then discuss the extension of our result to the case of convection—diffusion
problems. We also show all arguments in the two-dimensional case only; the extension
to three space dimensions is straightforward. Some numerical examples conclude the

paper.
2. The pure diffusion problem. Let © be a bounded domain in R?, with
polygonal boundary 9€2. Wherever H?-regularity of the exact solution is needed we

also assume that € is convex. Let {I';}; denote the faces of the polygonal such that
09 = U;I';. The Poisson equation that we propose as a model problem is given by

—Au=f in Q,

(2.1) u=g on Jf,
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A PENALTY-FREE NITSCHE METHOD 1961

where f € L?*(Q) and g € H'/2(0Q) or g € H3/2(09).
We have the following weak formulation: find v € V; such that

(2.2) a(u,v) = (f,v)a Yv eV,
where (z,v)q denotes the L2-scalar product over €,
V, = {ve H'(Q) : vlon = g)
and
a(u,v) := (Vu, Vo)q.

This problem is well-posed by the Lax—Milgram lemma using the standard arguments
to account for nonhomogeneous boundary conditions. The H!-stability |ul| @) <
Cri(||f1l + 119l 17206 ) holds, and under the convexity assumption on € there holds
lull 22y < Cra2(IfII + 9]l 3/2(96) ) Here we let [|z| := ||z p2(q). Below, C will be
used as a generic constant that may change at each occasion and is independent of h,
but not necessarily of the local mesh geometry. We will also use the notation a < b
for a < Cb.

3. The finite element formulation. Let {7} denote a family of quasi-uniform
and shape regular triangulations fitted to €2, indexed by the mesh parameter h. The
triangles of 75 will be denoted K and their diameter hg := diam(K). The interior
of a set P will be denoted P. For a given 7} the mesh parameter is determined
by h := maxgeT, hx. Shape regularity is expressed by the existence of a constant
¢, € R for the family of triangulations such that, with px the radius of the largest
ball inscribed in an element K, there holds

h—K <c, VK€ETh.

PK
For technical reasons, and to avoid the treatment of special cases, we assume that for
all 7, I'; contains no less than five element faces.

We introduce the standard finite element space of continuous piecewise polynomial
functions,

th = {Uh S Hl(Q) 3'Uh|K S ]P)k(K) VK € 771}, k>1,

where Py (K') denotes the space of polynomials of degree less than or equal to k on the
element K. The finite element formulation that we consider then takes the following
form: find uy, € Vi¥ such that

(3.1) an(un,vn) = (fyvn)a + (g, Vop - n)gq  Yun € Vi,
where (z,¥) 5, denotes the L?-scalar product over the boundary of Q and
(3.2) an(un,vn) = a(un,vp) — (Vup - n,0p) 5 + (Un, VO - 1) g -

Note that in the classical nonsymmetric version of Nitsche’s method we also add a
penalty term of the form

(3-3) Z (v un, Uh>BQﬁ<9K
K
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1962 ERIK BURMAN

and modify the second term on the right-hand side accordingly:

Z <g,’yh;<1vh + Vo - n>aﬂmaK .
K

The key observation of the present work is that the penalty parameter v may be
chosen to be zero without loss of either stability or accuracy.

Inserting the exact solution u into the formulation (3.1) and integrating by parts
immediately leads to the following consistency relation.

LEMMA 3.1. If u is the solution of (2.1) and uy, is the solution of (3.1), then
there holds

an(u — up,vp) = 0.

For future reference we here recall the classical trace and inverse inequalities
satisfied by the spaces Vi¥.

LEMMA 3.2 (trace inequality). There exists Cp € R such that for all vy, € Pr(K)
and for all K € Ty, there holds

_1 1
lonllL2or) < Cr(hg? l|vnllLzxy + hi VRl L2(x))-

LEMMA 3.3 (inverse inequality). There exists C; € R such that for all vy, € P (K)
and for all K € Ty, there holds

IVon |2y < Crigt vnllpe(x)-

4. Stability. Testing (3.1) with v, = uj, immediately gives control of the H!-
seminorm of up. In order for the formulation to be well-posed this is not sufficient.
Indeed well-posedness is a consequence of the Poincaré inequality that holds, provided
we have sufficient control of the trace of uj, on 0€). This is the role of the penalty
term (3.3); it ensures that the following Poincaré inequality is satisfied:

lunll < Cpllunllin, where [lun[f ), = [Vun|® + llunll} , oe
with

Huthé,h,aQ = Z (hi s un) gonoK -
K

Since we have omitted the penalty term, boundary control of uj, is not an immediate
consequence of testing with v, = wup. What we will show below is that control
of the boundary term can be recovered by proving an inf-sup condition. Indeed the
nonsymmetric version of Nitsche’s method can be interpreted as a Lagrange multiplier
method where the Lagrange multiplier A;, has been replaced by the normal gradient of
the solution: Vuy, -n. This interpretation of Nitsche’s method was originally proposed
n [21], however, without considering the inf-sup condition. The DG framework was
considered in [8], where equivalence was shown between a certain Lagrange multiplier
method and a certain DG-method. When Lagrange multipliers are used to impose
continuity, the system has a saddle point structure and the inf-sup condition is the
standard way of proving well-posedness. Here we will follow a similar procedure, the
only difference being that the solution space and the multiplier space are strongly
coupled, since the latter consists simply of the normal gradients of the former. A
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A PENALTY-FREE NITSCHE METHOD 1963

JEVN A

Fic. 1. Ezample of boundary patches P;. Left, the smallest possible patch; right, the worst-case
scenario, with elements with two sides on the boundary. The function ¢; takes the value 1 in filled
nodes and zero in the other nodes.

key result is given in the following lemma, where we construct a function in the test
space that will allow us to control certain averages of the solution on the boundary.
To this end regroup the boundary elements, i.e., the elements with either a face or a
vertex on the boundary, in (closed) patches P;, with boundary 0P;, j = 1,...,Np.
Let F; := 0P; N 0£). We assume that the P; are designed such that each F} has at
least two inner nodes, but in some cases they may need up to four inner nodes (this
is necessary only if both end vertices of P; belong to corner elements with all their
vertices on the boundary; see Figure 1, right). Under our assumptions on the mesh,
every I'; contains at least one patch P; and there exist c;, ca such that for all j

(4.1) c1h < meas(Fj) < cah.

The average value of a function v over F; will be denoted by /. First we prove
the lemma under a weakly acute assumption on the patches P;, and then we will
discuss the extension to the general case. We only give the proof for the left situation
of Figure 1; the extension to the right case is immediate by considering the acute
condition on the support of the function instead.

LEMMA 4.1. Assume that, for all P;, OP; meets OS2 at an angle < 5. For any

v

2
given vector (rj)j-vzpl € RNP there exists pr € Vh1 such that for all 1 < j < Np there
holds

(4.2) meas(Fj)_lf Veor-nds=r;,
Fj

and, if r(x) : 0Q — R denotes the function such that r|p, =i,
1/2

Np
1
(4.3) ol S { D I1hrllzegs,

j=1

Proof. We first construct a function ¢; taking the value 1 in the interior nodes of
NN OP; and zero elsewhere; see Figure 1. Fix j and let ¢; € V;! be defined, in each
vertex x; € Tp, by

0 fora; € Q\ P
@;(x;) = and for x; in a triangle K that has three vertices on 0€2;

1 for z; € Fj.

Let

Ej = meas(Fj)_l/ V@i -nds
Fj
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1964 ERIK BURMAN
and define the normalized function ¢; by
—_1 ~
w5 = ‘:‘j Pj-

This quantity is well defined thanks to the following lower bound that holds uniformly
in j and h:

0 < Cz <Ejh

The constant C'z depends only on the local geometry of the patches P;. By definition
there holds

(4.4) meas(Fj)™' | Vg, -nds=1,
Fj

and using the standard inverse inequality (Lemma 3.3) we obtain
(4.5) IVesll S Crh ' E7 M 35lle2(py) S Crh™ 'S5 tmeas(Py)'/? < CrOZth.

Now defining

Np
Pr = Z TiPj
j=1

we immediately see that condition (4.2) is satisfied by (4.4). The upper bound (4.3)
follows from (4.5), relation (4.1), and using that

H‘Pf’|1 h,00 ¢ Z”h TJ‘PJHH
j=1

Np
S RTEEG ey S C—QZHh”HLz(F) .

BN
[y

Remark 1. If the weakly acute condition is violated, patches may be constructed
such that (4.1)—(4.2) fail. However, for a fixed ¢, the result of Lemma 4.1 can always
be made to hold uniformly by including a sufficient number of elements in each Fj}.

With the help of this technical lemma it is straightforward to prove the inf-sup
condition for the formulation (3.1).

THEOREM 4.2. There exists cs > 0 such that for all functions v, € th there
holds

ap(Vp, Wh
csllvnlli,n < sup g
whEVF lwnll1,n

Proof. Recall that
ah(vh, wh) = (Vvh, V’wh)Q — <V’Uh -n, wh>8Q + <Uh7 Vwy, - n)aﬂ .
Taking wy, = v, gives

an(vn,vn) = || V%
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A PENALTY-FREE NITSCHE METHOD 1965

To recover control over the boundary integral we let

(4.6) rj =h"tol = hilmeas(Fj)*l/ vy, ds
Fj
in the construction of ¢, in Lemma 4.1 and note that
Np . .
(h, Vepr =) 5y = Z (||h*1/2@j||%2(pj> + (v — ), Vo, .n>Fj) .
j=1

Using standard approximation,
(4.7) lon = || 28,y S BlIVOR X 0l L2y,
and by the trace and inverse inequalities of Lemmas 3.2 and 3.3 we have
((vn — "), Ve - ”>FJ. S CE+ COIVonllL2pp I VerllLacp,)-
Moreover, since by the Cauchy—Schwarz inequality and the trace inequality
|(Von, Vwn)a — (Von - n, wa)gq | S [[Vonlllwallzs,

we deduce using the stability (4.3) that

Np
an(vn,or) 2 D 17207 G2,y = ClIVonllllprllnn

j=1

N | N 1/2
> S D20 gy — CollVunll | IR 20 B

j=1 j=1

We now fix wy, = vy, + 1@, and note that

Np
(48)  an(vn,wp) = [[Vou]* + 0 Y W20 |72,

j=1

Ny 1/2
=Gyl Vonlln | D IR0 | Fa

j=1

Np
> (1= o)IVon® + n(1 = C2n/(46)) > 1020|122,
j=1

It follows, using once again the approximation properties of the L2-projection on the
piecewise constants (4.7), that for any € < 1 we may take 7 sufficiently small so that
there exists ¢, . such that

Np
Cnellonllt n < Cene | IVORIZ+ D IB7207|F2(my) | < anon,wh).

j=1

We may conclude by noting that by (4.3), our choice of r;, and the stability of the
L2-projection on piecewise constants there holds

(4.9) lwrllin < llvnllin +nllerllin < Chlloallin. O
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1966 ERIK BURMAN

5. A priori error estimates. The stability estimate proved in the previous
section together with the Galerkin orthogonality of Lemma 3.1 leads to error estimates
in the ||-||1,5,-norm in a straightforward manner. First we will prove an auxiliary lemma
for the continuity of an(,-). To this end we introduce the norm

i+ B2V |22 a0)-

l[ufl« = [ul

LEMMA 5.1. Let u € H?(Q) + V¥ and vy, € VIF. Then the bilinear form ap(-,-)
defined by (3.2) satisfies

an(u, on) S Jlullllvnlln-

Proof. The result is immediate by application of the Cauchy—Schwarz inequality
and the inequalities of Lemmas 3.2 and 3.3. d

PROPOSITION 5.2. Let u € H**1(Q) be the solution of (2.1) and uy, the solution
of (3.1). Then there holds

Hu - uh”Lh S hk|u|Hk+1(Q).

Proof. Let i%,u denote the Scott-Zhang interpolant of u [20]. Using the approxi-
mation properties of the interpolant, it is straightforward to show that

lu—igzulln + llu — igzulle S h*[ulprs o).
We therefore use the triangle inequality to obtain

lu—unllin < llu—ifzullin + lun — igulln,

where only the second term needs to be bounded. To this end we apply the result of
Theorem 4.2 followed by the consistency of Lemma 3.1:

ik ik
. ap(Up — 17U, Wh Ap (U — 17U, Wh
ullun — gl < sup DBt n) g, Gnlu gt wn)

whEVF |wnll1,n wnEVF whll1,n

By the continuity of Lemma 5.1 and the approximation properties of if,u we conclude

Csllun —igzullin S llu—igulle S h¥fulgrere). O

For DG methods it is well known that the nonsymmetric version may suffer from
suboptimality in the convergence of the error in the L?-norm due to the lack of
adjoint consistency. This is true also for the nonsymmetric version of Nitsche’s method
considered here; however, since the method is used on the scale of the domain and
not of the element, the suboptimality may be reduced to h%, as we prove below.

PROPOSITION 5.3. Let u € H**1(Q) be the solution of (2.1) and uy, the solution
of (3.1). Then

1
lu = up|| < CR* 2 [ul grsa(q)-

Proof. Let z satisfy the adjoint problem

—Az=u—up in Q,
z=0 on 0f).
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Under the assumptions on 2 we know that ||z||z2(q) < Crallu — usl|. It follows that

u—un|® = (u—up, —Az)g = (V(u—up), Vz)g — (u — up, Vz - 05
=ap(u—un,2) + 2w —up, Vz-n)y, -
By Lemma 3.1 and a continuity argument similar to that of Lemma 5.1, using that

(2 — ig;2)]o = 0, it follows that

(5.1) ap(u—up,2) = an(u — up, z — ig;2)
= (V(u—up), V(z —it2))a — (u—up, V(z — ig72) - n)

o0

S llw = unllipllz — igzz])«

S Ml — unll1,nlzlm2(0)-
We also have, using the global trace inequality

[Vz- "||L2(aQ) < HZHH?(Q),

that
(5.2) | (u—un, V2 n) oo | S B2 (lu—unlls j 00ll2lla20)-
Collecting inequalities (5.1) and (5.2), we arrive at the estimate

lu—unl* S (h 4+ hY2)RF ul e o) | 2] 20
and conclude by applying the regularity estimate ||z||g2(q) < Cra|lu — un|. O

6. A penalty-free symmetric Nitsche-type method. Optimal convergence
in the L?-norm would be obtained if the symmetric form of Nitsche’s method were
used. One may ask if the above stability argument could be extended to the symmetric
form without penalty, in the spirit of [7]. In general the answer to this question
appears to be no, the spaces of H'-conforming elements are simply too small to
satisfy all the required patch tests. For the nonconforming method using piecewise
affine approximation (the Crouzeix—Raviart element), on the other hand, it is easy to
prove the result. For simplicity we assume that no element has more than one face
on the boundary of Q. Let

[Vupe - nok] = E1i13)1+(Vum(;1c — enoK) - Mok — Vune(T + €nar) - nok).
For jumps of scalar quantities without normal vector, the orientation is irrelevant.
Let {unc}|r denote the average of u,. across the face F' and let F;,, denote the set of
interior faces in 7.

V= {v € L*(Q) :v|g € P (K)VK € Tj, and / [v] ds = 0,VF € Fin} .
F
To account for the nonconformity, we redefine the discrete norm as follows:

loncllfn == D [IVanclgagry + luncll? oo
KeTy

The nonconforming formulation then reads: find u,. € V;;* such that

anc(unca vnc) = (fa vnc)Q - <ga anc . n>aQ v’Unc S Vr}m
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where

anc(unca vnc) = Z (Vunca vUnc)K - <Vunc . navnc>ag - <unca VUh : n>8§l .
KeTy,

Let &, € V1. be a function such that for each element with one face on the boundary

Véne - noq = h}lwoum and fF &ne ds = 0 for interior faces F'. By an integration by
parts and using the second design criterion of &,., we see that

anc(unc;fnc) = Z/ [vunc : n@K]{fnc} ds + ||770Unc||2l,h’ag = ||770unc||2l,h’ag-
= JOK\0Q 2 2

Taking v,e := Upe + N€ne with n € R a coefficient to be fixed, we have

Z Hvunc”%ﬂ([{) + 77H7T0unc||2%7h,ag —2 <Vunc - n, unc>aQ = anc(unca Unc + ngnc)
KeTy,

The left-hand side is controlled in the standard fashion using

(Vne - 0, tine) g < n~C7 Z ”VUHCH%%K) + 77/4”770“710”2%,}1,89
K€7—h

and choosing n > 2CZ. This leads to

_ 1
(1—2n 1072") Z Hvun0||2L2(K) + 577”7"0”710”2%,}1739 < ane(Une; Une + Nne)-
KeTy

It is straightforward to show that

Z ”v(unC"‘ngnC)H%2(K)+77||7T0unc+77§nc||2%7h,aQ5 Z ”vunCH%2(K)+77H7T0un6|‘2%7h,89
KeTy, KeTy

and that

HunCH%,h S Z ”vunCH%%K) + ||7T0un0||2%,h789'
KeTy,

We have proved the following.
PROPOSITION 6.1. There exists c; > 0 such that for all functions v, € V., there
holds

ne(Vne, Wne)

1,h

CSHUnCHLh < sup
wne€VL, l|wnel

Optimal a priori error estimates follow in the standard fashion using Strang’s
lemma.

Remark 2. Since the system matrix corresponding to the symmetric method
without penalty is indefinite, certain constraints on the time step apply for transient
flow problems as discussed in [8].
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A PENALTY-FREE NITSCHE METHOD 1969

7. The convection—diffusion problem. Since the method we discuss leads to
a nonsymmetric system matrix, the main interest of the method is for solving flow
problems where an advection term makes the problem nonsymmetric anyway. Note
that there appears to be no analysis that is robust with respect to the Péclet number,
even in the case of the nonsymmetric DG method.

We will therefore now show how the above analysis can be extended to the case
of convection—diffusion equations yielding optimal stability and accuracy in both the
convection- and the diffusion-dominated regime. We will consider the convection—
diffusion—reaction equation

(7.1) ou+p-Vu—eAu= fin Q

and homogeneous Dirichlet boundary conditions. We assume that 8 € [W1(Q2)]?,
o € R,

1
U_gv'ﬁzcozoa
and € € RT. In this case the formulation is written as follows: find u;, € Vj, such that

(7.2) Ah(uh, ’Uh) = (auh + B - Vuy, ’Uh)Q - <ﬁ - N, U, vh>89—
+ 6ah(uh,vh) = (f, 'Uh)Q Yop € Vg,

where 90F = {x € 00 : £8-n > 0}. First note that the positivity of the form now
reads

1
(73) Anunyun) 2 518 nl2unlFo + l* Vun

hence provided |3-n| > 0 on some portion of the boundary with nonzero measure, the
matrix is invertible. In the diffusion-dominated case we make no such assumptions
on 3, whereas when convection dominates we assume that |3 - n| > 0 on some subset
of 99 with nonzero measure. To prove optimal error estimates in general, we require
stronger stability results of the type proved above to hold. It appears difficult to
prove these stronger results independently of the flow regime. Indeed it is convenient
to characterize the flow using the local Péclet number:

il
=2,

If Pe < 1, the flow is said to be diffusion dominated, and if Pe > 1, we say that it is
convection dominated. We will now treat these two cases separately.
In view of equality (7.3) we introduce the following strengthened norm:

Pe

1 1
lonll3 h6 = ellonll? n + LI nl2vp|30-

This norm is suitable in the diffusion-dominated regime, but will be modified by the
introduction of stabilization when the convection-dominated regime is considered.

7.1. Diffusion-dominated regime Pe < 1. In this case we may prove an inf-
sup condition similar to that of Theorem 4.2. For simplicity we assume that ¢ = 0.

PROPOSITION 7.1 (inf-sup for convection-diffusion, Pe < 1). For all functions
vy, € Vi there holds

Ap(vn, wn
1L,h,3 < sup Anlvn, wn)

(7.4) ¢sllon] .
) wneve |[wnllins
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Clearly, compared to the proof of Theorem 4.2 we only need to show how to
handle the term

(B Vun, ¢r)a — (B nvn, or)go- -

The necessary bound on this term is given in the following lemma.
LEMMA 7.2. Let ¢, be the function of Lemma 4.1 with r chosen as in (4.6).
Then for Pe < 1 there holds for all p > 0 that

(8- Von,ner)a = (B - nvn, 1) oo -
< (el Vonl)* + (118 - nlZvnl F2g00)) + C3(20) e llonll3 o0
Proof. Let
(B - Von,ner)a — (B - nvn,ner) go- = T1 + To.
By the definition of the Péclet number and the Cauchy—Schwarz inequality, we have
Ty < Pee | Von|ne? [0 o,

From the construction of ¢,., a scaling argument, the stability (4.3), and the choice
of r (4.6) we deduce that

1h~ r |l S IVerll < Collvnll g p.o0-
Using the arithmetic-geometric inequality we have
Ty < pe|| Vor || + C5(4p) ™ Pe’n?el|vnl1} ), 50

For T, we have, using a Cauchy—Schwarz inequality, the definition of the Péclet num-
ber, and the stability (4.3)

1 11 1 1
Ty < |18 - n[>vallLza0)Pezne? [lerll 1 naa < ColllB - nl?vnllL200)ne? [[vall 1 1 o0-
We apply the arithmetic-geometric inequality once again to conclude. O
Proof of Proposition 7.1. The inf-sup stability (7.4) now follows by taking wy, :=
vp+1¢, and proceeding as in (4.8) using (7.3) and Lemma 7.2 in the following fashion:
2 1 12
An(vn,vn +19r) 2 (L= e = pelVor|" + | 5 = )18~ nl2vallz2 ()
+n(1 - 05277/(46) - an/@/‘))EHUhHéh,aQ'

We may now choose € = 1/4 and g = 1/4 and then 1 small enough so that positivity
is ensured. Then

Ap(vn, vn +n0r) > Cn”UhH%,hﬁ'

We conclude as in Theorem 4.2, but now using the norm || - ||1,5,s,

1
lwnll1,n,e < llvalling +0llerlling < lvnlline + nClvall1ne +nlllB - 02wl L260)
1 1
< Cllvnllins +Pezne2|lorllin < Cregllvnlling O
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Proceeding as in Proposition 5.2, this leads to optimal a priori estimates in the
norm || - [|1,5 for Pe < 1.

PROPOSITION 7.3. Let u € HFT1(Q) be the solution of (7.1) and uy, the solution
of (7.2) and assume that Pe < 1. Then

||U - uh' 1,h < Chk|U|Hk+1(Q)

Proof. As in the proof of Proposition 5.2 we arrive at the following representation
of the discrete error:
. Ap(up, —i%u,w Ap(u — ik u,w
cullur — gl < sup AR Bt n) g, AnluZ By vn)
wn eV lwnll1,n,8 wneve  lwalling

By the continuity of Lemma 5.1 and an integration by parts in the convective term
we obtain

Ap(up, — igzu, wp) S €llu — ifzulls w1,
+ (u — iézua B Vwy)a + <5 “n(u— i’;zu), wh>an+)
S e (|lu — igull« + Pe|| b (u — i&gu) || + Pellu — i&ull1 1, a0)llwnlln,s6-

As a consequence

L < [lun = igzul

' |lun — ibyul 1,h,8

S ' (Jlu — iggulls + Pellh ™ (u — igu)|| + Pellu — igzull 3 4 00).
The claim follows by dividing through by £!/2, using approximation and the assump-
tion Pe < 1. d

7.2. Convection-dominated regime: The streamline-diffusion method.
In the convection-dominated regime, when Pe > 1, we need to add some stabilization
in order to obtain a robust scheme. We will here first consider the simple case of
streamline-diffusion (SD) stabilization and assume o = 0. In the next section the
results will be extended to include the continuous interior penalty (CIP) method.
The formulation now takes the following form: find uj, € V}¥ such that

(7.5) Asp(uh, ’Uh) = (ﬁ - Vup,vp + 008 - Vvh)g
- Z(SAuh, 5ﬁ : Vvh)[( - <ﬁ ‘N Up, Uh>aﬂf
K
+ Eah(uh,vh) = (f, vp + 60 - Vvh)g Yoy, € th,

where § = ysph/|3| when Pe > 1 and 6 = 0 otherwise. At high Péclet numbers, the
enhanced robustness of the stabilized method allows us to work in the stronger norm
lwnll|n,s defined by

1 1 1
(7.6) llunllls.s = 11628 - Funll* + 5118 - nl unl72(a0) + el Vunl

We will also use the weaker form |[[[us ||} , defined by (7.6) with § = 0, and for the
convergence analysis we introduce the norm

1 1 1
Il = 1873 ull® + ellh? Vu - nlFaaq) + D 162 eAulZae) +lul} o0 + w5
K
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Testing the formulation (7.5) with vy, = uy, yields the positivity
(7.7) cllunlly s < Asp(un,un)

in the standard way using an elementwise inverse inequality to absorb the second
order term, i.e.,

> (eAun, 68 Vup)k < %C?WSDPe_l/QHS%VuhHQ + %na%ﬁ V2.
K
Clearly for ysp < 1/(C?%) stability holds for Pe > 1.

Unfortunately the norms proposed above seem too weak to allow for optimal error
estimates. Indeed, since we do not control all of ||up||1,s, for general u € H? + ViF,
vy, € ViF there does not hold Agp(u,vn) < ||ulll][[vnllln.s, (cf. Lemma 5.1) unless an
assumption on the boundary velocity such as |3 - n|h > ¢ is made. It also appears to
be difficult to obtain an inf-sup condition similar to (7.4) in the high Péclet regime.

We therefore use another technique to prove optimal convergence directly. The
idea is to construct an interpolation operator mgu, such that the interpolation error
u — Tou satisfies the continuity estimate

(7.8) Asp(u —mau,vn) S [[lu— maulll«[[[vnlns-

Assume that we have an interpolation operator my : H'(Q) — V! such that the
following hypothesis are satisfied.
(H1) Approximation:

(9) It = ull + BV (mou — )| < O ulgesn o
(H2) Normal gradient:

(7.10) Vimpu—u)-nds=0, i=1,...,Np,
F;

where F; are the boundary segments introduced in section 4.
Under assumptions (H1) and (H2), we may prove the optimal convergence of the SD
method.
PROPOSITION 7.4. Let u € H**1(Q) be the solution of (7.1) and uy, the solution
of (7.5). Assume that there exists mou € V¥ satisfying (H1) and (H2). Then

llw = unllng £ 12 (14 Pe™)ul s .
Proof. Tt follows from the approximation properties of 7y that
Ilw = moulle S IBIERSE (1 + Pe™ /) ul s q).
We now need to prove the continuity (7.8). Note that

Agp(u — mau,vp) = (5%6 -V(u— mou) — 5_%(u - ﬂau),(séﬁ - Vup,)

— Z(déaA(u — mou), 623 - Vop)k + (8- n (u— ToU), Vh) oot + €an(u — mou, vp)
K

S Mllu = moullllllvallln,s + can(u = mou, va) .
—_————

Iy
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Consider now the term I;. We will prove the continuity
(7.11) an(u — mou, va) < [[u — moulll«[vallln.s-

Using the Cauchy—Schwarz inequality and a trace inequality, we show the continuity
of the first and last terms of Iy:

I = e(V(u — mau), Vop)a — e (V(u — mau) - n,vp) 5 + € (Vop - n, (u — mau)) 50

1
< e?|Ju—maull«[vnlllno — & (V(u—mou) - n,vn) g -

For the remaining term we must exploit the orthogonality property (7.10) of mpu on
the boundary. Indeed by decomposing the boundary integral on the Np subdomains
F; we have, denoting by v}, the average of v;, over the boundary segment F;,

Np
e(V(u—mau) - n,vn) 50 = EZ (V(u—mou) -n,vp — 62>Fi
i=1
Np
S é‘z ||V(u — Wau) . n”LQ(Fi)
i=1

Uh — 52||L2(Fi)

S e |V(u—mou) - nll_s po0e? [IVon]
1
S e® llu— moull.[lonlllno

where we used the approximation properties of the local average and a trace inequality.
Collecting the above estimates and noting that

1
e2lu = moull. <ffu—moull.,

concludes the proof of (7.8).
Using the positivity (7.7), and the consistency of the method, we have, setting
en = up — mou and using that Pe > 1,

llenlllf s S Asp(en,en) = Asp(u — mou,en) S [llu — moulll[llenlln.s
1 1 _1
S I8 & (1 + Pe” %) ul grer gy lllenlllng. O

We end this section by the following lemma establishing the existence of the
interpolation w5 with the required properties.

LEMMA 7.5. The interpolation operator mg : H*(Q) + V! satisfying the proper-
ties (H1) and (H2) exists.

Proof. Let mou := i%u + ¢,, where ¢, is the function of Lemma 4.1 with the ;
chosen such that

— & J
rj =Vu-n —Vigu-n .

Clearly by construction there holds

/(Vﬂau-n—Vu-n)ds:/(Vi’;zu-n—f—Vgor-n—Vu-n)ds
F, .

k3

:/ (Viku-n+r; —Vu-n) ds =0.
FY
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To prove the approximation results we decompose the error
lu —moul| < |lu— igzull + |ligzu — moull < CR* |ul grer ) + llor].

Using local Poincaré inequalities and the stability (4.3) of ¢, we get

Np 3 Np , 3
3 3 = = o
lerll S NPV er|| < R <Z ||Ti||2L2(Fi)> =he (ZIVU'n = Viggu - n ||2L2(Fi)> :
i=1

=1

Using the stability of the projection onto piecewise constants, elementwise trace in-
equalities, and finally approximation, we conclude

IVan' = Vi n 320y < V00— Vi nlda,

<207 M|V (u— igu)|Fagp,y +h Y D% — i) T2 S B ulfinsr s
KeP;

where D?u is the standard multi-index notation for all the second derivatives of w.
We conclude that

1
Np

2
3 .
”‘:OTH Shz <Z|VU7’L—VZ§ZU7’L|%2(F1)> S hk+1|u|Hk+1(Q).

i=1
The estimate on the gradient is immediate by

IV (u — mou) || < ||V (u — igu)l| + ||V (iszu — mou)l|
< |1V (u— iggu)| + Crh ™ ligzu — moull S h*fulgrsr). O

7.2.1. Convection-dominated regime: The continuous interior penalty
method. In this section we will sketch how the above results extend to symmetric
stabilization methods assuming that ¢, > 0. To reduce technicalities we also assume
that 8 € R2. We give a full proof only in the case of piecewise affine finite elements.
Recall that the CIP method is obtained by adding a penalty term on the jump of the
gradient over element faces to the finite element formulation (7.2). The formulation
can then be written as follows: find u;, € V/¥ such that

(7.12) Ap(up,vp) + In(up,vn) = (f,on)a Yo, € th,

where

Tn(un,on) ="cip > Y /h%lﬂ-nFl[Vuh-nF][Vvh-nF] ds,
KeT, Fear\oa’ T

with [z] denoting the jump of the quantity  over the face F and ng the normal to
F; the orientation is arbitrary but fixed in both cases.

The analysis once again depends on the construction of a special interpolant
morpu € VF. This time morpu must satisfy both the optimal approximation error
estimates of (7.9), the property (7.10) on the normal gradient, and the following
additional design condition:

_1
(7.13) (u—7orpu, 8- Von) S |h218)% (u — worpu) 7o 2o dn(vn, vr) 2 Yoi, € ViF.
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Once such an interpolant has been proved to exist, the technique of [3], combined with
the analysis above, may be used to prove quasi-optimal L2-convergence for ¢, > 0.
Using a similarly designed interpolation operator, an inf-sup condition can be used to
prove stability and error estimates in the norm ||| - |||n,s following [6, 5]. Here we will
first prove the error estimate in the L2-norm, assuming the existence of mcrpu, and
then show how to construct the interpolant in the special case k = 1.

PROPOSITION 7.6. Assume that tcrpu € V¥, satisfying (7.9), (7.10), and (7.13),
exists. Letu € H*1(Q) be the solution to (7.1), with ¢, > 0, and let uy, be the solution
to (7.12). Then

lu—unll S ez /2 (@ 2h% + (B2 (1+Pe™ 2 )2 ful i -
Proof. Let ep, := up, — morpu. There holds, with ¢, > 0,
collenl® + llenllli o + Jn(ens en) < An(en, en) + Jn(ens en)-
By the consistency of the method, we have
collenll® + llenlllio + Jnlen en) < An(u — merpu, en) — Ju(merpu, en).
Finally by the continuity (7.11), which holds thanks to property (7.10), we have
(7.14) Ah(u — TcIpU, eh) — Jh(TrCIPua eh)
= (o(u — morpu),en) + (w — m7orpu, 8- Vep) — B-n(u—mcrpu)ey ds
90
+ ean(u — morpu, en) + Ju(Torpu, en)
_1
< ((0Fh? + ClBIEyaip)Ih ™2 (u — merpu)|| + lu — merpullins
1 1
+e2|lu — merpulls + Jn(Torpu, morpu)?)
x(allenl® +lllenll? o + Jn(en, en))?,

and we end the proof by applying approximation estimates. d

We will now prove the existence of the interpolant moypu in the case of piecewise
affine continuous finite element approximation.

LEMMA 7.7. There exists a function mcrpu € Vi!, satisfying (7.9), (7.10), and
(7.13).

Proof. We write Torpu := mpu + @crp, where mpu denotes the L2-projection on
Vh1 and pcrp € Vhl is a function defined on patches P; that satisfies the inequalities
(4.2) and (4.3), but also has the property

/ porpder=0, i=1,...,Np.
P;

Clearly for this to hold we must modify the definition of the patches on the faces F;
to include interior nodes in the domain. For simplicity we assume that any element
containing a node that connects to two nodes in the boundary segment F; (through
edges that may be associated to other elements) is included in the patch P; (see Figure
2). Define two functions w; and wr on P; (also illustrated in Figure 2) such that

1 in all nodes z € 1031-, 1 in all nodes z € 1%-,

o WF = _ o
0 in all nodes x € Q\ P, 0 in all nodes x € Q\ F;.
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Fic. 2. Ezample of a boundary patch P;, with the functions wy (left) and wp (right). The
functions take the value 1 in filled nodes and zero in the other modes.

We must now show that there exists a function p; = awr + bwp satisfying the two
constraints

(7.15) / p; de =0, V- n = .
Py

The construction of morpu is obtained by choosing 7, = Vu-n — Vau-n in the
system (7.15) above and then defining pcrp|p, = ;.

To study ¢;, first map the patch P; to the reference patch ﬁi, obtained by map-
ping F; to the unit interval using the same scaling in the direction orthogonal to F;.
Consider the linear system for v := (a,b)” € R? of the form

o [ Jpin di Jp, or di al 0 .
U Ja Ve onds [ Vap-ads || b ] T | [ Va—ma)-ads | T

We must prove that the matrix A is invertible, but this is immediate noting that the
two coeflicients in the first line of the matrix are both strictly positive, whereas in the
second line the coefficient in the first column is negative by construction and that in
the right column is positive. The stability estimate (4.3) now follows from a scaling
argument back to the physical patch P;. Indeed since the matrix A is invertible we
have

T g T ¢ .
o 5 sup 2 = g LSy
weR? |w| weR? |w|
By norm equivalence we have
¢l g, S NIV @illp, S lvl S I1FI-

After scaling back to the physical element we get

— ey a— ]
(7.16) W eille, S IVeille S LS 102V (u = mpu) -1 || 5,

which proves (4.3).
The approximation error estimates are proved in the same way as in Lemma 7.5.
Indeed, by a decomposition similar to that of the error, we have for this case

lu = merpull < lu—mpull + [|7au — 7orpull S B2 uluz) + llecrel,

and for porp we may conclude using the proof of Lemma 7.5, together with (7.16).
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It remains to prove the continuity (7.13). This follows from

Np
(u—7merpu, B+ Vop) = (u— mhu, 8- Vup) + Z(%’,ﬁ - Vo)
i=1
Np
= (u—mpu, B - Vo, — Icrpf - Vo) + Z(gai, (B - Vo —mo,p, B - Vup)).
i=1

Here Ic;p denotes a particular quasi-interpolation operator defined using averages of
B - Vuy, in each node (see [3]), and mg p, denotes the projection on piecewise constant
functions on P;. Using norm equivalence on discrete spaces and mapping from the
reference patch, we observe that

[h318172 (8 - Von — LerrB - Von)ll® S vetpdn(vn,vn)

and

% Svorpdn(vn,vn).

Np
Z |h2]8]72(8 - Vo — mo,p, 8 Vup)|
i=1

The first claim was proved in [3], and the second holds since § - Vv, is constant on
each element. d

Remark 3. For high order elements the construction of the interpolant m¢pu is
much more technical and beyond the scope of the present work. Indeed it is no longer
sufficient to prove orthogonality of y; against a constant on P;, but it must be shown
to be orthogonal to the continuous finite element space of order £ — 1 on P;. On the
other hand the patches P; can be chosen freely, provided diam(P;) = O(h).

8. Numerical examples. We study two different numerical examples, both
have been computed using the package FreeFem++ [13]. First we consider a simple
problem with smooth exact solution, then we consider a convection—diffusion prob-
lem and show the stabilizing effect of the Nitsche-type weak boundary condition for
convection-dominated flow.

8.1. Problem with smooth solution. We consider (2.1) in the unit square,
with f = 57?sin(rx)sin(2ry) and g = 0. The mesh is unstructured with N =
10, 20, 40, 80 elements per side. The exact solution is then given by u = sin(nz) sin(27y).
We give the convergence in both the L2-norm and the H'-norm for piecewise affine ap-
proximation in Table 1. The case of quadratic approximation is considered in Table 2.
The order p in O(hP) is given in parentheses next to the error.

We have not managed to construct an example exhibiting the suboptimal con-
vergence order of the Nitsche method. Some cases with nonhomogeneous boundary

TABLE 1
Comparison of errors between the nonsymmetric version of Nitsche’s method and standard
strongly imposed boundary conditions, using piecewise affine approrimation on unstructured meshes.

N Nitsche H?! Strong H! Nitsche L2 Strong L2
10 | 7.0E-1 (—) 6.7E-1 (—) 2.4E-2 (—) 2.0E-2 (—)
20 | 3.5E-1 (1.0) | 3.5E-1(0.94) | 5.5E-3 (2.1) | 5.5E-3 (1.9)
40 | 1.7E-1 (1.0) 1.7E-1 (1.0) 1.3E-3 (2.1) | 1.3E-3 (2.1)
80 | 8.2E-2 (1.1) 8.2E-2 (1.1) 3.3E-4 (2.0) | 3.1E-4 (2.1)
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TABLE 2
Comparison of errors between the nonsymmetric version of Nitsche’s method and standard
strongly imposed boundary conditions, using piecewise quadratic approrimation on unstructured
meshes.

N Nitsche H?! Strong H'! Nitsche L? Strong L2
10 | 5.3E-2 (—) 5.1E-2 (—) 1.7E-3 (—) 6.5E-4 (—)

20 | 1.4E-2 (1.9) | 1.4E-2 (1.9) | 2.2E-4 (2.9) | 9.6E-5 (2.8)
40 | 3.5E-3 (2.0) | 3.5E-3 (2.0) | 2.1E-5 (3.4) | 1.1E-5 (3.1)
80 | 8.6E-4 (2.0) | 8.6E-4 (2.0) | 2.5E-6 (3.1) | 1.4E-6 (3.0)

Fic. 3. Comparison of the contourplots of the unstabilized nonsymmetric method (left), sym-
metric method with piecewise affine conforming approzimation (middle), and symmetric method
with piecewise affine nonconforming approzimation (right), N = 10.

conditions, not reported here, were computed both with affine and quadratic elements.
They all had optimal convergence on the finer meshes. For H!'-conforming spaces the
theoretical results do not extend to the symmetric version of Nitsche’s method and
stability is unlikely to hold on general meshes. Applying the symmetric method to
the proposed numerical example yields a solution with clear boundary oscillations on
the coarse meshes; see Figure 3. On finer meshes these oscillations vanish and the
performance is similar to that of the nonsymmetric method. The solutions of the sta-
ble nonsymmetric method using piecewise affine H'-conforming approximation and
the symmetric method using piecewise affine nonconforming approximation are also
presented for comparison. Note that although the convergence of the Nitsche method
is optimal in this case, the error constant of the nonsymmetric method in the L2-
norm is a factor two larger than that of the strongly imposed boundary conditions for
piecewise quadratic approximation. The same computations were made on structured
meshes (not reported here), and this effect was slightly larger in this case, with a fac-
tor two in the affine case and four in the quadratic case. The errors in the H'-norm,
on the other hand, are of comparable size for the two methods.

This motivates a study of how the error depends on the penalty parameter v in
(3.3). We therefore run a series of computations with v = 0, 10, 20, 40, 80. In Table 3
we report the results for piecewise affine approximation and in Table 4 the results for
piecewise quadratic approximation. We note that there is a visible, but negligible,
effect on the error measured in the L2-norm, but no effect on the error in the H'-norm.

8.2. Problem with outflow layer. For this case we only compare the solutions
qualitatively. We consider the problem with a convection term (7.1). To create an
outflow layer we have chosen f :=1, 8 := (0.5,1), 0 := 0 in Q. We discretized Q with a
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TABLE 3
Study of the dependence of the accuracy on the penalty parameter, piecewise affine approrima-
tion, unstructured mesh, N = 80.

Error norm vy=0 ¥y=10 | y=20 | y=40 | y=280
lw — wp|lf2 3.3E-4 | 29E-4 | 3.0E4 | 3.0E4 | 3.0E4
lu —up|lgr | 8.2E-2 | 8.2E-2 | 8.2E-2 | 8.2E-2 | 8.2E-2

TABLE 4
Study of the dependence of the accuracy on the penalty parameter, piecewise quadratic approz-
imation, unstructured mesh, N = 40.

Error norm vy=0 ¥y=10 | y=20 | y=40 | y=280
lu — wp|| L2 2.1E-5 | 1.3E-5 | 1.2E-5 | 1.2E-5 | 1.2E-5
llw — wp||gr | 3.5E-3 | 3.5E-3 | 3.5E-3 | 3.5E-3 | 3.5E-3

©

=

Fic. 4. Convection—diffusion equation discretized using the nonsymmetric Nitsche-type bound-
ary condition, no stabilization, N = 80, piecewise affine approximation, from left to right: € = 0.1,
e = 0.001, £ = 0.00001.

©

Fic. 5. Convection—diffusion equation discretized using strongly imposed boundary condition,
no stabilization, N = 80, piecewise affine approximation, from left to right: € = 0.1, ¢ = 0.001,
e = 0.00001.

structured mesh having 80 piecewise affine elements on each side. The contourplots for
e =0.1,0.001,0.00001 are reported in Figure 4 for Nitsche’s method and in Figure 5 for
the strongly imposed boundary conditions. Note that no stabilization has been added
in either case. This computation illustrates the strong stabilizing effect of the weakly
imposed boundary condition. A theoretical explanation of this phenomenon was given
in [19]. Finally we consider the effect of adding stabilization to the computation. In
this case we take N = 80 with piecewise quadratic approximation. We report the
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F1c. 6. Convection—diffusion equation discretized using the nonsymmetric Nitsche-type bound-
ary condition, N = 80, ¢ = 0.00001, piecewise quadratic approximation, from left to right: no
stabilization, SD stabilization (ysp = 0.5), CIP stabilization (ycrp = 0.005).

results of a computation without stabilization, with the SD method (ysp = 0.2) and
with the CIP method (y¢rp = 0.005) in Figure 6. Note that the stabilized methods
clean up the remaining spurious oscillations in both cases.
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