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Abstract This article introduces and analyzes a weak Galerkin mixed finite
element method for solving the biharmonic equation. The weak Galerkin method,
first introduced by two of the authors (J. Wang and X. Ye) in (Wang et al., Comput.
Appl. Math. 241:103-115, 2013) for second-order elliptic problems, is based on
the concept of discrete weak gradients. The method uses completely discrete finite
element functions, and, using certain discrete spaces and with stabilization, it
works on partitions of arbitrary polygon or polyhedron. In this article, the weak
Galerkin method is applied to discretize the Ciarlet—-Raviart mixed formulation
for the biharmonic equation. In particular, an a priori error estimation is given
for the corresponding finite element approximations. The error analysis essentially
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follows the framework of BabuSka, Osborn, and Pitkéranta (Math. Comp. 35:1039—
1062, 1980) and uses specially designed mesh-dependent norms. The proof is
technically tedious due to the discontinuous nature of the weak Galerkin finite
element functions. Some computational results are presented to demonstrate the
efficiency of the method.

Keywords Weak Galerkin finite element methods ¢ Discrete gradient * Bihar-
monic equations * Mixed finite element methods

AMS subject classifications. Primary, 65N15, 65N30

1 Introduction

In this paper, we are concerned with numerical methods for the following bihar-
monic equation with clamped boundary conditions:

ANu=f inQ,

u=0 on dQ, )
du
> =0 on dQ,

where Q is a bounded polygonal or polyhedral domain in R? (d = 2,3). To
solve the problem (1) using a primal-based conforming finite element method,
one would need C! continuous finite elements, which usually involve large degree
of freedoms and hence can be computationally expensive. There are alternative
numerical methods, for example, by using either nonconforming elements [2,25,28],
the C° discontinuous Galerkin method [8, 14], or mixed finite element methods
[6,10, 11, 13,20-22,24-27]. One of the earliest mixed formulations proposed for
(1) is the Ciarlet—Raviart mixed finite element formulation [11] which decomposes
(1) into a system of second-order partial differential equations. In this mixed
formulation, one introduces a dual variable w = —Au and rewrites the fourth-order
biharmonic equation into two coupled second-order equations:

{w—i—Au 0, @)

—Aw = f.

In [11], the above system of second-order equations is discretized by using
the standard H'! conforming elements. However, only suboptimal order of error
estimates is proved in [11] for quadratic or higher order of elements. Improved error
estimates have been established in [5, 15, 19, 32] for quadratic or higher order of
elements. In [5], Babuska, Osborn, and Pitkdranta pointed out that a suitable choice
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of norms are L? for w and H? (or H 2-equivalence) for u in order to use the standard
LBB stability analysis. In this sense, one has “optimal” order of convergence in
H? norm for u and in L? norm for w, for quadratic or higher order of elements.
However, when equal-order approximation is used for both u and w, the “optimal”
order of error estimate is restricted by the interpolation error in H> norm and thus
may not be really optimal. Moreover, this standard technique does not apply to the
piecewise linear discretization, since in this case the interpolation error cannot even
be measured in H? norm. A solution to this has been proposed by Scholz [32] by
using an L™ argument. Scholz was able to improve the convergence rate in L? norm

for w by h%, and this theoretical result is known to be sharp. Also, Scholz’s proof
works for all equal-order elements including piecewise linears.

The goal of this paper is to propose and analyze a weak Galerkin discretization
method for the mixed formulation (2) with equal-order elements. The weak Galerkin
method was recently introduced in [29, 35, 36] for second-order elliptic equations.
It is an extension of the standard Galerkin finite element method where classical
derivatives were substituted by weakly defined derivatives on functions with dis-
continuity. Error estimates of optimal order have been established for various weak
Galerkin discretization schemes for second-order elliptic equations [29, 35,36]. A
numerical implementation of weak Galerkin was presented in [29, 30] for some
model problems.

Some advantages of the weak Galerkin method have been identified in [29, 30,
36]. For example, the weak Galerkin method based on a stabilization works for
finite element partitions of arbitrary polygon or polyhedron [29,36]. Weak Galerkin
methods use completely discrete finite element spaces and the resulting numerical
scheme is symmetric, positive definite, and parameter-free if the original problem
is. Weak Galerkin methods retain the mass conservation property as the original
system. The unknowns in the interior of each element can be eliminated in parallel,
yielding a discrete problem with much fewer number of unknowns that the original
system and other competing algorithms. Nevertheless, the weak Galerkin method is
still a very new method, and there remains a lot to explore for researchers. This paper
shall demonstrate the portability of weak Galerkin to the biharmonic equation. Our
future research will focus on a generalization of weak Galerkin to other numerically
challenging equations.

Applying the weak Galerkin method to both second-order equations in (2) ap-
pears to be trivial and straightforward at first glance. However, the application turns
out to be much more complicated than simply combining one weak Galerkin scheme
with another one. The application is particularly non-trivial in the mathematical
theory on error analysis. In deriving an a priori error estimate, we follow the
framework as developed in [5] by using mesh-dependent norms. Many commonly
used properties and inequalities for standard Galerkin finite element method need to
be re-derived for weak Galerkin methods with respect to the mesh-dependent norms.
Due to the discrete nature of the weak Galerkin functions, technical difficulties
arise in the derivation of inequalities or estimates. The technical estimates and tools
that we have developed in this paper should be essential to the analysis of weak
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Galerkin methods for other type of modeling equations. They should also play
an important role in future developments of preconditioning techniques for weak
Galerkin methods. Therefore, we believe this paper provides useful technical tools
for future research, in addition to introducing an efficient new method for solving
biharmonic equations.

The paper is organized as follows. In Sect. 2, a weak Galerkin discretization
scheme for the Ciarlet—Raviart mixed formulation of the biharmonic equation is
introduced and proved to be well-posed. Section 3 is dedicated to defining and
analyzing several technical tools, including projections, mesh-dependent norms, and
some estimates. With the aid of these tools, an error analysis is presented in Sect. 4.
Finally, in Sect. 5, we report some numerical results that show the efficiency of the
method.

2 A Weak Galerkin Finite Element Scheme

For illustrative purpose, we consider only the two-dimensional case of (1), and the
corresponding weak Galerkin method will be based on a shape-regular triangulation
of the domain Q. The analysis given in this paper can easily be generalized into
two-dimensional rectangular meshes and with a few adaptations, also into three-
dimensional tetrahedral and cubic meshes. Another issue we would like to clarify
is that, although the weak Galerkin method using certain discrete spaces and with
stabilization is known to work on partitions of arbitrary polygon or polyhedron
[29,36], here we choose to concentrate on a weak Galerkin discretization without
stabilization. This discretization only works for triangular, rectangular, tetrahedral
and cubic meshes, but the theoretical analysis would be considerably easier since
there is no stabilization involved. We are confident that the technique introduced in
this paper can be generalized to the stabilized weak Galerkin method on arbitrary
meshes [29,36]. But details need to be worked out in future research.

Let D C Q be a polygon; we use the standard definition of Sobolev spaces H* (D)
and Hj(D) with s > 0 (e.g., see [1, 12] for details). The associated inner product,
norm, and semi-norms in H*(D) are denoted by (-,-)s.p, || - ||s,p, and | - |.p,0 < r <3,
respectively. When s = 0, H’(D) coincides with the space of square integrable
functions L?(D). In this case, the subscript s is suppressed from the notation of norm,
semi-norm, and inner products. Furthermore, the subscript D is also suppressed
when D = Q. For s < 0, the space H*(D) is defined to be the dual of H;*(D).

Occasionally, we need to use the more general Sobolev space W*?(Q), for 1 <
p <o, and its norm || - ||y (q)- The definition simply follows the standard one given
in [1,12]. When s = 0, the space W*?(Q) coincides with L (Q).

The above definition/notation can easily be extended to vector-valued and matrix-
valued functions. The norm, semi-norms, and inner-product for such functions
shall follow the same naming convention. In addition, all these definitions can
be transferred from a polygonal domain D to an edge ¢, a domain with lower
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dimension. Similar notation system will be employed. For example, | - ||s.. and || - ||«
would denote the norm in H*(e) and L?(e) etc. We also define the H(div) space as
follows:

H(div,Q)={q: q€ [L*(Q)]*, V-qe L*(Q)}.

Using notations defined above, the variational form of the Ciarlet—Raviart mixed
formulation (2) seeks u € H} (Q) and w € H'(Q) satisfying

(w,0) — (Vu,Vd) =0 forall ¢ € H'(Q), 3)
(Vw,Vy) = (f,v) for all y € H} (Q).
For any solution w and u of (3), it is not hard to see that w = —Au. In addition, by

choosing ¢ =1 in the first equation of (3), we obtain

/wdx:O.
Q

Define A'(Q) c H'(Q) by

1 =qV:. Vv 1 vadx =
AY(Q) = { eH(Q),/Qd 0},

which is a subspace of H' (Q) with mean-value-free functions. Clearly, the solution
w of (3) is a function in H'(Q).

One important issue in the analysis is the regularity of the solution u and w.
For two-dimensional polygonal domains, this has been thoroughly discussed in
[7]. According to their results, the biharmonic equation with clamped boundary
condition (1) satisfies

lulla—i < el fll -k ©)

where c is a constant depending only on the domain Q. Here, the parameter k is
determined by

k=1 if all internal angles of Q are less than 180°

k=0 if all internal angles of Q are less than 126.283696 - - -°

The above regularity result indicates that the solution u € H*(Q) when Q is a
convex polygon and f € H~!(Q). It follows that the auxiliary variable w € H'(Q).
Moreover, if all internal angles of Q are less than 126.283696---° and f € L*(Q),
then u € H*(Q) and w € H*(Q). The drawback of the mixed formulation (3) is that
the auxiliary variable w may not possess the required regularity when the domain is
non-convex. We shall explore other weak Galerkin methods to deal with such cases.

Next, we present the weak Galerkin discretization of the Ciarlet—Raviart mixed
formulation. Let 7, be a shape-regular, quasi-uniform triangular mesh on a



252 L. Mu et al.

polygonal domain €, with characteristic mesh size h. For each triangle K € Tj,
denote by Ky and dK the interior and the boundary of K, respectively. Also denote
by hg the size of the element K. The boundary dK consists of three edges. Denote
by &, the collection of all edges in 7. For simplicity of notation, throughout
the paper, we use “<” to denote “less than or equal to up to a general constant
independent of the mesh size or functions appearing in the inequality.”

Let j be a nonnegative integer. On each K € 7y, denote by P;(Kp) the set of
polynomials with degree less than or equal to j. Likewise, on each e € &, Pj(e) is
the set of polynomials of degree no more than j. Following [35], we define a weak
discrete space on mesh 7j, by

Vi ={v: v|k, € Pj(Ko), K € Ty v|c € Pj(e),e € &y}

Observe that the definition of V}, does not require any continuity of v € V}, across the
interior edges. A function in V}, is characterized by its value on the interior of each
element plus its value on the edges/faces. Therefore, it is convenient to represent
functions in V, with two components, v = {vy, v), }, where vy denotes the value of v
on all Ky and v;, denotes the value of v on &;,.

We further define an L? projection from H'!(Q) onto V, by setting Qv =
{Qov, Qpv}, where Qgvx, is the local L? projection of v in P;(Kp), for K € Ty, and
QpV|e is the local L? projection in P;(e), for e € &,. To take care of the homogeneous
Dirichlet boundary condition, define

Vor={veV,:v=00n&,NIQ}.

It is not hard to see that the L* projection Q), maps H; (Q2) onto V5.

The weak Galerkin method seeks an approximate solution [uy; wy] € Vou XV
to the mixed form of the biharmonic problem (2). To this end, we first introduce a
discrete L?-equivalent inner-product and a discrete gradient operator on Vj,. For any
vi, = {vo,vp} and ¢, = {@o, ¢} in V}, define an inner-product as follows:

(v ®n) = Y, (vo,90)k + D, hx(vo = Vi, 90 — 9b) k-

KeTy, KeTy,

It is not hard to see that (v, vy)) = 0 implies v;, = 0. Hence, the inner-product is well
defined. Notice that the inner-product ((-,-)) is also well defined for any v € H'(Q)
for which vy = v and vp|, = v|. is the trace of v on the edge e. In this case, the
inner-product (-, -)) is identical to the standard L? inner-product.

The discrete gradient operator is defined element-wise on each K € 7. To this
end, let RT;(K) be a space of Raviart-Thomas element [31] of order j on triangle K.
That is,

RT;(K) = (Pi(K))* +xP;(K).
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The degrees of freedom of RT;(K) consist of moments of normal components on
each edge of K up to order j, plus all the moments in the triangle K up to order
(j—1). Define

2 ={q€ (I*(Q))*: ax € RTj(K), K € T}

Note that X, is not necessarily a subspace of H(div,Q), since it does not require any
continuity in the normal direction across any edge. A discrete weak gradient [35] of
vi, = {vo,vp} € Vj is defined to be a function V,,v;, € Z; such that on each K € Tj,

(Vv @k = —(vo,V-q)x + (vp,q-m)yk, forall q € RT;(K), )

where n is the unit outward normal on JK. Clearly, such a discrete weak gradient
is always well defined. Also, the discrete weak gradient is a good approximation to
the classical gradient, as demonstrated in [35]:

Lemma 2.1. For any v, = {vo, vy} €V}, and K € Ty, Vywplx = 0 if and only if
vo = vp = constant on K. Furthermore, for any v € H™H (Q), where 0 <m < j+1,
we have

[V (Qnv) = Vvl S A" [[V][me+1-

We are now in a position to present the weak Galerkin finite element formulation
for the biharmonic problem (2) in the mixed form: Find uj, = {uo, up} € Vo, and
wy, = {wo, wp} € V}, such that

{((wh, 0n) — (Vuttn, Vo) =0, forall g = {40, 9o} € Vi, ©

(Vown, Viown) = (f, wo), for all y;, = {wo, W} € Vo

Theorem 2.2. The weak Galerkin finite element formulation (6) has one and only
one solution [uy;wy] in the corresponding finite element spaces.

Proof. For the discrete problem arising from (6), it suffices to show that the solution
to (6) is trivial if f = O; the existence of solution stems from its uniqueness.
Assume that f = 0 in (6). By taking ¢, = w;, and y;, = u;, in (6) and adding
the two resulting equations together, we immediately have (wy, wy,)) = 0, which
implies wy, = 0. Next, by setting ¢, = u, in the first equation of (6), we arrive at
(Vwup, Vyuy) = 0. By using Lemma 2.1, we see that u;, must be a constant in Q,
which together with the fact that u;, = 0 on dQ implies u;, = 0 in Q. This completes
the proof of the theorem. a

One important observation of (6) is that the solution wy, has mean value zero over
the domain €2, which is a property that the exact solution w = —Au must possess.
This can be seen by setting ¢, = 1 in the first equation of (6), yielding

Wi, 1) = (W, 1) = (Vigun, Viy1) = 0,
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where we have used the definition of (-,-) and Lemma 2.1. For convenience, we
introduce a space Vj, C Vj, defined as follows:

Vi ={v: vh:{vo,vb}EVh,/vodx:O}.
Q

3 Technical Tools: Projections, Mesh-Dependent Norms,
and Some Estimates

The goal of this section is to establish some technical results useful for deriving an
error estimate for the weak Galerkin finite element method (6).

3.1 Some Projection Operators and Their Properties

Let P}, be the L? projection from (L?(Q))? to X, and IT,, be the classical interpolation
[10] from (HY(Q))?,y > 1, to T, defined by using the degrees of freedom of Ty in
the usual mixed finite element method. It follows from the definition of IT, that
I,q € H(div,Q) NZ, for all q € (H?(Q))?. In other words, IT;,q has continuous
normal components across internal edges. It is also well known that IT, preserves
the boundary condition q - n|yq = 0, if it were imposed on q. The properties of IT;,
have been well developed in the context of mixed finite element methods [10, 18].
For example, for all q € (W™?(Q))? where % <m<j+1and2 < p < oo, we have

00(V-q) = V-I;q, if in addition q € H (div, Q), @)
la =gl @) S 2" lallwnrq)- ®)

It is also well known that forall 0 <m < j+ 1,

la—Prall < 4"l gllm- ©)

Using the above estimates and the triangle inequality, one can easily derive the
following estimate:
T,V — BV S A (10)

forall v € H™+1(Q) where 3 <m < j+ 1.

Next, we shall present some useful relations for the discrete weak gradient V,,,
the projection operator P, and the interpolation ITj,. The results can be summarized
as follows.
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Lemma 3.1. Lery > % be any real number. The following results hold true.

(i) Foranyv € H'(Q), we have

VW(th> :Ph(Vv). (11)
(ii) Forany q € (HY(Q))>NH(div,Q) and vy, = {vo,v,} € V},, we have
(V-q,vo) = —(Iq, Vvp)+ Y, ((T1hq) -m,vp)e. (12)
ecERNIQ

In particular, if either vy, € Vo , or q-n =0 on 9, then
(V-q, vo) = —(Ilyq, Viyvy). (13)
Proof. To prove (11), we first recall the following well-known relation [10]:
V-RT;(K) = Pi(Ko), RT;(K)-nl|. = Pj(e).

Thus, for any w € %, and K € 7}, by the definition of V,, and properties of the L?
projection, we have
(Vw@iv, W)k = —(Qov, V- W)k + (Qpv, W - m) 5k

= —(V,V'W)K+ <V7W'n>9K

= (VV, W)K

= (Pth, W)K,
which implies (11). As to (12), using the fact that V- RT;(K) = P;(Kp), the property
(7), and the definition of V,,, we obtain

(V-q, vo) = (Qo(V-q), vo) = (V-IIq, vo)
=— Y (M, Vava)x + Y, (v, TIhq-m) i

KeT, KET,
= - 2 (Ixq, Vivp)x + 2 ((ITq) - n,vp ).
KeT, e€TpNIQ

This completes the proof of (12). The equality (13) is a direct consequence of (12)
since the boundary integrals vanish under the given condition. a

3.2 Discrete Norms and Inequalities

Let v, = {vo,vp} € V}. Define on each K € T,
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2 2 2
vallonx = llvollox + Rllvo— vl 5k

Vil = Ivolli & + A~ lvo — vl 3k
|Vh|%,h,K = |VO|%,K+h71HV0 — |3k

Using the above quantities, we define the following discrete norms and semi-norms
for the finite element space Vj,:

1/2
[vallon == ( > ||Vh|(2),h,K> ;
KeT,
1/2
) 2
[[val Lh = ( 2 ||Vh|1,h,1<> )
KeT,

1/2
|Vh|1,h = ( 2 |Vh|%,h,K> :

KeTy,

Itis clear that || v4]|3, = (vi,v4). Hence, || - [|o.» provides a discrete L? norm for V.

Itis not hard to see that |- |; , and || - ||, define a discrete H' semi-norm and a norm
for Vj, respectively. Observe that |vy|; , = 0 if and only if v, = constant. Thus, ||} »
is anorm in Vg , and V.

For any K € 7, and e being an edge of K, the following trace inequality is well
known:

— _ 1
lglle S n~ lglz+* " lekk, 5 <s<1, (14)

for all g € H'(K). Here, |g|sx is the semi-norm in the Sobolev space H*(K). The
inequality (14) can be verified through a scaling argument for the standard Sobolev
trace inequality in H* with s € (%, 1]. If g is a polynomial in K, then we have from
(14) and the standard inverse inequality that

Igllz < gk (15)

From (15) and the triangle inequality, it is not hard to see that for any v;, € V}, one
has

1/2 1/2
( > (IlvOI%,K+hIVh|§K)> S vallos < ( > (|V0|(2),K+h|vb|(29K)> ~

KeTy KeTy

In the rest of this paper, we shall use the above equivalence without particular
mentioning or referencing.

The following Lemma establishes an equivalence between the two semi-norms
|[1n and [[Vy, - |I.
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Lemma 3.2. For any v, = {vo,vp} € Vj,, we have

Valtn SNVawvall S il (16)

Proof. Using the definition of V,,, integration by parts, the Schwarz inequality, the
inequality (15), and the Young’s inequality, we have

[Vvllx = —(v0, V- Vivi )k + (v, Vievy - m)
= (vp —vo, Vv -m) gk + (Vvo, Viwi )k
<o = vpllox I Vwv - mllgx + [[Vvol k[ Viwval k
1
S o = valloxh™ 2 [[Vwvallk + [[Vvol k[ Viwval k

_1
S 1Vl (I9volli+1 7 vo vk )

This completes the proof of [|V,,vy|| < |vali -
To prove |vy|1 4 S || Vwval|, let K € T, be any element and consider the following
subspace of RT;j(K):

D(j,K):={q€eRT;(K): q-n=0o0nJK}.

Note that D(j,K) forms a dual of (P;_1(K))?. Thus, for any Vvy € (Pj_1(K))?,
one has

Vol = sup 0k (17)
qeD(j K) lallx

It follows from the integration by parts and the definition of V,, that
(Vvo,@)x = —(v0,V-@)x = (Vs @)k,

which, together with (17) and the Cauchy—Schwarz inequality, gives
IVvollx < IVwvallk- (18)

Note that for j = 0, we have Vv = 0 and the above inequality is satisfied trivially.

Analogously, let e be an edge of K and denote by D,(j,K) the collection of all
q € RT;(K) such that all degrees of freedom, except those for q - nl, vanish. It is
well known that D, (j, K) forms a dual of P;j(e). Thus, we have

p— .n
[vo—=vplle="sup Lo v, 4 e

(19)
aen. k) llarmfle

It follows from (5) and the integration by parts on (vo,V - q)k that

(Vv @)k = (Vvo, @)k + (vb — vo,q- 1)k, V q € RT;(K). (20)
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In particular, for q € D,(j,K), we have
(Wo, @)k =0, (v —vo,q-m)gx = (Vo — vo,q - M)e.
Substituting the above into (20) yields
(Vwvin, @)k = (vp —vo,q - ), YV q € D.(j,K). (1)
Using the Cauchy—Schwarz inequality we arrive at
[V =vo,q-m)e| < [[Vivallx llallx,

forall q € D.(j,K). By the scaling argument, for such q € D.(j,K), we have ||q||x <
h? |lq - nl|. Thus, we obtain

1 .
|<Vb _v07q'n>€| S h? vavhHK ||q'nH€7 Vq € DE(]vK)v

which, together with (19), implies the following estimate:

1
vo—=vslle S P2 [[Vivallx-

~

Combining the above estimate with (18) gives a proof of |vu|i 4 < ||Viva|. This
completes the proof of (16). a

The discrete semi-norms satisfy the usual inverse inequality, as stated in the
following lemma.

Lemma 3.3. For any v, = {vo,vp} € V}, we have

alin S B vallon- (22)
Consequently, by combining (16) and (22), we have

Vvl < B vallo.s- (23)

Proof. The proof follows from the standard inverse inequality and the definition of
|- llo,» and |- |1 5; details are thus omitted. O

Next, let us show that the discrete semi-norm ||V,,(+)||, which is equivalent to
|- |1,n as proved in Lemma 3.2, satisfies a Poincaré-type inequality.

Lemma 3.4. The Poincaré-type inequality holds true for functions in Vo, and V.
In other words, we have the following estimates:

vallon S [[Vivall Vv, € Vo, (24)
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[vallop SIVwvall Y vy €V (25)

Proof. For any v, € Vo, let q € (H'(Q))? be such that V-q = vy and ||q||; <
[Ivo||- Such a vector-valued function q exists on any polygonal domain [3]. One
way to prove the existence of q is as follows. First, one extends v, by zero to a
convex domain which contains €. Secondly, one considers the Poisson equation on
the enlarged domain and set q to be the flux. The required properties of q follow
immediately from the full regularity of the Poisson equation on convex domains.
By (7), we have

IMql| < llall < [voll-

Consequently, by (13) and the Schwarz inequality,
Ivoll* = (vo,V - @) = — (T, Viuv) < [Ivoll [ Viwvall.

It follows from Lemma 3.2 that

Y hlvo=vsl3x S X A Ivo—vsli3k < alfs S IIVwvall®.
KeTy, KeTy,

Combining the above two estimates gives a proof of the inequality (24).

As to (25), since v, € V}, has mean value zero, one may find a vector-valued
function q satisfying V- q = v and q-n = 0 on dQ (see [3] for details). In addition,
we have ||q||; < |[vol|. The rest of the proof follows the same avenue as the proof
of (24). O

Next, we shall introduce a discrete norm in the finite element space V; , that plays
the role of the standard H? norm. To this end, for any internal edge e € &), denote
by K; and K, the two triangles sharing e, and by nj, n; the outward normals with
respect to Kj and K;. Define the jump on e by

[Viwwn-n] = (Viown) |k, -1+ (V)| k, -m2.

If the edge e is on the boundary dQ, then there is only one triangle K which admits
e as an edge. The jump is then modified as

[[VwWh ) n]] = (VWWh>|K 1.

For y;, € Vg 5., define

1/2
il = ( > IV-Vawnlk+ X Vv n]]||§)> : (26)
KeT, €€
Lemma 3.5. Themap ||- || : Vo, — R, as given in (26), defines a norm in the finite

element space Vy . Moreover, one has
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(Vava, Vi) < llvalloallwill Von €Vi, W €Vop,  (27)
Vi,V
sup (Mt Vo V) 2wl Y Y € Vo (28)
vREV) ||vh||0,/1
Proof. To verify that || - || defines a norm, it is sufficient to show that ||y;|| = 0

implies y;, = 0. To this end, let ||y = 0. It follows that V- V,,y;, = 0 on each
element and [V, y;, -n]] = 0 on each edge. The definition of the discrete weak
gradient V,, then implies the following:

(Vi Vwi) = D, (=(%0, V- VWi )k + (W, Vo Wi - m) ) = 0.
KeT,

Thus, we have V,,y;, = 0. Since v, € Vy 4, then V,,y;, = 0 implies yj, = 0. This

shows that || - || defines a norm in V; ;. The inequality (27) follows immediately
from the following identity:

(Vv Vi) = 3, (=(v0, V- VW) + (v, Vi Wi - m) g )
KeTy,

and the Schwarz inequality.
To verify (28), we chose a particular v, € Vj, such that

vo=-V-V,y, in Ko,
v =h"'[V,y-n] on edge e.

It is not hard to see that ||v;||o s < ||y |- Thus, we have

(Vv Vi) > (Vv Viewi)

sup >
mevy  vallon [Villo.n
 ker (=06, V-Vaw)x 4+ (vh, Vi y - m) ok )
Vil
llwall®
= = llwall-
Vil
This completes the proof of the lemma. O

Remark 3.1. Using the boundedness (27) and the discrete Poincare inequality (24),
we have the following estimate for all yj, € Vo 5

IVawinll> = (Vi Vo W) < Iillosallwill S 11V vl -
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This implies that ||V, w;|| < [|wi|l- In other words, || - || is a norm that is stronger
than || - ||; 5. In fact, the norm || - || can be viewed as a discrete equivalence of the
standard H> norm for smooth functions with proper boundary conditions.

Next, we shall establish an estimate for the L? projection operator Qj, in the
discrete norm || - || .

Lemma 3.6. Let Q, be the L? projection operator into the finite element space Vj,.
Then, for any v € H"(Q) with % <m< j+ 1, we have

v —0nvllosn < A" [[vm- 29)

Proof. For the L? projection on each element K, it is known that the following
estimate holds true:

v =Qovlix S H"[[Vilmk- (30)

Thus, it suffices to deal with the terms associated with the edges/faces given by

S hll(v—0Qov) — (v—0u)|I3x = X hllQov — Qpv|3- 31
K K

Since Qy is the L? projection on edges, then we have

2 2
[|Qov — QbVHaK <|v— Q0V||91<~

Let s € (%, 1] be any real number satisfying s < m. It follows from the above
inequality and the trace inequality (14) that

1Qov = Qv 3 S A Iv = Qovlli + A~y = QovIix-
Substituting the above into (31) yields
%hl\(v— Qov) — (v=0w) I3k < %‘, (Ilv = Qovll +H* v = Qovl; )
< E 5

which, together with (30), completes the proof of the lemma. a

3.3 Ritz and Neumann Projections

To establish an error analysis in the forthcoming section, we shall introduce and
analyze two additional projection operators, the Ritz projection R, and the Neumann
projection Ny, by applying the weak Galerkin method to the Poisson equation with
various boundary conditions.



262 L. Mu et al.

For any v € H}(Q) N H'"7(Q) with y > 1, the Ritz projection Ryv € Vp is
defined as the unique solution of the following problem:

(Viw(Rn), Viwn) = (I Vv, Vwn), Yy, € Vo (32)

Here, y > in the definition of Rj, is imposed to ensure that IT, Vv is well defined.
From the 1dent1ty (13), clearly if Av € LZ(Q), then R;v is identical to the weak
Galerkin finite element solution [35] to the Poisson equation with homogeneous
Dirichlet boundary condition for Wthh v is the exact solution. Analogously, for any
veH (Q)NH"Y(Q) with y > 2, we define the Neumann projection N,v € V;, as
the solution to the following problem:

(Vi(Npv), View,) = (IL, Vv, Viyyy), Yy € V. (33)

It is useful to note that the above equation holds true for all y;, € V;, as V,,1 = 0.

Similarly, if Av € L?(Q) and in addition dv/dn = 0 on dQ, then N,v is identical to

the weak Galerkin finite element solution to the Poisson equation with homogeneous

Neumann boundary condition, for which v is the exact solution. The well-posedness

of R, and Ny, follows immediately from the Poincaré-type inequalities (24) and (25).
Using (11), it is easy to see that for all y, € Vy, we have

(Vi (Qnv = Rpv), Vi) = (P —I1,) Vv, Vo). (34)
And similarly, for all y;, € V,,
(Vw(QhV_NhV)avwWh) = ((Ph_nh)vvavwl//h)- (35)

From the definitions of V}, and Q,, clearly Qj, maps H'(Q) into V,.
For convenience, let us adopt the following notation:

{Rov,Rpv} := Rpv, {Nov, Nyv} := Npv,

where again the subscript “0” denotes the function value in the interior of triangles,
while “b” denotes the trace on &,. For Ritz and Neumann projections, the following
approximation error estimates hold true.

Lemma 3.7. For v € H}(Q)NH™(Q) or HY(Q) NH"1(Q), where % <m<
j+ 1, we have
Vi (Qnv = Riv) | S B [Vllme1, (36)
Vi (@nv = Nuv)[| < " [[V]lm1- 37)
Moreover, assume Av € L*(Q) and that the Poisson problem in Q with either

the homogeneous Dirichlet boundary condition or the homogeneous Neumann
boundary condition has H'*"* regularity, where % <s <1, then
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1Qov —Rov|| < K" **[[V[lm41+h" (1 = Qo)AV] (38)
. 1
1Qov — Nov|| S ™™ T2 ||y + B (1= Qo)AV]. (39)

Proof. The estimates (36)—(37) follow immediately from (34)—(35), (10), and the
Schwarz inequality. Next, we prove (39) by using the standard duality argument. Let

¢ € H'(Q) be the solution of —A¢ = Qgv — Nyv with boundary condition %ﬁ b=

0. Note that ¢ is well defined since Qv — Nj,v € V},. According to the regularity
assumption, we have ¢ € H'™(Q) and ||¢ |15 < ||Qov — Nov||. Then, by (13), (35),
the Schwarz inequality and (10), we arrive at

[Qov — Nov||* = (Qov — Nov, —A¢) = (IT,V$, V,,(Qnv — Npv))
= (xVo — Vi (Nk9), Vi (Qnv — Npv)) + (P — 1) Vv, Vi (N1 9))
< (|nhv¢—1>hv¢| " ||VW<Qh¢—Nh¢>||) 19004 — M)
+ ((Py — 1) Vv, V,, (N3¢ — O49)) + (P, — 1) Vv, P, V)
SH O 1ss[V]lmrr + (= T1,) Vv, P, Vo).

Using integration by parts, the triangular inequality and the definition of IT,
we have

((I—=I,)Vv,P,V)
=((I =TIy)Vv,(P, = 1)V) + ((I —I1;)Vv,V9)
SH IVl 4+ (=) Vv-m, ) — (V- (1= T1,) Vv, ¢)
=H" N 1slVllmr 4+ (T =T0,) Vv-n, ¢ — 0p) g — (I — Q0)Av, )

m+s m—1 min(s+4,j
SH" Nl aslVllmer + B2 (1] 1 50) (B ”2"’“)II¢IIS+%,99)
—((I=Q0)Av,(I-0Q0)9)

: i1
S0 1l Vil 1+ 2115 (= Qo)W 40

In the proof of (40), we have used the fact that IT,(Vv-n) is exactly the L? projection
of Vv-n on dQ. Combining the above gives

1Qov —Nov||* < (h’”m‘“("”z)IIVImH +R (1~ Qo)AVI> 911+5

< (h’”mm(“”%) VIl 42 (7 = QO)AV|> [[Qov — Nov].
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This completes the proof of the estimate (39). The inequality (38) can be verified in a
similar way by considering a function ¢ € H(} (Q) satisfying a Poisson equation with
homogeneous Dirichlet boundary condition. Observe that in this case, the boundary
integral ((I —I1;)Vv-n,¢)yq in inequality (40) shall vanish due to the vanishing
value of ¢. O

Remark 3.2. 1t is not hard to see from (40) that for the Neumann projection, if
in addition we have % = 0 on dQ, then the term ((I —I1;)Vv-n,¢),q vanishes

. . . . . L1
and one obtains the optimal order estimate of /" instead of A”t™n(+2) for the
Neumann projection operator.

Remark 3.3. If the Poisson equation has the full H? regularity in €, then for v
satisfying the assumptions of Lemma 3.7, we have

1 ,
1Q0v — Rovll S K" [Vt +1%[(I = Qo)Av]|  for F<ms=j+l

s [Vllms1 4+ k| (I— Qo)Av||  for j=0,
WY ||t + B2 (I = Qo)Av||  for j> 1,

<m<1,
<m<j+1.

N—

| Qov — Nov|| < {

N—

Again, if in addition, % = 0 on JdQ, then the Neumann projection has optimal order
of error estimates, even for j = 0.

Remark 3.4. The duality argument used in Lemma 3.7 works only for ||Qgv —
Rov|| and ||Qov — Nov||. For ||Qsv — Ryv||o,x and ||Qpv — Npv|o 4 involving element
boundary information, we currently have only suboptimal estimates. More precisely,
for v satisfying the assumptions in Lemma 3.7, the following estimates hold true:

1 :
10y — Rivllon S IVw(Qnv —Rwv) || S B™|[v]|my1  for 5 <m<j+l,

1 ;
|10 — Nivllon S [ Viw(Orv — Nov) || S B[]t for 5 <m <j+1. 4D
Although numerical experiments in [30] suggest an optimal order of convergence in
the || - [|o,» norm, it remains to see if optimal order error estimates hold true or not
theoretically.

Another important observation is that, for sufficiently smooth v, V,R,v is
identical to the mixed finite element approximation of Vv, discretized by using RT;
and discrete P; elements. Indeed, we have the following lemma:

Lemma 3.8. Foranyv € H} NH'™(Q) with y > % and Av € L*(Q), let q; € Z;,N
H(div,Q) and vy € L*(Q) be piecewise P; polynomials solving
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QX)) — (V-x2,v0) =0 Vyx,€X,NH(div,Q), 2)
(V-an, w) = (Av, ) Yy € L?(Q) piecewise P; polynomials.

In other words, q; and v are the mixed finite element solution, discretized using
the RT; element, to the Poisson equation with homogeneous Dirichlet boundary
condition for which v is the exact solution. Then, one has V,,Rv = q,.

Proof. We first show that V,,R,v € X; N H(div,Q) by verifying that (V,,R;v) -n is
continuous across internal edges. Let e € £,\dQ be an internal edge and K|, K, be
two triangles sharing e. Denote n; and n, the outward normal vectors on e, with
respect to K and K>, respectively. Let y, € Vj ;, satisfy y|. # 0 and ), ¥, vanish
elsewhere. By the definition of R, V,, and the fact that IT, Vv € H(div,Q), we have

0= (l'Ith — VWRhV, VW l[/h)

= (l'Ith —VuR;v,V,, ll/h)Kl + (l'Ith — VR, V,, Wh)Kz
((l'[th — VWRhV) |K1 ‘ny + (Hth — VWR;,V) |K2 ‘ny, Wb)e

= _(VthV|K1 ‘ny+ Vthlez -y, Wb)e-

The above equation holds true for all |, € Pj(e). Since V,,Ryv|k, -0+ V,,Ryv|k, -
n, is also in Pj(e), therefore it must be 0. This completes the proof of V,.R;v €
H(div,Q).

Next, we prove that V,,R;v is identical to the solution q; of (42). Since the
solution to (42) is unique, we only need to show that V,,R;,v, together with a certain
Vo, satisfies both equations in (42). Consider the test function v, € Vg, with the
form y;, = {yp,0}. By the definition of V,,, Egs. (32) and (13), we have

(V-VyuRpv, wo) = —(VwRpv, Vys) = —(ILVv, Vyys) = (Av, yp).

Hence V,,R;v satisfies the second equation of (42). Now, note that V- is an onto
operator from X, NH (div,Q) to the space of piecewise P; polynomials, which allows
us to define a vy that satisfies the first equation in (42) with qy, set to be V,,R,v. This
completes the proof the lemma. O

Remark 3.5. Using the same argument and noticing that (33) holds for all y;, € V},
one can analogously prove that for v € H'(Q) N H'*7(Q) with y > % and Av €
L2(Q),

VwNyy € N H (div,Q),

and
V. VWN;,V = Q()AV.

Because V,,R;v is identical to the mixed finite element solution to the Poisson
equation, by [18,34], we have the following quasi-optimal order L™ estimate:

IVy = VaRavl|z=(@) S A" Ikl [|AV]yn= ), “3)
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for 0 < n < j. Furthermore, for j > 1 and v € Wj+27°°(§2), we have the following
optimal order error estimate:

[Vv— VthVHL""(Q) S K HV||W"+2>"°(Q)7 (44)
forl1 <n<j.

Inspired by [32], using the above L™ estimates, we obtain the following lemma,
which will play an essential role in the error analysis to be given in the next section.

Lemma 3.9. The following quasi-optimal and optimal order error estimates hold
true:

(i) Let0<n<jandve H(} (Q)NW"2=(Q). Then for all ¢, = {vo,vp} € Vj, we
have

1
[(TL,VY = ViR, Vi) | S 2 [ V] gz ) | B0l 0.4 (45)

(i) Let j>1,1<n<j, andv € H}(Q)NW"2>(Q). Then, for all ¢ = {vo,vp} €
Vi, we have

1
[(TL,VY = ViR, Vi) | S I 2 (vl ynszee (| 0]

0,h- (46)

Proof. We first prove part (). Denote by £, the set of all edges in &, N Q. For any
e € £yq, let K, be the only triangle in 7, that has e as an edge. Denote by 7Tq, the
set of all K., for e € £,q. For simplicity of notation, denote q;, = I1,Vv — V,Rv.
Since (IT,Vv — V,,Ryv, V,, y,) = 0 for all v, € Vj 5, without loss of generality, we
only need to consider ¢, that vanishes on the interior of all triangles and all internal
edges. Then by the definition of ¢, and V,, the scaling argument, and the Schwarz
inequality,

|(HhVV—VthV7VW¢h)| = Z (qh»vw(¢b|e))Ke

K.€Tha

>, (9p,qi 1),

eefag

<Y Aol lanllz=(e)

eefag

Sllanllz=@) X, 2 (19ollz=x,) + 190 — G llz=(c))

66539
1
2
Y o1
Ke€Tha

Sl Y, I9nllonk.
K. €Tya

[

S|%||L°°(Q)< D ||¢h|(2),h,Ke>

Ke€Too

1
Sh 2 lanll =) 19nllo.n-
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Now, by inequalities (8) and (43), we have

lanll=@) < [V =T VV|| =) + [[VV = ViR | 1= (q)

SH V2o i) + B AL AV ] yneq),

for 0 < n < j. This completes the proof of part ().
The proof for part (ii) is similar. One simply needs to replace inequality (43) by
(44) in the estimation of ||qy|| ;=(q)- O

4 Error Analysis

The main purpose of this section is to analyze the approximation error of the
weak Galerkin formulation (6). For simplicity, in this section, we assume that the
solution of (6) satisfies u € H>"7(Q) and w € H'*7(Q), where y > . This is not
an unreasonable assumption, as we know from (4), the solution « can have up to H*
regularity as long as Q satisfies certain conditions. However, our assumption does
not include all the possible cases for the biharmonic equation.

Testing w = —Au with ¢y, = {¢o, d,} € V},, and then by using (13), we have

(W, n) = (w, 90) = —(V-Vu,¢9) = (I1,Vu, Vo ). (47)
Similarly, testing —Aw = f with v, = {yo, ¥, } € Vo, gives
(I, Vw, Viowi) = (f, wo). (48)

Comparing (47)—(48) with the weak Galerkin form (6), one immediately sees
that there is a consistency error between them. Indeed, since Vj and Vj, are
not subspaces of H'(Q) and HJ (), respectively, the weak Galerkin method is
nonconforming. Therefore, we would like to first rewrite (47)—(48) into a form
that is more compatible with (6). By using (32) and (33), Eqgs. (47)—(48) can be
rewritten as

{((th, o) — (VwRuu, Vidp) = E(w,u, ¢y), (49)

(VWNhW7 lellh) = (f? WO)?
where
E(w,u,¢p) = (Npw —w, @) + (I, Vi — Vi Ryu, Vo).

Define &, = R,u —uy, € Vo, and &, = Nyw — wy, € Vj,. By subtracting (49) from
(6), we have

{((sw,q)h)) — (V& Vabp) = E(w,u,¢,) for all ¢ € Vi, 50)

(ngwavwWh) =0 for all Y € VO,h'
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Notice here (V,,&,, V), ¥, ) = 0 does not necessarily imply &, = 0, since the equation
only holds for all y;, € Vp ; while g, is in V.

Lemma 4.1. The consistency error E(w,u, ¢y) is small in the sense that

1
E(wyut,9n)| < B 1wllm1 1| Gnllo,p + "2 [In Al yymso. ) 00

0,k

where % <m< j+1and 0 <n < j. Moreover, for j > 1, we have the improved
estimate

1
|E (w, 4, @) | S " Wlls 1[|@nllo.n + 7" 2 lual sz )| ]

0,k

Where%<m§j+land1§n§j.

Proof. The proof is straightforward by using the Schwarz inequality, Lemma 3.6,
Remark 3.4, and Lemma 3.9. O

To derive an error estimate from (50), let us recall the standard theory for mixed
finite element methods. Given two bounded bilinear forms a(-,-) defined on X x X
and b(-,-) defined on X x M, where X and M are finite dimensional spaces. Denote
Xo C X by

Xo={¢p€X:b(¢,y)=0forall y € M}.

Then forall y € X and & € M,

a(x,9)+b(9,8) +b(x,v)

sup 2 M llx + 1S L
9eX, yeM 101lx + (1wl
if and only if
sup alx.9) 2 lxlx, for all y € Xo,
oexo [10lx
b (51)
sup (9,6) > 1€ ]m, forall £ e M.
oex [19llx

In our formulation, we set X = Vj, with norm || - [|o , and M =V, j, with norm || - ||.
Define

a(%a¢)=((l7¢))a b(q&,é):—(quwié).

It is not hard to check that both of these bilinear forms are bounded under the given
norms. In particular, the boundedness of b(-, -) has been given in (27). It is also clear
that the first inequality in (51) follows from the definition of a(-,-) and || - /o, and
the second inequality follows directly from (28). Combine the above, we have for
all y € Vyand & € Vo

su (()C»(l))) — (qu)vVWé) — (VWX7VWW)
p
OV, eV 1 ”‘PHOJZ + ”l‘/’”l

R xllos+lElN- (52)



A Weak Galerkin Mixed Finite Element Method for Biharmonic Equations 269

Theorem 4.2. The weak Galerkin formulation (6) for the biharmonic problem (1)
has the following error estimate:

1
€wllon+ Neull < A" W1 + 2" 2 [kl |[ullyniz=),

where % <m< j+1and 0 < n < j. Moreover, for j > 1, we have the improved
estimate |
lEwllon+ lleull < A" IWllmsr + "2l ynize gy,

where%<m§j+1and1§n§j.

Proof. By (50) and (52),

((ng (Ph)) - (Vvv¢h7vvv8u) - (VW8W7VWWh)

&wllon+lleall <~ sup

OnEVh, Wn€Vo (| o ”0,/1 + vl
E
sup (w, u, $) '
OnEVi Wn€Vou [[9nllosn + llwll
Combining this with Lemma 4.1, this completes the proof of the theorem. O

Remark 4.1. Assume that the exact solution w and u are sufficiently smooth. It
follows from the above theorem that the following convergence holds true:

O(h?|Inh|) for j=0,

l&wllon+ M€l < .
B OW*3)  forj>1,

where j is the order of the finite element space, i.e., order of polynomials on each
element.

At this stage, it is standard to use the duality argument and derive an error
estimation for the L? norm of &,. However, estimating ||, ll0,» is not an easy task, as
is similar to the case of Poisson equations. For simplicity, we only consider ||, ]|,
where g, is conveniently expressed as &, = {¢g,, su’b}. Define

{é +An =0, (53)

_Aé - 81,4,07

where 1 = 0 and ‘3—2 = 0 on dQ. We assume that all internal angles of Q are less
than 126.283696- - -°. Then, according to (4), the solution to (53) has H* regularity:

1€ 112+ [171la < ll&woll-
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Furthermore, since such a domain Q is convex, the Poisson equation with either
the homogeneous Dirichlet boundary condition or the homogeneous Neumann
boundary condition has H? regularity.

Clearly, Eq. (53) can be written into the following form:

{((Nhé, 0n) — (VRim, Vidy) = E(E,1,6;)  forall ¢, = {0, 0} € Vi,

(Vo8 Viewin) = (€40, Yo) for all y;, = {0, ¥} € Vo -
(54)
For simplicity of the notation, denote

A(NLE, R On, W) = (N, on) — (VR Viedr) — (V& Viey).

Note that A is a symmetric bilinear form. By setting ¢, = €, and y, = ¢, in (54)
and then subtract these two equations, one get
||3u70H2 =E(&,n,&y) — ANi&,RuM; &4, €4)
:E(&vnvgw)_A(€W78u;Nh&7Rhn) (55)
= E(&vnvgw) _E(Wvquh&)'
Here we have used the symmetry of A(-,-) and Eq. (50).
The two terms, E(&,1n,¢&,) and E(w,u, N, &), in the right-hand side of Eq. (55)

will be estimated one by one. We start from E(&,1,¢,). By using Lemma 4.1, it
follows that

(i) When j =0,

1
E(E,m,60) S (RIE]+h nllnlyeeg )|

SH Rl (1E]l2+nll4)

(56)

(ii)) When j > 1,let 0 > 0 be an infinitely small number which ensures the Sobolev
embedding from W*2(Q) to W3~9=(Q). Then

3_
E(E,m,8, (h||5||z+h2 |17 y2-s.0(c ) lEwllon

S (Sl +mlla) l[&wllon-

57)

Next, we give an estimate for E (w,u, N, ).

Lemma 4.3. Assume all internal angles of Q are less than 126.283696 - - -°, which
means the biharmonic problem with clamped boundary condition in Q has H*
regularity. Then
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(i) For j=0,
1
EOmu,Ni&) S (14 [l + 120 = Qo)1+ B e ) IE 2

where%<m§land1/2<n§l.
(i) For j> 1,

E(w,u,Ng&) S (1" Wl + 22 (7= Qo) £Il+ A" ulls1) 1E]l2,

where%<m§j—|—1and1/2<n§j—|—1.
Proof. By definition,
E(W, M,Nhé) = ((th - W,Nhé)) + (l'IhVu —V.Ru, VWNhé). (58)

First, by the definition of (-,-)), the Schwarz inequality, Remarks 3.3 and 3.4, we
have

(Nyw —w,Ny&)

= (Now — Qow,No& ) + 3 h(Now — Npw,No& — Np§)
KeTy

< [Now — Qowl|[[No& || + ([ Nyw — w] (59)

Ny —&|

1 .
_ {(h’"+z|w||m+1+h2||<1—Qo>Aw||>||5||z forj=0, 1 <m<1
Ll + R0 = Qo)AwE ]2 forj= 1,k <m< jt1

0.1 0,1

Next, by using inequalities (11), (33), (13), (10), (37), and (38) one after one, we get

(T, Vi — ViR, VigNy§)

(T, — Py)Vit, VN €) + (Vi (Qntt — Ryta), ViuNy E)

(T = Py))Vit, VouNi§) + (Vi (@it — Ryae), T, V)

(T, = Py)Vat, Voo (NoE — Q1) + (Tl — 1) Vit, PLVE) — (Qoue — Rout, A
SH i ||E]2 + (T, — D Vi, PVE) + B[ (I — Qo) Aul || €],

for % < n < j+1. The estimation for ((IT, — I)Vu,P,VE) follows the same

technique used in inequality (40). By the definition of Il; and since g_ﬁ =0 on

2Q, we know that (IT, — I)Vu - n also vanishes on dQ. Therefore, using the same
argument as in (40), one has

(0 = D)V, PyVE) <A ullasalIE |2+ 12| (7 = Qo) Aul[[€ |2

for % < n < j+ 1. Combining the above gives
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(T Vi = Vo Ryt, Vi) S (0 ull s + 21— Q)Aull) €]l (60)

for % <n<j+1.
Notice that

(1= Qo)Aul| = W|[(1 = Qo)w| S K" *|[wll  forO<m<j+1,

. L (61)
|[(I = Qo)Awl| = h7[| (1 = Qo) -

The lemma follows immediately from (58)—(61). O
Finally, combining Theorem 4.2, inequalities (55), (56)—(57), and Lemma 4.3,

we get the following L? error estimation:

Theorem 4.4. Assume all internal angles of Q are less than 126.283696 - - -°, which
means the biharmonic problem with clamped boundary condition in Q has H*
regularity. Then

(i) For j =0,

1
l€woll S B 20 Al |1+ A k||l y2e g

+ B3| = Qo) fIl + 1" Juel| 1,

where%<m§land%<n§1.
(ii) For j > 1,

3
€woll < B HIwllmst + R 2 {lullyrsa.my + 2T = Qo) f Il + " ulls 1,

where%<m§j+l,%<n§j+1and1§l§j.

Remark 4.2. If u, w, and f are sufficiently smooth, then we get

lewol < O(h|Inh|?) for j=0,
u, ~ .
’ O(W*+3)  forj> 1.

5 Numerical Results

In this section, we would like to report some numerical results for the weak Galerkin
finite element method proposed and analyzed in previous sections. Before doing
that, let us briefly review some existing results for H'-H' conforming, equal-order
finite element discretization of the Ciarlet—Raviart mixed formulation. As discussed
in [5, 32], theoretical error estimates for such schemes are indeed suboptimal due to
an effect of infy, ||u — x/|2, where yj, is taken from the employed H' conforming



A Weak Galerkin Mixed Finite Element Method for Biharmonic Equations 273

finite element space. For example, when H'-H'! conforming quadratic elements
are used to approximate both u and w, the error satisfies ||u — up||2 + ||[w — wpl| S
infy, ||[u— xn|l2 +infy, ||[w— xa|| S O(h), while intuitively, one may expect ||w — wy||
to have an O(h?) convergence. By using the L™ argument, Scholz [32] was able to
improve the convergence rate of L?> norm for w by h%, and it is known that this
theoretical result is indeed sharp. For the weak Galerkin approximation, from the
discussing in the previous sections, clearly we are facing the same issue.

However, numerous numerical experiments have illustrated that H LHY con-
forming, equal-order Ciarlet—Raviart mixed finite element approximation often
demonstrates convergence rates better than the theoretical prediction. Indeed, this
has been partly explained theoretically in [33], in which the author proved that
optimal order of convergence rates can be recovered in certain fixed subdomains
of Q, when equal-order H' conforming elements are used. We point out that similar
phenomena have been observed in the numerical experiments using weak Galerkin
discretization. This means that numerical results are often better than theoretical
predictions.

Another issue in the implementation of the weak Galerkin finite element method
is the treatment of nonhomogeneous boundary data:

u=g on dQ,

du

o = 82 on dQ.

Clearly, both boundary conditions are imposed on #, and u = g is the essential
boundary condition, while g—l‘; = g7 is the natural boundary condition. To impose the
natural boundary condition, we shall modify the first equation of (6) into

(wns On) — (Vioun, Vir) = —(82,0) 50-

The essential boundary condition should be enforced by taking the L? projection of
the corresponding boundary data.
Consider three test problems defined on Q = [0, 1] x [0, 1] with exact solutions

ur = 21— (1),

up = sin(27x) sin(27y) and uz = sin(2mwx + g) sin(2my + g),

respectively. The reason for choosing these three exact solutions is that they have
the following type of boundary conditions:
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Table 1 Numerical results for the test problem with exact solution u#; and lowest order of WG
elements

h [Vieull llewoll llewsl [Viwewll llewoll llew.s |l
0.1 1.33e—03  2.40e—04 4.59¢e—04  5.66e—02 2.96e—03 6.91e—03
0.05 4.69e—04  6.18e—05 1.17e—04  2.80e—02  9.14e—04  1.99e—03
0.025 2.00e—04  1.55e—05  2.97e—05 1.60e—02  2.64e—04  5.70e—04
0.0125 9.56e—05  3.90e—06  7.44e—06 1.21e—02  8.33e—05 1.89e—04
0.00625 4.72¢—05  9.77e—07 1.86e—06 1.13e—02  3.26e—05  7.91e—05
Asym. order 1.1930 1.9876 1.9877 0.5864 1.6461 1.6298
o), k=
uj |aQ =0 % = 07
n 5o
waa=0 22| 4o
n 50
u3|aQ 75 0 % =0.
LLPTe)

This allows us to test the effect of different boundary data on convergence rates.
Although the theoretical error estimates are given for &, = Ryu — uj, and €, = Njyw —
wy, by using the triangle inequality and the approximation properties of Ry, N, and
Oy, it is clear that they have at least the same order as e, = Qpu —uy, and e, =
Onw —wy, provided that the exact solution is smooth enough. Thus for convenience,
we only compute different norms for e, and e,,, instead of for g, and g,.

The tests are performed using an unstructured triangular initial mesh, with
characteristic mesh size 0.1. The initial mesh is then refined by dividing every
triangle into four sub-triangles, to generate a sequence of nested meshes with various
mesh size h. All discretization schemes are formulated by using the lowest order
weak Galerkin element, with j = 0. For simplicity of notation, for any v € V},, denote

1/2
lvpll = ( D h|"b||31{> -

KET,

The results for test problems with exact solutions u;, up, and u3 are reported
in Tables 1, 2, and 3, respectively. The results indicate that u always achieves an
optimal order of convergence, while the convergence for w varies with different
boundary conditions. It should be pointed out that both of them have outperformed
the convergence as predicted by theory.

Our final example is a case where the exact solution has a low regularity in the
domain Q = [0, 1] x [0, 1]. More precisely, the exact solution is given by
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Table 2 Numerical results for the test problem with exact solution u; and lowest order of WG
elements

h [Viweull llewoll llewsl] [Viwewll llewoll llew.s |l
0.1 9.58e—01 8.66e—02 1.65e—01 4.39¢e+01 6.09e—01 2.01e+00
0.05 3.34e—01 2.18e—02  4.14e—02  2.32e+01 2.78e—01 7.19e—01
0.025 1.43e—01 5.47¢—03 1.03e—02 1.37e+01 1.15e—01 2.81e—01
0.0125 6.81e—02 1.37e—03 2.59¢—03 1.02e+01 5.12e—02 1.26e—01
0.00625 336e—02  342e—04  6.49e—04  9.33e+00 2.45¢—02  6.12e—02
Asym. order 1.1958 1.9958 1.9975 0.5649 1.1709 1.2587
o), k=

Table 3 Numerical results for the test problem with exact solution u3 and lowest order of WG
elements

h [[Vieull llewoll llewsl] [Viwewll llewoll llew.s |l
0.1 8.23e—01 1.18e—01 2.27e—01 5.61e+01 4.25e+00 9.42e+00
0.05 3.07e—01 3.18¢—02  6.09e—02  2.43e+01 1.24e+00 2.58e+00
0.025 1.35e—01 8.13e—03 1.55e—02 1.13e+01 3.28e—01 6.61e—01
0.0125 6.49¢e—02  2.04e—03 3.90e—03  5.58e+00  8.42¢—02 1.67e—01
0.00625 321e—02 5.11e—04  9.78e—04  2.77e+00  2.14e—02  4.21e—02
Asym. order 1.1599 1.9679 1.9682 1.0801 1.9157 1.9558
O(h), k=

Table 4 Numerical results for the test problem with exact solution us and lowest order of WG
elements

h [Viweu]l llewoll llewsll [Viwewll llewoll llew.sl
0.1 3.73e—02  9.44e—04  2.15e—03  2.88e+01  4.05e—01  1.78e+00
0.05 1.87e—02  2.55¢—04  5.73e—04  4.08e+01  2.86e—01  1.26e+00
0.025 9.37¢—03  6.60e—05  1.46e—04  5.77e+01  2.02e—01  8.91e—01
0.0125 4.68¢—03  1.67e—05  3.69e—05  8.16e+01  1.42e—01  6.30e—01
0.00625 2.34e—03  4.19e—06 9.24e—06 1.15e+02  1.0le—01  4.45¢e—01
Asym. order  0.9984 1.9567 1.9690 —0.4998  0.5008 0.5000
o), k=

36 6
Uy = /2 (sin7—3sin§> ,

where (r,0) are the polar coordinates. It is easy to check that u € H>?. The errors
for weak Galerkin finite element approximations are reported in Table 4. Here, u
still achieves an optimal order of convergence, while the convergence rates for w is
restricted by the fact that w € H%. All the results are in consistency with the theory
established in this article.
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