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1 Introduction

In his classical paper [5] Nitsche discusses techniques for incorporating Dirich-
let boundary conditions in the finite element approximation of the model
Poisson problem: find u such that

—Au=f inQQ, (1.1)
u=ug onl =00Q. (1.2)

Before introducing his technique he discusses the penalty method, i.e. the
Ritz approximation to the "perturped” problem in which the Dirichlet bound-
ary condition (1.2) is replaced by the condition

0 1
% = E(uo —u) onl, (1.3)

where € > 0 is a small parameter. He points out the drawbacks of this
approach, i.e. nonconformity, which requires a coupling of the penalty pa-
rameter to the mesh size, and the possible ill-conditioning of the discrete
system when the penalty parameter is too small (see [1] for a recent survey
on this).

If we instead of the Dirichlet problem consider the problem with the
boundary condition (1.3), then the solution to the continuous problem con-
verges to the solution of the Dirichlet problem when ¢ — 0. For the finite
element discretization the discrete problem gets more ill-conditioned when ¢
approaches zero. In the limit € = 0, we have to switch to some other way of
imposing the Dirichlet condition, like the conventional approach or Nitsches
technique. The following question arises quite naturally: can we extend the
Nitsche method so that it can be used for the whole range of boundary con-
ditions € > 07 The purpose of this paper is to give a positive answer to this
question. We will consider general boundary conditions and extend Nitsches
method to cover the 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 the
ellipticity and derive the a priori error estimates. Section 4 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
5 we give a summary of the error analysis of the traditional finite element
method. Finally, in Section 6, 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

—Au=f inQ, (2.1)
ou 1
o E<u0 —u)+g onl, (2.2)



where € is a bounded domain with polygonal boundary, f € L*(Q), uy €
HY2(T), g € L*(T) and ¢ € R, 0 < ¢ < oo. The limiting values of the
parameter € gives the pure Dirichlet and Neumann problems, respectively,
i.e.

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

For simplicity we consider a shape regular finite element partitioning 7, of
the domain  C RN, N = 2,3, into simplices, i.e. triangles or tetrahedra.
This partitioning induces a mesh, denoted by G, on the boundary I'. By
K € 75, we denote an element of the mesh and by E we denote one edge or
face in G,. By hx we denote the diameter of the element K € 7;, and by hg
we denote the diameter of E € G;,. We also define

h:=max{hx : K € T,}

and
Vi, = {veHl(Q) : U‘KE,PP(K> VK € T}

where P,(K) is the space of polynomials of degree p. The method is now
defined as follows. Here v is a positive parameter that has to be bounded
from above, see Theorem 3.2 below.

The Nitsche method. Find u; € V}, such that

Bh(uh,v) = fh(’l}) Yv eV, (24)
where
vh ou ov
By(u,v) = (Vu,Vv), + Z {_e—i— E;z [<%,U>E+<u,%>};}
Eegy, The
1 eyhg ,0u Ov
- e G 2 e
and
1 Yhg ov
JT = ) + ) - y o8
w(v) (f U)Q Eezgh {6 +vhg <u0 U>E e+vhg <u0 3n>E

€ evhg v
_ — — . (2.6
+€+7hE<g,v>E e+7hE<g’ an>E} (2.6)
Next we prove the consistency of the proposed method.

Lemma 2.1. The solution u of the equations (2.1)—(2.2) satisfies

By(u,v) = F(v) Yv e HY(Q). (2.7)



Proof. Multiplying the differential equation (2.1) with v € H*(Q), integrat-
ing over the domain €2, and using Green’s formula leads to

(V. 90)g — (9% o), = (1.0), (2.8)

Next, multiplying the boundary condition (2.2) by v, integrating over an
element E, we have

ou

e<%,v>E+<u,v>E = (uo,v) , +€(g,v) - (2.9)
This gives
1 ou 1
a9 + ) = ’ + ) :
P {elGm o)+ ()} PO {(u00) s+ 000, }
(2.10)
Similarly, we obtain
vhg ou Ov v
P RGN
= (2.11)

ke [ v L
-3 - 3o 30}

Eegy
The equation (2.7) is now the sum of equations (2.8), (2.10), and (2.11). O

The method has two parameters, the stability parameter v and the prob-
lem dependent parameter € in the boundary condition. By choosing v = 0
in (2.4) we get:

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

1 1
(Vuh, VU)Q+E<U}“U>F = (f, U)Q—f— €<u0,v>r+<g,v>r Yu € V. (2.12)

This may become ill-conditioned when ¢ > 0 is small. We will return to this
method in Section 5 below.
For the stabilized method with v > 0 we, in the limit € = 0, obtain

ouy, ov 1
(Vun, Vo) = (5= 0)p = (uns 5—)p + E%g: %<“h7v>E

o 1 (2.13)
= (f;'U)Q—<U0,%>F+]Eezgh%<U0,U>E Yv € Vp,

which is Nitsches method [6] applied to the Dirichlet problem

—Au=f in Q,

u=1uy onl.



When € — oo the problem to be solved is the pure Neumann problem

—Au=f in Q,
ou
e g onl,
which is approximated by
Ooup, Ov
(Vun, Vo) = EXQZ Yhe(5 = 508
o . (2.14)
= (/. U)Q + <9’U>F - Z vhie(g, %>E
Eegy

This is the variational form of the Neumann problem with the extra terms
Oup, Ov ov
o Z 7hE<%’ %>E and  — Z 7hE<g7 %>E’
Ecgy, Ecgy

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

(f’ 1)Q+<g’1>F:O (2.15)

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
vl = Vol Zeq + > ———lvl72) (3.1)
Eegh €+hE
and
o ||?
Noll; = llollh + > he |5 : (3.2)
Onllzapy

Eegy

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 C; such that

S e

Ee€gy,

2

L2(E)

@
on

For the formulation we have the following stability result. Here and in
what follows C' denotes a generic positive constant independent of both the
mesh parameter h and the parameter e.



Theorem 3.2. Suppose that 0 < v < 1/C;. Then there exists a positive
constant C' such that

By (v,v) > Cllv|lz Vv € Vj,. (3.4)

Proof. First, the Schwarz inequality gives

By(v,v) = (Vv, Vo), + Z { E_ZhjhE [ < J0) <v > }

Eegy

1 evyhg ,0v Ov
* e+ vhg <U’U>E e+ qhp ‘On’ 8n>E}

(3.5)
Yhi ov
> [Vl e+ Y { -2 — 0]l 22
n 1 T evhg ‘ o ||”
v — — .
e+vhg L2(E) €+ ~vhg ||On L2(F)
Next, using Young’s inequality, with 6 > 0, we get
1Cy*hg Crey )
B 1—= - V|72 C >
(00 2 (1= 32 ) TulBg, +0 2 ol
(3.6)

The second term is positive if 1 — 9 > 0 and the first term is positive if

1 Cry?hg _ Ciey =e(1—Crvy) +7vhg (1 — @) >0. (3.7

e+ vYhg €+ vhg )
Hence, we choose ¢ such that both 0 < § < 1 and v < §/C} hold. 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 ~y satisfies 0 < v < Cf.

For the a priori estimate we need the following well-known interpolation
estimate.

Lemma 3.4. Suppose that u € H*(QY), with 3/2 < s < p+ 1. Then it holds

inf [[[u— ol ln < Ol =0 (3.5
veV)

We then have

Theorem 3.5. For u € H*(Q2), with 3/2 < s < p+ 1 it holds

||u—uh||h < Chs_1||u||HS(Q). (39)



Proof. From the consistency and coercivity, i.e. Lemmas 2.1 and 3.2, we get
lun —v||7 < CBu(up — v, up —v) < OBp(u—v,u, —v) Yo € V. (3.10)

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

Bn(u—v,up —v) < Clljlu—vl||p||lur — vl Yo € V. (3.11)
Combining equations (3.10) and (3.11) we have
lup, —vlln < C|llu—vll|n Yv eV, (3.12)

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

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 7}/, obtained from 7}, by dividing each
simplex into 2V, N = 2, 3, equal simplices. The corresponding mesh induced
on I' will be denoted by Gp,/2. By V},/2 we denote the finite element subspace
on the refined mesh and wy/; € V)2 is the corresponding finite element
solution. By Zj, and Zj/, we denote the collection of interior edges/faces of
elements in 7, and 7},/5, respectively.

The local error indicator is defined as

ounTI?
Ex(un)® = hig| Aun + fll720) + he [[a—h]]
N Sl 20xnzy) (A1)
+ g e(auh g) +u U :
_ ,— .
(€+yhp)? || > On ’ L2(8KNT)

In our analysis we use the following saturation assumption [3].

Assumption 4.1. Assume there exists J < 1 such that

lw —unsallne < Bllu—unlln, (4.2)

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

We then have the following result.
Theorem 4.2. Under the Assumptions 3.3 and 4.1 it holds

=l < (3 Eitun?)” (4.3)

KeTy,



Proof. Stepl. By the triangle inequality we have
[unj2 = unllnjz = llu—unllnjz = llu—unsllnz = [lu—unlln = Bllu—unlln (4.4)

and as a consequence of the saturation assumption we have

1
|u — uplln <

1.3
Hence, it is sufficient to bound [|uy, /2 —up||n/2. To this end we use the stability.
By Lemma 3.2 there exists v € V},/; such that

[wns2 — unllns2- (4.5)

|vlne =1 and Cllun/e — unllns2 < Bhrjo(un/2 — un,v). (4.6)

Let © € Vj, be the Lagrange interpolate of v € Vo . By scaling arguments
one obtains

> {Bl = oliZag + b5 v = l3aon) |
KGTh/Q

1 12 O(v—10) 19 47
3 A =l +hel = e T
EcGy/2

< Cllvlliys < C-

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

B 1/2 B 1/2
(> mllwliw) <0 (X hatlwlien) <C

KETy, o KeTy

0 /
and (3 bl S ) <O

E€Gp )2

(4.8)

The right hand side in (4.6) we split into two parts
B2 (unj2 —un, v) < Bpja(unjo—un, ) +Bpjo(un2 —up, 0) = Wi+Ws. (4.9)

We will bound the terms W; and W separately.
Step 2. Since w € Vj, /9, it holds

Bh/Q(Uh/z, w) = fh/z(w) (4-10)
and we have

Wi = Fryp(w) — Bpja(un, w)

h 0
SUCISITAERED o= St .

E€Gy /2

1
T (R

EGQh/Q L

(4.11)

vhg [ ow ouy, ow
+ Z ¢ +hg <uh_u0’%>E+€<%_g’%>E]'

Eegh/2 L



Integrating by parts on each K € 7}/, gives

(F.w)g— (Y Vuw)g= 3 (5 +duw) — Y2 ([22],w),

KET, s E€T, o
ou
_ Z < h
E€Gh 2
(4.12)
Rearranging terms we thus have
Wi = Ry + Ry + R3, (4.13)
with
0
Bi= Y (F+Buuw) = Y ([Go] ) (1)
KETh/Q EEI}L/Z
’th auh
Ry = —1)(—
2 E§/2(6+m om0
(4.15)
T Z €+ h [<u0 u’“w>E+€<g7w>E}
E€Gh /2 v
and
B vhg ow ouy, ow
Bs= 2 o <“h‘“0’%>E+E<%—9’%>E]- (416)
E€Gn s
The first term is estimated using Schwarz inequality and (4.8)
8uh
D SR TR BN D Dl | L [
KeT, o E€Ty o
- 1/2
< (Xl ) (3 el
KeTho KeTh o
ou 1/2 1/2
(2 e [Fe ) (2 5 el)
€Ty 2 €Zn/2
ou 1/2
[( Z hi ||f+AuhHL2(K> ( Z hEH[[ h]] L2E) }
KeTho E€Ty (E)
(4.17

)
)

Adding the terms in Ry, using Schwarz inequality and the estimate (4.8

10



gives

1 8uh
R, = _ _ZUn
2 Eezg: €+fth<uo up, + €g ean,w>E
h/2
hE auh 2 1/2
< ( T [|Uh — U T (T — ¢ )
E%ﬂ (e +7hp)* ( on ) L*(E)
4.18
o (418)
Z E HwHL‘Z(E)
E€Gh 2
h ou 2 1/2
<C<Zﬁuh—uo+e(ah g) > .
EeGy T TNE n L2(E)
For the third term we similarly get
i vhE - Ouy, 3_10
R3 = Z <t hp (un — ug + (5= an g>’8n>E]
E€Gn o
< N A
_7<E§ (e—i—’th H<uh u0+e H)
" (4.19)
(x wlger)”
E€Gp )2
hE 8uh
SC’(Z—2H< u0+e——gH>
BEGn 2 (E + ’}/hE)
Now we have bounded the term W, i.e. we have
1/2
W, < C( 3y EK(uh)2> . (4.20)

KETh/Q

Step 3. Next, we prove the same upper bound to term W of equation (4.9).
To obtain the upper bound we need the following bounds

1/2
) =Clolpsc, @21)

ol + (D2 B

E€Gh 2

L*(E)

which follow from (4.7) and (4.6). Below we will for clarity denote by E an
element in Gy /o and by F' an element in Gy,. Using the relation By (up,?) —

11



Fi(0) = 0 and rearranging terms we obtain

Wa = Fija(0) = Byja(un, 0) = Fnya(0) = F(0) + By (un, 0) = Bpja(un, 0)

= Z L (ug — up + €g,0)
€+ vhg 0 4 '/E

E€Gn )2
- _Ze—i—lh <u0—uh+eg,v>]
L FeGp v
Yhe Oup . vhr  Oup
T Z (5 0)p — Z =0
_Eegh/26+’yh3 on e € +vhp ' On
vhe Ouy, OV
Dy e R U w1 wole
| E€Gn/2
[ ’)/hF ﬁuh 817
+ F%g: e+7hF<“" o+ el g>’an>F]
L h

=T +To+T5+ Ty +T5.
(4.22)
Since uy;, has same values on both meshes 7}, /, and 7, we can write the term
T3 as follows

vhe auh . vhi 3uh .
Ty =
3 Z e+'th Ze—{—'yh n’v>F
_Eegh/2 Feg

YhE oup, Yhp ouy, .
S G, ey,

| E€Gn /2 Fegn
8uh - aUh ~
== (5, e (G 0
E%/Z 6+")/hE b; €+’YhF

(4.23)
Next, adding Ty, T> and T3, and using the fact that hp = 2hg, for £ C F,

12



gives

1 0
h+Th+13= Z <U0—Uh+€<g—%)ﬂj>E

Eedys €+ 'YhE
Qupy
J— _|_ ,
Fezg €+7h (o —wn + (g = 8n) OF

_ Yhi _ Oupy
B Z (e+7hE)(e+27hE)<u0 i+ e an) U>E

E€gn o
hg ouy,
<C — s — ug + e(— -9)
Eg];/ (6 + ,th)3/2 8” LQ(E)
1 -
: WHUHL?(E)
1/2
h2 ﬁuh 2
<C Z —LE—uy, —ug+ e(— — g) 19|
- 3
(EEQ;L/2 (E + ’}/hE) 8” L2(E)

h 0 ? 2
<C BB N — g+ (2R .
< <E%/2 (e 1 yhp) |t (5, —9) L2<E>>
(4.24)
The terms T, and T5 of the equation (4.22) 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 T}
1/2

T,<C Z
BeGns €+"th

hyl? %

L2(E)

uh—u0+e(

h
%—9)

L2(E)

up, — u0+€(8n —9)

Yhi
SC( 2 (e +vhp)?

E€Gh 2
12 (4.25)
~ 112
FEGn 2 1|2
1/2
hE 8uh 2
<ol Y —E— un—ute(52—g) :
<Eegh/2 (¢ + i) on L2(E)

where the last line follows from the bound of the interpolant, see equa-

tion (4.21). For T5 we get
) 1/2
: (4.26)
L2(F)
Now we have bounded also the term Wg, i.e. we have

Tf‘c(z@fﬁ
WQ§O[( > Exc(u) ) (ZEK ) )1/2] (4.27)

Fegy,
KETh/Q KeTy,

0
uh—u0+e(%—g)

13



Since uy, € Vj, has the same values on both 7j,/, and 7, we have

> Ex(un)’<C D Ex(u). (4.28)

KETh/Q KeTy,

The assertion now follows by combining (4.5), (4.6), (4.9), (4.20) and
(4.27). O

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

2

8uh
Ex(up)® = hi|| Aup, + f”L2 (k) T Z he [[ on ]]
ECOKNT, L2®) (4.29)
+ Z - ||Uh - U0||L2 )

EcaKﬂF

which is the estimator of the Nitsche method for the Dirichlet boundary value
problem, see [2]. Note also that the error is measured in the norm

lWll; = I1Voll2@) + D —||U||L2 (4.30)
Eegy,

The other limit € — oo leads to
2

ou
EK(Uh) = K”AUhJFfHL2 (k) T Z he [[81:]]

ECOKNI,
+ Z hy

ECOKNT

L2(E)

(4.31)
8uh
a9 )

L2(B)

which is the traditional a posteriori estimator of the Neumann problem with
the error measured in the H'(Q)-seminorm:

Wil = 1VUliZzq)- (4.32)

These remarks show that the a posteriori estimate holds for all values of the
parameter €, 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 sup-
port. We let Wg 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 < VU¥Up <1 =maxV¥g. For the edges we also need an extension opera-
tor £ from the edge E to the elements sharing F| i.e.

£:L*E) — L*(wg).

On the boundary 02 we assume that Vg 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. [7].

14



Lemma 4.3. Let 7}, be a shape-reqular mesh. Then there exists C' > 0 such
that

H‘I’E PEHL<E) > Cllpell 2 (4.33)
Chil el < 19Epelamy < ChiIpell e (4.34)
IV (Y EEpp) |2y < Chid |V pEppllL2) (4.35)

for all pp € P,(E), K € T}, and E C 0K.
We now have the following local bounds.

Theorem 4.4. The elementwise estimator Ex (uy), defined in equation (4.1),
also fulfils

EK(uh)2§C(\u—uh|§{1 TR = il o) T Z lu—un |22,
—l—h
ECOKND
+ Z H (9 = gn) + 1o — vonll7z ) (4.36)

ECBKQF

where fr, won and g, 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.

Proof. We will consider the upper bound for each term of the estimator
Ex(up), equation (4.1), separately.

For the terms R := Auy, + f and Rp := [[%%]] we have the well-known
bounds [7]

hic|| R |2 < C(|U — Un| 1 (wg) T Pkl f — fh||L2(wK)) (4.37)
and
h? || Rellrm) < C(|U — Un| g1 (wp) + Pl f — fh||L2(wE)>~ (4.38)

Therefore we only give the proof for the last term

0
Ry = e(% —g) + up — up. (4.39)

We denote
8uh A
Rryed = 6(% —gn) +up —uop, Wr=VYpERryea and wp = VYgRp .
With the triangle inequality we get
| Rrllz2e) < [|Brreallzee) + ll€(g — gn) + uo — uopl|L2(p).- (4.40)

Lemma 4.3 and the identities

0
(RK)UA)F)K = (V(U - uh)a vwF)K + <8_n(uh - u)awF>E7

15



and

e(— —g)+ (up—u) =0,
lead to

1/2
Ol Rrreall32(m) < 195> Rrseal22 () = (Rr e, wr)

= €<(f%(uh - U)aﬁ)r>E + <Uh —u, wF>E + <€(9 — gn) + uo — Yo p, wr>E
= e(RK, wp)K + G(V(uh —u), V@DF)K + <uh —u, wp>E

+ (e(g — gn) + uo — uop, wF>E
< el Rillrz2(r) | @rllz2crey + €ll V(w = un)l|p20) [ Ve || 22

+ lun — ull 2y llwr || 22 ) + le(g — gn) + o — uonll L2 lwrl L2(s)

< (i1 Ralloae + el ®lu = wnline + 1u — unl12ce

+ llelg = gn) + o — wonllza ) I Brseall o)
(4.41)
L2

Multiplying equation (4.41) with - E — and using the bound (4.37) for || R || L2 (k)
gives

h1/2

R ,re
P | Rrvedll2(E)
< (== wln + 2| - 4l

u—1u
e+ hp hIHY(K hllL2(K
1/2 1/2
Bl e + o = 90) + w0 —wonllzae )
< C(Ju—unlme + hcllf = full iz
1 h1/2

I = will ey + = llelg — gn) + 1o — ol z2(m) ).

(4.42)
Combining equations (4.40) and (4.42) gives the following bound to Rp

T et o) <+ hn

B2

e IBeliae) < O (b=l + hll f = Fallezos
1 1/2
+ _<€ T hE>1/2 Hu — UhHLQ(E) + e+ h H (g gh) + ug — Uy hHL2 ) (4.43)

All terms in equation (4.1) are now bounded separately, hence combining
equations (4.37), (4.38), and (4.43) completes the proof. O
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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

(Vun, Vo), + = <uh,v>F (f,v),+ 1<u0,v>r—|—<g,v>F Yo € Vi (5.1)

We denote

hr = max hg.
EEgy

Then the standard technique for error estimation together with an interpo-
lation estimate in the L?(T")-norm (cf. [4]) gives:

Theorem 5.1. Foru e H*(Q2), with 1 < s <p+ 1 it holds
HV(U—U}L>HL2(Q) —|—€_1/2||U— uh”LQ(F) S Chs_l(]. +h11—\/26_1/2)‘|u||Hs(Q) (52)

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

method is
= (’)(h_2 + (eh)™). (5.3)

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 [7] we obtain

Theorem 5.2. It holds

1/2
IV (= un)llzai@) + € 2w = unllzey < C( Y Borclw)?) ™, (5:4)

Kegy
with

2 Ouy,

Eyrclun) = Bl dwn + [y + Y ho|] a}]
ECOKNT,, L 1§ 2102)
B4 . ) (5.5)
+ Z hE —h—g—i- (uh—ug)
L2(E)

EcCoKnI’

When the data u, is approximated by g, we get from the last term

ou 1 ou
hl |52 = g+ = (un — up) <h® |52 — g+ = (un — uop)
on € L2(KNT) on L2(0KNI)
+ L2 o = ol oy
(5.6)

From above it can be seen that in order to have an estimate uniformly valid
with respect to e the condition hgy < Ce has to be satisfied. The same
condition is needed for the optimality of the following lower bound.
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Theorem 5.3. The element wise estimator Ey i (uy), defined in equation (5.5),
also fulfils

Et’K<UJh)2 < C{|U - Uh,ﬁ{l(wK) + h%(”f - fh”%Q(wK)

+ ) hE6_2<||u — unl|72g) + lluo — “O”l”%Q(EO (5.7)
ECOKNI '

+ > helg—gullEam ) b

ECoOKNTI

where fr, won and g, are approximations in Vy, of the given data, and wg 1s
the domain of element K and all elements sharing an edge/face with K.

Proof. Clearly, it is only the boundary term that has not been treated in the
earlier proofs. We let

8uh 1
Rr=2"— g+ =(u, — 5.8
o= g — ) 639
and 9 .
Up
Rrred = —2 — gn + = (un — ugp). 5.9
I red an gn + E(Uh Uo ) (5.9)
We have
I Rrllr2e) < || Brreallrzey + 19 — gnlli2ce) + € Hluo — wonll 2. (5.10)
Let

Wr = ‘I’EgRF,red and wr = ‘I’ERF,red-

Using Lemma 4.3 and the identities (with Ry defined as as before)

(RK,UAJF)K = (V(u - uh), VUA}F)K + <%(U}l - u),zi)p>E

and 9 .
u
JE—— — _ — 0
on 9+ e(u o) ’
gives
1/2
C|Rr seall2(m) < 95 Brseall 2y = (Brreas wr)

0 .
= <a_n(Uh — U),wF>E - <g - ghawF>E

+ e_1<u — Up, wp>E — e_1<u0 — Ug,h, wp>E
= (Ri, tir) . + (V(up —u), Viir) . — (g — gn,wr)
+ e_1<u — Up, wp>E — e_1<u0 — Ug,h, wF>E
< N Rill 2ol wrll 2 + 1| V(w = wn) L2 V| 2

+ 9 = gnllrzm llwr 2 + € Hlu — w2 llwr |l z2cm)

(5.11)

+ e Hug — ol 2 l|wr| 2oe)

< O Rl ey + b e = wilmao + g = gnllza

e Mu = unllzam) + € o — ol z2m) ) | Rrseallz2cs).
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Hence, we have

—1/2

| Rrseallzzg) < C (I Ricllzge + i *lu = wnlmao, + llg = gnllzzce)

Ml = w2 + € lluo — wonlliem) )
(5.12)
which, together with (5.10) proves the assertion. O

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

1
(S Butwn)?) " < IV~ un)llize + 20— . (5.13)

Kegy

when hg < Ce.

6 Numerical examples

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

Y r —Au=0 in §,
R (1,2) ou 1
Q 110 — = —(up—u)+g onlg,
x on €
: uw=20 on 0f2 \ FR,

(6.1)

where

Q={(z,y)|z€(0,1),y € (0,3/10)} and T'r={(z,y)|y=23/10,x € [0,1]}.

In order to get a non trivial problem with a known exact solution we proceed
in the following way. On I'g we let uy be the n-th partial sum of the Fourier

series of the function
_ 1 2<r< &
fo(x) = { 0 =" =0

0 otherwise,

1.e.

Uy = Z U sin(krx),
k=1

cos(15km) — cos(+= lm)
Up =2 6.2
F km (62)
The solution to our problem we then choose equal to the solution of the
Dirichlet problem, with u|r, = 0 and u|r, = ug. By standard Fourier tech-

niques we then obtain

with

Z sinh(k7y) sin(krz)
" sinh(3/10k)
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This is also the solution to our model problem (6.1) when we choose

sinh(3/10km)
= kU, kmx).
9= Z U ¥ cosh(3/10k) sin(kre)

By our definition, the exact solution is independent of the parameter € ap-
pearing in the Robin 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 co-
efficients to 21. Figure 1 shows this solution and we see how the regularity
decreases near I'g. In all the computations the stability parameter appearing
in the formulation is chosen as v = 0.1.

Since the mathematical analysis earlier on 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 the Nitsche approach.

First we show figures of the distribution of the error estimators F (uy,)
and F; g (up) for a fixed mesh with different values of the parameter e¢. In
Figure 2 we see the estimator distributions on mesh size A = 0.15 and with
e =1,0.1, 0.01. We immediately notice that the traditional error estimator
E: i (up) is highly dependent on the value of e. Also the proposed estimator
E (up) grows as the e diminishes but the effect is much smaller. The analyt-
ical a posteriori results predict 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 2; 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 e. Again both methods perform as expected, the Nitsche
approach is unaffected by the e 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 Fy (up) and Ep g (up) per-
form 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
(tolerance)?

Ex(up)? or E > |
ke (un)” or By g (un) number of elements

All the adaptive computations have the same starting mesh with size h = 0.2
and the same convergence tolerance. In Figure 4 we see the final meshes of
the adaptive computations for both the Nitsche and the traditional method
using different values of the parameter e. We notice that the Nitsche method
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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 e 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 overemphasizes the boundary error and is not anymore
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 5, we show the condition number of the system ma-
trix for the Nitsche and the traditional method as a function of e. We no-
tice that the condition number of the traditional method increases as equa-
tion (5.3) predicts. On the other hand, the condition number of the Nitsche
method stays bounded for fixed h. Of this reason the traditional method may
cause troubles 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

1.2-
1+ ‘\ A\ A
0.8 R
| AR
RN
0.6 RN
s b
[z

Figure 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 values of the
boundary parameter €. On the left we have the traditional 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, €=0.01 Nitsche, €=0.01

100

Figure 3: Distribution of the error estimators with different values of the
boundary parameter €. On the left we have the traditional 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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the Nitsche method, €=0.1 the traditional method, €=0.1

degrees of freedom: 174 degrees of freedom: 174
0.4 0.4
0.2 0.2
0 0
0 0.5 1 0 0.5 1
the Nitsche method, €=0.01 the traditional method, €=0.01
degrees of freedom: 177 degrees of freedom: 187
0.4 0.4
0.2 0.2
0 0
0 0.5 1 0 0.5 1
the Nitsche method, €=0.001 the traditional method, €=0.001
degrees of freedom: 177 degrees of freedom: 432
0.4 0.4
0.2 0.2
0 0
0 0.5 1 0 05 1
the Nitsche method, €=0.0001 the traditional method, €=0.0001
degrees of freedom: 177 degrees of freedom: 846
0.4 0.4
0.2 0.2 AR PREREREE, «’»%i%'ﬁ‘s
VAV B N AN
0 0 AR DPRDGAN]
0 0.5 1 0 0.5 1

Figure 4: The final meshes of the adaptive refinement that fulfil the given
tolerance. On the left meshes of the Nitsche method and on the right meshes
of the traditional method. Notice that the traditional method is unable
detect the difficult parts of the solution with small €. Recall that the exact
solution does not depend on e.
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Condition number of the system matrix

10 T T T T
—*— Nitsche method

) —o6— traditional method
£ 10°} |
>
[
c
K]
= 4
S 10t ]
[e]
o

10° -8 -6 -4 = 0 2 4

10 10 10 10 10 10 10

parameter €

Figure 5: The condition number of the system matrix as a function of € for
fixed h and for both the Nitsche and the traditional method. Notice the
growth of condition number in the traditional method, see equation (5.3).
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