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NITSCHE’S METHOD FOR
GENERAL BOUNDARY CONDITIONS

MIKA JUNTUNEN AND ROLF STENBERG

ABSTRACT. We introduce a method for treating general boundary conditions
in the finite element method generalizing an approach, due to Nitsche (1971),
for approximating Dirichlet boundary conditions. We use Poisson’s equations
as a model problem and prove a priori and a posteriori error estimates. The
method is also compared with the traditional Galerkin method. The theoreti-
cal results are verified numerically.

1. INTRODUCTION

In his classical paper [6] Nitsche discusses techniques for incorporating Dirich-
let boundary conditions in the finite element approximation of the model Poisson
problem: find u such that

(1.1) —Au=f 1inQ,
(1.2) u=1uy onl =0Q.

Before introducing his technique he discusses the penalty method, i.e. the Ritz ap-
proximation to the “perturbed” problem in which the Dirichlet boundary condition
([T2) is replaced by the condition

(1.3) Z—Z = %(uo —u) onT,

where € > 0 is a small parameter. He points out the drawbacks of this approach, i.e.
nonconformity, which requires a coupling of the penalty parameter to the mesh size,
and the possible ill-conditioning of the discrete system when the penalty parameter
is too small (see [2] for a recent survey on this).

If instead of the Dirichlet problem we consider the problem with the boundary
condition (L3]), then the solution to the continuous problem converges to the so-
lution of the Dirichlet problem when ¢ — 0. For the finite element discretization
the discrete problem gets more ill-conditioned when e approaches zero. In the limit
€ = 0, we have to switch to some other way of imposing the Dirichlet condition, like
the conventional approach or Nitsche’s technique. The following question arises
quite naturally: can we extend Nitsche’s method so that it can be used for the
whole range of boundary conditions € > 07 The purpose of this paper is to give a
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1354 MIKA JUNTUNEN AND ROLF STENBERG

positive answer to this question. We will consider general boundary conditions and
extend Nitsche’s method to cover the whole class of problems.

The outline of the paper is as follows. In the next section we derive the method
and show that it is consistent. In Section [3] we prove the ellipticity and derive the
a priori error estimates. Section Ml is devoted to the a posteriori error estimates.
For the a posteriori estimate we show that it gives both an upper bound and a
lower bound to the error. In Section [l we give a summary of the error analysis
of the traditional finite element method. Finally, in Section [, we show numerical
applications of the proposed method and the error estimates and compare them to
those obtained with the traditional method.

2. THE METHOD AND ITS CONSISTENCY

We consider the following problem:

(2.1) —Au=f inQ,
ou 1
(2.2) = g(uo —u)+g onl,

where € is a bounded domain with polygonal boundary, f € L?(Q), ug € H/*(T),
g € L3(T') and € € R, 0 < ¢ < 0o. The limiting values of the parameter ¢ give the
pure Dirichlet and Neumann problems, respectively, i.e.

0
(2.3) e—=0 = u=uy onl, e—>oo:>a—u:g onI.
n

For simplicity we consider a shape regular finite element partitioning 7; of the
domain Q@ C RN, N = 2,3, into simplices, i.e. triangles or tetrahedra. This
partitioning induces a mesh, denoted by Gy, on the boundary I'. By K € 7, we
denote an element of the mesh and by E we denote one edge or face in Gj,. By hi
we denote the diameter of the element K € 7, and by hg we denote the diameter
of ¥ € Gy,. We also define

h:=max{hx : K €T}

and
V= {ve HYQ) : vk € Pp(K) VK €Ty},

where P,(K) is the space of polynomials of degree p. The method is now defined
as follows. Here 7 is a positive parameter that has to be bounded from above; see
Theorem below.

Nitsche’s method. Find uj; € V}, such that

(24) Bh(uh,v) = fh(v) Yov € Vh,
where

_ vhE ou ov
(2.5) Bu(u,v) = (Vu, V), + Eezg { - M[ (om0 + (s %H

1 eyhg ,0u Ov
s e T g (o %>E}
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and

~vh v

E€gn
€ evhg ov
+ e+7hE<g’U>E 6+7hE<g7 8n>E}
Next we prove the consistency of the proposed method.

Lemma 2.1. The solution u of the equations ZI)—(22) satisfies
(2.7) Bh(u,v) = fh(v) Yv € V.

Proof. Multiplying the differential equation (2J]) with v € V},, integrating over the
domain €2, and using Green’s formula leads to

ou
Q” <%7U>r = (f.v)o-
Next, multiplying the boundary condition ([22)) by v, and integrating over an ele-
ment F, we have

(2.8) (Vu, Vo)

Ju
(2.9) e<%,v>E+<u,v>E = <u0,v>E+e<g,v>E.
This gives
(2.10)
1 Ju 1
—, +(u, = , + ; .

Similarly, we obtain
Yhg ou Ov ov
> e+ hn {€<3—na %>E +(u, a_n>E}

Eegy,
YhE { 8v> v }
= Z — )t elg, =)
o e+vhg O on’E on’E

The equation ([27) is now the sum of equations ([2.8), (2I0), and 2II)). O

The method has two parameters, the stability parameter v and the problem
dependent parameter ¢ in the boundary condition. By choosing v = 0 in ([Z4) we
get:

(2.11)

The traditional method. Find uj; € V}, such that

1 1
(212)  (Vun, Vo), + E<uh’v>r = (fiv)g+ z<u07v>r + (g, v), VeV

This may become ill-conditioned when € > 0 is small. We will return to this method
in Section [ below.
For the stabilized method with v > 0 we obtain, in the limit € = 0,

ou ov 1
(Vuh,Vv)Q — <6—:,v>r — <uh, %>F + Z ,YT<U’“U>E
(2.13) Beg. 1Y

v 1
= (f,v)Q—<uo,%>r+ Z W—E<UO’U>E Yo € Vy,

Eegp
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which is Nitsche’s method [7] applied to the Dirichlet problem
—Au=f in{,
u=1ug onl.

This is also exactly how the Dirichlet boundary conditions are treated in the Interior
Penalty Discontinuous Galerkin method; cf. [I].
When € — oo the problem to be solved is the pure Neumann problem

—Au=f inQ,
%:g on I,

which is approximated by

(Vun, Vo) — > vl a“h 8”>E

Eegn

= (F0)g + (9000~ 3 Ahelo 5o

Eegy,

(2.14)

This is the variational form of the Neumann problem with the extra terms

Bu v v
_ Z fth h > and — Z ’YhE<g,%>E,

Ecgy, EcgGn

which do not affect the consistency of the method. Note, that the Neumann problem
requires that the data satisfy

(2.15) (f,1)q+ {9, 1), =0,

and this condition is not violated in our formulation.

3. STABILITY AND A PRIORI ERROR ESTIMATES

In the stability and error analysis we will use the following mesh-dependent
norms

1
(3.1) ol = Vol Z2(q) + Z EHU||2L2(E)
EcGp
and
2
(52) ol = ol + S ns |22
E€gy, L2(E)

In the subspace V}, these two norms are equivalent. This follows from the well-
known estimate below.

Lemma 3.1. There is a positive constant C7 such that

(3.3) 3 he ‘9“

EcgGy

< C]HVUH%2(Q) Yo € Vh.
L2(E)

For the formulation we have the following stability result. Here and in what fol-
lows, C' denotes a generic positive constant independent of both the mesh parameter
h and the parameter e.
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Theorem 3.2. Suppose that 0 < v < 1/Cr. Then there exists a positive constant
C such that

(3.4) B (v,v) > C|v||z Vv € V.
Proof. First, the Schwarz inequality gives

hg ov ov
B (v,v) = (VU,VU)Q + Z { — ezm{ <a—n,v>E + (v, 8_n>E}

Ecgp
1 eyhgy ,0v Ov
+e+’th <U’U>E e+’th<8n’8n>E
(3.5)
vyhg v
> [|Vol|Fage) + {—27 F [oll2(m)
Beon e+vhg ||On 12(F)
. 1 o2 evhy || Ov 2
— v - ||= .
€e+vhg L2(E) €+ vhg ||On L2(E)
Next, using Young’s inequality, with 6 > 0, we get
(3.6)
].C]’YQhE C]G’y 2 1-96 2
Bn(v,v) > 1—= — \Y C—— .
00) 2 (1= 39— G0 |90y + € oy

The second term is positive if 1 —d > 0 and the first term is positive if

(3.7)
1C1v’hg Crey 1 Crvy
- - = 1- he (1- =2 .

de+vhg €+~vhg e+~vhg ( Cry) +he 1) >0

Hence, we choose § such that C;y < § < 1. The choice is possible due to the
assumption v < 1/C;. This shows that By (v,v) > C|lv||2 with C' > 0 independent
of € and h. O

In the rest of the paper we will assume that the stability requirement is satisfied,
i.e. we make the following assumption.

Assumption 3.3. The real parameter v satisfies 0 < v < Cf.
For the a priori estimate we need the following well-known interpolation estimate.

Lemma 3.4. Suppose that u € H*(Q)), with 3/2 < s <p—+ 1. Then it holds that
(3.8) inf [||u—ovl||np < Chs_llluHHS(Q).
veEV)

We then have
Theorem 3.5. Foru € H*(Q), with 3/2 < s <p+ 1 it holds that
(3.9) ||u—uh||h < Chs_1||u||Hs(Q).

Proof. From the consistency and coercivity, i.e. Lemma 2.1l and Theorem B2 we
get

(3.10) llun —v||2 < CBp(up —v,up —v) < CBu(u—v,up —v) Yov € V.

Using the continuity of the bilinear form and the two norms || - ||, and ||| - ||| we
have the bound

(3.11) By (v —v,up —v) < Clllu—v|||pl|lun —vl|n Vv € V.
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Combining equations (BI0) and BII]) we have
(3.12) lup, —vlln < Clllu—v||ln Yv eV

and the assertion follows by triangle inequality and Lemma [3.4] above. O

4. A POSTERIORI ERROR ESTIMATE

In this section we introduce a residual based a posteriori error estimator for the
problem. We will prove that this gives both an upper and a lower bound for the
error.

For the proof we will use a mesh 7y, 5 obtained from 7}, by dividing each simplex
into 2V, N = 2,3, equal simplices. The corresponding mesh induced on T' will be
denoted by Gj /2. By Vj, /2 we denote the finite element subspace on the refined
mesh and uy/o € Vj/o is the corresponding finite element solution. By 7j and
T2 we denote the collection of interior edges/faces of elements in 7;, and 7y, /s,
respectively.

The local error indicator is defined as
2

ou
Brc(un)? = hi | Bur + I3z i) + b | | 5|
" L2 0KknTy)
(4.1) 7
+7hE 6(%fg)+uh7uo
(e +vhE)? on L2(8KNT)

In our analysis we use the following saturation assumption [4].
Assumption 4.1. Assume there exists 3 < 1 such that
(4.2) lu = uny2llngz < Bllw = unlln,

where uy, /5 is the solution on the mesh 7y, /5. The mesh 7}, /5 is derived by splitting
the elements of the mesh 7j,.

We then have the following result.

Theorem 4.2. Under the Assumptions B3] and [E1] it holds that
N\ 1/2
(4.3) llw — unlln < c( S Exc(un) )
KeTy,
Proof. Step 1. By the triangle inequality we have

(4.4) lunsz = unllnz = llu = unllnjz = llu = unj2llnse > lu = unlln = Bllw = ualln

and as a consequence of the saturation assumption we have

(4.5) lu —unlln <

= ||
Up, /o — U )
1 glltn/z ~ Unlln/2
Hence, it is sufficient to bound [|uy, /2 —up| /2. To this end we use the stability. By
Theorem there exists v € V}, /5 such that

(4.6) lvllny2 =1 and Cllupse —unllnj2 < Bhj2(unse — un,v).
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Let v € V,, be the Lagrange interpolate of v € V},/5. By scaling arguments one
obtains

> BRI =3y + b5l = Sl3nome }
KETh/Q
o —1) o

4.7) b 3 { e + hel
EcGp/2
<Clloll3 ) < C.

327 }

To simplify the notation we define w := v — v and the above estimate gives

/ 1/2
(X mdlwlt) <o (X hlwlen) <cC

KE'T;L/Q KeTh/Z

ad (3wl ) <

E€Gh)2

(4.8)

In (Z8]) we split the right-hand side into two parts:
(4.9) Bpja(upnjz — un,v) < Bpja(upse — un, w) + By ja(up 2 — up, 0) =: Wi + Wa.

We will bound the terms W; and W5 separately.
Step 2. Since w € V}, /2, it holds that

(4.10) Bhj2(uns2, w) = Fpj2(w),
and we have

Wi = Fiya(w) — By o (un, w)

h 1o}
={<f7w>9—<vww>g+ > g,

E€Gh)2
(4.11) l
+ Z uh,w> + €<g,w>
Eegh €+ ’YhE r o
ow Ouy, ow
+E€Zg;2 th[ h_uo’%>E+€<37_g’%>E]'

Integrating by parts on each K € 7}/ gives

(f,w)g — (Vun, Vu)y = S (f+ Dupw), — 3 <[{%ﬂ,w>E

KETh/Q EEIh/Q

- Z <%’w>E

EGgh,/z

(4.12)

Rearranging terms we thus have

(4.13) Wi =R+ Ro + Rs,
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with

(4.14) Ri= Y (f+Aupw),— > <[{8uh] w) gy

KeTh E€Ty /o
hE 8uh
(4.15) Ry = (2 =) (2 w)
Eezg;m 6+’th on "
+ ¥ { — up,w), + (g, w) },
Eegh/2 +’}/hE E E
and
_ he oy, 2 Oup _ 0w
(4.16) Ry _Egg: P [{uh o 5 He(5 = 9 8n>E]'
h/2

The first term is estimated using Schwarz inequality and (€8]
(4.17)

R < Z ||f+Auh||L2(K)||w||L2(K)+ Z H[{au}Lﬂ

L2(E) ||w||L2(E)

K€eTh,» Thy2

B 1/2
( Z h Hf+AuhHL2(K) ( Z hKQHme(K))
KeTy, o KeTy /2

(2 ]

O R (D S = T
E

€Zh/2 €Znh/2
SC[( Z h%(Hf—f—Auth(K)) ( Z hEHHaUhH LQ(E))1/2}'
KeTy o E€lps

Adding the terms in Ry, using Schwarz inequality and the estimate (L8] gives

1 Ouy,
Ry = Z <u0—uh+eg—6—,w>E
P €+ vhg on
2

he Ouy, 1/2
< —_— uh—uo+e(——g)
(Eezg:/ (e+hp)? on L2<E>)
(4.18) s
(X Ewla)
E€Gh 2
hE 8uh 1/2
<C —_— uh—uo—i—e(——g) .
(Eezg;/z (e+hp)? on L2<E>)
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For the third term we similarly get

_ vhe _ Qun _ ) 0w
R3 - Z €+rth [<uh uo + 6( 87’1 9)7 87’l>E‘|
E€Gh)2

S’Y( Z (e—i—hthH@h Uo+€ H)

E€Gn 2

(. w5, )"

<c< DL [ H)

E€Gh 2

Now we have bounded the term W7, i.e. we have

(4.20) Wi SC( > EK(Uh)Q)

Step 3. Next, we prove the same upper bound to term Ws of equation (£9). To
obtain the upper bound we need the following bounds:

1/2
(4.21) olluy+ (> b )" <Clvlp <

E€Gh 2

lz(e)
which follow from ([@7) and (£8]). Below, for clarity, we will denote by E an element

in Gj, /2 and by F' an element in Gj,. Using the relation By, (up, ) — Fn(0) = 0 and
rearranging terms we obtain

= Fny2(0) — Bpy2(un, 0) = Fp2(0) — Fp(0) + Br(un, ) — Bpya2(un, )

= Z 1 <u —up + €g f}>
€+~vhg 0 B

_Eegm
i __Fg e+1vh (o = un +¢9,) 1

| G, T G,
T w05

=T +To+ T35+ T4+ T5.
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Since up, has the same values on both meshes 7j,/ and 7j,, we can write the term
T3 as follows:

vhe Oup . yhg Oup
Ty = Jun 5y Oun
’ _E§/26+7h,;<an RE F§h6+7hp<8n Dr
(4.23)  _ Yhe 8uh _ vhe N\, Oun
Eezg: (GJF’YhE 1) zg: e+vhp )<3n’v>F
L h/2
€ Oup € oup .
= T (G, (2 3,
Eezg;ﬂ e+vhg on’ F%g:h €+ ~vhp ' On

Next, adding T7, T> and T3, and using the fact that hp = 2hg, for E C F, gives

1
Th+Ty+T3 = <“0*uh+€(9*%)’ﬁ>E
on

E€Gh)2 €+ he
1 dup\
— — + -
Fezg et hp <u0 Up, e(g on ) v>
YhEe Oup \
= — up +
Eezg;/ )T 2l 0 ) 0
8uh
<C up —upg+e(—— —9g)
(4.24) Ee;h/ €+ ’)/hE 3/2 on L2(E)
1 -
) WHUHLZ(E)
1/2
h2 8uh 2
<C —L—— lup —ug + (- — g) 12][n
<E€zg;/2 (6 + ’Yh,E)B 871 LQ(E)

%_>
on g

up — uo + €(

9 1/2
col o e |
EEGns (e +7hEg)? L2(E)

The terms Ty and T5 of the equation ([@22]) are the same terms on different meshes
and the proofs are exactly the same for both of them. For brevity we show the
proof only for Ty

hghy'? du o7
<0 Y T fun -t e(G ) In
EEGh,, ¢ TN " L2(E) nliL2(m)
9 1/2
vhE Oup,
<C Z ——— ||un —up + e(5— —9) )
(Eegh/2 (6+’th>2 8” LQ(E)
(4.25) - Lo
v
EEGy s L(B)
1/2
hg Ouy, ?
<cl Y 5 |lun — w0 + (5= — 9) ,
(Eegm (e +7hE) on L2(E)
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where last line follows from the bound of the interpolant; see equation (LZI]). For

Ts we get
9 1/2
L2(F) > .
Now we have also bounded the term W5, i.e. we have

(4.27) w<of( 3 EK(uh)2)1/2+( 3 EK(uhﬁ)l/Q]
KeTy,

KETh/Q

0
w = o+ (G~ g)

(4.26) Ts < C( > (e—i-}%yith)z

Fegy,

Since up, € Vj, has the same values on both 7}, /5 and 7;, we have

(4.28) > Ex(un)?<C Y Ex(un)’.

KeTy o KeT,

The assertion now follows by combining (L1, (£6), (£9), (£20) and (@27).

Let us next discuss the estimator. When ¢ = 0, i.e. for the pure Dirichlet
problem, we get
2

ou
Ex(up)? = h% || Auy, + f||2L2(K) + Z hp [a—rﬂ]
(4.29) 1 e o
+ Z . lun — U0H2L2(E) 5
ECOKNT

which is the estimator of Nitsche’s method for the Dirichlet boundary value prob-
lem; see [3]. Note also that the error is measured in the norm

1

(4.30) vl = 11VollZz@) + Y El\v\liz@-

Eegh

The other limit, € — oo, leads to
ou 2
L2(E)

(4.31) , ECOKNI,

N

ECOKNT n L3(E)

which is the traditional a posteriori estimator of the Neumann problem with the
error measured in the H!(§))-seminorm

(4.32) [0l = IVoll72(q)-

These remarks show that the a posteriori estimate holds for all values of the pa-
rameter €, even the limit values give the correct and numerically stable a posteriori
estimate.

Finally, we prove the efficiency of the a posteriori estimate. For the proof we
use and adopt established techniques using test functions with local support. We
let ¥ be the N-th degree polynomial which has the support wg on the element
with E as an edge/face and is normalized such that 0 < ¥y < 1 = max¥g. For
the edges we also need an extension operator £ from the edge E to the elements
sharing F, i.e.

E:L*(E) — L*(wg).
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On the boundary 9f) we assume that g and £ operate in the obvious way, i.e.
they only extend towards the interior of the domain 2. For the bubble functions
and the extension operator the following estimates hold; see e.g. [g].

Lemma 4.3. Let T be a shape-reqular mesh. Then there exists C' > 0 such that

(4.33) 19 ?pellLm > canan (E)»
434) Ol Ipellize) < 1VEEpelrei) < Chy el i2im),
(4.35) IV(¥EpE)| 2y < Chy' |V eEpe| L2k,

for all pgp € Pp(E), K € Tj, and E C OK.
We now have the following local bounds.

Theorem 4.4. The elementwise estimator Ex (uy), defined in equation [@I), also

fulfills

(4.36)
EK<uh>2sc(|u—uh|%pw)+h%<\|f—fh||i2(m+ > ol
ECOKNT
+ Z 2|| (g — gn) +uo — uO,h||2L2(E)>7

ECOK nF
where fy, uo,n and g, are approximations in Vi, of the given data, and wk is the
domain of element K and all elements sharing an edge/face with K.

Proof. We will consider the upper bound for each term of the estimator Ex (uy,),
equation ([@I), separately.

For the terms Ri := Auy + f and Rg := [[%L;]] we have the well-known
bounds [§]:
(437) bl Rillza < C(Ju = unlm o) + hrcllf = Sl )
and
(4.38) 1l Rl < C(lu = unlm o) + hxcll £ = fallzzeon) )-
Therefore, we only give the proof for the last term
(4.39) Rr = e(% —g) + up — up.
We denote

Rr1ea = 6(% —gn) +un —uopn, Wr=YEERrreda and wr = YERr ed.
With the triangle inequality we get
(4.40) I1RrllL2() < |1 Broredllz2(m) + lle(g — gn)

Lemma [£3] and the identities
. 0 .
(RK, @F)K = (V(u — uh), pr)K + <%(uh — u),wF>E,

and
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lead to

1/2
CllRr sedll32m) < 1P Rrseall3am) = (Brsea, wr)

0 .
= €<%(Uh - U)»wF>E + <uh - U,wF>E + <€(9 —gn) +uop — UO,hwa‘>E
— e(RK, wF)K + e(V(uh —u), pr)K + <uh — u,wF>E
+ <€(9 — gn) + uo — uo,n, wr>E
S el|Ri |l 2yl Wrllzery + €l V(u —un)l| L2 (x) | Ve L2 k)

+ lun = ull2(py lwrll L2 gy + le(g — gn) +vo — vonll 2y llwr | L2 (B

(4.41)

< c(eh}g2||RK||L2(K) +eh i = wn o) + [ — w2y

+ [le(g — gn) +uo — UO,h||L2(E)) | Rr redll 22 () -

s . cq hi? .
Multlplylng equation (A1) with —Z5— and using the bound (.37 for ||Rk|L2(x)
gives

L/
B || Rr red| 22
E+hE ;red||L2(E)
€ ehg
< c( _ _
< €+hE|U upl () + e+hE”f Iullzz(x)
(4.42) B2 1/2
. E _ E _ _
+ e+hE”u upl|2(E) + e—i—hEHE(g gn) + uo Uo,h||L2(E))

< C<|u —un|g iy + hrllf = fullz g
1/2

1 E
+ WHU —unlr2m) + . le(g — gn) + uo — uo,n |L2(E))~
Combining equations (£40) and (£42]) gives the following bound to Rp:
BL/2
(443) B Relliece) < Ol —unli o + hicllF = full iz
1/2
b e + (g — 90) + w0 — vo e )
(c+hp)i? allez ey + =5 o —uonlr2E) )-

All terms in equation (J]) are now bounded separately, hence combining equa-

tions (£37), [@38), and ([@43]) completes the proof. O

5. THE TRADITIONAL METHOD

In this section we give a short review of the error analysis of the traditional finite
element method: Find u; € V}, such that

(61) (Ve Vo) + o)y = (Fo)g + (uo )+ (9,0), W0 Vi

‘We denote

hr = max hE
E€egy,

Then the standard technique for error estimation together with an interpolation
estimate in the L?(T")-norm (cf. [5]) gives:
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Theorem 5.1. For u € H*(Q), with 1 < s <p+1 it holds that

(5.2) [V(u— )2 + € 2w — w2y < CR* M1+ bt/ > 2) |ul| o 0

From this estimate it is seen that the a priori estimate is optimal if hp < Cle.
Note also that (for a quasiuniform mesh) the condition number of the method is

(5.3) k=0h"2+(eh)™).

Hence, the natural O(h~2) condition number for a second order equation is obtained
when € > Ch.

Next, we will show that the same condition is needed for the a posteriori estimates
to be optimal. By the standard technique [8] we obtain

Theorem 5.2. It holds that

—1/2 9 1/2
G4) IV =)l + = wnly < C( Y Bur(w)?)
Kegy
with
2 2 2 up, ?
Eyxc(un)® = hic|Aun + fli2g0)+ Y, he [%ﬂ
ECOKNT, L2(E)
(5.5) ; ,
u
+ Y hg —h—g+ —(un —up)
ECOKNT L2(E)

When the data ug is approximated by wug , we get from the last term
(5.6)

ou 1 ou 1
hid? a—h—9+—(uh—uo) < hy? a—h—9+—(uh—uo,h)
n € L2(OKNT) n € L2(OKNT)
1/2
+ hil 2 [luon = woll 2 oxerry

From above it can be seen that in order to have an estimate uniformly valid with
respect to € the condition hp < Ce has to be satisfied. The same condition is
needed for the optimality of the following lower bound.

Theorem 5.3. The elementwise estimator Ey i (uy), defined in equation (G.5),
also fulfills

Erieun)? < C{lu = wnfs ey + e F = fillfe o)

+ Z hpe (|u—uh\|Lz(E + ||ug —
ECOKNT

+ > kel - anlm) b

ECOKNT

)

where f1,, uon and gy are approzimations in Vi, of the given data, and wk is the
domain of element K and all elements sharing an edge/face with K.
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Proof. Clearly, it is only the boundary term that has not been treated in the earlier
proofs. We let

. Rr= 2% — g+ —(u, —
(5.8) r= g~ 9+ - (un—uo)
and
ou 1
(5.9) Rr rea = 8—: —9n+ E(Uh — Uo,p)-
‘We have
(5.10) | Rrllr2c) < | Rreallrzce) + 9 — gnllrzcey + € Hluo — vonllL2(m)-
Let

Wr = YgERrea and wr = YERr reqd-
Using Lemma 3] and the identities (with Ry defined as as before)

(RK’wF)K = (V(u — uh),pr)K + <2(uh — u),le>E

on
and 5
1
a—z—g—l——(u—uo)zQ
gives
CllBr seall32m) < 1P Rrseall?2(m) = (Broea, wr) ,
0 N
= <%(Uh *U)vwr>E - <g - gh7wr>E
+ e*1<u — Up, wp>E — e*1<u0 — UQ,h, wp>E
= (Rg,tr) . + (V(up —u), Vir) . — (9 — gn,wr)
(5 11) —|—e_1<u—uh,wp>E—6_1<u0—u0,h,wF>E

< |[BRxll2x)ll Wrllzzry + 11 V(u = un)ll L2 () [IVOr (| 22 (5
+1lg = gnll 2 llwrll L2z + e Hu— up |2 (g llwr |2 (z)

+ € Hug — uon | L2(m) llwr || L2 (g)
1/2 —1/2
< O(hK/ Rkl r2(x) + by Plu~ uplm iy + 19 — gnllL2(m)
+ e u—unllz2m + € Hluo — Uo,h||L2(E)) | Ry reall 22 (m) -
Hence, we have
R <c(n?|R ht - -
| R reall22(m) < w I RxllLzxy + h " “lu —unlm k) + 19 — gullz(e)
+ e u—unllL2m) + € Huo — UO,hHL2(E))7
which, together with (EI0) proves the assertion. O

From here we see that the estimator is sharp, i.e. it holds that

1/2
(513) (Y Buxlwn)?) " <1V - un)lza@ + €~ e,
Kegy

when hg < Ce.
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6. NUMERICAL EXAMPLES

In this section we report on numerical studies for the following problem

Y —Au=0 in Q,
e (1,3) u 1
(6.1) ' 10 ouw _ L.
Q T an P (UO ’LL) +g on FR7
u=20 on 0N\ T'y,

where
Q={(z,y) |z €(0,1),y € (0,3/10)} and T'g={(z,y)|y=3/10,z € [0,1]}.

In order to get a nontrivial problem with a known exact solution we proceed in the
following way. On I'r we let ug be the n-th partial sum of the Fourier series of the

function

1 2<a< &

fo(z) = =75 50

0 0therw1se,

i.e.
ug = Z Uy sin(kmz),
k=1

with
(6.2) U, — 2cos(1—70k:7r) - COS(%]{?TF).

km

The solution to our problem is then equal to the solution of the Dirichlet problem,
with u|r, = 0 and u|r, = uo. By standard Fourier techniques we then obtain

Z sinh(kmy) sin(kmx)
F sinh(3/10km)

This is also the solution to our model problem (G.I]) when we choose

n

smh (3/10km) .
kz 7sh (3/10km) sin(krzx).

By our definition, the exact solution is independent of the parameter € appearing in
the boundary condition. With this we are able to extract the effect of the parameter
€ on the method rather than on the problem.

For all the computations in this paper we fix the number of Fourier coefficients
to 21. Figure [ shows this solution and we see how the regularity decreases near
I'r. In all the computations the stability parameter appearing in the formulation
is chosen as v = 0.1.

Since the mathematical analysis seen earlier in this paper already establishes the
a priori convergence results, we do not show any of the usual convergence graphs.
Instead, we directly investigate the difference between the traditional method and
Nitsche’s approach.

First we show figures of the distribution of the error estimators Fx (up) and
E, i (up,) for a fixed mesh with different values of the parameter €. In Figure 2] we
see the estimator distributions on mesh size h = 0.15 and with ¢ = 1, 0.1, 0.01.
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We immediately notice that the traditional error estimator E;  (uy,) is highly de-
pendent on the value of e. Also the proposed estimator Fk (uy) grows as the e
diminishes but the effect is much smaller. The analytical a posteriori results pre-
dict that the traditional method should perform well if the mesh size h is of the same
order as € or smaller. This can be seen in Figure @ for the traditional estimator
the mesh is suited only for the first value of e.

In Figure [3] we show again the distributions of the estimators with the same
values of €, but now for the mesh size h = 0.04. With this choice we expect the
traditional estimator to perform well with the two larger values of the parameter
€. Again both methods perform as expected, Nitsche’s approach is unaffected by
the € and the traditional method performs well for the values of € that are larger
than the mesh size. From these figures it is clear that the boundary estimator of
the traditional method cannot perform well with small values of e. Obviously, the
problems of the traditional method arise from the boundary error estimator since
the interior parts of the estimators are the same.

Next we test how the elementwise estimators Ex (up) and Ey g (up) perform in
adaptive mesh refinement. We refine until the error estimate, i.e. the sum of local
estimators, is below the given tolerance. An element K is refined if
2

tolerance
EK(uh)2 or Eth(Uh)Q > ( )

number of elements’

All the adaptive computations have the same starting mesh with size h = 0.2 and
the same convergence tolerance. In Figure dlwe see the final meshes of the adaptive
computations for both Nitsche’s and the traditional method using different values
of the parameter e. We notice that Nitsche’s method produces almost the same
mesh regardless of € which is natural since the exact solution is independent of e.

On the other hand, the traditional method needs more degrees of freedom as the
€ diminishes. For larger values of € both methods detect the regions at the boundary
where the solution changes rapidly. For smaller values of €, the traditional estimator
over-emphasizes the boundary error and is no longer able to detect the steep parts.
Instead, the estimator sees error on the whole boundary and therefore refines on
the whole boundary.

Finally, in Figure [, we show the condition number of the system matrix for
Nitsche’s and the traditional method as a function of e. We notice that the condition
number of the traditional method increases as equation (5.3) predicts. On the other
hand, the condition number of Nitsche’s method stays bounded for fixed h. For
this reason the traditional method may cause trouble for iterative solvers such
as multigrid method. In our two-dimensional computations incomplete Cholesky
conjugate gradient (ICCG) methods have, however, performed well.
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The exact solution
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FI1GURE 1. The exact solution to the model problem with 21 terms
on the boundary data. Recall that the design of the model problem
is such that the solution is independent of the boundary condition
parameter e.
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Traditional, e=1 Nitsche, e=1

Traditional, e=0.1 Nitsche, £=0.1

20

-™

Nitsche, €=0.01

500

FIGURE 2. Distribution of the error estimators with different val-
ues of the boundary parameter e. On the left we have the tradi-
tional estimator and on the right the Nitsche estimator. From top
to bottom € has values 1, 0.1 and 0.01. The mesh has size h = 0.15.
Notice the scales and how dramatically the traditional estimator
depends on e.
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Traditional, e=1 Nitsche, e=1

Traditional, e=0.01 Nitsche, €=0.01

100

50

FIGURE 3. Distribution of the error estimators with different val-
ues of the boundary parameter e. On the left we have the tradi-
tional estimator and on the right the Nitsche estimator. From top
to bottom € has values 1, 0.1 and 0.01. The mesh has size h = 0.04.
Notice the scales.
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Nitsche’s method, €=0.1
degrees of freedom: 174

0.4
0.2
0
0 0.5
Nitsche’s method, €=0.01
degrees of freedom: 177
0.4
0.2
0
0 0.5
Nitsche’s method, e=0.001
degrees of freedom: 177
0.4
0.2
0
0 0.5

0.4

0.2

Nitsche’s method, €=0.0001
degrees of freedom: 177

0 0.5
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the traditional method, €=0.1
degrees of freedom: 174

0.4

0.2

0
0 0.5 1

the traditional method, £=0.01
degrees of freedom: 187

0.4

0.2

0
0 0.5 1

0.4

0.2

the traditional method, e=0.001
degrees of freedom: 432

0 0.5 1

0.4

0.2

the traditional method, e=0.0001
degrees of freedom: 846

0 0.5 1

FI1GURE 4. The final meshes of the adaptive refinement that fulfill
the given tolerance. On the left meshes of Nitsche’s method and
on the right meshes of the traditional method. Notice that the
traditional method is unable to detect the difficult parts of the

solution with small e.

depend on €.

Recall that the exact solution does not
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Condition number of the system matrix

10 T T T ‘
—*— Nitsche’s method
9] —O— traditional method|
£ 10°F ]
3
c
c
2
= 4
T 10 i
o
(8]
102 5 p . ._v 5 . .
10~ 10° 10~ 10~ 10 10 10

parameter ¢

FIGURE 5. The condition number of the system matrix as a func-
tion of € for fixed h and for both Nitsche’s and the traditional
method. Notice the growth of condition number in the traditional
method; see equation (B.3)).
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