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Abstract

In this paper, we extend the Bernardi-Raugel element [1] to convex polygonal meshes by using the
generalized barycentric coordinates. Comparing to traditional discretizations defined on triangular and
rectangular meshes, polygonal meshes can be more flexible when dealing with complicated domains or
domains with curved boundaries. Theoretical analysis of the new element follows the standard mixed finite
element theory for Stokes equations, i.e., we shall prove the discrete inf-sup condition (LBB condition) by
constructing a Fortin operator. Because there is no scaling argument on polygonal meshes and the generalized
barycentric coordinates are in general not polynomials, special treatments are required in the analysis. We
prove that the extended Bernardi-Raugel element has optimal convergence rates. Supporting numerical results
are also presented.

Keywords: Mixed finite element method; stokes equations, generalized barycentric coordinates.
1 Introduction

Let 2 © R? be a polygon. We consider the following Stokes equation:
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—Au+Vp=f ing,
divu=20 inf, (1.1)
u=20 on 41,

where u is the velocity, p is the pressure, and f is the given body force.

When discretizing Equation (1.1) using the finite element method, the discrete spaces for the velocity and the
pressure need to be stable, i.e., satisfying the discrete inf-sup (LBB) condition, in order for the method to
converge. Readers may refer to the books [2,3] and references therein for the numerous works in this area. On
two dimensional triangular/quadrilateral meshes, the discretization using continuous piecewise linears/bilinears
for the velocity and piecewise constants for the pressure, which we will call the PIPO/QIPO element, does not
satisfy the LBB condition. However, researchers have long being aware that the actual performance of the
PIPO/QIPO element is mesh dependent. The PIPO element does not converge at all on most meshes except for
the criss-cross ones (see Example 8.10.2 in [4]), on which it behaves similarly to a QIPO elemen- t defined on
the underlying quadrilaterals. The QIPO element is equally complicated. Using a macro-element technique [5],
on regular quadrilateral meshes one can prove that the QIPO element gives optimal approximation for the
velocity, while the pressure often admits the so-called “spurious modes” [6,7]. Moreover, numerical experiments
have shown that on general distort- ed quadrilateral meshes, the spurious pressure mode may disappear. So far
there is no theoretical explanation for this yet (see Section 8.10.2 in [4]). But from the numerical point of view,
such a phenomenon intrigues a question on how a similar discretization would behave on regular and irregular
polygonal meshes. And if is not sable, is it possible to make it stable by the well-known technique of adding
bubbles to the velocity space?

In the last decade, polygonal/polyhedral meshes have gained considerable attention in the scientific computing
community partly due to their flexibility when dealing with complicated domains or domains with curved
boundaries. By using the generalized barycentric coordinates (GBC- s) [8, 9, 10, 11, 12], researchers have
extended the P1/Q1 conforming finite element to general polygonal meshes [13,14,15]. Based on these, it is
indeed straight-forward to extend the PIPO/QIPO element to polygonal meshes.

In [16], Talischi et al. investigated a direct extension of the PIPO/QIPO element to polygonal meshes. Following
an argument given in [17] for the mimetic finite difference method, they get a sufficient condition for the
discretization to be stable: that is, if every internal vertex in the mesh is connected to at most three edges. The
stability is not clear on meshes that do not satisfy this condition, and it certainly fails on most triangular and
quadrilateral ones. Later, in [18] Vu-Huu et al. considered an extension of the PIPI element, where both the
velocity and the pressure are discretized by continuous piecewise GBCs. Since one would not expect the PIPI
element to be stable in general, a stabilization term based on the polynomial pressure projection [19] is added to
ensure the convergence of the discretization. The same authors of [18] also considered an extension of the MINI
element in [20], which is essentially the extended PIPI element with element-wise bubbles added to the velocity
space. Unfortunately, although the MINI element is stable on triangular meshes, numerical calculation has
shown that the extended MINI element (with its particular choice of bubbles) is not stable in general. Again, a
stabilization is required to ensure the convergence of the discretization.

We notice that previous extensions given in [16, 20, 18] require either special meshes or stabilizations in order
to converge. The aim of this paper is to construct a stable finite element discretization for the Stokes equation
(1.1) on arbitrary polygonal meshes, by simply adding bubbles to the velocity space of the extended PIPO/QIPO
element. To this end, we borrow the idea from the Bernardi-Raugel (BR) element [1]. On triangular and
quadrilateral meshes, the BR element is essentially the PIPO/QIQO element with edge bubbles added to the
velocity space. We extend this element to polygonal meshes using GBCs. We shall prove that the extension
satisfies the LBB condition on arbitrary convex polygonal meshes and thus provides optimal approximation to
both the velocity and the pressure. The analysis follows the standard one for the triangular/quadrilateral BR
element, but requires many modifications because there is no scaling argument on polygonal meshes and the
generalized barycentric coordinates are in general not polynomials.

The paper is organized as follows. In Section 2, we present the definition of GBCs and construct a Clément
interpolation associated with the GBCs. We also prove the stability and approximation property of the Clément
interpolation. In Section 3, the extended BR element is defined, with its well-posedness and approximation
properties analyzed. Finally, in Section 4, supporting numerical results are presented.

63



Chen; JAMCS, 36(4): 62-78, 2021, Article no.JAMCS.68717

2 Generalized Barycentric Coordinates and the Clément Interpolation

In this section, we briefly introduce the generalized barycentric coordinates [8, 9, 10, 11, 12], and then define a
Clément type interpolation [21] associated with the GBC.

Let T  R? be a polygon with vertices v;, 1 < i < n, ordered counter-clockwise. We use modular arithmetic to
extend the index i beyond the range of {1, ..., n}, for example, setting v, = v,, v,,1 = v, etc. Functions 4;, for
i =1, .., n,are called the a set of GBCs on T, if they satisfy

(1) (Non-negativity) All A;, for 1 < i < n, have non-negative value on T;
(2) (Linear precision) For any linear function L(x) defined on T, one has

L(x) =X L(w)A(x), forall x € T.

The linear precision property is equivalent to the combination of the unit decomposition and the Lagrange
properties [9]:

=i = LY v = x. .1
It is clear that span{l;, 1 < i < n} contains the space of all linear polynomials.

When n = 3, there is a unique GBC that is the traditional barycentric coordinates. When n > 4, there are more
than one GBCs. As an example, we present the formula for the Wachspress GBC [11], which is defined only on
convex polygons. Denote by e; the edge of T pointing from v; to v;, 4, and by n; the unit outward normal vector
on the edge e;. For a point x € T, denote by h(x) the distance from x to the edge e;, i.e., h;(x) = (v; — x) - n;.
Then a formula for computing the Wachspress GBCs, given by Meyers et al. [22], is

wi(®)
w(x)’

Ai(x) = (22

where

Ni-1 ni
i1 (%) Ri(x)

w;(x) = det Jand W =Y w;.
When T is a triangle, the Wachspress GBC is identical to the traditional barycentric coordinates. On general
polygons, it consists of rational functions by definition.

By definition, the value of A; on the jth vertex of T is §;;, and the restriction of A; on an edge of T is linear. This
makes GBCs suitable for constructing H* conforming finite element spaces. To this end, we first introduce the
standard notation of Sobolev spaces. On a given set T c R?, denote by H5(T) the usual Sobolev space equipped
with the norm || . |57 and the semi-norm | . |s7. When s = 0, H°(T) coincides with the square integrable space
L?(T) and we simply denote the L2 norm on T by || ||;. Denote by )7 and <-, -> T the L? inner-product and the
duality form, respectively, in T. When T = (2, we suppress the subscript T in the norm and the inner-product, for
example, || . |[s = || - llsq Il - I=1l.1lq, and (., )=(. , ) . Denote by H5(£2) the closure of Cg°(£2) in H® for
s >0, and by L2 () the mean value free subspace of L?. Finally, all the above-defined notations can be easily
extended to vector and tensor spaces, using the usual tensor products.

Let 73, be a polygonal mesh on the domain £2. For simplicity, we assume that all polygons in J;, are convex. For
each T € 7, denote by hy the diameter of T, by pr the diameter of the largest disk in T such that T is
star-shaped with respect to, and by h, r the minimum distance between a vertex of T and a non-incidental edge,

ie., fer= min A,;l,‘i}]‘,f hj(v ")). We assume that 7}, satisfies the following regularity assumptions:

(H1) There exists a constant C > 0 such that hy < Cpy forall T € T,;
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(H2) There exists a constant C > 0 such that h, = Chy forall T € Tp;

(H3) The number of vertices of each polygon in J}, is uniformly bounded above.

(H4) 73, is quasi-uniform with the characteristic size j, 2 maxrer, hry i.e., there exists a constant C > 0 such
that hy = Ch forall T € J;,.

Remark 2.1. Assumption (H2) immediately implies that each edge of the mesh Ty, has length greater than or
equal to Chy. When T is convex, assumption (H2) also implies assumption (H3) . Here we list them separately
to facilitate later discussions.

Since 7}, is quasi-uniform, we will use h instead of hy in the rest of the paper. On a convex polygon T,
assumption (H1) immediately implies the bramble-Hilbert lemma [2]

inf|v = xlr < ChT¥|v|gr, for 0 <k <gandv € HI(T), T € T, (2.3)
X € P(T)

and by [23], conditions (H1) and (H3) imply the following trace inequality

lvl3r < C(R7Yv||% + h|IVv||2) , forall v € HY(T), 2.4
where the general constant C in both (2.3) and (2.4) is independent of h or the shape of T.
The GBCs have bounds 0 < 4;(x) < 1 for all x € T. Moreover, a gradient bound has been proved in [24,25,26]
for Wachspress, Sibson, and mean value coordinates. This bound is essential to the finite element analysis to be

given later.

Lemma 2.1. On a convex polygon T satisying assumptions (HL) — (H4) , the Wachspress, Sibson, and mean
value coordinates satisy

n
sup ¥ |VAi(z)| < Ch7Y,
where C is a constant independent of h or the shape of T.
Proof. The proof for the Wachspress coordinates can be found in [24], with the right-hand side of the inequality
being 4/h, r. For the Sibson and mean value coordinates, their gradient bounds follow from a simple uniform
scaling of Lemma 7 in [25] and Theorem 1 in [26], respectively. Although the mean value coordinates can be

defined on nonconvex polygons, but the proof in [26] is only for convex polygons.

The gradient bounds for the Sibson and mean value coordinates hold even if (H2) is replaced by a weaker
assumption that all edges of the polygon have length greater than Ch. o

Then, we define an H* conforming finite element space on 7}, as follows:
Ap, ={v € C°Q) such that v|t € Ay forall T € T;,} € HY(Q)

where A; = span{4;,1 < i < n}is spanned by the GBCs on T. It is clear that a function in A is uniquely
determined by its values at all vertices of 7;,. Similarly, one can define a subspace of H3 (Q) as follows:

Agp ={ v € Ay, such that v|5, = 0}.

It is well known that a nodal value interpolation into A, or Ag j, requires H*(Q) functions, with s > 1. It can not
be defined on H! A popular substitution is the Clément interpolation [21, 27]. The Clément interpolation has
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been well-studied on triangular and rectangular meshes. But we have not found any related work for GBCs
defined on polygonal meshes. Given that the GBCs are no longer polynomials and the scaling argument does not
work on polygons, it is necessary to carefully examine the definition and the approximation error of the Clément
interpolation for GBCs. The details are given in the rest of this section, which basically follows the analysis in
the original paper by Clément [21] but with some modifications to adapt to the GBC case.

Denote by V, the set of all vertices in 7}, and N the cardinality of 1%,. Without loss of generality, we assume that
the first N, vertices lie in the interior of {2 and the rest lie on 842. Let {¢;}_, be a set of basis for /A, satisfying
(pi(vj) = 6’-1 forj = 1, ey N Let

S; = suppp, N 1,
and denote by P, (S;) the space of all polynomials with degree no more than k on S;. Let Q; : H*(S;) = P,(S;)

be the L? orthogonal projection. Define the Clément interpolations IT : H* (Q) = A, and Iy : Hy (Q) — Aqp, as
follows:

v =YY, Qi v(v)e; and Tyv = £°, Q; v(v)g;. (2.5)

In order to carry out the interpolation error analysis for IT and I1,, we make two additional assumptions on the
mesh:

(HS) Each S; intersects with only a finite number of polygons in .

(H6) Each S; contains a disk centered at v; with radius 73, is star-shaped with respect to the disk, and there exists
a constant C > 0 such that h < Cr; for all S;.

Then by [2], the Bramble-Hilbert lemma holds on S;, that is

inf  |v—xlrs, < (’h"'ﬂv\,t“g,. for0 <k <gandv e H(S;), (2.6)
XEP;(S;)

where the constant € depends on the ratio h/7; but not on the shape of S;.
Now, we can prove the following H? stability of the local L? projection:
Lemma 2.2. Under the condition (H6) , one has

|Qivl1s; < Clvlys,, forall v € HY(S)) ,
where the constant C is independent of'S;.

Proof. This result is known on triangular meshes, for example, see Lemma 3.3 in [28]. However, the proof needs
to be modified on pol ygonalA meshes since the standard scaling argument no longer works. We define a

reference polygon S; through magnifying S; by a factor of % Then, condition (H6) ensures that $; lie between
=0().
Denote by V the value of function v on $;, and §; the L?-projection onto P; (S;) . A simple calculation shows that

|Qﬂf

where we used the norm equivalence on finite dimensional vector spaces and hence the constant C depends only
on the radius of B, and B; but not on the shape of S;. Since §; maps any constant function a to itself, one has

. . . . . . { . . . nax . h
two concentric disks, an inner disk B, with radius % = 0(1) and an outer disk B; with radius — TS

1.5, < C||Qid| B, < C|Qid

s

1.8 < [Qiv

éi S 1,3,1’

0

v — CLHLS‘,» S C

Qit]y ¢, = Inf |Qi(0 —a)], g, < C inf 1,607

66



Chen; JAMCS, 36(4): 62-78, 2021, Article no.JAMCS.68717

where in the last step we have used the Bramble-Hilbert lemma (2.6) on S;.

Noticing that under the uniform scaling one has |Q;v]ys, = |Q;V |15, and |v]y5, = |V]1s,, this completes the
proof of the lemma. o

In the rest of the paper, we shall always assume that the mesh contains convex polygons and satisfies
assumptions (H1) — (H6) . Next we can prove the main estimates of the Clément interpolations /1 and IT;,.

Theorem 2.1. For each T € T, one has
v =W |r < ChO ™ |v| s, for k = 0,1,q = 1,2 and v € H1(Q)
where C is a positive constant independent of T, h or v, and
ST = U Si'
VL'ET

Proof. Without loss of generality, denote by v;, 1 < i < n the vertices of T. Then by (2.1) one has

L

lv — vl =
i=1 kT
<=2 Qe+ (Qw - Q)
=1 RT =2 kT (2.7)
= v = Quulpr+ D (Qrv — Qiv)(vi)g:
i=2 e
< o= Quol 5, + Y (Qv — Qiv)(vi)pi
=2 kT

We first estimate the term |v — Q1| s, . For k = 0, by the Bramble-Hilbert lemma one has

lv — Quvlls, = infllv—xlisy < chi|v|gs,-
X € Pi(S1)

For k = 1, again by the Bramble-Hilbert lemma we know that for each v there exists a y € P;(S;) such that
|v = xl15, < Ch?7|v|4s,. Then, by Lemma 2.2 and the fact that Q; ¥ = x one gets

[v—Qivlys, S v =xlis, T 1010 = Dlis, S Clv—xlis, < ChI Hvlgs,.
Combining the above, one has
v — Quvlis, < ChRI¥|v|gs, < ChI7¥|v|gg,.

Then we consider the second term in the right-hand side of Inequality (2.7). Since the values of all 4; lie in [0,1]
and V4; are bounded as in Lemma 2.1, by the regularity assumption of the mesh, it is clear that

|@;lr < Ch*¥ for k = 0,1. (2.8)

Denote by v, the center of the largest disk in T, and K; the triangle formed by vertices vy, v; and v;,,. By the
regularity assumption of the mesh, obviously each K; is also a regular triangle, i.e, all three edges of K; have
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length of O(h) and the largest internal angle of K; is bounded away from m. Note that Qv — Q;v is alinear
polynomial. By the scaling argument on K;, one has

1(Q1v — Q) (W)| < Ch7H[|Qrv — Qivllok,
S Ch(llv - QuVllok; + lv — Qivllok,)
< Ch7'(llv = Qvllos, + llv = Qivllos,)
< ChT7(|vlgs, + [vlgs)
< Cha7Yw| g s,

Therefore

n n
1D (0 = )@@l < € ) hT* [vlgs, = Cn = DRI [l
i=2 i=2

Combining the above and using assumption (H3), we have
[v = I |jr < ChT7¥|v| s, + C(n — DI |y 4. < CRT7*|v] 4 5,
This completes the proof of the theorem. O
Corollary 2.1. For k = 0,1 and q = 1,2, the Clément interpolation Il satisfies
|v— 1l |, < Ch9™*|v],, for allv € H1(Q) . (2.9)
In particular it has the following H* stability:
[Iv]; < Clv|y, forallve HI(Q) . (2.10)

Proof. Equation (2.9) follows directly from Theorem 2.7 and conditions (H3), (HS5). Equation (2.10) follows
from (2.9) with k = g = 1 and a triangle inequality. O

Theorem 2.2. For k = 0,1 and q = 1,2, the Clément interpolation Il satisfies |v — Ilyv|;, < Chq_k|v|q,for all
vEH(M)NHIQ).

In particular it has the following H* stability:
|[Myv|, < C|v|i,forallv e HY O N HIW) .

Proof. By Corollary 2.1 and the triangle inequality, We only need to prove
|(TT = Mo)vl, < ChT™|vl,.

Noticing that [lv and [T, v are identical on internal polygons, thus it reduces to proving
|(1T = 1) vy < CRI* || 45,

for all T € 7}, satisfying T N 802 # @. Without loss of generality, assume the first m vertices of T lie on 002.
Then by (2.8) one has

m m m
|1 = oYvlir = 1) Quv@deilir < ) 1Qw@dlIgidir < CHF D [ Q)]
i=1 i=1 i=1
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For each v;, i = 1, ..., m, there exists an edge y; € dT N 042 such that v; is an end of the edge y;. By assumption
(H2), the length of y; is of O(h) . Using the scaling argument on y;, the fact that v = 0 on 02 and the trace
inequality (2.4), one gets

Q)| < CR2[1Quwllo,, = CR™Y?|lv = Qivlloy,

< Ch7Hlv = Qwllr + v — Qilvr)
< ChI71|v|ys,

Combining the above, this completes the proof of the theorem. o

3 Finite Element Approximation

In this section we construct a polygonal finite element discretization for the Stokes equations using the
generalized barycentric coordinates. The element is an extension of the Bernardi-Raugel (BR) element [1] as it
is degenerates to the BR element on triangles.

Let U = (H3(2))? and V = L2 The variational form of Problem (1.1) can be written as: Findu € U andp € V
such that

a(w,v) +bw,p) = (f,v) forallvel, 31
{b(u, q) =0 forallg €V, (3.1

where
a(u,v) = (Vu,Vv) and b(v,q) = —(div v,q) .
It is well-known that Problem (3.1) admits a unique solution. Given finite dimensional sub- spaces U, < U and

Vi, €V, one can define the finite element discretization to Problem (3.1) as: Find u, € Uy and p, € V, such
that

{a(uh, v)+bWw,py) = (f,v) forallveU, (.2)

b(uy,q) =0 forallg € V.
3.1 Finite element spaces

We first define the finite element spaces U, and V;,. Consider an element T € J;, with n vertices. Define on T a
set of vector-valued functions

w; = niAidiq fori=12,..n,
where {4;}1-, is a set of GBCs defined on T and n; is the unit outward normal vector on the ith edge e; of T.
Note that w; vanishes on d2\e;. Then, we introduce the local finite element space for the velocity on T as
follows:
Ur = A2 @ spanfw;,i = 1,2,n}.
It is clear that di m(U;) = 3n. Define the degrees of freedom for Uy by
the firstconponent of w(v;) fori=1,..,n,
the secondconponent of w(vy)fori =1,..,n, (3.3)

1

|eilfeiw-nids fori=1,..,n,

where |e;| is the length of edge e; and w is a vector-valued function on T.
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Lemma 3.1. 4 function w in Ur can be uniquely determined by the degrees off reedom given in (3.3). In addition,
on an edge e;, the value of w depends only on the degrees offreedom associated with e;, i.e., w(v;), w(v) and
1

el fei w - n;ds.

Proof. For the unisolvency, it is sufficient to prove that when all degrees of freedom in (3.3) vanish, then w = 0.

Consider
n n O
A
w =Zaiwi+2[)’i [OL] +Zy" [AL:I € UT'
i=1 i=1

3

i=1

Since w; vanishes on all vertices of T, it is clear that w(v;) = 0 for all i immediately implies that 8; = y; = 0,
fori =1, .., n. We are left with w = Y7, @; w;. Since w; vanishes on all edges except for e;, one has

0=f W-nids=f
ej ej

a;w; - nids = Q; /11' /‘lH_ldS,
i i €i

which further implies that a; = 0 for i = 1, ..., n. Therefore w = 0.

Likewise, when w(v;) = w(v;;1) =0 and fe_ a; w; -nyds =0, we can easily deduce that w|,, = 0. This
L
completes the proof of the lemma. o

Lemma 3.1 guarantees that the local finite element spaces Uy can be glued together into an H' conforming
global finite element space:

Up, ={v € Usuchthat v|t € U for T € T}, }.
The space Uy, can be viewed as A3 j, plus edge bubbles, one for each interior edge. Thus
di mU,, = 2 #( # of interior vertices in J;,) +( # of interior edges in )

We shall use U, to discretize the velocity. The pressure will be discretized using the space of piecewise
constants, that is,

Vi ={ q € Vsuchthat q|t € Py(T) for T € T;,}.
3.2 The discrete inf-sup condition

Following the standard mixed finite element analysis [4,3], one obtains the well-posedness and the
approximation property of Equation (3.2) if the dis- crete spaces U, and V), satisfy the inf-sup condition

sup kv, ) > Cllpll for all p € V/,. (3.4)

velUy, HUH1

In this section, we prove (3.4) by constructing a Fortin operator from U to Uj,.

With a little abuse of the notation, we extend the Clément interpolation I1, : H} (Q) — Ao, to the product
spaces I : U — A%,h. Then, we define a Fortin operator m;, : U = U,, by:

{nhu(v) = lyuy(v) foreachvertexvof T, 35)

fe (rpu—1u)-nds foreachedgeeof T,

By Lemma 3.1, it is easy to see that ;, is well-defined. Moreover, we ha
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Theorem 3.1. The operator my, satisfies

(commutativity) b(mpu —u, q,) = 0 for allu € U and q; € Vy,
(stability) \mpu|y < Cluly forallu € U,

(approximability) |u — wpu|, < Chlu|, for allu € U N (H%(Q))?

Proof. By the Green’s formula and the definition of m;,, one has

b(mpu —u,qy) = —f qp di ¥mpu — u)dx
0

- Z th di mpu —u)dx

T€ETR T
=—thf (mpu —u) - nds
TETR ar

=0.
This completes the proof of the commutativity for the Fortin operator.
Next, to prove the stability of the Fortin operator, it suffices to prove that
|Thu — ulyr < Clulys,.

For T € 7}, from the definition of the Fortin operator it is clear that

n

mau — Ilyu = Z a;w;,

i=1

with

~ fei (u — ) - n;ds ~ fei (u — Myu) - n;ds

a;
fei w; - nidS fei Ai ).H_lds

6
=HL (u —Iyu) - n;ds.

By the Schwarz inequality, Assumption (H2), the trace inequality (2.4) and Theorem 2.2, one immediately gets

6 1 1
;| < ﬁ(leilzllu —Ioulloe,) < Ch2|lu — Houllge,
L
< C(h7Hlu = Houllor + [u = Mouly7) (3.6)
< Cluly,s,-
Using the triangle inequality, one has
|Tpu —ulyr = [Hou —u+ Xt @y wilyr
n
< [Mou —ulyr + |Z a; Wilyr
i=1

By Theorem 2.2, the first term in the right-hand side of (3.7) satisfies

[Mou —u|yr < C|u|1,sT

3.7)

(3.8)
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For the second term, note that by 4; < 1 on T and Lemma 2.1,
Wilir = [nididisalir < CIIV(AidivDllor
= Cll4V A1 + e VAlor
3.9)
< CUIV Azsallor+ IV Aillor)
< C|T|%h‘1 <C.

Combining the above gives |mpu — u|y 7 < Clu|yg,. This together with assumptions (H3) and (H5) completes
the proof of the stability for 1},.

Finally, we prove the approximability. Note that when u € U N (H?(Q))? inequalities (3.6) and (3.8) can be
improved into

la;| < Chluly s, [Tou — ulyr < Chluly s,

These, combined with assumptions (H3), (H5) and inequalities (3.7), (3.9), give the desired ap- proximability
estimate. O

Since the Fortin operator 7;, is commutative and stable, it is standard [4, 3] to show that

Corollary 3.1. The finite element spaces Uy, and Vy, satisfy the inf-sup condition (3.4). Conse- quently the
discrete problem (3.2) admits a unique solution.

3.3 Error estimates

In this sub-section, we derive the error estimates for the discrete problem (3.2). Since the finite element spaces
Uy, and V, satisfy the discrete inf-sup condition (3.4), by the standard mixed finite element theory [4, 3] one has

_ —mll < inf |lu— inf [|p— g
I —wplls + lp — pall < (JQU,,H” 1P|I|+qlen\.hl1p q\l) (3.10)

where u and p are solutions to the variational problem (3.1) and u;, and p;, are solutions to the discrete problem
3.2).

Using the approximability of the Fortin operator, one has

inf |Ju—| < |lu—mu|; < Chluls.
el
Using (2.3), we get
inf [lp — gl < Chlpls.
qEL’h

Combining the above, this gives the optimal error estimate in the energy norm:

Theorem 3.2. Let (u, p) and (uy, py) be the solutions to (3.1) and (3.2) respectively then

lu = unlly + [lp = prllo < Ch(lul +Ipl1) - (3.11)

Next, we derive an L? error estimate for the velocity. To this end, we first introduce a dual problem
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—Axy+Vn=u-u, inQ,
dig=0 i 10, (3.12)
x=0 ondQ,

When 2 is convex, the dual problem has full regularity [3], i.e., y € (H3(2) N H2(2))? andn € L3(Q) N H ()
satisfy

lxllz + 1Inlly < Cllu — upll. (3.13)
Theorem 3.3. When the dual problem has full regularity (3.13), one has

llu = unll < CR2(lul; + Iply) -
Proof. The proof is standard. By subtracting (3.2) from (3.1) one gets

{(V(u —up),Vv)—(diw,p—p,) =0 forall €U,
(diu—uy),q)=0 foral lg € V..

Denote by @, : V = V}, the L? orthogonal projection. Then we have

lu — upll® = (u—up,— A x + Vn)
=V —w), Vx) — (di fu—uy),n
=V(u—u), V(x —mx)) + (dimy), p — pr) — (di (u —up),n — Qpn)
=WVu—up), Vx —mx)) + (diy —mx),p — pr) — (di u —up),n — Qpn) .

Using the Schwarz inequality, Theorem 3.2, the Bramble-Hilbert lemma (2.3) and the regularity (3.13), we get

llu = upll? < Ch2(Julz + Ipl)(x12 + Inl) < CR2(Jul; + IplDIIu — upll.

This completes the proof of the lemma. o
4 Numerical Example

In this section, we test the performance of extended BR element using the following example problem:

Example. Set 2 = (0,1) X (0,1) and the exact solution

in(2 2
= (SR ) st

where a,, a, € R are parameters that can be adjusted later. For now we simply set a,, = a, = 1. Note that the
pressure is mean-value free.

In all numerical experiments, we use the Wachspress coordinates to build the extended BR element. The results
are compared with numerical results from the extended PIPO/QIPO element [16] built again with the
Wachspress coordinates. For simplicity, in the rest of this section we shall address the extended PIPO/QIPO
element by Pl F0 element” and the extended BR element by “BR element”. Note that the only difference
between the construction of the BR element and the PIPO element is the presence of edge bubbles. We have
proved that the BR element is stable on polygonal meshes, while the PIPO element is in general not.

We compare the convergence rates of the BR and the PIPO elements on four types of meshes as shown in Fig. 1:
uniform rectangular, pentagonal, hexagonal meshes and the centroidal Voronoi tessellations (CVTs) [29]. The
CVT is a type of Voronoi tessellation where the generator of each polygon is identical to the barycenter of the
polygon. Each internal vertex of a CVT mesh is connected to at most three edges. We point out that this is also
true for the hexagonal mesh in Fig. 1. Thus according to [16], the PIPO element is stable on the hexagonal and
CVT meshes. It is known that the PIPO element is not stable on uniform rectangular meshes. Although it does
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give optimal approximation for the velocity, but the pressure admits a check-board type spurious mode [6, 7].
The remaining one is the pentagonal mesh, on which we do not have any theoretical knowledge about the
stability of the PIPO element.

Fig. 1. Different meshes with approximate size h = 0.25. From left to right: (1) a uniform rectangular
mesh; (2) a uniform mesh consisting of mostly pen- tagons; (3) a uniform mesh consisting of mostly
hexagons; (4) a CVT mesh

. lu-u o : lIp-p 4l
10 @ 10
<-P1P0 F&-P1P0
Ton
51072 E 10
O(h 1.32 )
: 1074 : 102
1072 107! 10° 102 107! 10° 1072 107" 10°
h h h
Fig. 2. Convergence rates on the rectangular mesh
) luu i : lIp-p g
10 10
&-P1P0
—+BR @
10°
5 102 5
107
10* 102
10° 102 107" 10° 102 10°
h
Fig. 3. Convergence rates on the mostly pentagonal mesh
111 1 1 . -
We run the test forh = -, -, — —, — , and report the errors for both the velocity and the pressure in Figs. 2-5.

4’ 8" 16’ 32’ 64

From the figures we see that the BR element and the PIPO element behaves almost the same on pentagonal and
CVT meshes, on which the PIPO element is known to be stable. On uniform rectangular meshes, the pressure
computed using the PIPO element is polluted by the check-board spurious mode and hence its convergence rate
is not calculated. The most interesting part happens on pentagonal meshes, on which the BR and the PIPO
elements give significantly different error for the pressure, as shown in Fig. 3. We also emphasize that since the
BR element is stable on arbitrary convex polygonal meshes, in all numerical tests it gives optimal convergence
for both the velocity and the pressure. The convergence rate of the pressure appears to be greater than the known
optimal rate O (h) for piecewise constants, which is another interesting issue and will be investigated later.
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Fig. 4. Convergence rates on the mostly hexagonal mesh
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Fig. 5. Convergence rates on the CVT mesh

To further examine the difference between the BR and the PIPO elements on pentagonal meshes, we solve the
test problem with a, = 0. This sets the exact pressure p = 0 while the exact velocity remains unchanged.
Without the interference of the physical pressure, the graph of the numerical pressure will clearly reveal
spurious modes, if there is any. We draw the numerical pressure, computed using the BR element and the PIPO
element, respectively, in Fig. 6. From the graph, it is clear that the numerical pressure of the PIPO element
exhibits strong oscillations especially near df2, while the numerical pressure from the stable BR element
behaves much better.

Finally, we explore the seemingly unreasonable fact that the convergence rates of the pressure in Figs, 2-5 all
exceed O (h) , the optimal rate that can be achieved by piecewise constant approx- imations. Similar phenomena
have been observed before in [16, 20, 18]. In our implementation, ||p — py|| is computed using high order
Gaussian quadratures on the sub-triangulation of mesh elements. Therefore, this is not a super-convergence
caused by using low-order numerical integra- tion. Recall it is generally known that if the exact solution has
p = 0, some finite elements for the Stokes equations can achieve better convergence rates. For example, the
P2P0 element has only first-order overall convergence but it behaves like a second order element if the exact
pressure is 0. Based on this knowledge, we examine the convergence rate of the BR element on CVT meshes
under the following settings:

(1) a, = 1,a, = 0, which means the exact solution has p = 0;
Qa,=a,=1;
(3) a, = 0,a, = 1, which means the exact solution has u = 0.
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BR: pressure P1PO: pressure

Fig. 6. Spurious modes in the numerical pressure

The results are reported in Fig. 7. Note that both |u —uy|; and |[u — uy||o still have the same optimal
convergence rates, while the actual error becomes much smaller when the exact solution has u = 0. This is
understandable. It is interesting that the convergence rates for ||p — pp||, seem to vary from o(h'°?) for the
u = 0 case to o(h¥®7) for the p = 0 case. We point out that the o(h) convergence rate, i.e., the worst-case
scenario, is around the optimal convergence rate guaranteed by the theory. It occurs when p is dominant. As the
exact pressure decreases to 0, the convergence rate of ||p — py||o increases. Our conjecture is that an improved

error estimate can possibly be proved for the extreme case when p = 0. This makes a good topic for future
research.

wu 5 llu-u o B 4l
_e..ap=0
100 ./‘.d/i:i 8,78,
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@ % @ e
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Fig. 7. Convergence rates on the CVT mesh, with different values for a, and a,..

5 Conclusion

In this paper, the mixed finite element method for Stokes equations on polygonal meshes is discussed in detail.
By using the generalized barycenter coordinates, the Bernardi-raugel element on triangular meshes is extended

to polygonal meshes. It is proved theoretically and numerically that the method is stable, that is, it satisfies the
discrete LBB condition.
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At present, we regard the finite element on polygonal mesh as an extension from triangular element and
rectangular element to general convex polygon, which is not only a good supplement to the existing methods, In
the future, we will consider how to construct Higher-Order Finite Elements on polygonal meshes and how to
extend other finite elements on traditional triangular meshes to polygonal meshes
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