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Abstract This paper introduces a weak Galerkin (WG) finite element method for
the Stokes equations in the primal velocity-pressure formulation. This WG method is
equipped with stable finite elements consisting of usual polynomials of degree k > 1
for the velocity and polynomials of degree k — 1 for the pressure, both are discontinu-
ous. The velocity element is enhanced by polynomials of degree k — 1 on the interface
of the finite element partition. All the finite element functions are discontinuous for
which the usual gradient and divergence operators are implemented as distributions
in properly-defined spaces. Optimal-order error estimates are established for the cor-
responding numerical approximation in various norms. It must be emphasized that
the WG finite element method is designed on finite element partitions consisting of
arbitrary shape of polygons or polyhedra which are shape regular.
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1 Introduction
In this paper, we are concerned with the development of weak Galerkin (WG) finite

element methods for the Stokes problem which seeks unknown functions u and p
satisfying

—V-AVu+Vp =f inQ, (1.1)
V-u=0 in, (1.2)
u=g onaf2, (1.3)

where  is a polygonal or polyhedral domain in RY (d = 2, 3). A is a symmetric
d x d matrix-valued function in Q. Assume that there exist two positive numbers
A1, A2 > 0 such that

ME'E < ETAE < ME'E, VE e RY.

Here £ is understood as a column vector and &’ is the transpose of &.
The weak form in the primal velocity-pressure formulation for the Stokes problem
(L.1)~(1.3) seeks u € [H'(2)]¢ and p € L§(R) satisfying u = g on Q2 and

(AVu, Vv) — (V-v, p) = (f, v), 1.4
(V-u,q) =0, (1.5)

for all v € [HOI(Q)]‘I and g € L%(Q). The conforming finite element method for
Egs. 1.1-1.3 developed over the last several decades is based on the weak formula-
tion (1.4)—(1.5) by constructing a pair of finite element spaces satisfying the inf-sup
condition of BabusSka [2] and Brezzi [5]. Readers are referred to [11] for specific
examples and details in the classical finite element methods for the Stokes equations.

Weak Galerkin refers to a general finite element technique for partial differential
equations in which differential operators are approximated by weak forms as distri-
butions for generalized functions. Two key features in weak Galerkin methods are
(1) the approximating functions are discontinuous, and (2) the usual partial deriva-
tives are taken as distributions or approximations of distributions. The idea of weak
Galerkin method was first introduced by one of the authors in the International Con-
ference on Applied Mathematics and Interdisciplinary Research in Chern Institute
of Mathematics at Nankai University in June 2011. The method was successfully
applied to the second order elliptic equations in the primal formulation [15], and
then subsequently to the mixed formulation in [16] for general finite element par-
titions of arbitrary shape (see also [13, 14]). The goal of this paper is to develop a
weak Galerkin finite element method for Eqs. 1.1-1.3 by combining the ideas pre-
sented in [16] and [14] over partitions of general polygonal/polyhedral elements.
This new finite element scheme is efficient and robust in that (1) it can be easily
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A weak Galerkin finite element method for the stokes equations 157

hybridized for variable reduction purpose in implementation, and (2) it allows the
use of discontinuous approximating functions on finite element partitions of arbitrary
shape.

In general, weak Galerkin finite element formulations for partial differential equa-
tions can be derived naturally by replacing usual derivatives by weakly-defined
derivatives in the corresponding variational forms, with the option of adding a sta-
bilization term to enforce a weak continuity of the approximating functions. For
the Stokes problem (1.1)—(1.3) interpreted by the variational formulation (1.4)—(1.5),
the two principle differential operators are the gradient and the divergence opera-
tor defined in the Sobolev space [H L. Formally, our weak Galerkin method
for the Stokes problem would take the following form: Find uw, and pj; from
properly-defined finite element spaces satisfying

(AVyuy, Vyv) + s, v) — (Vo - v, pr) = (£, v), (1.6)
(Vu -wp,q) =0 (1.7

for all test functions v and ¢ in the test spaces. Here V,, is a discrete weak gradi-
ent and V,,- is a discrete weak divergence operator to be detailed in Section 2. The
bilinear form s(-, -) in Eq. 1.6 is a parameter-free stabilizer that shall enforce a cer-
tain weak continuity for the underlying approximating functions. The use of totally
discontinuous functions and weak derivatives in the WG formulation provides the
numerical scheme with many nice features. First, the construction of stable elements
for the Stokes equations under WG formulation is straightforward with standard poly-
nomials. Secondly, the WG method allows the use of finite element partitions with
arbitrary shape of polygons in 2D or polyhedra in 3D with certain shape regular-
ity. The later property provides a convenient and useful flexibility in both numerical
approximation and mesh generation. Thirdly, our WG formulation is parameter-free
and has competitive number of unknowns since lower degree of polynomials are
used on element boundaries, and the unknowns corresponding to the interior of each
element can be eliminated from the system.

The research on finite element methods with polytopal meshes has been an active
topic in recent years. The discontinuous Galerkin methods (see, for example, [1] and
[9] and the references cited therein) have the capability of dealing with polytopal
partitions. The mimetic finite difference method [7] and the virtual element method
[3] are two other representatives along this line. The central issue in this study is the
cross-element continuity enforcement (strongly or weakly) for necessary variables.
Discontinuous Galerkin achieves this goal mostly through a stabilization for the jump
on each interface, while the virtual element method extends from the boundary to
the interior for each element. Both WG and HDG use intermediate functions on the
interface to weakly “glue” different pieces together. Consequently, our WG finite
element scheme has structural similarity with the HDG scheme as presented in [9],
but they make use of different polynomial approximating spaces and utilize different
stabilization techniques.

Throughout the paper, we will follow the usual notation for Sobolev spaces and
norms [8]. For any open bounded domain D C RY, d = 2,3, with Lipschitz con-
tinuous boundary, we use || - ||s,p and | - |5, p to denote the norm and seminorms in
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the Sobolev space H*(D) for any s > 0, respectively. The inner product in H*(D)
is denoted by (-, -)s, p. More precisely, for any integer s > 0, the seminorm | - |5, p is
given by

1
2

vls.p0 = Zf |0%v]*d D
D

|a|=s

with the usual notation
d
o
a=(ay,...,aq), la|l=a1+...+ag, %= ]_[axjf.
j=1

The Sobolev norm || - ||;», p is given by

m
2
||U||m,D = E |U|.,',D
0

The space H 0(D) coincides with L2(D), for which the norm and the inner product
are denoted by || - ||p and (-, -)p, respectively. When D = €, we shall drop the
subscript D in the norm and inner product notation.

The paper is organized as follows. In Section 2, we introduce two weak differential
operators, called weak gradient and weak divergence, and their discrete analogues.
In Section 3, we develop a weak Galerkin finite element scheme for the Stokes
problem (1.1)—(1.2). In Section 4, we shall study the stability and solvability of the
WG scheme. In particular, the usual inf-sup condition is established for the WG
scheme. In Section 5, we shall derive an error equation for the WG approximations.
Optimal-order error estimates for the WG finite element approximations are derived
in Section 6 in virtually an H ! norm for the velocity, and L? norm for both the veloc-
ity and the pressure. In Section 7, we make some concluding remarks by mentioning
some outstanding issues for future consideration. Finally, we present some technical
estimates for quantities related to the local L? projections into various finite element
spaces in Appendix A.

2 Weak differential operators and their approximations

The key to weak Galerkin methods is the use of weak derivatives in the place of strong
derivatives that define the weak formulation for the underlying partial differential
equations. The two differential operators used in the weak formulation (1.4) and (1.5)
are gradient and divergence. Thus, it is essential to introduce a weak version for both
the gradient and the divergence operator. In [16], a weak divergence operator has been
introduced and employed to the mixed formulation of second order elliptic equations.
In [15] and [13], a weak gradient operator was introduced for scalar functions. Those
weakly defined differential operators shall be employed to the Stokes problem (1.4)—
(1.5) in a weak Galerkin approximation. For convenience, the rest of the section will
review the definition for the weak gradient and the weak divergence, respectively.
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Note that the weak gradient shall be applied to each component when the underlying
function is vector-valued, as is the case for the Stokes problem.

2.1 Weak gradient and discrete weak gradient

Let K be any polygonal or polyhedral domain with boundary K. A weak vector-
valued function on the region K refers to a vector-valued function v = {vg, v} such
that vo € [LZ(K)]d and v, € [L2(8 K)]d. The first component v can be understood
as the value of v in K, and the second component v, represents v on the boundary
of K. Note that v, may not necessarily be related to the trace of vo on dK should a
trace be well-defined. Denote by V(K) the space of weak functions on K; i.e.,

V(K) = {v — (o, Vp) : Vo € [LZ(K)]d, v € [LZ(BK)]d}. @.1)

The weak gradient operator is defined as follows.

Definition 2.1 For any v € V(K), the weak gradient of v is defined as a linear func-
tional Vv in the dual space of [H'(K)]4*¢ whose action on each ¢ € [H!(K)]?*¢
is given by

(Vuwv,q)k = =0, V- q)k + (Vb, q - n)yk, (2.2)
where n is the outward normal direction to 4K, (vo, V - @)k = fK vo(V - q)dK is
the inner product of vg and V - ¢ in [L2(K))¢, and (v, g - n)yg = faK Vpq -nds is
the inner product of v;, and ¢ - n in [L2(8 K)]d.

The Sobolev space [H ](K )]d can be embedded into the space V(K) by an
inclusion map iy, : [H'(K)]¢ — V(K) defined as follows

1 d
V@ =@l s}, de[H' K]

With the help of the inclusion map iy, the Sobolev space [H'(K)]? can be viewed
as a subspace of V(K) by identifying each ¢ € [H'(K)]¢ with iy(o).
Let P.(K) be the set of polynomials on K with degree no more than r.

Definition 2.2 The discrete weak gradient operator, denoted by V,, , k, is defined as
the unique polynomial (Vy, . V) € [P, (K)]¢*? satisfying the following equation,

(Vurk VoK =—0. V- @)k + (V0. ¢ -mhax. Vg € [P(K). (23)
2.2 Weak divergence and discrete weak divergence
To define weak divergence, we require weak function v = {vg, v} such that vo €

[LZ(K)]d and vy -n € LZ(BK). Denote by V (K) the space of weak vector-valued
functions on K ; i.e.,

2 d 2
V(K) = {v: Vo, V) : Vo € [L (K)] vy-nel (BK)}. (2.4)

A weak divergence operator can be defined as follows.
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Definition 2.3 For any v € V(K), the weak divergence of v is defined as a linear
functional V,, - v in the dual space of H!(K) whose action on each ¢ € H!(K) is
given by

(Vw - v, 0)k = —(Vo, VO)k + (Vp - 1, 0)sk, (2.5)

where n is the outward normal direction to 0K, (vo, V@) g is the inner product of v
and Vg in L%(K), and (v}, - n, @)ak 1s the inner product of v, - n and ¢ in L2(3K).

The Sobolev space [H (K )]d can be embedded into the space V(K) by an
inclusion map iy : [H'(K)]? — V(K) defined as follows

1 d
iv@® = @lx, dlox). de[H' K]

Definition 2.4 A discrete weak divergence operator, denoted by V,, ;. -, is defined
as the unique polynomial (V, , k - v) € P-(K) that satisfies the following equation

Vurk -V, @)k = —(Vo, Vo)k + (Vb -1, 9)sk, Yo € Pr(K). (2.6)

3 A weak Galerkin finite element scheme

Let 7, be a partition of the domain € with mesh size & that consists of arbitrary
polygons/polyhedra. Denote by &, the set of all edges or flat faces in 7, and let
52 = &, \0S2 be the set of all interior edges or flat faces. For every element T € Ty,
we denote by |T'| the area or volume of T and by A7 its diameter. Similarly, we denote
by |e| the length or area of e and by 4, the diameter of edge or flat face ¢ € &,. We
also set as usual the mesh size of 7, by

h = max hr.
TeTh
All the elements in 7, are assumed to be closed and simply connected polygons or
polyhedra, see Fig. 1.

Fig. 1 Depiction of a
shape-regular polygonal element
ABCDEFA
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Assume that the partition 7j, is shape regular in the sense that the following
conditions A1-A4 are satisfied [13, 16].

Al: Assume that there exist two positive constants o, and g, such that for every
element T € 7T, we have

0uhd <IT|,  0ch?™' <|e| 3.1

for all edges or flat faces of T'.
A2:  Assume that there exists a positive constant x such that for every element
T € T, we have
khr < h, (3.2)

for all edges or flat faces e of T'.

A3:  Assume that the mesh edges or faces are flat. We further assume that for every
T € Ty, and for every edge/face e € 9T, there exists a pyramid P(e, T, A,)
contained in 7' such that its base is identical with e, its apex is A, € T, and its
height is proportional to A7 with a proportionality constant o, bounded away
from a fixed positive number o* from below. In other words, the height of the
pyramid is given by o7 such that o, > o* > 0. The pyramid is also assumed
to stand up above the base e in the sense that the angle between the vector
X, — A, for any x, € e, and the outward normal direction of e (i.e., the vector
n in Fig. 1) is strictly acute by falling into an interval [0, 8p] with 6y < g .

A4:  Assume that each T € 7Ty has a circumscribed simplex S(7') that is shape
regular and has a diameter /2 (7) proportional to the diameter of T'; i.e., hg(ry <
y«ht with a constant y, independent of 7. Furthermore, assume that each
circumscribed simplex S(7") intersects with only a fixed and small number of
such simplices for all other elements T € 7j,.

Interested readers are referred to [7] for a similar shape regularity assumption for
the mimetic finite difference method. In Fig. 1, we illustrate a polygonal element that
is shape regular in the WG setting. The shape regularity assumption is essential for
deriving error estimates for locally defined L? projection operators to be detailed in
coming sections.

For any integer k > 1, we define a weak Galerkin finite element space for the
velocity variable as follows

Vi, = {v = (vo, Vo} 1 (vo, Vol € [Pu(D)IY x [Pe1(@)]”, e BT}.

We would like to emphasize that there is only a single value v, defined on each edge
e € & For the pressure variable, we have the following finite element space

Wi={a: g L3®@. alr € P (D},

Denote by Vh0 the subspace of V), consisting of discrete weak functions with
vanishing boundary value; i.e.,
Vh0 ={v={vo,vp} € Vi, v, =00n aR2}.

The discrete weak gradient V,, x—1 and the discrete weak divergence (V,, x—1-) on the
finite element space V}, can be computed by using Egs. 2.3 and 2.6 on each element
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T, respectively. More precisely, they are given by

(Vu k=191 = Vi i—1,7(VI7), VveV,
VMuw k=19 = Vyi-1,7 - (VI1), Vve V.
For simplicity of notation, from now on we shall drop the subscript k — 1 in the
notation Vy, 41 and (Vy, x—1-) for the discrete weak gradient and the discrete weak

divergence. The usual L? inner product can be written locally on each element as
follows

(VuV, VoW) = Y (VuV, VuWr,
TeTh

V-V, @) = Y (Vu-V, O,

TeTy

Denote by Qg the L? projection operator from [Lz(T)]d onto [Pk(T)]d . For each
edge/face e € &, denote by Qp the L? projection from [Lz(e)]d onto [Pk_l(e)]d.
We shall combine Qg with Oy by writing O = {Qo, Op}-

We are now in a position to describe a weak Galerkin finite element scheme for
the Stokes Egs. 1.1-1.3. To this end, we first introduce three bilinear forms as follows

s(v. w) = Y 7' (Qpvo— Vb, QpWo— Wa)ar,
TeT,
a(v, w) = (AVyv, Vyw) +s(v, W),

b(V, Q) = (Vw © v, Q)

Weak Galerkin Algorithm 1 A numerical approximation for Egs. 1.1-1.3 can be
obtained by seeking up, = {uo, up} € Vj, and pp, € Wy, such that up, = Qpg on 92
and

a(uhv V) _b(vv ph) = (fv V()), (33)
b(up, q) = 0, 34

forally = {vg,vp} € V,? and g € Wy,

4 Stability and solvability

The WG finite element scheme (3.3)—(3.4) is a typical saddle-point problem which
can be analyzed by using the well known theory developed by Babuska [2] and Brezzi
[5]. The core of the theory is to verify two properties: (1) boundedness and a certain
coercivity for the bilinear form a(-, -), and (2) boundedness and inf-sup condition for
the bilinear form b (-, -).

The finite element space V,? is a normed linear space with a triple-bar norm given
by

V> = D IVuvliF + Y 7 1Qsvo — il (4.1)

TeT, TeT,
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We claim that || - || indeed provides a norm in Vho. For simplicity, we shall only verify
the positive length property for || - [|. Assume that ||v|| = O for some v € V,? LIt
follows that

0= (Yuv. Vuv) + Y hz'(Qsv0 — Vb, Qp¥o = Vb)ar
TeTh

which implies that V,,v = 0 on each element T and Q,vg = v on d7T. Thus, we
have from the definition (2.3) that for any © € [P;_{(T)]¢*¢

0= (Vyv, D)1

—(Vo, V- O)7 + (b, T -m)yT

= (Vvo, )7 — (Vo — Vb, T - D)jT

= (Vvo, 7)1 — (QpVo — Vb, T - D)yT
= (VV(), ‘L')T.

Letting T = Vvy in the equation above yields Vvg = 0 on T € 7Ty,. It follows that
vo = const on every T € Tj. This, together with the fact that Q,vg = v, on 9T and
vp = 0 on €2, implies that vo = 0 and v, = 0.

Note that || - || defines only a semi-norm in V},. It is not hard to see that a(v, v) =
lIvlI* for any v € Vj,. In fact, the trip-bar norm is equivalent to the standard H I_norm,
but was defined for weak finite element functions. It follows from the definition of
Il - I and the usual Cauchy-Schwarz inequality that the following boundedness and
coercivity hold true for the bilinear form a(, -).

Lemma 4.1 Foranyv,w € Vho, we have

la(v, w)| < [VIlliwl, 4.2)
a,v) = Ivll*. (4.3)

In addition to the projection O, = {Qo, Qp} defined in the previous section,
let Qn and Qj be two local L? projections onto Pr_1(7T") and [Pe_i(T)]9%4,
respectively.

Lemma 4.2 The projection operators Qp, Qy,, and Qy, satisfy the following commu-
tative properties

d
Vu(@w) = @), Vve[H'@] . (44)
Vuw - (Qrv) = Qu(V -v), Vv e H(div, Q). 4.5)

Proof Using Eq. 2.3, we have

(Vw(@nv), @)1 = —(QoV, V-q)1 + (QpV, g -Mar
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164 J. Wang, X. Ye

forall g € [Pk_l(T)]dXd. Next, we use the definition of O} and Q,, and the usual
integration by parts to obtain

—(Qov, V@)1 +{(0pV, g -n)y7 = —(V, V-g)7 +(V, g -n)yr
= (Vv, q)
= (Qy(VV), ).
Thus,
(Vw(QnY). @1 = (Qu(VYV), @), Vg e [P1(T)]™,

which verifies the identity (4.4).
To verify (4.5), we use the discrete weak divergence (2.6) to obtain

(Vw - (QrV), @)1 = —(Qov, Vo)r +(QpV-n, )7

for all ¢ € Py_1(T). Next, we use the definition of Q; and Qj and the usual
integration by parts to arrive at

—(Qov, Vo)r +(0pv-n, @)or = —(v, Vo) + (v -n, @)yr
= (V-v, o)r
= (Qu(V-v), ¢)r.
It follows that
(V- (QnV), @)1 = (Qr(V V), @)1, Ve P1(T).
This completes the proof of Eq. 4.5, and hence the lemma.

For the bilinear form b(., -), we have the following result on the inf-sup condition.

Lemma 4.3 There exists a positive constant B independent of h such that

b, p)
sup > Bllell (4.6)
vevo VI

forall p € Wy,
Proof For any given p € W), C L(z)(Q), it is well known [4, 6, 10—12] that there
exists a vector-valued function v € [HO1 ()19 such that

(V-v,p)
. = Cllpll, 4.7
IVl

where C > 0 is a constant depending only on the domain 2. By setting v = 0,V €
Vi, we claim that the following holds true

livil < Collvlly 4.8)

for some constant Cy. To this end, we use Eq. 4.4 to obtain

Yo IVuvIE = Y IVu(@iDIF = Y IQuVIIF < IVVIP. (4.9

TeT, TeT, TeT,
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Next, we use Eqgs. A.4, A.1, and the definition of Q) to obtain

> nF Qevo = viliir = D b7 1Q(Q0%) — QbV 37

TeT, TeT,

> hi 106(Q0¥ — D37
TeTh
-1 < =2
> 1Qov = Vi3,
TeTh
¢ Y (h2100% = ¥I3 + IV Q0¥ — DI
TeTh
C|V¥|>. (4.10)

IA

IA

IA

Combining the estimate (4.9) with (4.10) yields the desired inequality (4.8).
It follows from Eq. 4.5 and the definition of Q@ that

b(v, p) = (Vu-(QrV), p) = (Qu(V-V), p) =(V -V, p).
Using the above equation, (4.7) and (4.8), we have

lbv, p)l _ 1V -V, p)

> - = Blel
vl Collvll1

for a positive constant 8. This completes the proof of the lemma.

It follows from Lemma 4.1 and Lemma 4.3 that the following solvability holds
true for the weak Galerkin finite element scheme (3.3)—(3.4).

Lemma 4.4 The weak Galerkin finite element scheme (3.3)—(3.4) has one and only
one solution.

5 Error equations

For simplicity of analysis, we assume the coefficient tensor A = [ in (1.1). The result
can be extended to variable tensors without any difficulty, provided that the tensor
a is piecewise sufficiently smooth. Let uy, = {ug,u,} € V4 and p, € W, be the
weak Galerkin finite element solution arising from the numerical scheme (3.3)—(3.4).
Denote by u and p the exact solution of Eqs. 1.1-1.3. The L? projection of u in the
finite element space V}, is given by

Onu = {Qou, Opu}.

Similarly, the pressure p is projected into W), as Qpp. Denote by e; and gj, the
corresponding error given by

e, = {eg, €} = {Qou—1ug, Opu—up}, en = Qup — pn. (5.1
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The goal of this section is to derive two equations for which the error e;, and ¢, shall
satisfy. The resulting equations are called error equations, which play a critical role
in the convergence analysis for the weak Galerkin finite element method.

Lemma 5.1 Let (w; p) € [H*(Q)]¢ x HY(Q) satisfy the following equation

—Aw+Vp=n 5.2)

in the domain Q. Let Qpw = {Qow, Qpw} and Qyup be the L? projection of (w; p)
into the finite element space Vi, x Wy. Then, the following equation holds true

(Vu (Qnw), Vyp) — (Vuv, Qup) = (17,v0) + Lw(¥) — 0, (v) (5.3)
forallv e Vho, where £y, and 0, are two linear functionals on Vh0 defined by
Le) = > (vo—vp, Vw-n—Q,(Vw) n)yr,
TeTh
) = Y (b0 — b, (0 — QupIn)r.

TeTy,

Proof First, it follows from Eqs. 4.4, 2.3, and the integration by parts that

(Vu(QnW), Vuv)T = (Q1(VW), VyyV)T

=0, V- Qu (VW) 1 + (v, Q;, (VW) - m)yr

(Vvo, Qu(VW))T — (Vo — Vb, Qu(VW) -m)yr

= (Vw, Vvo)7 — (Vo — V5, Q, (VW) - m) 7. 54

Next, by using Egs. 4.5 and 2.6, the fact that ZTeTh (vp, p m)ag7 = 0 and the
integration by parts, we obtain

Vv, Qo)== (vo. V@Qup))1 + Y, (V. (Qup)n)yr

TeT, TeT,
=Y (V-vo. Quo)r — Y (Yo — Vb, (Qup)m)sr
TeT, TeT,
=Y (V-vo, ) — Y (Yo — Vb, Qup)m)ar
TeT, TeT,
=— > (0. V)T + Y_ (Yo, pm)ar — Y _ (Vo — Vb, (Qup)mar
TeT, TeT), TeT,
== > (%0, V)T + Y _ (Yo—Vb, pmar — Y _ (Vo — Vi, (Qup)m)sr
TeTh TeTh TeTh
=—(v0, Vo) + Y (Yo — Vb, (p — Qup)m)ar,
TeTh
which leads to
(V0. Vp) = —=(Vurv, Qup) + Y (Yo — Vi, (p — Qup)msr . (5.5)
TeT,
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Next we test (5.2) by using vo in v = {vo, Vp} € V,? to obtain
— (Aw, vo) + (Vp, vo) = (1, Vo). (5.6)
It follows from the usual integration by parts that
—(AW, V) = > (VW, Vvo)7 — Y (Vo — Vb, VW m)r,
TeT), TeT),

where we have used the fact that ZTE'E (vp, VW - n)y7 = 0. Using Eq. 5.4 and the
equation above, we have

— (Aw, vo) = (Vu(QrW), VuV)

— > (vo— V6. VW - — Qi(VW) - n)yr. (5.7)
TeTh

Substituting Eqs. 5.5 and 5.7 into Eq. 5.6 yields
(Vu(QrwW), VuV) = (Vy-v, Qup) = (1, Vo) + Lw (V) — 6,(v),
which completes the proof of the lemma.

The following is a result on the error equation for the weak Galerkin finite element
scheme (3.3)—(3.4).

Lemma 5.2 Let ey, and gy, be the error of the weak Galerkin finite element solution
arising from Eqs. 3.3-3.4, as defined by Eq. 5.1. Then, we have

alep, v) — b, en) = @u,p(), (5.3)
b(en, q) = 0, (5.9)

forallv € V,? and g € Wy, where @y p(v) = £y (v) — 0,(v) + s(Qpu,v) is a linear
functional defined on Vho.

Proof Since (u; p) satisfies the Eq. 5.2 with n = f, then from Lemma 5.1 we have
(Vw(Qrw), ViypV) — (Vy-v, Qpp) = (£, vo) + Lu(v) — 0p(v).
Adding s(Qpu, v) to both side of the above equation gives
a(Qnu, v) = b(v, Qup) = (£, vo) + Lu(v) — 6,(V) +s(Qpu, V). (5.10)
The difference of Egs. 5.10 and 3.3 yields the following equation,
a(ep, V) —b(v, ep) = Lu(V) — 0, (V) + 5(Qpu, V)

forallv e V}?, where e, = {eg, e,} = {Qou—ug, Opu—up}ande, = Qup — pp.
This completes the derivation of Eq. 5.8.
Asto Eq. 5.9, we test Eq. 1.2 by ¢ € W), and use (4.5) to obtain

0=V -u49)=Vy- 0 q). (5.11)
The difference of Eqgs. 5.11 and 3.4 yields the following equation
b(en,q) =0
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for all ¢ € Wj,. This completes the derivation of Eq. 5.9.

6 Error estimates

In this section, we shall establish optimal order error estimates for the velocity
approximation uy, in a norm that is equivalent to the usual H '-norm, and for the pres-
sure approximation py, in the standard L? norm. In addition, we shall derive an error
estimate for wy, in the standard L? norm by applying the usual duality argument in
finite element error analysis.

Theorem 6.1 Let (u; p) € [H) ()NH* (@)1 x (L3(QNHY(Q)) withk > 1 and
(un; pn) € Vi, x Wy, be the solution of Egs. 1.1-1.3 and Egs. 3.3-3.4, respectively.
Then, the following error estimate holds true

1Qnue — unll + 1Qup — pall < CH (lullisr + lIplle)- (6.1)

Proof By letting v = e;, in Eq. 5.8 and ¢ = &5, in Eq. 5.9 and adding the two
resulting equations, we have

llexll> = @u, pen). (6.2)
It then follows from Eqs. A.6—A.8 (see Appendix A) that
llexll* < ChE(lullert + lpllo) llexll, (6.3)

which implies the first part of Eq. 6.1. To estimate ||y ||, we have from Eq. 5.8 that
b(v, en) = a(en, V) — ¢u,p(v).
Using the equation above, (4.2), (6.3) and (A.6)—(A.8), we arrive at
b(v. en)| < CR (lullesr + [ pIONVIL-
Combining the above estimate with the inf-sup condition (4.6) gives
lenll < CR*(lullisr + NPl
which yields the desired estimate (6.1).
In the rest of this section, we shall derive an LZ-error estimate for the veloc-

ity approximation through a duality argument. To this end, consider the problem of
seeking (¥; &) such that

— Ay +VE =¢ inQ, (6.4)
V-¢y =0 inQ, (6.5)
Yy =0 onodf. (6.6)

Assume that the dual problem has the [H2(2)]¢ x H'(Q)-regularity property in
the sense that the solution (v; &) € [H>(2)]? x H' () and the following a priori
estimate holds true:

¥ ll2 + 11l < Clleol. (6.7)
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Theorem 6.2 Let (u; p) € [H) (NH* (@)1 x (L3(QNH*(Q)) withk > 1 and
(un; pn) € Vi x Wy, be the solution of Egs. 1.1-1.3 and Egs. 3.3-3.4, respectively.
Then, the following optimal order error estimate holds true

Qo — uoll < CA* ' (lullesr + I pll)- (6.8)

Proof Since (v; &) satisfies the Eq. 5.2 with n = ey = Qgu — ug, then from Eq. 5.3
we have

(Vo @nr, VipV) — (Vo - v, Qi) = (eo, Vo) + £y (V) — 6z (v), Vv e V.
In particular, by letting v = e;, we obtain
leol® = (Vi Qnr, Vipern) — (Vo - €, QuE) — £y (en) + g (en).
Adding and subtracting s(Qj v, ep,) in the equation above yields
leoll® = a(@nv, en) — blen, Qug) — ¢y (en),

where @y £ (v) = £y (ep)—0:(ep)+s(On¥, ). It follows from Egs. 5.9, 6.5 and 5.11
that

b(en, Qp§) =0, b(Qn, en) =0.
Combining the above two equations gives
lleoll® = a(en, Q) —b(Qu. en) — Py en)-
Using Eq. 5.8 and the equation above, we have
leoll® = @u.p(Qn¥) — @y (en)- 6.9)

To estimate the two terms on the right hand side of Eq. 6.9, we use the inequalities
(A.6)—(A.8) with (w; p) = (Y¥; §), v =ep, and r = 1 to obtain

loy.z(en)| = Ch(¥ll2 + &0 lenll < Chlllenll lleoll. (6.10)

where we have used the regularity assumption (6.7). Each of the terms in ¢y, , (Qn V)
can be handled as follows.

(1) For the stability term s(Qpu, Qpv), we use the definition of Qj and (A.4) to

obtain
Is(Qnu, Qi) = | > h7'(Qp(Qou—w), Qp(Qo¥ — ¥))or
TeTy,
1/2 1/2
< | D r7'l1Qou —ull3; > hEM oy — vll3r
TeT, TeT,
< CH gt 19112

(i) Forthe term £y, (Qn ), we first use the definition of Qj and the fact that ¢y = 0
on 92 to obtain

D W — Q¥ Vu-n—Qu(Vu) -m)yr = Y (Y — Oy, Vu-m)yr = 0.

TeT, TeT,
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Thus,
1€a(Qn¥)] = | Y (Qo¥ — Qp¥r, Vu-n — Q;(Vu) - n)yy

TeTh

= | Y (Qoy — ¥, Vu-n—Qu(Vu) -m)yr
TeTh

1/2 1/2

< > hrlVa-n—Q,(Vuw) - n|; > hEM oy — vll3r
TeT, TeT,

< Ch* Ylallera 1112

(iii)  For the term 6,(Q V), we first use the definition of O, and the fact that ¢ = 0
on dS2 to obtain

D W= Op¥, (p— QupIn)ar = Y (¥ — Oy, pm)yr = 0.

TeTh TeTh

Thus, from Egs. A.4 and A.3 we obtain

10,(Qn¥)| = | Y (Qo¥ — Qp¥, (p — Qup)m)or
TeTy,
=D _(Qo¥ — ¥, (p — Qup)n)sr
TeTy,
1/2 1/2
< | > hrlp - Qupllir > hr 1Qov — vilr
TeT, TeT,
< CH Iplk vz

The three estimates in (i), (ii), (iii), and the regularity (6.7) collectively yield

A

lpu,p(Qn¥)| < CHH (s + P11V 112
R (lalliers + lplli) lleoll- (6.11)

IA

Finally, substituting Egs. 6.10 and 6.11 into Eq. 6.9 gives

leoll> < CA (Jlullesr + lpllk) leoll + Chllenll lleoll.
It follows that

leoll < CA** (lullxs1 + I plIx) + Chllenll,

which, together with Theorem 6.1, completes the proof of the theorem.
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7 Concluding remarks

This paper introduced a new finite element method for the Stokes equations by using
the general concept of weak Galerkin. The scheme is applicable to finite element
partitions of arbitrary polygon or polyhedra. The paper has laid a solid theoretical
foundation for the stability and convergence of the weak Galerkin method. There are,
however, many open issues that need to be investigated in future work. Here we would
like to list a few for interested readers to consider: (1) how the discretized linear
systems can be solved efficiently by using techniques such as domain decomposi-
tion and multigrids? (2) can the weak Galerkin scheme for the Stokes equations be
hybridized? If so, how such a hybridization may help in variable reduction and solu-
tion solving? and (3) what superconvergence can one develop for the weak Galerkin
method? (4) is the weak Galerkin method more competitive than other existing
finite element schemes in practical computation? (5) what stability do weak Galerkin
methods have in other norms such as L?, p > 1?

Appendix A

In this Appendix, we shall provide some technical results regarding approximation
properties for the L2 projection operators Qj,, Q;,, and Q. These estimates have been
employed in previous sections to yield various error estimates for the weak Galerkin
finite element solution of the Stokes problem arising from the scheme (3.3)—(3.4).

Lemma A.1 Let Tj, be a finite element partition of 2 satisfying the shape regularity
assumption as specified in [16] and w € [HrH(Q)]d andp € H' (Q)withl <r <
k. Then, for 0 < s < 1 we have

> R lw = Qowlig, < POVl (A.1)
TeTh
> hFEINVW = @, (VW17 < CR¥ w7, (A2)
TeT,
3" WElp - Qupllk, < Ch¥ lipl1%. (A3)
TeTh

Here C denotes a generic constant independent of the meshsize h and the functions
in the estimates.

A proof of the lemma can be found in [16], which is based on some technical
inequalities for functions defined on polygon/polyhedral elements with shape regu-
larity. We emphasize that the approximation error estimates in Lemma A.1 hold true
when the underlying mesh 7 consists of arbitrary polygons or polyhedra with shape
regularity as detailed in [16] and [13].
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Let T be an element with ¢ as an edge/face. For any function g € H'(T), the
following trace inequality has been proved to be valid for general meshes satisfying
the shape regular assumptions detailed in [16]:

lgl2 = € (7" Igl} + hr Vgl ) - (A4)
Lemma A.2 Foranyv = {vy, vy} € Vj, we have

> 1wl < Clivll, (A5)
TeTh

Proof For any v = {vg, vy} € Vj, it follows from the integration by parts and the
definitions of weak gradient and Qyp,

(Vvo, Vvo)r = —(v0, V- V)T + (vo, VVg - )7
—(vo, V- Vvg)1 + (Vp, Vo - M)y + (Vo — Vi, Vg - M)y

(VwV, VVo)T + (QpVo — Vb, VVo - D)y7.

By applying the trace inequality (A.4) and the inverse inequality to the equation
above, we obtain

1
IVvollz < C (IIVwVIITIIVVOIIT +hy?1Qpvo — VbllaTIIVV0||T> .
Thus,
2 2 -1 2
19v0ll3 = € (IVuVIF + 7' 105%0 = voll37 )
which gives rise to Eq. A.5 after a summation over all T € 7j,.
Lemma A3 Let | <r < kandw € [H () and p € H () and v € V).

Assume that the finite element partition Ty is shape regular. Then, the following
estimates hold true

Is(Qnw, v)| = Ch"[Iwlly41lIvIl, (A.6)
Ly < CR" w411V, (A7)
16,1 =< Chllpll-lIvil, (A.8)

where £y, () and £,(-) are two linear functionals on Vj, given by

Ge®) = Y (vo—vp, Vw-n — Qu(VW) - n)yr, (A.9)
TeTh

o) = D (vo — b, (0 — QupIn)ar. (A.10)
TeTh
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Proof Using the definition of Qj, (A.4) and (A.1), we have

s(Qnw, VI = | > h7'(Qp(Qow) — QpW, QpVo — Vh)ar

TeTy

= | Y h7'(Qn(Qow — W). Quvo — Vi)ar

TeTy,

= Z h;] (Qow —w, Opvo — Vp)ar

TeTh
1/2

< | D &2 1Qow — wilF + IV(Qow — WII7)

TeTh

1/2
—1 2

> hr1Qsvo — Vi li3r

TeTh
< CH W41 lIVII-

It follows from Eqs. A.4 and A.2 that

W) = [ Y (Yo = Vb, VW-n—Q;(VW) - n)yr
TeT,

IA

> (Yo — Qpvo. VW -n—Q; (VW) -m)sr

TeT

+ | Y (QsV0 — Vb, VW-n—Qu(VYW) -m)yr|.
TeTh

To estimate the first term on the righ-hand side of the above inequality, we use
Egs. A.4, A2, A.5 and the inverse inequality to obtain

> (vo— Qpvo. VW -n — Q,(YW) - m)yr

TeT
< C Y hr|Vw-n—Q,(Vw) -nlyr | Vvollar
TeTh
1/2 1/2
< | X hrlivw-n—Qu(Vw) ml3; > Ivvoll7
TeTh TeTh
< CH W41Vl
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Similarly, for the second term, we have

IA

IA

> {QpV0 = Vb, VW n— Q4(VW) - m)yy

TeTh
1/2 1/2
C Y rrlivw-n—Qu(Vw) -nl3; > h 1Qsvo — Vi li3r
TeT, TeT,

Ch" w41 llvil-

The estimate (A.7) is verified by combining the above three estimates.
The same technique for proving (A.7) can be applied to yield the following

estimate.
0, = | > (vo— Vb, (p — Qup)n)ar
TeTy
< Chlipllr vl
This completes the proof of the lemma.
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