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Error analysis of the compliance model for the Signorini
problem

Pierre Cantin! and Patrick Hild!

L institut de Mathématiques de Toulouse - UMR CNRS 5219, Université Paul Sabatier, France

Abstract

The present paper is concerned with a class of penalized Signorini problems also
called normal compliance models. These nonlinear models approximate the Signorini
problem and are characterized both by a penalty parameter ¢ and by a “power pa-
rameter” o > 1, where a@ = 1 corresponds to the standard penalization. We choose a
continuous conforming linear finite element approximation in space dimensions d = 2, 3
to obtain an L%-error estimate of order h? when d = 2,a = 2,¢ > 6h (6 large enough)
and when the solution is W?%3-regular. A similar estimate is obtained when d = 3
under slightly more restrictive assumptions on ¢.

1 Introduction

Penalty methods are classical and widespread tools for the numerical treatment of con-
strained problems, such as the unilateral contact (Signorini problem) arising in mechanics of
deformable bodies, where a nonlinear boundary condition is written as an inequality. The
main idea of penalization is to replace the inequality constraint by a penalized non linear
equality that becomes larger as the solution fails to satisfy this inequality constraint.

For the Signorini problem, the penalty method is well-known and is generally used when
approximating this problem using finite elements. The convergence analysis of the penalized
models was first considered in the 80’s, see [16, 22] and the references therein. In the last
ten years, some new results dealing with H'-error estimates have been obtained for standard
penalization in [7] and more recently in [12, 11]. To summarize the current state of the art,
the convergence of the discrete penalized solution towards both the solution to the penalized
problem and of the Signorini problem are optimal in two and three dimensions when using
standard linear finite elements provided that the penalty parameter € behaves like A (up to a
constant), representing the mesh-size. These recent results complete the existing H!-optimal
estimates for Signorini problem using other discrete models such as the variational inequality
[13], Lagrange multiplier methods [5, 14] or Nitsche methods [4, 6, 8].

Concerning the L2-error estimates for Signorini-like problems, the analysis becomes really
more difficult. The main reason is the standard Aubin-Nitsche technique well suited for linear
problems can not be applied in its original form, neither for the Signorini problem nor for



the penalized formulation, due to a lack of Galerkin orthogonality. Most of the efforts to
obtain L?-error estimate have been devoted to the Signorini problem written as a variational
inequality, but as far as we know there are very few results. We mention the early works
in [27] used in [10] where a complicated adjoint problem is involved and whose regularity
is not established. Using linear finite elements, we also refer to the recent works [9] where
an L*-estimate of order 2 — ¢ is obtained in two dimensions with additional assumptions
on the contact sets, and [30] where authors prove a 3/2 — ¢ error estimate in the L?*-norm
when the solution is H%/? *-regular. Besides, the numerous numerical results dealing with
L2-error estimates (see, e.g., [9, 20, 21, 30]) indicate that the convergences behave well and
are optimal, so the main lack comes from the mathematical analysis.

In this work, we are interested in a generalized class of penalty models applied to the
Signorini problem, the so-called normal compliance model, corresponding to a power-law
regularization of the penalty methods. This model was introduced and studied in [25, 28, 23,
24], in the context of friction phenomena between a rigid body with a rough and deformable
body. Applied to the Signorini problem, the boundary contact condition on a portion I of
the boundary 02 is €d,u = —[u|, where [u], represents the positive part of the solution
u: Q) — R, ¢ > 0 is the penalty parameter, and o > 1 is the regularization parameter.
The compliance model for the Signorini problem that we consider in this work is then: find
u : €2 — R such that

—Au=f inQ, u=0 onlp, edu+ui=0 onlc=00\Ip. (1)

When a = 1, the boundary condition on the contact boundary I'c becomes €0,u = —[ul,,
corresponding to the classical penalized Signorini problem.

The main motivation of considering the normal compliance model (1) with az > 1 is that
the map ¢, : v — [u]{ is now differentiable. In our analysis, this property is essential to
obtain optimal L?-error estimates. As in the linear case using the Aubin-Nitsche lemma, our
L?-error analysis is based on the introduction of a companion problem, but different from
the adjoint problem. Taking inspiration from the extension of the Aubin-Nitsche trick for
semilinear problems developed in [19], the companion problem is defined by differentiating
¢o in (1), so that we replace the Galerkin orthogonality argument used in the linear case by
a first order Taylor expansion of ¢,. Combining this approach with a fine e-robust a priori
error analysis in energy norm, we then obtain optimal error estimate in L?norm when the
parameters € and h satisfy some explicit conditions.

Our work contains two major contributions concerning the error analysis using linear
finite elements, in two and three space dimension, for the compliance model of the Signorini
problem (1). The first one concerns the a priori error analysis in energy norm,; for all suitable
power-law parameters o > 1, we obtain optimal error estimates, robust with respect to ¢
under the condition that h/e is bounded. The second contribution is the optimal L*-error
estimate when o = 2. Assuming that the exact solution is W?%3-regular, we prove that
|u—up| 2 < ch?if € > Oh (with € large enough) in two space dimension or € > /A in three
space dimension. We also extend these results when a > 2.

The paper is organized as follows. Section 2 deals with the formulation of the compliance
model for the Signorini problem, its associated weak form, the existence and uniqueness
results and some a priori estimates. Section 3 uses the most common approximation with



continuous linear finite elements, and H'-error estimates of order h are obtained when h/e
is bounded and the solution is W?®*l_regular. In section 4 we prove L2-error estimates of
order 2 in two and three space dimensions when o > 2. Section 5 contains some technical
lemmata used in the analysis.

2 The compliance model for the Signorini problem

Considering f € L*(Q) and € > 0, we are studying the existence and the uniqueness of
u. : Q C R — R with d € {2,3}, such that

—Au. = f in ), (2a)
u: =0 onlIp, (2b)
e0pu. + [u]y =0 onTg, (2¢)

where the boundary of €2, denoted by 02 is exactly divided into I'c and I'p, i.e., 02 = I'pUTl'¢
and I'p NT¢ = 0. The parameter o > 1 is fixed and we denote by [t]; = 1 (¢ + |¢|) the
positive part of any t € R.

We set V = {v:ve H(Q),v=0o0nTp}. The well-posedness analysis of (2) is per-
formed by considering the equivalent variational formulation:

1
u €V oo a(ue,v) + gb(ua,v) = / fu, YvevV, (3)
Q

where we denote, for all v,w € V,

a(v, w) = /Q VoVw and blv,w) = /F o (V)0 (4)

C

with ¢, : t € R — [t]}. To lighten the notation, we do not write the d{2 and dI' terms in the
integrals. In the rest of the paper, we will assume that

a€cl,0) ifd=2 and a€]l,3] ifd=3, (5)
so that the term b(v, w) is well-defined for all v,w € V owing to the continuity of the trace

map H'(Q) — LT1(09Q).

2.1 Well-posedness

The main ingredient to prove the well-posedness of (3) is to prove that b is strongly monotone
on V', which is a consequence of the following proposition.

Proposition 2.1. For all v,w € L*™(T¢),

a+1

b(v,v —w) — blw,v —w) > c|[v]+ — [w]+”La+1(Fc)’

with ¢ > 0 independent of v and w.



Proof. For all s,t € R, we have from [17] the estimate (¢ [t|* " —s|s|* ) (t—s) > c|t — 5|
with ¢ > 0 independent of ¢, s. Taking ¢ = [v]; and s = [w]; yields the result. O

It then follows the strong monotonicity of
1
T:V=V o (TWw),w)yy=alv,w)+ gb(v,w) Yo, w e V.

Lemma 2.2. For allv,w €V,

2 1 [
(T(),v —w)yry = (T(w),v —w)yry 2 [0 = wlgg) + )+ — [w] 155 -

To alleviate the notations, we denote by A < B the estimate A < ¢B when ¢ > 0 is some
non relevant constant, independent of the problem parameters. The notation A ~ B means
that A < B and B < A hold simultaneously.

Lemma 2.3. For allv,w,z €V,

(T(0), 2y = (Tw), 2y o =l oy
+ 2l = e llinwe (000575 0 + o)1)

Hence, T : V. — V' is continuous.

Proof. From the definition of T, it suffices to prove that for all v,w,z € V,
|b(v, 2) = b(w, 2)| S |v — wlpesire)l2lLerrre) (II[ Jlgats gy + 1w+ ||La+l(rc)) (6)

Observing that |[2]% — [y]$] < cl[z]y — [y« ([2]+ + [y]+)* " for all z,y € R, with ¢ > 0
from [17], it follows by Holder inequality

1
P

/FC (]S = [w]$)z] S o]y = [w]ilrariwe)lzlatire (/ ([v]+ + [w]+)(a1)p) |

e

with 21—3 + 27 =1,ie pla—1)=a+ 1. Then, the estimate (6) follows using the triangular
inequality. U

Strong monotonicity and continuity of 7" obtained in Lemmata 2.2 and 2.3, respectively,
then gives the well-posedness of (3).

Theorem 2.4. For all f € L*(2), problem (3) admits an unique solution u. € V and there
exists ¢ > 0, independent of € and u., such that

1
2 [
el oy + 2l I3 gy < el Baco (7)



2.2 Convergence analysis

In this section, we recall the convergence result of u. to the Signorini solution ug when & — 0.
This result, obtained in [16] for & = 1, remains valid if « satisfies (5).

Lemma 2.5. Let u. € V be the exact solution of (3). Then, u. — ug in V where ug €
K:={veV]|v<0onT¢} is the unique solution solving

a(ug,w —ug) > (f,w —ug), YwéeK. (8)

Proof. Let u. € V stand for the exact solution of (3). Owing to Theorem 2.4, u,. is bounded
in V' so there is u € V such that u. — u in V. From (3) and since [uc|y o) < c|f|r2(a), it
follows using the Poincaré inequality in V', that

b<u5au5) <e (f7 UE) 5 6||f”iz(ﬂ)’

so that b(uc,u.) — 0 when ¢ — 0. Observing that v € V — b(v,v) is continuous from
Lemma 2.3 and convex, it follows that 0 < b(u, u) < liminf b(u., u.) = 0. Then u € K. Let
us prove now that u is the unique solution of (8). Let w € K and take v = w —u. in (3). It
then follows

1

a(us,w —u:) — (f,w—u.) = —gb(ug,w —u:) = — (b(w,w — ue) — blug, w — ue)),

m | =

with b(w, w — u.) = 0. Owing to the strong monotonicity of b, we then obtain a(u., w —
us) — (f,w —u:) >0, so that

a(us,w) — (f,w—us) > alue, ue).

Since lim inf a(ue, u.) > a(u,u), it then follows that u € K is the unique solution of (8). It
now remains to prove that u. — w in V. This is readily obtained by proceeding similarly
with w = u so that a(ue,u) — (f,u — u:) > a(u.,u.) and

|“|i]1(§z) = a(u,u) > limsup |“€|i11(§z) :

As a result liminf [ue| g1 q) = |ulp1q) = Iimsup [uc| g1 (q), so that u. — win V. O

3 Finite element approximation

In the rest of the paper, to lighten the notation we write u instead of u., so u is the unique
solution to the problem (3) which we now write as follows:

1
ueV a(u,v)—{—gb(u,v):/fv, Yo e V. (9)
Q
We consider an approximation of the solution to this problem by standard Lagrange finite
elements of first order. Consider 7;, an affine mesh of Q C R? with d € {2,3}, regular in

the sense of Ciarlet, composed of closed triangles K € 7T, and faces F' € F;,. We denote by
hri the diameter of an element K, and h = maxgcy, represents the mesh size. Denoting
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by hr the size of a face F' € Fj, mesh regularity yields that hp ~ hx where K stands for
the triangle having F' on its boundary. In the forthcoming cases, when d = 2, > 2 or
d=3,a =2 (but not d =2, = 2) we need to use inverse inequalites on I'¢ so we have to
suppose that the d — 1 dimensional trace mesh on I'¢ is quasi-uniform. The space V' is now
approximated by the P; Lagrange finite element space defined by

Vii={vn € V|VK € Tp, vpx € Pi(K)}.

The discrete problem issued from (9) is then

1
up €V o a(uh,vh) + gb(uh,vh) = / f’l)h, Yo, € V. (10)
Q

This approximation being conformed, we immediately obtain from Theorem 2.4 the well-
posedness of (10), and the discrete solution wy, satisfies as well the a priori bound (7). We
now examine the convergence of the solution u, to w.

Lemma 3.1 (A priori error estimate). Let o satisfy (5). Let uw € V and u, € Vj, be the
ezact solutions of (9) and (10), respectively. Assume that uw € W**T1(Q). Then,

1

1
h\ « at1

2 « 2 o 2(a—1)/a

|’LL - uh‘Hl(Q) + g” [u]+ - [uh]“rHLjil(]jc) S h2 ‘u’HQ(Q) + h2 (g) ’u‘WQ,OH»l(Q) HfHL(Q(Q))/ .

Proof. Let uw € V and u;, € V}, stand for the solutions of (9) and (10), respectively, and
consider 7, : W2P(Q) — V}, the Lagrange interpolation operator in V;,, with p > d/2. By
definition, we have

lu — uhﬁ{l(m = a(u — up, u — mpu) + a(u — up, THU — up,).

Applying Cauchy-Schwarz and Young inequalities, we obtain

1 2 1 2
5 lu = unlp gy < 5 [Tht — ulpn o) + alu — up, Thu — up).

By definition, we have

m | =

(b(up, mhu — up) — b(u, Tu — up))

:‘1ﬁ<wi—mﬁxmu—w>

a(u — up, THu — up) =

£

so that

1 o (03 1 [e3 «
alu—up, mpu—up) = == [ ([u]§ = [un]§)(mne —u) — = [ ([u]§ = [un]) (v — un).

€ I'c € Ie

Applying Proposition 2.1, it then follows

(0% (0% c (0%
ol = myu =) < =2 [ (@2 = [l me =) = s = 0I5
C

6



and then,

1 2 & 1 2 1 a a
3 o= i oy + Sl = ety < 5 b = ey = 2 [ (2 =l = w).
IS S To

Finally, the last term is bounded using (6), to obtain

1
2
lu— uthl(Q) + g”[ uly — [un)+ ||La+1(1“c) S [mhu — “|H1(Q)

+ =l = ool mi = ey (b by + Il 13, )

Since u and wuy, solve (9) and (10), respectively, the a priori bound (7) gives

_a—1 2(a—1)/(a+1
e (Nl lgets pgy + Munls I3ty ) S 1S Y,
( ) (

so that
/(a+1)

)

1
E ("[ ] ||La+1(1"c) + ” [uh] ||La+1(FC)>

and we obtain

1

2 «
[ =l o + 2Nl = [wnl I3

2
LU‘+1(FC) S lmnu — U‘Hl(Q)
__2_ 2(a—1)/(a+1

e Juls — fun) e |zoes o e — ulpos oo | F 15500, 0.

Now, using the generalized Young inequality ab < a? + b7/ (qp%) for all a,b > 0 and p~* +
1

gt =1, it follows with p = o+ 1, ag = a+ 1, a = ¢ 1 |[uly — [up]4|rer10e), b =
e |mnu — u||La+1(rC)”f”Lz(Ql)/(aH) that

2 a+1 < 2 1 octl 2(a—1)/o
u— uthl(Q) + E” [u+ — [uh]+||La+l(Fc) S Imhu — U|H1(Q) e o |mu— u|‘La+1(FC)Hf||L2(Q)

Finally, owing to Proposition 5.1 and using the regularity of u, we obtain

2 1 h2 2 h?+l -1 o
[ =l o) + 2l = [wnl el ey S 0° [uliaia) + BT oe ™ [ulyfhan o)

|1z
We immediately obtain the following corollary.

Corollary 3.2. Let « satisfy (5). Let u € V and u, € V}, be the exact solutions of (9)
and (10), respectively. Assume that u € W2T1(Q).

i) Ife 2 h, then

1
2(a—1)/a
|u — uh|Hl(Q) <|U|H2(Q) + |U|W2 et 1(Q) ”f”L(Q(Q )/ )



i1) If e ~ h, then

1
_1 at1)/2 2 et 2a—1)/a 2
= unl oy + B2l — [ ISy S A (Il + el o) L1y )

Remark 3.3. When a = 1 and d € {2,3}, the term | f|.2q) disppears in the corollary,
and we retrieve the estimates already obtained in [7] and more recently in [11] under the
assumption € ~ h. When a > 1, these estimates are new. In particular, the optimal
H'-convergence rate is obtained independently of o under the condition & ~ h.

Remark 3.4. Let us briefly discuss on the regularity of problem (2). To our knowledge there
does not exist any regularity results for problem (2). In order to have an idea concerning
its regularity we consider a slightly different problem in which I'p = ) to avoid additional
singularities at the interface between I'p and I'c. Consider the problem of finding w. s.t.

—Au, +u. = f in €,
€0pus + [u]T =0 on 09,

which admits a unique weak solution in H'(Q) so u. € H'?(09). Suppose that o = 1, so
Onue = —L[u]y € HY?(09) since ||[uc] 4]l mir200) < el mizen) and finally u. € W22(Q).
When a > 1, e.g. suppose a = 2 and d = 2, assume that there is a small § > 0 s.t.
u. € H'79(Q). As before [u.]. € HY?9(0Q) and the latter space being a multiplicative
algebra, we deduce that [u.]2 € HY/219(9Q) so d,u. € H/*9(98)), and then u. € W2+%2(Q).
Then, a bootstrap argument yields u. € H*?*(9Q), so that ¥n > 0, [u.], € H3>7(0N)
(see [29]), and if f is regular enough and 7 small enough, u. € W3 7%(Q) — W?23(Q) by
imbedding.

Remark 3.5. When u is less regular than W*+1(Q), say u € W5*1(Q), 1 < s < 2 we can
1 atl

obtain a bound of A2~V \ulzs(m + hA) (B |ulyeari(q) HfHQL(QC&)I)/a in Lemma 3.1 and a

bound of Ch*~! in Corollary 3.2 i) and 4i). This is straightforward when u is continuous

which is always the case when d = 2 or d = 3,s(aw + 1) > 3. In the remaining cases, the

Lagrange operator fails and interpolation operators adapted to nonsmooth functions should
be considered.

4 A priori error analysis in weak norm

4.1 The companion problem

Let u € V and wu, € V} be the exact and the approximated solutions of (9) and (10),
respectively. Denote by ¢ = u—uy, € V the error, and assume that « satisfies (5) and o # 1.
Following the idea of [19] in a slightly different context, we introduce the companion problem

1 , B
peV a((Z),U)—Fg/Fan(u)(bv—/QCv, Yv eV, (12)

a—1

where a is the bilinear map defined in (4), go(u) = [u]%, so ¢, (u) = afu]

8



As a linear problem with mixed Dirichlet-Robin boundary condition, problem (12) is
well-posed and the solution ¢ € V' satisfies |¢] 1 q) < [¢]r20) uniformly in e. Under some
assumptions on €2 and the interface between I'c and I'p (see [26]), we know that the solution
indeed belongs to H?(2). In some particular cases (see [18, Theorem 4.3.1.4]), the solution
¢ € V also satisifes the regularity estimate

|82 < ele™ qn ()l 2@,

with c¢(e7¢/,(u)) a constant that depends on its argument. In the following, we will assume
that the following assumption holds.

Assumption 4.1. The unique solution ¢ € V' of (12) satisfies the stability estimate |¢|H2(Q) <
c|Clr2) with ¢ > 0 independent of ¢ and wu.

In what follows, we denote by ¢, = m,¢ the Lagrange interpolation in V}, of ¢. Usin
assumption 4.1 and the inverse inequality, we obtain

1 3 3
|¢ = Onlr2we) + 72 (¢ — Sulmoy S P2 19lg2@) S h2ICTr2@)- (13)
Using the continuous embedding H?(Q) — H3/%(T'¢), we also have for d € {2, 3}:

[onl ey S Nlrewe) S 10lmanwe) S 10la2@) S I€12@)- (14)

4.2 L[*()-norm estimate for d = a = 2

Lemma 4.2. Let d = 2 and o = 2. Let u € V be the unique solution of (9) and up € Vj,
the unique solution of (10), respectively. Assume that u € W>3(Q) and that € > 0h with 0
large enough. Then

Ju = wnl iy S cllulyeay - 1 Fl2e)h

where c([uly2sq) [ flr2@)) denotes a constant that depends on its arguments.

Proof. Proceeding as for linear problems, we choose v = ( in (12) to obtain

1
o) = a(6.0)+ 2 [ diw)ec.

I'c

Denoting ¢, = m,¢, using the definition of u and w; and the Galerkin orthogonality, we infer
from (9) and (10) that

0 = a(u ) = ol 6n) + = [ (0a(0) = galw0))én = (6. 0)+ 7 [ (alw) = aalun)en,

I'e

Subtracting the two previous equalities yields

(00(0) = auun)n + = [ (o,

Te

1
I = alc.0 = 6n) - = [

e



or equivalently,

1
1¢122(0) = alC, ¢ — én) — g/

e

(00(0) = daln) = )00+ - [ w6~ o).

e

We then write ||C||%2(Q) = T1 + T2 —+ T3 with

Ty = a(Cé— dn),
T = =2 [ @0() = dulun) = 2 (@))0n
7= < [ oo

To obtain an estimate of |(|z2(q), we consider separately each term T3, T5 and T3. For
Ty, we apply Cauchy-Schwarz inequality with (13) and Corollary 3.2 to obtain

1
11| < |u— tnl oy |6 = Gnla () S clu, F2R2IC] 20, (15)
with c(u, f) = (M?P(Q) + |u|%§,3(9) ||f|\L2(Q)>. Considering now the second term Ty, we

observe that .
da() — qalun) — du(w)C = / (s — 1) — () dt,

so that 15 can be written as

ro= -2 [ con ([ a0 -y ar).

To estimate the integral over ¢, we note that t € R — [t], is 1-Lipschitz, so that in particular

/0 I — 1) — ()] dt S I¢].

Then, the simple estimate follows:

1
|T2| 5 g/ |C|2 |¢h|-
Te

Applying Holder’s inequality combined with the trace inequality || 2oy < € ||1L/22(Q) IC |}1/12 @
estimate (14) and Corollary 3.2, we obtain
< Ly < Liep < Lhyere
1T S 21 Baror Wl S 2 Wl Koy S e N2 WCsey (1)

For the last term T3, we have



Then, applying Holder’s inequality with % + % + % = 1 provides

1
T3] S g” [u] 23wy €] L2y |6 — Prll Lo (re)-

From (7), we know that |[u] |31y S e3 HfHLQ(Q) Then, using the trace inequality (| 2.y <
Is H1L/22(Q) IC \gf (o> We deduce from Corollary 3.2 that

2/3 1/2
Tl S 11— S lClisah el £ 16 = dulise.

It now remains to estimate |¢ — @n|rs(r.). Observing that the embedding W22(Q) —
W36(9) is continuous (see [1]), we infer from Proposition 5.1 that

4_1 7 z
l¢ — ¢h”L6(FC) Shi™s W\W%,G(Q) S he ’¢|H2(Q) S hGHCHL%Q)

Hence, for T3 it follows

h 2/3 3/2 2/3
75 (2) MG et £

Collecting the estimates on 77, 75 and T3, and absorbing the constants in the < symbol, it
then follows

h AR .
(B 5 (14 2t ) K+ (£) " micit (1)
We then use the hypothesis € > 6h to infer
<2 S B+ 07 ¢l 2 + 0P RICI -

Since 6 is assumed large enough, the expected result follows from the previous bound using
Young’s inequality. O]

Remark 4.3. When u is less regular than W?3(Q), say v € W*3(Q), 1 < s < 2 we can
check that the limiting term is 75 which requires that ¢ = #h*~!; we then obtain an L?-error
bound of ~* in Lemma 4.2.

4.3 L?*()-norm estimate for d =3 and o = 2
In this section, we extend the previous analysis to a three dimensional domain §2.

Lemma 4.4. Let d =3 and o = 2. Let u € V be the unique solution of (9) and uy € V,
the unique solution of (10), respectively. Assume that u € W?3(Q) and that € > 0h with 0
large enough. Then .
5

[ = unlr20) S ellulwzaq) s [ Flez@)he. (18)

If in addition € > 9\/5,
Ju = wnlez@y S ellulyasiay | Flez)h® (19)

11



Proof. Proceeding as in the proof for d = 2, we observe that (15) and (16) also hold for
d = 3. For the third term T3 we apply Holder’s inequality with % + % + % = 1. Note that we
choose L® for ¢ and L? for ¢ — ¢, which is the contrary of the choice for d = 2. That choice
gives the best estimates we are able to obtain in our analysis (we skip over the discussion on
the choice which is technical). Hence, we obtain

15 = _/F [ }-&-C(QZ) ¢h> _”[ ] ”LB(FC)M”LG(FC)”QZ)_¢h”L2(FC)-

€

Using estimate (7), it then follows

2 2/3
Bs ﬁ”f”Lé(m I¢lzs e ld — @nlr2re)

and using (13), we have |¢ — én|r20rp) S h%”C”L2(Q). As a partial result, we obtain

S %IIfIILz(Q)||C||L6<FC>IICIIL2<Q>'

Now, we combine the interpolation inequality |C|zsry) S [€ ||2/2?EFC)||C ||2/ 3(r ) valid in two

space dimension (see [3]), with the trace inequality (]2 < [¢ ”2/22(9) IC \1/ Q(Q) to obtain

1/6 1/6 2/3
I<hzoceey S 1K gy <t ) Il
We now estimate (| 1(r.) as follows:

IClm ey < lu—mnulmre) + [mnu — unlm ey
S h1/2”u”H3/2(F0) +h | — up| g2 (e
S hl/QHUHH?(Q) + h/? Ju — uh”Hl/Q(Fc) + hiWHU - 7rhU||Hl/2(rc)
S B |ul ) + B ¢l aqy s

where we have used triangular, interpolation, continuous and inverse inequalities, combined
with the a priori estimate from Corollary 3.2. Then, we obtain

1/6 1/6 2/3 - 2/3
IChzscrey S ICT ey I35y (A2 Hulfogy + 72 1Clo ) ) -
From Corollary 3.2, it follows that |([ ;1) < c(u, f)h if € > 6h, so that

1/6
IClisre) S elus RVZICIS,

where c(u, f) is some constant depending on |u[y2sq), [u|n2(9) and | f]r2(). Hence, for T3
we obtain the estimate

h 2/3 /6
15 (L) nele, (20)
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which gives Ty < 672/3p4/3|¢ ||2/2?Q) with € > 6h bounded. Hence, applying generalized
Young’s inequality yields
T3 S O7TIC1 70 + 1P,

and since ¢ is large enough we get (18). If we consider again (20) with the additional
constraint € > 6h'/2, then

B1/2 2/3 )
s (M) W S
which implies T3 < 0‘8/7|]§H2L2(Q) + h* and (19). =

4.4 Estimate in L*(Q)-norm for d =2, o > 2

Lemma 4.5. Let d =2 and o > 2. Let u € V be the unique solution of (9) and uy € V,
the unique solution of (10). Assume that u € W2TY(Q), h < e and h small enough. Then

lu = unlra) < el Julyyanii gy 1 lz2i@)h* (= In(h)),
where c(av, [ulyz.as ), [ flr2@) s a constant that depends on its arguments.

Proof. As in the case a = 2 we consider separately each term T3, T5 and T3 and we absorb
the constants in the < symbol. For T}, we obtain as before

ITa] < Ju = nl o) 16 = Onl o) S e, £)2ICz ) S W2Clz2@)-

Considering now the second term 75, we still have

to= =2 [ con([ntu-0-dpa) =2 [ con([u-rar - ar).

The estimate on the integral over ¢ is now different, and we use the bounds of Lemma 2.3:
1 1
[ =gt =z e s [ ot (- s @)
Since [u —t¢]y < [u]y + [un]s, we obtain [u — )32 + [u]$? < O([u]$ 2 + [us)??) and then

A(W—ﬂi“ﬁﬁl) S 1] (U2 + funl2™). (22)

It follows the estimate

Tl S 2 [ Clol(es® + wli?)

a9
S ZICT e o Ionl o) (ul+ [rerr s [ (AN rr iy B

13



where Holder’s inequality is used with —5

-+ 3+1 = 1. Using the a priori bound (7) for u
and uy, it implies

o2 2(a—2)/(a+1
|Ts| —||C et ooy lonleerz = 1] (a=2)/(a+1)

L2(9)
2(a—2)/(a+1
SES N P PP

LZ(Q) )
where we have used (14) to infer that |¢n|zere) S (€] 220)-
112 2aen)

L3

It now remains to estimate

< LIEE ICIEE,

Loo(rg) COM-

Using the interpolation inequality [¢ || 2otn)
I'c)

bined with the trace inequality ]2y S H(Hi/f(m |C|11L1{12(Q)7 we obtaln

3 3
S S P SHrA
Then, using Corollary 3.2, it implies that

h a4+ 2(a—2)
a+1 a+1
T Sa (—) I 15,

> (T¢)’

(23)

Finally, we estimate |(|ze(r,) using Proposition 5.2 and Corollary 3.2 as |(]rere) S
hy/—1n(h) yielding

3
h\ ®FT ) 2 S e N B
o (2) 7w (VRm) T I

L2(Q) -
Let us now consider the last term

Q@ o

2 s o
€ o

and apply Holder’s inequality with 2— 1 T+

2(a+1) + 2(a+1) = 1 to obtain
(%
|T3| S c ”[ ] ||La+1(FC)||C”

Do )||¢> — Onl 2 (rg)-

Proceeding as above, we use the estimate |[u]4|petiry) S 6%“" f Hi/z((os‘;;l) and the esti-
mate (23) on ||| 26t to obtain
L3 c)

T < a 2(05:»1) 2((134»1)
| 3| ~ _% ”g”]}(g) |C|H1(Q)
g

IICH““FC)II(b Onll L2t (r)-
Then, using Proposition 5.2 and Corollary 3.2, it follows

a—2

« a at1

T S — Il T 357 (/TI)) T 16— Sulsesn o)
ga

14



Now, we use Proposition 5.1 with the continuous embedding W?2?(Q) < Wa+1’2(0‘+1)(§2) to
obtain

2a+3 2a+3
|9 = dnlr2ein ey S pt e |¢|W%%,2(u+1)(ﬂ) S R @l yan gy S M2 (] L2

Hence, we obtain

2
R\ o 42 = R
T3] < « (g) h2FD) ( —1n(h)> ||C||z(2(51)) :
Now, collecting the three estimates of T, T5, T3, it follows

2(a—2)

3
h\ ol  20-2 -3 o
iy S 1 () %557 155 —1n<h>) Ty

2
AT =
(2) et (vomm) ™ e
so that we conclude applying Young’s inequality with the assumption i < e. OJ

Remark 4.6. Note that the estimate (17) obtained for o = 2 is consistent with the general

estimate (24) valid for all & > 2. In addition, observe that the assumption £ > 6h with 6

large enough is not needed if a > 2, since we have —2- < 1. Nevertheless a |In(h)| term

a+1
appears when o > 2.

5 Technical results

Let m, be the linear Lagrange interpolation operator which to any function v € W*P(Q)
with sp > d and vanishing on I'p associates its interpolant w,v € V},. We recall the following
properties.

Proposition 5.1. For all v € W??P(Q) with 2p > d,
|7eno — U”LP(Q) +h |7ThU — vy, P(Q) ~ < |U|W2P(Q) )
|mhv = v e ey S W |U|W2,p(9) -

More generally, if v € WP(Q) with sp > d and 1 < s < 2,

s 1
Imno = vlewey S A7 [Vlyeno -
Proof. For all K € Ty, the local interpolation theory gives us

Considering a boundary face F' touching the cell K € €2, we have from the multiplicative
trace inequality in LP(F):

p=1 1 1 1
Imne = vl S lmnv = vl 5 (h;f [7no = ol Loy + 1V (0 = U)IIZP(K)) :

15



Hence, combining these two estimates, it follows

91
|mhv = vl ey S hy ” |U|W2,p(K) ’
and we obtain, summing over F' C I'¢,
2p—1 —
It = olaeey < D Wit oliyzacn S B [0l2ag -
FcCl'e

The generalization to 1 < s < 2 follows the same lines as previously starting with a similar
estimate as (25) for 1 < s < 2. O

The next lemma is needed in the two dimensional case when o > 2.

Proposition 5.2. Let Q C R? and I'c C 9Q. Considerv € VNH?*(Q) and vy, € Vj,. Assume
that h is small enough. Then

[v = vlLre) S vV —In(h) [0l g2y + V= In(R)[v — val 11 (0.

Proof. We start with the triangular inequality |v — vp|reore) < | — T poo(re) + |mnv —
Up| Lo (re) Where 7y, is the Lagrange interpolator mapping into V3, and we consider separately

|v = mhv]Loe(re) and |mhv — v Lee(re)-
From the Gagliardo-Nirenberg interpolation inequality in one dimension (see [3]), stan-
dard error estimates (e.g., issued from Proposition 5.1) and the trace theorem, we get

1/2 1/2
[o = mholimmey S o= mnol Loyl = Tolifir,,

3/2 1/2 1/2
(h |U‘H3/2(Fc)h |U|H3/2(FC)>

S
S h|U|H2(Q)-

Consider now the discrete term |70 — vp|r=(ry). Apply the one dimensional global
inverse inequality on I'c with p € [1, 00] ([15]), and obtain

|mv — vnllzere) S B2 |mav — il ecre)-

Then, using the embedding inequality |v]rrry) S \/I_)”U”H%(F ) for all v € HY?(I'¢) and
C
p € [1,00) (see [2]), it follows

Imnv — vnloerey S VPR P IR — vallgseeg-
Choosing p = —In(h) yields
[mhv — vpllpeo ey V= () |mhv — vnl o)
Finally, using a triangular inequality and Proposition 5.1, we obtain
|mnv = vnlze ey S bV —=n(R) [v] () + V= In(h)|v = vn] 11 (@)

The result then follows by collecting these estimates and observing that h < hy/—In(h) for
h small enough. O
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