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Abstract In this paper we address several issues arising from a singularly perturbed fourth order
problem with small parameter €. First, we introduce a new family of non-conforming elements. We
then prove that the corresponding finite element method is robust with respect to the parameter
and uniformly convergent to order h'/2. In addition, we analyze the effect of treating the Neumann
boundary condition weakly by Nitsche’s method. We show that such treatment is superior when the
parameter ¢ is smaller than the mesh size h and obtain sharper error estimates. Such error analysis
is not restricted to the proposed elements and can easily be carried out to other elements as long as
the Neumann boundary condition is imposed weakly. Finally, we discuss the local error estimates
and the pollution effect of the boundary layers in the interior of the domain.
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1 Introduction

We consider the fourth order problem:

A — Au=f in 2, (1.1a)
u:@:() on 012, (1.1b)
on
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where 2 C R? (d = 2,3) is a convex polygonal domain, f € L?(§2), and n denotes the outward unit
normal of 9¢2. In two dimensions, the boundary value problem (1.1) arises in the context of linear
elasticity of thin buckling plates with u representing the displacement of the plate. The dimensionless
positive parameter ¢, assumed to be small (i.e. ¢ < 1), is defined by

t3E
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Here, ¢ is the thickness of the plate, £ the Young modulus of the elastic material, v the Poisson
ratio, ¢ characteristic diameter of the plate, and T the absolute value of the density of the isotropic
stretching force applied at the end of the plate [11]. In three dimensions, problem (1.1) can be
considered a gross simplification of the stationary Cahn-Hilliard equation with € being the length of
the transition region of phase separation.

Since problem (1.1) is fourth order, standard conformal finite element methods require function
spaces to be subspaces of H?(§2). Such elements require polynomials of high degree and even in two
dimensions are not easy to construct. Moreover, the approximation properties of such elements may
not even be high on quasi-uniform meshes due to the presence of strong boundary layers that affect
global regularity estimates [1,22,23]. Specifically, a priori estimates show (cf. Lemma 4)

l[ull o) < C¥27%| fllp2(), for s = 2,3. (1.2)

Therefore, due to their relative simplicity, non-conforming methods are an attractive option.

In this direction, there are several such methods available in the literature. The Morley element
is a natural choice since it has the least number of degrees of freedom on each element for fourth
order problems, as its basis functions consist of only quadratic polynomials [15,24]. However, since
the Morley element is not convergent for second order problems [17,27], either the formulation
of the Morley method must be modified or the element itself must be altered in order to obtain
robust schemes. In the former category, a modified Morley method was proposed and analyzed in
two and three dimensions in [28] and [29]. In these papers, the authors used the original Morley
element in conjunction with an enriching operator within their numerical method. In the later
category, Nilssen et al. [17] did not change the formulation of the Morley method, but rather enriched
second degree polynomials with cubic bubble functions in two dimensions. Tai and Winther later
extended this element to three dimensions in [26], and variations of the element were also proposed
in [30]; all of these elements are low-order. Another approach to compute the solution to (1.1) is
by using C° interior penalty methods. For this method, one uses standard continuous Lagrange
finite elements while replacing the C'*(£2) continuity requirement with penalization techniques. Such
methods were proposed in [6,7,10] with ¢ = 1, and the corresponding simply supported plate problem
was constructed and analyzed in [8].

In the three papers [17,28,29] it was shown that the modified Morley methods are convergent
uniformly in € in the energy norm with bounds of order h'/2. In fact, in the last remark in [17]
the authors argue that this is the best possible e-independent error estimate for any finite element
method on quasi-uniform meshes due to the strong boundary layers of the solution. This claim
seems plausible if one takes in consideration all possible relations between € and h. However in some
regimes it is not the case. For example, modifying a method by imposing the Neumann boundary
conditions weakly, we obtain better error estimates in the case of ¢ < h, while still retaining the h'/2
and e-uniform error estimate.

As the title suggests, there are several aims of this paper. First, we propose a family of non-
conforming finite elements for the singular perturbation problem (1.1) that is robust with respect
to the parameter €. The element is motivated by the element constructed in [17], and although our
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lowest order element has the same degrees of freedom as the elements in [17,26], the finite element
spaces are different. This is because we use face (3D)/edge (2D) bubbles to construct our elements.
Our elements also come in a natural hierarchy, and therefore higher order approximations may be
possible. We are not aware of any other family of elements with such a hierarchical construction for
the biharmonic problem.

Our next contribution is that we modify our method to impose the Neumann boundary condition
in (1.1b) weakly. The new error estimates show that this approach is superior to that enforcing
boundary conditions strongly and may lead to better convergence rates. Although the analysis of
such convergence rates is fairly involved, the concept is very natural. If we let @ be to the solution
to the reduced problem

“Au=f inf, (1.3a)
U= on 012, (1.3b)

we see that u has no dependence on €, and therefore no boundary layers. Moreover, since {2 is convex,
@ € H?(£2) and there holds [12]

ltll 22y < CllfllL2(o)- (1.4)

Furthermore, it can be shown (cf. Lemma 4) that ||u — @z (o) < Ce'/2; that is for small e the
solution to (1.1) is very close to the solution to the reduces problem (1.3). Thus we naturally want to
construct a finite element method that does not only approximate u for all £, but also approximate
@ well when ¢ is small. Noting that @ does not satisfy the second boundary condition in (1.1b), it
is then logical to construct a method that does not enforce the normal derivative constraint on the
boundary with ¢ = 0. This naturally leads us to formulation using Nitsche’s ideas [18], that is, to
impose the boundary condition weakly in the variational formulation using penalization techniques.
We note that the use of Nitsche’s method for singular problems is not new (e.g. [2,13,14,20,25]).
However, as far as we are aware, this is the first time such an approach has been applied for problem
(1.1). Moreover, we give a rigorous justification of the advantage of Nitsche’s method for (1.1) by
proving sharp error estimates in the case ¢ is small. Similar analysis has been developed by [20] for
second order convection-diffusion problems.

The rest of the paper is organized as follows. In the next section we provide the notation that
will be used throughout the paper. In Section 3 we introduce a family of elements for the singular
perturbation problem in two and three dimensions. Here, we describe the local and global spaces,
its associated degrees of freedom, and unisolvency. We also address the approximation properties of
the space as well. In Section 4 we define and analyze the finite element method with weakly imposed
boundary conditions. We show that the new method satisfies all of the estimates in [17,28,29], but
in addition, derive a new estimate which is better for small e-values. In Section 5, we derive L? error
estimates. In Section 6 we mention how other popular methods can be modified to include Nitsche’s
method. Finally, in the last section we discuss the local error estimates and the pollution effect of
the boundary layers in the interior of the domain.

2 Notation

We use H*(£2) (s > 0) to denote the set of all L2(£2) functions whose distributional derivatives up
to order s are in L?(£2), and H§(§2) the set of functions whose traces vanish up to order s — 1 on 9{2.
We use (-,-)p to denote the L? inner product between two functions over a d-dimensional set D,
{-,-)¢ to denote the L? inner product over a set G of dimension less than d, and use the convention

(., ) = (., )Q
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Let 7j, be a shape regular simplicial triangulation [5,9] of the domain {2, and let F}, denote the
set of (d — 1)-dimensional simplices in 7}, i.e., the set of faces (3D) or edges (2D) in 7;. We adopt
the following notations:

— F} = the set of interior (d — 1)-dimensional simplices in 75,

— F? = the set of boundary(d — 1)-dimensional simplices in 7,

— hp = the diameter of T,

— h = maxyer, hr,

— hp = the diameter of the (d — 1)-dimensional simplex F,

— vt = v’Ti, the restriction of the function v to the simplex 7%,

— P*(G) = the space of polynomials of degree less than or equal to k restricted to the set G.

Furthermore, we define the patch of ' € F), and T € 7}, as
Tp={T€T,: FCOT}, Tr={T'€Ty: o' NT # 0},

and we use the convention

HUqum(Th) = Z HUqum(T)a HUH?LIm(TF): Z HUqum(T)a HUqum(TT) = Z HUH?qm(T/)-
TeT, TeTr T'€Tr

For F € F}, there exist two simplices, 7T, T~ € 7, such that F' = 9T N 9T ~. We define the
jump of the normal derivative of v on F' as
o] ’ B (?v*’ v~
F F

on || B (?nF’F’

= o
where np denotes the normal of F pointing from 7+ to 7. On the boundary F € F?, we take
2], - 2
On]| IF  Onp
We also define the average of the normal derivative as
4 _
(o) =2Grlor il wren {5 -

Given T € T, we denote by {Ap} the (d + 1) barycentric coordinates of T, labeled such that
Ar vanishes on the (d — 1)-dimensional simplex F' C 9T. The element bubble and face/edge bubbles

are then given by
bT:H)\F, bp = H Aa,
F G#F

F'

if F e FP.
. 1 (S h

where the product runs over the (d — 1)-dimensional simplices of T

We use C' to denote a generic constant independent of h, €, or any penalty parameters that may
take different values throughout the paper. In the analysis we will often use the following version of
the trace inequality (see e.g., [5, Theorem 1.6.6]).

Proposition 1 For any simply connected domain D with piece-wise smooth boundary 0D there
exists a constant C' > 0 such that

Wllz2om) < Clloll a0l i pys Yo € HA(D). (2.1)
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In particular, by a standard scaling argument we obtain the following estimates on any simplex T

ollz2or) < C(hz P llollzacry + [V IVOl4y), Yo € HY(T), (2.2a)
ollz2(ory < Clhz 20l 2z + ha! 2 Voll 2y, Vo e HY(T). (2.2b)

In addition we will also need a standard inverse estimate. Let q be fized. Then for all v € P4(T),
loll 2oy < Chp' 2| 22y, (2:3)

where C' is independent of v.

3 A Family of Non-conforming Finite Elements

In this section we introduce a new family of non-conforming elements for the biharmonic problem
(1.1). We mainly focus our ideas on the three dimensional case, and briefly discuss the corresponding
two dimensional elements below as their construction and properties are similar.

Essentially, we add local function spaces that use bubble functions to Lagrange elements. This
strategy was used in [17,26], where the authors developed low-order elements in two and three di-
mensions. Although our lowest order elements are similar to the non-conforming elements introduced
in [17,26] the spaces are different. The key to our element is using face (3D)/edge (2D) bubbles.

First, for k£ > 2 we define the local space of the non-conforming element as

XH(T) =PHNT) + Q" *(D), (3.1)
with
Q¥ A(T) =br Y brQy(T), (3-2)
F
where the sum runs over the four faces of T' and
KT = {q € P*HT) 1 (g, brbpw)r = 0 for all w € PF73(T)}. (3.3)
That is, Q% *(T) is the space of orthogonal polynomials of degree P*~2(T') with respect to the inner

product (-, bpbp-)r. For the case k = 2, we set Q% (T) = P*(T).
We define the following degrees of freedom for the local space X*(T)):

w(a) for all vertices a, (3.4a)
(w, 1y, for all € P*~2(e) and edges e of T, (3.4b)
(w, k), for all kK € P*~3(F) and faces F of T, (3.4c)
(w, p)r for all p € P*=4(T), (3.4d)
(ow/onp,w), for all w € P*~2(F) and faces F of T. (3.4e)

Here we use the convention that if k& = 2, then the degrees of freedom (3.4c) and (3.4d) are not
needed, and if & = 3, then the degrees of freedom (3.4d) are not needed. Note that the first four
types of degrees of freedom (3.4a)—(3.4d) uniquely determine a polynomial of degree k. Furthermore,
by the definition of Q% '(K), we have

1
dim Q5 3(T) = dimP*~(T) — dimP*—3(T) = 5k(k —1) = dimP*2(F). (3.5)
Therefore by (3.2) we have dim Q*~1(T) < 4dimP*~2(F), and so dim X*(T) < dimP*(T) +

4dimP*~2(F), which is exactly the number of degrees of freedom given in (3.4). The next lemma
shows that this last inequality is in fact an equality.



6 J. Guzmén, D. Leykekhman, and M. Neilan

Lemma 1 There holds
XH(T) =PHT) @ Q"*(T),
dim X*(T) = dimP*(T) 4+ 4dim P*—2(F).
Furthermore, any function w € X*(T) is uniquely determined by the degrees of freedom (3.4).

Proof Suppose that w € P*(T) N Q*~2(T). Then since by is quartic, we have

w=>brq with ¢eP*4T), and ¢= prqp with qp € Ql}d(T).
F

But by the definition of Q% *(T) (3.3), we have

(a:brg)r =Y _(ar, brbrg)r = 0.
F

Therefore, ¢ = 0 and (3.6) follows.
To show (3.7), we note that by (3.5) and (3.6), it suffices to show that (3.2) is a direct sum. To
this end, we show that if g = bx > bpgr = 0, then gp = 0 for all faces F. First, we note that

8(] 8bT 2
0=—|_ ==-—"b = —|VAFr|b
877/}7' 877/}7' FQF’F | F| FQF’Fa
where we used that %’F = —|VAp|bp. Therefore QF’F = 0 for all faces F since b% is strictly

positive on the face F. Thus, we have ¢r = Appr for some pr € P¥=3(T), and therefore by (3.3),
we have

0 = (¢r, brbrpr)r = (pr, brbrArpr)T,

which implies pp = 0. Thus, gr = 0, and the dimension count (3.7) immediately follows.

Note that the dimension of X*(T) is the exact number of degrees of freedom given by (3.4).
Thus, to show that the degrees of freedom (3.4) are unisolvent on the space X*(T), it suffices to
show that if the degrees of freedom vanish for w € X*(T), then w = 0. Write

w=wo+q with woeP*T), ¢ € Q**(T), and ¢ =bx » brgr with qr € Q) *(T).
F

By (3.4a)—(3.4c), we have wg = brp for some p € P*~4(T). But then by (3.4d) and (3.3), we have

0= (w,p)r = (brp,p)r + Y _(qr, brbrp)r = (brp, p)r,
F

and therefore w = ¢. Finally by (3.4e) we have for each face F,
0= (0w/Onr,qr), = (brqr(dbr/Onr),qr) . = —|VAp|(biqr, qF) ., (3.8)

where we again used gz—?’F = —|VAp|bp. It follows from (3.8) that QF’F = 0 for each face F', and
therefore, by using the same argument above, we conclude ¢r = 0.
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The degrees of freedom (3.4) naturally lead us to the define the following global spaces:

Xn={weHj(2): w|, € XHT)forall T € Ty, (3.9)
and ([[0w/On]],w), =0 for all w € P*"*(F) and F € 7},
X ={weXp: (Qw/onp,w), =0 forallw € P**(F) and F € F}}. (3.10)

The next lemma addresses the approximation properties of the global spaces. The degrees of
freedom (3.4) naturally induce an interpolant from H?(2) N H}(§2) onto X}. However, such an
interpolant will not be bounded in H!(£2) and hence we need to define a regularized interpolant.

Lemma 2 There exists an operator Iy, : H}(£2) — X}, such that for any v € H*(£2) N H}(£2) with
1<s<k+1, there holds

lv = Inv| am 7,y < CR*™ ||| 52 (02 0<m<s. (3.11)

Moreover, there exists I)) : H} (£2) — X} such that
o = 0l < CR* ™0l e(o) foeH}Q),  (312)
o= ullincmy < C (0™ ollgy + B lollinge) o g HAQ).  (313)

Proof Let L C H}(£2) be the Lagrange finite element space consisting of globally continuous
piecewise polynomials of degree k£ with vanishing trace. Define the projection I}, : L, — X}, locally
as

(Ipw —w)(a) =0 for all vertices a, (3.14a)
(IIhw —w, py, =0 for all € P*~1(e) and edges e of T, (3.14b)
(IIhyw —w, K)p=0 for all kK € P*~2(F) and faces F of T, (3.14c¢)
(ITyw —w, p)r =0 for all p € P*=3(T), (3.14d)
(0(ITyw)/OnF — {{8w/8n}},w>F =0 for all w € P*72(F) and faces F of T. (3.14e)
By the proof of Lemma 1 and by the definition of X}, II}, is well-defined.
Note that for any simplex 7" that contains F' as a face we have
1 .
(0w /on ], — ol )one] | = { 217/2 DN €7 315)
0 FeF).
Therefore by (3.14)—(3.15) and a scaling argument, we have
1T = wlzacry < Chgl” 37 ||[0w/on]] | (- (3.16)

FCOTNF;,

We then set I;, = Il I, where I : H}(£2) — Ly, is the Scott-Zhang interpolant [21]. Since the
Scott-Zhang interpolant satisfies

v = vl gmry < ChT ™ [Vl e (72 (3.17)
we have by a scaling argument,

hBT/Q Z H[[a(ncv)/an]mm(p)SCh%HUHHS(TT)- (3.18)
FCOTNF;
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Therefore by (3.16)—(3.18) and an inverse estimate, we obtain

||v— Ih'UHHM(T) <||v-— HC'UHH"L(T) + | Hcv — HhHC'UHHM(T)

< Chy ™ol s () + CHYZ™ Z [[o(Zcv)/on]] HL2(F)
FCOTNF;,

< Chy™[|vll me (72)-
To construct an interpolant I)v in X)), we modify the construction of ITj, by replacing (3.14e) with

(0(ITpw)/onp — {ow/on}, w), =0 forallwe P*~2(F) and interior faces F of T,  (3.14¢/)
(O(ITpw)/Onp,w) , =0 forallw e P*~2(F) and boundary faces F of T.

If we recall (3.15) for interior faces F' and use the fact that

(O(IThw —w)/Onp,w), = —(dw/dnp,w), forallwe P*~2(F) and boundary faces F of T.

F

We then have

1w — w2y < CRY Y | [Dw/On])]] o - (3.19)
Fcor

Note that, in contrast to (3.16), the right-hand side of (3.19) may include boundary faces. However,
we see that if v € HZ(§2), then the estimate (3.18) still holds with the sum taken over all faces of T'
(and not just interior faces). It then follows by using the same argument as above, that if v € HZ(£2),
then

v = Ipv|| g (1) < ChE ™ ||0]| £ro ()

However, if v ¢ HZ({2) then we only obtain the estimate

23 [oTen)/on] | e < Chrllelm ).
FCOTNF;

It then follows that

v = vl ey < llv = Hovllgmry + [ Hev — Moo gy
s—m 3/2—m
< Ry ™ol (ry + CR ™™ 3 |[[[00Tc0) /0n]] | oy
FCcoT
< C (W ™ol s (7o) + hy ™ol (7)) -

Remark 1 The lackluster estimate (3.13) will play a key role while discussing the advantages of
enforcing boundary conditions weakly into the formulation (cf. Remark 3).
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3.1 Remarks on the two dimensional elements

The family of two dimensional elements are similar to the three dimensional case, so we only sketch
the details. The local space of the two dimensional element takes the same form as (3.1), but the
sum in (3.2) now run over all edges. Also note that the definition of bp in (3.2)-(3.3) are quadratic
edge bubbles instead of cubic face bubbles.

The associated degrees of freedom of X*(T') are defined as follows:

w(a) for all vertices a of T, (3.20a)
(w, 1) g for all u € P*2(F) and edges F of T, (3.20b)
(w, p)r for all p € P*=3(T), (3.20c)
<8w/8np,w>F for all w € P*72(F) and edges F of T. (3.20d)
Lemma 3 There holds
X*(T) =PH(T) @ QF (T, (3.21)
dim X*(T) = dim P*(T) + 3P*~2(F). (3.22)

Furthermore, any function w € X*(T) is uniquely determined by the degrees of freedom (3.20).

The proof of Lemma 3 is very similar to that of Lemma 1, so we omit it. Similar to the three
dimensional case, we can define the global spaces as (3.9)—(3.10) by substituting faces by edges in
the definition. Moreover, following similar arguments to those found in the proof of Lemma 2, there
exists interpolants I, : H}(2) — X, and I : Hj(£2) — X} such that the estimates (3.11)-(3.13)
hold. Again, we omit the proof.

4 The finite element method
In this section we define the finite element method for (1.1) and analyze its convergence. First we

provide the variational form of the singular biharmonic problem. A function u € HZ({2) is a solution
to (1.1) if for all test functions v € HZ(£2), there holds

Ac(u,v) = (f,v), (4.1)
where
A (u,v) = e%a(u, v) + b(u, v), (4.2)
with
a(u,v) := (D*u, D*v), b(u,v) = (Vu, Vv). (4.3)

Here, we have used the notation

2 2 2
uD /Du Dvd:c—Z/ 83318%83:183:]@

and

(Vu, V) /Vu Vvd:c—Z/ gg ng
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Similarly, a function 4 € H}(§2) is defined to be a solution to (1.3) if there holds
b(u,v) = / fvdx Vv € Hy (). (4.4)
2

Before continuing, we first state the following a prioriestimates and convergence rates to the reduced
problem.

Lemma 4 Let u be the solution to (4.2), and @ the solution to the reduced problem (1.3). Then
u € H3(0), and there exists a constant C' > 0 independent of €, u, and f such that

lulls2) < C* || fllL2ey s =12,3, (4.5a)
lu—allgi(2) < Ce?) fllL2 @), (4.5b)
lu =22y < CellfllL2()- (4.5¢)

Proof The proofs of the estimates (4.5a)—(4.5b) are given in [17]. To prove (4.5¢), we use a duality
argument. For arbitrary v € L2(£2), let 4 be the solution to the following second order problem:

Ay =w in 2, (4.6a)
=0 on 0f2. (4.6b)

By (4.6), (1.1), (1.3), and integration by parts, we have

0*u O
(u— @, v) = b(u — @, 1)) = —2a(u, ) + s2<8—7;;8—z>89
Therefore by the trace inequality (2.1), the estimates (4.5a) and elliptic regularity, we obtain

(=) < C(Jlull 2o + lull o) Il ) ) 1] 2y

< Ce? (571/2 + (571/2)1/2(573/2)1/2)HfHL2(Q)HUHL2(Q)
< Cel fllz)llvllz2(o)-

The estimate (4.5¢) then follows from this last inequality.

To define the finite element method, we introduce the bilinear form

ah(v,w) = Z (D2’U, D2'LU>T — Z <gn;; , (;?n—wF>F (47)

TeT) Fe]-‘};

2
- 3 (g e tr X M i e

FeF} FeF}

where o is a positive penalization parameter.
The finite element method then reads: Find u; € X} such that

Ae p(un, w) = (f,w) Vw € Xp, (4.8)

where
Acp(w,v) = %ap (w,v) + b(w, v). (4.9)
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We define the following norms associated with problem (4.8):

0I5 = D Wiy + Y he'l0v/onp|ia. (4.10)
TET, FeFp
1020 = 2llvl5 5 + [0lZ () (4.11)

The next lemma shows that the finite element method (4.8) is well-posed.

Lemma 5 There ezists a constant g > 0 depending only on the shape regularity of Tn, such that
for o > oy, there holds

1
§Hw|\§h < Ae p(w, w) Yw € Xp,. (4.12)
Proof To show (4.12), it suffices to show that the bilinear form a(-,-) is coercive with respect to
the norm || - ||2,n. By the form’s definition (4.7), we have
an(w,w) = Y |wliey —2 Y (0°w/0ng, 0w/Ong), +0 Y hp|0w/onp| Ty (4.13)
TeT) Fe]-‘}; Fe]-‘};

By the Cauchy-Schwarz inequality and a standard scaling argument, there exists a constant C' > 0
depending only on the shape regularity of the mesh such that

1/2 1/2
2 > (0*w/on}, 0w/onp), <2 Y hpl|0®w/0n%|3e > hpMow/ong e
FeF} FeFy Fery
1/2 1/2
<C Z w32 (7, Z hpt|0w/0np|T s
FeF} FeF}
1 2 c? -1 2
< B Z |w|H2(T) +7 Z hi Haw/a”FHH(F)-

TeT) F€.7:Z
Therefore by (4.13) we obtain
1 2 c? —1 2
ap(w,w) > B Z w21y + (0 - 7) Z hip [[0w/onp|L:p).-
TET FeFi
Choosing o9 = 1(C? + 1), we obtain (4.12).

Before deriving our main results, we need a few more technical lemmas. The first measures the
interpolation error in the norm given by (4.11).

Lemma 6 Let u € H*(2) with3 < s < k+1 be the solution to (1.1), and let I, be the interpolant
from Lemma 2. Then there holds

u—Tnullen < C (R +eh® ) ||ullgs (o), (4.14a)
lu = Tyullen < CHY2| fl2(a). (4.14b)
Moreover, if the solution to the reduced problem satisfies uw € H™({2) for some 2 <m < k+ 1, then

lu = Tnullen < C(E72)1 fll 2 + B il )- (4.14¢)
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Proof By (3.11) and (4.5a), we have

&Y fu—Inulyery < CER*H|ull ), (4.15a)
TeTy
e Y fu— Inulary < C2hllull a2 [ull s ) < CRfl720), (4.15Db)
TeT)
and
e Y lu—Tyuldry < C|[ullfr (o) < Cell fll72(0): (4.15¢)
TeT)

Similarly, we have by (3.11), (4.5a), and the trace inequality (2.2b),

_ 2 _
2 Z hit|o(u — Ihu)/anFHL2(F) < Ce? Z (hT2||u - Ihu||fql(T) + |Ju — Ihu||fqz(T)) (4.16a)
FeF} TeTh
< C2h* e (o),
_ 2 _
2 Z het||o(u — Ihu)/anFHLQ(F) < Ce? Z (hT2||u - IhUH%{l(T) + |Ju — Ihu||fqz(T)) (4.16Db)
FeF} TeTh
< Ce?hllull a2 llull s 2) < ChllflI2(0),

and

_ 2 _
2 Z hFlHa(u—Ihu)/aanLQ(F) < Ce? Z (I’LT2H'LL—I]I'LLH§{1(T) —|—Hu—Ihquqz(T)) (4.16¢)
FeF} TeTh

< Ce|lullfzoy < Cell fl1 220y
Moreover, we have by (3.11), (4.5a), (4.5b), and (1.4),
lu— Inulfp (o) < Ch* 7 lullfe ), (4.17a)
lu—InulF o) < C(lu—u — In(u— ) |3 g + & — Inttl 3 o)) (4.17b)
< O (hllu—allgr o) llu — @l g2(@) + W2 |ul 32 0)) < ChllflIZ20

and

|lu — Ihu|H1(Q) <C(lu—a—In(u— u)|H1(Q) + |u— Ihu|H1(Q)) (4.17¢)
C(lu— uHHl(Q) + h*m 2||u||15m(n))
(5||f||L2(n) + W22 Al ) -

The first estimate (4.14a) then follows from (4.11), (4.15a), (4.16a) and (4.17a); the second
estimate (4.14b) follows from (4.11), (4.15b), (4.16b) and (4.17b); and the third estimate (4.14c)
follows from (4.11), (4.15¢), (4.16¢) and (4.17c¢).

The next lemma is needed to analyze the error equation. It provides bounds for the interpolation
error in the bilinear form restricted to the subspace.
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Lemma 7 Under the same hypotheses of Lemma 6, for any w € X, there holds,

Acp(u = Dyu,w) < C(1+ o) (B + eh*=2) [l =@ 1| 1, (4.182)
Acn(u = Tyu,w) < C(L+ 2| g ] (4.18b)
Acp(u = Dy, w) < C(1+ o) (2 Fll iz + Bl g 2) 0]l n- (4.18¢)

Proof By (4.9), we have

Acn(u— Tyu,w) =2 >~ (D (u— Iyu), D*w)r + (V(u— Iyu), V) (4.19)
TeTh
0?(u — Tpu) u—Ihu 0w
_ 2 2
¢ Z < onZ, 8np> Z < ’ 8n%>F
FeF? FeF}
_1/0(u—Ihu) Ow
2 1
+EUZhF< ong ’8nF>F
FeF}

= J1i+Jo+Js+ Jy+ Js.
By the Cauchy-Schwarz inequality, (2.3) and (4.11), we can show
Jl, JQ, J4, J5 S C(l + O')Hu — Ihu|\57h|\w|\57h.

Using (4.14) we have

Ji, o, Ja, J5 < C(L+ 0)(eh® 2 + h* Y |Jull e (o) |0, (4.20a)

Ji, Jo, Ja, Js < C(1+ )b || fll p2(o) 1w e ns (4.20b)
and

Jiy Joy Ja, Js < O(1+0) (€2 fll 2oy + 2™ @] g () |[w]] e p- (4.20c)

Next, by the Cauchy-Schwarz inequality, the trace inequality (2.2b), (4.11) and (3.11), we have

1/2 1/2
Js <C | D hpl|0*(u— Inu)/OnF 7 m) > hptllow/one|3e g (4.21a)
FeFb FerFy
1/2
<Ce ( > (Hu = Inullfp gy + hipllu — Ihulifa@))) wlle,n
TeT)

< Ceh®* 2 ||ul| s ()| wl|en-

Furthermore, by the trace inequality (2.2b), (3.11), the inverse estimate (2.3), and (4.5a), we have

1/2
Js < Ce? ( Z (h;QHu — Inulffpa gy + [lu — Ihu|%[3(T))> lwll e () (4.20c)
TeT)

< C&||ullms(o[wlen < C?| fll 2y llw]le,n-
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Note that if € < h, then this last estimate also implies
Js < CRY2)| o ap lwlle (4.201/)
On the other hand, if h < e we can use (4.21a) with s = 3 and (4.5a) to obtain
Js < Cehllull msqapllwllen < CRY2 ] ooy o]l (4.200")

Finally, the estimate (4.18a) follows from (4.19), (4.20a) and (4.21a); the second estimate (4.18b)
follows from (4.19), (4.20b) and (4.20b); and the third estimate (4.18c) follows from (4.19), (4.20c)
and (4.20c).

We now are now in position to state the prove the main result of this section.

Theorem 1 Suppose that u € H*((2) with 3 < s < k+1. Then there exists a constant C independent
of € and h such that

lu = unllen < C(eh*=2 + B Yllulars ), (4.220)
lu = unlles < CHVY2| fll 2. (4.22D)

Moreover, if uw € H™(£2) with2 <m < k+ 1, then

lu = unllen < CE2N 2y + W™l (en). (4.22¢)

Remark 2 We would like to point out that for ¢ < h the estimate (4.22c) gives a better order
approximation than the uniform order h'/2.

Proof Let Inu be the interpolant of u defined in Lemma 2 and set w = Inu — uj, € Xj,. Then by
(4.12) and (4.8), we have

%Hw”sh < A n(Inu — up, w) = Ag p(Inu — v, w) + Ep(u, w), (4.23)
where the consistency error is defined as
Ep(u,w) = Ac p(u,w) — (f,w) = e2an(u, w) + b(u, w) — (f, w). (4.24)
Since u € H3(£2), equation (1.1) can be considered in the H1(2) sense, and therefore we have
—e*(VAu, Vw) + (Vu, Vw) — (f,w) =0  Yw € X;, C H}(02).

Hence, by (4.24), (1.1b), (4.7) and integration by parts,

Ep(u,w) = Y <% H%ﬂ >F, (4.25)

FeF}

By the definition of X}, (3.9), there holds for any w € P¥=2(F),

2 2
e e o
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In particular, we have

G L)) - === [5])
< H {{82(1‘ — llcu)/on® i HL2(F) H [ow/on]] HL2(F)’ (4.26)

where we recall that I1¢ is the Scott-Zhang interpolant of order k£ which has the following approxi-
mation properties:

lu— Houl|gmz,y < Ch " |lul|gs(z;,) forl<m<s<k+1. (4.27)

We bound each of the factors on the right of (4.26) separately. Using that the average of [[g—:‘l’
vanishes on F' we have by Poincare’s inequality that

llow/on] [l 2y < Chr|[Vr([0w/On]D)] 12y,

where Vi is the surface gradient on F'. We then have by the inverse estimate (2.3) that
1/2
1[0w/on])|| 2y < C P %0l b2z (4.28)

Of course, using the inverse estimate (2.3) twice we also have

/ /
H [Ow/on]] HL2(F) - H [Ow/on]] H1L22(F)H [ow/on]] H1L22(F) = C|w|gf(fp)|w|g22wp)- (4.29)

Next, using the trace inequality (2.2a) we obtain

10 (- HCU)/8H2}}HL2(F) (4.30)

< C (hp Plu = Heulwa iz + lu = Houl 3 7, lu = Toul s ,.)-
Using (4.26), (4.28), (4.30) and (4.27) we obtain
Ep(u,w) < Ceh®2||ul| grs (o) ||w]|e,n- (4.31)

The error estimate (4.22a) then follows from (4.23), (4.18a), (4.31), the triangle inequality and
(4.14a).
Alternatively, by (4.26), (4.28), (4.30), (4.27) and (4.5a) we get

1/2 1/2
Ep(u,w) < Ceh 2 ul| s o llull oo 1wl n < CHY2|| £l 2y 1w (4.32)

The error estimate (4.22b) follows from (4.23), (4.18b), (4.32) and (4.14b).
Finally, by (4.26), (4.29), (4.30), (4.27) and (4.5a) we see that

1/2 1/2 1/2 1/2
En(u,w) < Ce|[ull fa o 1ull ia 10 oz [0l iy (4.33)

< Ce2ull s o lull o oy llwllen < C2(1 fll 2y 0]l

The third estimate (4.22c) is then deduced from (4.23), (4.18¢c), (4.33) and (4.14c).
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4.1 Remarks on imposing boundary conditions strongly

Similar to other non-conforming finite element methods (e.g. [15,17,24]), we can define a finite
element method for (1.1) that imposes the normal derivative boundary conditions strongly in the
finite element space. Although this approach is perhaps more natural than the one proposed above,
we argue that the method does not inherit as good convergence properties.

In this case, we define the method as finding uY) € X} such that

Ag h(uha ) (fa ) Vv € X}?a (434)
where

Al wv—52z 2w, D*v) 1 4+ (Vw, Vv),
TeT)

and we recall that the finite element space X} is defined by (3.10).
It is easily to see that (4.34) is well-posed as

vl = A2 (v, v) (4.35)

is a norm on X . Furthermore, we have the following convergence result.

Theorem 2 Let u € H*(2) with (3 < s < k+ 1) be the solution to (1.1), and let ul) € X? satisfy
(4.34). Then there holds

lu—uplla <C(R* 4 eh® ) ||lullgs(o), (4.36a)
u —uhlla < ChY|lul| s - (4.36b)

Proof The proof of Theorem 2 is similar to that of Theorem 1 so we only provide a sketch.
First, by the proof of Lemma 6 along with the interpolation estimates (3.12)—(3.13), we have

lu— I9ulla < C (R~ + eh*2)|[ull iy, (4.37a)
[u— ulla < ChY?| fllL2(0)- (4.37Db)

Next, setting w = IQu — ), we have by (4.35) and (4.34),
lwll = A2, (Tpu — w, w) + By (u, w), (4.38)

where B (u, w) = A, (u, w) — (f,w).
By the proof of Lemma 7 and by (3.12)—(3.13), we have

Agyh(u - I,?u, w) <C(140) (hsfl + 5h572)”uHH5‘(Q)HwHA, (4.39a)
AL (u— Tju,w) < C(1+ 0)h 2| fll 2 () llw]| a- (4.39b)

Next, after integrating by parts, we conclude

=23 G 5]

Thus, by using the same arguments in the proof of Theorem 1, we have
EY(u,w) < C(hsfl + 5h572)”uHHs(Q)HwHA, (4.40a)
E(u,w) < ChY2) ] (o o]l - (4.40D)

The estimate (4.36a) then follows from (4.38), (4.39a), (4.40a) and (4.37a), where as the estimate
(4.36b) follows from (4.38), (4.39b), (4.40b) and (4.37b).
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Remark 3 Note that the error u — u9 does not satisfy an estimate of the form (4.22c). This is due
to the fact that we cannot derive an estimate of the interpolation error of the form (4.14c). By
carefully studying the proof of Lemma 6, we find a problem occurs when we try to estimate the term
|u — I)u| g1 () due to the interpolation result (3.13). Indeed, in comparison to (4.17¢c), we have by
(3.13) and (4.5a),

< Cllu—allmi(e) +|a — alma))
< CE|fll2 @) + la— Rulg «)-

However, by (3.13) we can only conclude
@ — Iyalmia) < Cllalla o),

and therefore the estimate does not yield anything.

From this result, we see the advantages of imposing Neumann boundary conditions weakly. In
particular, if ¢ < h, then by (4.22c) we will observe convergence rates of O(h™~!) in the energy
norm instead of convergence rates of O(h'/?).

5 L? error estimates

In this section we prove error estimates in the L? norm for ¢ small relative to h. Again, we see the
advantage of using Nitsche’s method. We also state an e-independent estimates.

Theorem 3 Let u and uy, satisfy (1.1) and (4.8) respectively. Then, for e < h and for u € H™({2)
with 2 < m < k+ 1, there exists a constant C' such that

lu—un|r2@) < C(1+ 0)2((h51/2 +e) I fllzz) + hmHﬁHHm(n))-
In particular, we have
[ = unllL22) < C(1+0)?(e + B2 || fll 22(2)-
Proof We can decompose the error as
u—up=(u—a)+ (@ —up). (5.1)
By (4.5b), we have
[u = allL>(2) < Cel[fllL>()- (5.2)

Thus we only need to estimate ||& — up||r2(0).
Let z € H}(£2) be the solution to the following problem:

(Vz,Vw) = (@ — up,w), Yw e Hy(2). (5.3)
We then have

@ = unllF20) = (V(2 = 1n2), V(@ —up)) + (VInz, V(@ — up)) = J1 + Ja. (5.4)
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By (3.11), the triangle inequality, (4.5b) and (4.11),
Ji < Chlla = unll ()12 522y < Ch(EV (I fll2) + llu = unlle.n) 1Z] 52 (2)- (5.5)

To estimate J, we have by (4.8), (1.3) and (4.7),

Jo = 52ah(uh,fh2) (56)
2 2 2 _ 2 8uh 8 Ihz
=€ Z (D uh,D IhZ)T — & Z <8TLF 87”LF >F
TeT)
ouy, 8(Ihz -z Pup O(Inz —2)
te UFg_bh <8np ong > - Z <8nF onp >F
Ooup, Oz 8 up, OZ
te UFg_bh <8TLF 87”LF> 2 Z < 87”LF >F

= K1+K2+K3+K4+K5+K6.
Using the Cauchy-Schwarz, inverse inequalities, (4.5a), (4.22b) and (3.11), we have
Ky < Ch™ Hunlla (o) | 02l 27y < CellfllzacollZl (e, (5.7)

where we used that ¢ < h.
Bounding K5 we use that du/dn = 0 on 2. Thus by the Cauchy-Schwarz, the inverse inequality
(2.3), and (3.11),

1/2 1/2

Ky <é? Z h;lHa(u—uh)/aaniz(F) Z hFH82Ih2/8n%HiQ(F) (5.8)
FeFh FerFy

< Cellu —unlle nllInzl m2(z) < Cellu — unllenll 2l 12(2)-

Below we will need the following estimate which follows from the trace inequality (2.2b) and the
interpolation estimate (4.14a)

10(Tnz = 2)/0n 2oy < 12212 (730 (5.9)
We easily see using (5.9) that we have the bound
K3 < Coellu — un||e.n||Z]| 52(2)- (5.10)
Bounding K4, we have use (5.9) and the inverse estimate (2.3)
Ky < Ce|lunl m2 () | 2l 2 (2) -
Note that by the triangle and inverse inequalities, (3.11), (4.5a) and (4.22b),

|u— uhHH?(Th) <lu-— IhuHH?(Th) + h71||fhu - uhHHl(Q) (5.11)
< Cllull 2oy + b~ Hlu — unl g0
<CE2 R ) If 2oy < Ce 2 fllL2(o)
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since € < h. Thus, ||up||g2(7;,) < 0571/2HfHL2(Q), and therefore

Ky < 2| fll 2o ll2] 2 () - (5.12)

Bounding K3, we again use that du/dn = 0 on 9f2. Thus by the Cauchy-Schwarz inequality,
the trace inequality (2.2b), the trace inequality (2.1), (5.11), (4.22b), and the fact € < h,

1/2
2 —2 2 _
Ks<oe® | Y hp 10(u = un) /Onr || oy 102 /00| 202 (5.13)
FeF}
1/2
< Coe® [ Y (hp*llu = unll3p gy + bt v = wnll3z ) 2]l 2 (2
FeF}

< Co® (W2 u —unllar (o) + b2 llu = unllm2z)) 12 22
< Coe? (W™ + h= Y2 12) | fll 2o |2l 12 ()
< Coe|| fll2 () l12] 52 (2)-

Similarly we can bound Kg as follows
1/2

K <& | Y [|0%un/on |7z p) 102/0n|| 22 (22) (5.14)
FeF}

< Y2 unl g2z |2l 2 (2) < el fllnzco) 2l r2 (o),

where again, we used the hypothesis ¢ < h.
Applying the estimates (5.7)—(5.10) and (5.12)—(5.14) to (5.6) we have

Jo < C(L+0) (el fll2() +ellu = unllen) 2] m2(0)-
Combining this last inequality with (5.5) and (5.4), and using the H? regularity of z, we conclude
@ —unl[L2(2) < C(1 +0) ((h51/2 + ol fllezce) + (h+e)llu— uhHs,h)-
It then follows from (5.1), (5.2) and (4.22c) that
lu—unllL22) < C(1+ U)((h51/2 + ol fllezce) + (h+e)llu— uhHs,h)
< C+0)((he2 + &)l £l 2y + hllu = wnlle )

< C(L+0)* ((he'2 + )| L2y + W™ il e )-
Next we state an e-independent estimate.

Theorem 4 Let u and up, satisfy (1.1) and (4.8) respectively. There exists a constant C such that

u—unllL2(2) < Ch|fllL2(02)-
The proof of Theorem 4 is based on the duality argument

Az — Az =u—uy in 02,
Z:;—Z:O OnaQ,

and by using similar techniques as those found in Theorems 3 and 1. Since the proof is long and
similar to ones above, we omit it.
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6 Other examples of methods imposing boundary conditions weakly

The above error estimates are not limited to just the above finite element method. The weak treat-
ment of the boundary conditions can be applied to any method. In this section, we briefly discuss
how some finite element method may be altered to enjoy the same properties above.

C! finite element methods

Let X;, = X C H*(£2) N H}($2) denote a C! conforming finite element space with vanishing trace
on the boundary. Some well-known examples of X are the family of Argyris elements, macro Hsieh-
Clough-Tocher elements, and singular Zienkiewicz elements [5,9]. In this case, we keep the bilinear
form b(-,-) and define the bilinear form ap(-,-) as

2 2
(v, w) /D2’U D2wd:c—2/ 0°v OJw 8v8w_180 8w)d5'

Fe ]__b 87”LF 871}7 871}7 871% hF 871}7 87”LF

CO finite element methods

Let X;, = X1 C H}(£2) denote the Lagrange finite element space consisting of polynomials of degree
k > 2; that is,

X, = {vn € Hy(2); vp|, € PX(T) VT € Ty }.

We then take the bilinear form ap(-, ) as

- 5 foremar 2 (£ ] (2105
2D

We note that this finite element method with e = 1 was considered in [6,?]. Unlike the C' finite
element methods above, the weak enforcement of the Neumann boundary condition arises naturally
in the method’s formulation.

Discontinuous Galerkin methods
In the case of DG methods (see [3,16] for example), we take X = Xpg with
Xpa = {vn € L*(2); vp|, € PX(T) VT € Tp,}

for some integer k > 2. We then define the bilinear form as

e = 3 footoestwan 30 (50 000 {50

TETh FeFn

] IR 2 ] e
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We also replace the bilinear form b(-,-) with

by = 3 /TVU~de:c— T ({{g_z}} [w]

CEl G- (el

In comparison to other methods, both boundary conditions are imposed weakly. Our analysis shows
that there is no obvious advantages to imposing function values on the boundary weakly for the
problem in hand.

7 Discussion on local error estimates and pollution effects

In this section we discuss the local error estimates and a pollution effect from the boundary layers.
Our analysis above shows that for € small the presence of boundary layers has a substantial effect
on global a priori error estimates when the Neumann boundary conditions are imposed strongly (cf.
Section 4.1). As a result, the use of high order elements do not necessary improve the convergence
rates. On the other hand, since the boundary layers are contained in a small neighborhood of the
boundary, one would expect better convergence rates in the interior of the domain. However as was
shown in [22,23] for conformal C! elements, the improvement is only minor. In those papers, Semper
showed that for € < h the presence of boundary layers pollutes the finite element method everywhere
even far away from the boundary, and that the error in the interior is controlled by the global error
in the L? norm; this error happens to be of order h. Numerical results using C'! Hermite polynomials
in one dimension presented in those papers confirm this statement (cf. Table 2 and 3 in [23]). We
stress that this strong pollution effect is not due to the fact that C'!' basis are used, but due to the
treatment of Neumann boundary conditions strongly.

The above result may look surprising if compared to analogous result of singularly perturbed
reaction-diffusion problem,

—?Au+tu=f in$, (7.1a)
u=0 on 0f2. (7.1b)

Indeed, Schatz and Wahlbin [19], proved that the standard conformal finite element approximation
to the above problem converges optimally on any interior subdomain; i.e., there is no pollution from
the boundary layers into the interior.

At first glance this may seem puzzling since both problems are singularly perturbed elliptic
problems, but their conformal finite elements behave so differently. The fundamental issue lies in the
difference between the low order terms of each respective equation and its Galerkin approximation
(i.e. difference between the Ritz and L? projections). Some additional insight to that phenomena
can be obtained from looking at one dimensional problem. In one dimension one may decompose
the differential operator as

ort  0x? 0x? Oz 0x?2  Ox
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and rewrite (1.1) as a system

(_58_2 n ﬂ) I (7.2a)

02 0
(_5@ - 8_35) o=t (7.2b)

with the following Dirichlet boundary conditions for w and v: u(0) = u(1) = 0 and v(0) = £2u”(0),
v(1) = €2u’’(1). Thus we obtain a singularly perturbed system of advection-diffusion equations. Thus
for example, if we solve (7.2b) by finite element method on a quasi-uniform mesh, we can not resolve
the boundary layer at £ = 0. This will result in a perturbation term on the right hand side for
(7.2a) near x = 0, which is now on inflow part of the boundary for (7.2a) and will pollute the whole
solution on the entire domain. The pollution is of size h (the width of the numerical layer) and that
is precisely the convergence rate observed numerically in [22]. By treating the Neumann boundary
conditions weakly we essentially reduce the size of the numerical layer from h to €. In the case of
€ < h, this improvement allows us to obtain better global error estimates in energy and L? norms. In
particular, assuming the reduced solution is smooth, from (4.22¢) for e!/2 < h*, we obtain optimal
error estimates in the energy norm. We also expect to obtain better interior error estimates. In fact,
we expect to observe optimal error estimates in the energy norm in interior sub-domains. We do not
pursue this here as this is outside of the scope of the present paper.
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