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Abstract. In this paper, we develop and analyze two stabilized mixed virtual element
schemes for the Stokes problem based on the lowest-order velocity-pressure pairs (i.e.,
a piecewise constant approximation for pressure and an approximation with an accu-
racy order k=1 for velocity). By applying local pressure jump and projection stabi-
lization, we ensure the well-posedness of our discrete schemes and obtain the corre-
sponding optimal H!- and L?-error estimates. The proposed schemes offer a number of
attractive computational properties, such as, the use of polygonal/polyhedral meshes
(including non-convex and degenerate elements), yielding a symmetric linear system
that involves neither the calculations of higher-order derivatives nor additional cou-
pling terms, and being parameter-free in the local pressure projection stabilization.
Finally, we present the matrix implementations of the essential ingredients of our sta-
bilized virtual element methods and investigate two- and three-dimensional numeri-
cal experiments for incompressible flow to show the performance of these numerical
schemes.
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1 Introduction

Incompressible Stokes flow, as one of the most important and valuable problems, in-
volves many practical applications, such as oil exploration, pipeline transportation, sed-
imentation, modeling of bio-suspensions, construction of efficient fibrous filters, and de-
velopment of energy efficient micro-fluidic devices. Due to the limitations of fluid ex-
periments, using computer-based numerical simulation remains an effective and flexible
method in practical applications. The classical finite element method, especially with the
lowest-order conforming pair (i.e., piecewise linear/bilinear C’ velocities and piecewise
constant pressures) with convenient construction (i.e., simpler shape functions) and fast
implementation (i.e., fewer degrees of freedom), has become the preferred solution for
such problems; see, e.g., [1-4] and the references cited therein. However, an important
fact is that the lowest-order velocity-pressure pairs violate the LBB [5] (inf-sup) stability
condition, which often leads to unphysical pressure oscillations. To overcome this diffi-
culty, a series of methods have been developed, such as penalty methods [6-8], consis-
tently stabilized methods [9,[10], pressure gradient projection methods [11-13], related
local pressure gradient stabilization methods [14], offset pressure stabilization meth-
ods [15], and projection-based stabilized methods [16,17], among others.

As an extension of the classical finite elements to general polygonal elements, the
virtual element method (VEM) has gained widespread attention since its theory [18]
and matrix implementation [19] were proposed. Then the authors in [20] enhanced a
discrete space and gave a specific process in calculating an L?-projection operator for a
three-dimensional reaction-diffusion problem. By combing the ideas of VEM with other
methods, the H*-conforming VEM [21,22], the nonconforming VEM [23,24], and the
H(div)/H(curl)-VEM [25,26] were designed. Due to the advantages of the virtual ele-
ment method in mesh flexibility and structure-preserving spatial construction, the VEM
has been widely used in adaptive mesh refinement [27], elliptic bulk-surface PDEs [28],
structural mechanics elasticity [29,30] and incompressible fluid problems [31-36].

Combining the widespread practical applications of the lowest-order elements with
the advantages of the virtual element method, it is crucial to construct the lowest-order
virtual element pair, which, in fact, not only faces a similar situation to the lowest-order
mixed finite elements (that is, the pair fails to satisfy the inf-sup stability condition), but
also needs to consider the computability of additional stabilization terms introduced to
meet this stability condition (since the VEM lacks explicit expressions of basis functions).
About these challenges, the authors in [37] have developed the ‘equal-order” stabilized
virtual element pairs for the Stokes problem on polygonal meshes, utilizing a projection-
based stabilization to circumvent the discrete inf-sup condition. In addition, the authors
in [38] have proposed a least-squares type stabilization VEM for the Stokes problem,
which is suitable for arbitrary combinations of velocity and pressure. Also, there is some
research on stabilized virtual element methods for other problems, such as the Navier-
Stokes [39]], Oseen [40], advection-diffusion-reaction [41-43] problems, among others.
Furthermore, it is worth mentioning that [31] has also provided a lowest-order virtual el-
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ement pair (which amazingly satisfies the divergence-free property) for the Stokes prob-
lem by constructing a new virtual element space (rather than by adding a stabilization
term), but which requires, in addition to point values at vertices, the point values of nor-
mal components at the midpoints of edges as degrees of freedom for velocity. Also, [31]
also uses the stream formulation of the Stokes problem that naturally leads to a symmet-
ric system.

This paper mainly focuses on constructing the lowest-order (i.e., a piecewise constant
approximation for pressure and an approximation with an accuracy order k=1 for ve-
locity) stabilized virtual elements for the two- and three-dimensional Stokes problems,
which are different from the existing articles on virtual element stabilization. Based on
the local pressure jump stabilization and the local pressure projection stabilization, we
not only prove the two corresponding weaker forms of the inf-sup condition, which leads
to the existence and uniqueness of the discrete solution, but also obtain the optimal H L
error estimate for the velocity and the optimal L?-error estimates for the velocity and
pressure. Furthermore, we show the simple and straightforward matrix implementation
of the discrete problem, including the local operators, the local stabilization term, and the
suitable projection in the stabilization term. Importantly, our proposed scheme is a sym-
metric linear system that involves neither the calculations of higher-order derivatives nor
additional coupling terms, and can deal with polygonal meshes (including non-convex
and degenerate elements). Especially, our scheme is still parameter-free for the local pres-
sure projection stabilization. Our numerical experiments in two and three dimensions are
shown to confirm the theoretical predictions.

The layout of this paper is as follows: Section 2 presents the stabilized virtual el-
ement discretization. Section 3 gives the well-posedness of our discrete scheme. The
corresponding error estimates are provided in Section 4, while some details of the matrix
implementation are shown in Section 5. The paper concludes with Section 6 in which the
results of a series of numerical experiments are demonstrated.

Throughout the paper, we use the standard notation of the Sobolev spaces, such as
the Sobolev space H™(D) (when m =0, H(D) represents L?(D)) on an open bounded
domain D and the corresponding inner product (-,-),,p, norm ||-||,,p, and seminorm
|- |m,p- When D = (), we shall omit index Q) from the subscript for the inner products,
norms and seminorms. Moreover, IP;(D) is defined as the set of polynomials of degree
less than or equal to ¢ on D; especially, P_;(D)={0}.

2 Stabilized virtual element approximation

This section considers a stabilized virtual element approximation of the Stokes problem
in an open and bounded polygonal /polyhedral domain Q CR? (d=2,3):
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—vAu+Vp=f in(Q, (2.1a)
V-u=0 in(Q), (2.1b)
u=0 onod(), (2.1¢)

with the unknown velocity u € [H?(Q)]%, the unknown pressure p € H'(Q)), the given
viscosity v, and the given external force f € [L>(Q)]?. Then, the weak formulation of
problem reads as: Find (u,p) € Xx Z = [H}(Q)]? x L3(Q) such that, for all ve X and
gez,

va(u,v)+b(v,p)=(f,v), (2.2a)
b(u,q) =0, (2.2b)

or
A(u,p;v,q)=(f,v), (2.3)

where H}(Q)) denotes the space of H!(Q) functions with vanishing trace on the bound-
ary, L3(Q)) denotes the set of square integrable functions with a vanishing mean, and

a(u,v)=(Vu,Vv), b(v,p)=—(p,V-v),
A(u,p;v,q)=va(u,v)+b(v,p)—b(u,q).

Obviously, the well-posedness of problem (c.f. [44-46]) classically hinges on the con-
tinuity and coercivity of the bilinear form a(u,v) on XxX; i.e.,

la(uv)| <Cllulli]v]; and a(v,v)>C|v|J,

together with the continuity and inf-sup stability of the bilinear form b(v,p) on XX Z, i.e.,

b(v,
bwp)l<Clplolvl: and  supZYP) > cp.

vex [Ivlh

Here and below, we denote a generic positive constant C independent of a mesh size,
which is different from place to place (unless otherwise stated).

2.1 Virtual element discrete spaces

In the two-dimensional case, let 7, be a decomposition of Q) into polygonal elements K

with the maximum element size h = mquiam(K). Then, all edges and vertices in 7
Ke h

are collected in the sets &, and V), respectively. And the set of all edges of element K
is defined as £(K). If we set hq = diam(Q) with Q being selected as every polygonal
element K or every edge ¢, the mesh partition is assumed to be shape-regular in the
following sense:
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Assumption 0 ([18]). We assume that for every /1, decomposition 7}, is made of a finite
number of simple polygons, and there exists a positive real number -y such that the fol-
lowing properties hold: i) for every polygonal element K and edge e € £(K), h, > yhg; ii)
every polygonal element K is star-shaped with respect to a disk of radius > yh.

Now, for any two-dimensional polygonal element K € 7, with n. edges and n, =n,
vertices, we can define the lowest-order enhanced local discrete space for the velocity as

Xk ={vn€[H"(K)]*: Avj, € [IP1(K)]?, vilox € C°(9K), vy € [IP1(e)]? for each e € £(K),
(Vh_H[YVh/m)K:O Vme []Pl (K)]Z},

where the local H!-projection ITy :[H!(K)]¢— [IP1(K)]? is computable [20] and defined as

(VIIYv,Vm)g=(Vv,Vm)x Vme[P;(K)]%,

24
(TIX v, 1)ax = (v, 1) k- (2.4)

According to [20], we can introduce the values of v, at the vertices in K as the unisol-
vent degrees of freedom, which coincide with the dimension of Xh‘ x- Meanwhile, we

can introduce the local L2-orthogonal projection operators I1% : [L2(K)]¢ — [IP1(K)]? and
11Pdiv: [H(K)]4 — Py (K)

(I%v,m)g = (v,;m)x Vme[P, (K)]d,

o | 25)
(HK leV,m)K = (leV,m)K Vme Po(K),

and ensure their computability from the degrees of freedom of X,k (a discussion on the
computability of IT) and I1¥div is found in Remark 2.1 below).

In the three-dimensional case, we can similarly define the mesh partition 7;, and ad-
ditionally introduce all faces set Fy,, element faces set F(P) and the element size hp for
every polyhedron. Then, the regularity requirement of mesh partitions also requires two
following conditions in addition to Assumption 0: i) for every polyhedral element P and
face K€ F(P), hx > yhp with vy being the positive real number present in Assumption 0;
ii) every polyhedral element P is star-shaped with respect to a sphere of radius > yhp.
Now, the local space on every polyhedral element P € 7, (with n, vertices, nk faces, and
n, edges) is defined by

Xy p={vi € [H'(P)]*: Av, € [P1(P)]?, vis]op € H' (OP), vy|x € Xy i for each K € F(P)
(Vh—HIYVh,m)p =0 Vme []Pl(P)P},
which can be endowed with the unisolvent degrees of freedom, i.e., the values at the
vertices of P.

To simplify the notation, in what follows we will use the unified symbol E to represent
a two-dimensional polygonal element K or a three-dimensional polyhedral element P.
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Now, whether the dimension d is 2 or 3, we can define the global virtual element space
X}, for the velocity as a continuous space; i.e.,

Xy = {vi, €X: vy, g €Xy g for each E€ T} },

whose unisolvent degrees of freedom are chosen as the values of v, at the internal vertices
(remembering that on d() we set the homogeneous Dirichlet boundary conditions) of the
decomposition. Immediately, the global discrete space for the pressure can be shown as
a piecewise constant space; i.e.,

Zy={qan€Z: que €Py(E) for each E€ T }.

Remark 2.1. It is obvious that these three projections ITY,I1%, and I1%div can be com-
puted based on the degrees of freedom of the local discrete virtual element space X, k.
More specifically, the right-hand terms of these three projections can be expressed by the
partial integral formula as

(Vv,Vm)p=(v,Vm-ng)yr Vme|[P(E)
(v,m)E:(Hgv,m)E VYmeg [1131(15)
(divv,m)E:(v-nE,m)BE VWZEIP()(E),

I,
d
’

]

with ng being the exterior unit normal vector of element E. Since Vm-ng€PPy(E) and me
Py (E), we can obtain the computability of the H!-projection ITY and composite projection
I1%div, which leads to the computability of the L?-projection I1%. For more details, the
reader is referred to [19].

2.2 Virtual element discrete schemes

From now on, we only need to discuss how to construct the discrete versions of the local
bilinear forms a*(-,),bf(-,-) and the right-hand term, which lead to the global virtual
element discrete schemes by simply summing the local contributions. If we number the
degrees of freedom of the local space X}, from 1 to Ndof = dimX, ; and we define the
operator dof; from Xj ¢ to R as

dof;(vy,) :=i-th degree of freedom of v, i=1,---  Ndof,
the discrete counterpart of the bilinear form af(-,-) can be defined as
aj, (wp, vi,) = a® (T g, TTY v k45 (wy =TT wp, v —TTE vi), - wy, vy € Xy, (2.6)

as proposed in [[1820], where the symmetric and positive definite bilinear form St X X
Xy — R guarantees

c.at (v, vy) <SE(vy,vy,) <c*ab(vy,vy) Vv, €ker(ITY),
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for some positive constants c. and c* independent of /. A simple choice for SE(-,-) is the
Euclidean inner product between vectors of degrees of freedom (other possible choices
can be found in [47]); i.e.,

Ngof
SE (uh - ngh,vh - Hth) = h%_z Z dOfi (uh - ngh)dof,- (Vh - Hgvh ) . (2.7)
i=1

1

Thanks to the definition of operator ITY and the continuity and coercivity of term SE(-,-),
we can prove the crucial properties of the local discrete bilinear form a (-,-):

i) k-consistency: for all m € [IPx(E)] and for all v;, € Xp g/ it holds
ﬂE (Vh/m) = aE (Vh/m);
ii) Stability: there exist two positive constants a.,«* independent of k, such that
||V V15 e <ag, (Vi vi) <at(|Vvillg e YV €XE.

At the same time, the local virtual element approximations of b%(+,-) and the local load
term are, respectively, defined as

by (i, pn) = —(11Pdivvy, pp) e =—(divvy, pr)e Vi €Xye, PiE Zyjes

2.8)
(fhrvh)E = (f,H%Vh)E = (H%f,Vh)E VVh c Xh|E'

Next, due to the fact that lowest-order virtual element pairs Xj, and Z;, violate the discrete
inf-sup condition, a stabilization term has to be designed based on the pressure jump or
the pressure projection. Following the ideas of [48], we can define a stabilization term for
every pn,qn € Zy

Gi(pnan) =08}, | hellpullllgu]] ds, (2.9)

eerg ¢
where i, denotes the size of an element edge (d =2) or face (d=3), 1"2 indicates the set of
all interior edges/faces in 7y, [[-]] is the jump across an edge/face (taken on the interior
edges/faces only), and J represents a stabilization parameter that is independent of  (but
its most appropriate choice is not known a priori). It is clear that this stabilization term is
computable from degrees of freedom of Z; and is related to the stabilization parameter
0. Then, if we define a norm

2
lallg= | X [ds |

eef?] ¢
we can obtain the continuity and coercivity of G1(-,-), i.e.,

Gl(qh/%)Z%Helirgl(he)H[[%]]H%g and  Gi(pngn) <7 lpnllollanllo (2,10
eclh
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by using the standard inverse inequality ||[[ps]]|| o < Ch=12||py || for all functions pj, € Zj,
[49].

Furthermore, in order to design a parameter-free stabilization term, we should con-
sider the following pressure projection scheme similar to [17]

/Q (pn—T1py) (g —T1gy) dx= /Q pran—prllqy—q X py+1p,Ilq, dx  Ypu,qn € Zylx,

where the interpolation operator IT: L2(Q) — Xj, (whose possible choices will be shown
in Section 5) satisfies the continuity hypothesis (as an operator L2(Q)) — L?(Q2))

ITTg[lo <Cllgllo (211)
and the approximation hypothesis
lg—T1gllo<Chllq], (212)
where X}, is the scalar VEM space defined as

Xy={ve H' (Q): Av|g €P(E) VEE€T;, v|.€P1(e) Vec &,
(011 v,m)g=0 ¥V mecP(E), EET;}

for d=2 and as

Xy ={ve H (Q): Av|g €P(E) VEE Ty, Av|p€P1(F) VFEF}, v|.€P1(e) Vec &y,
(011 v,m)r=0 Y mePy(F), (v-T1Yv,m)g=0 VmcP(E)}

for d=3. Obviously, it holds that X;, = [X;]?. Also, we can similarly introduce the spatial
dimension NSOf =dimX,p = Ngof/d and the i-th degree of freedom dof; for the scalar
space Xj,.

However, it is unfortunate that the stabilization term designed above, essentially the
term [, I1p;I1g; dx, is not computable in the framework of virtual element method, so
we need to replace it with the following computable stabilization term:

Ga ()= Y [(Pngn) e — (pnXqn) e — (Tpn,qn)
EE€T,

+(H%HPhIH%HQh)E+§E((I_H%)th/(I_H%)HQh)} , (2.13)

where the symmetric and positive definite bilinear form SE: X % X g — R can be simply
defined as

Ngof/\/ -
5 ((1-T1) Ty, (1-TI9)TIgy) = [E] Y dofi((I-TI)TTpy)dof((I-T1)T1g,). (214
i=1
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It can be seen from [50] that

F((I-T19)py,, (I-T13)I1py,)

& ((I-TI9)Ipy, (I-T13)Ip, ) < S
& ((I-T1)Ipy, (I-TI0)TIpy )

<
<

for some positive constants ¢, and ¢* independent of i. Then, we know the continuity
and coercivity of Ga(-,-), i.e.,

Ga(qnqn) = v+llan—"lgulls  and  Ga(pn,qn) <v*llpn—"pullollgn—Tgnlo.  (2.15)

In the end, we show the stabilized virtual element scheme for the Stokes problem: Find
(up,, pn) €Xp x Zy, such that

vay (wp, vi,) + by (v, pn) = (f,v) - Vv €Xy, (2.16a)
b (W, qn) — G(pr,an) =0 Van€Zy, (2.16b)

where the stabilization term G(-,-) is either Gy (,-) or Gy(+,-). Equivalently, we can write
(2.16) in the following form: Find (wy, py) € Xy, X Z;, such that

Ay (ay, prsvign) = £, vi) Y (viLqn) €Xp X Zy, (2.17)
where
A (ap, 2V, gn) =vap (ap, vi) + by (v, pn) — b (an,qn) + G (pr,qn) -

Remark 2.2. When E is a triangle (d =2) or tetrahedron (d = 3), the proposed stabilized
virtual element method is the finite element case in [17], except for an approximation of
the load term.

3 Well-posedness of the Discrete scheme

This section is devoted to recall the projection and interpolation errors, and prove the
well-posedness of (2.17).

Lemma 3.1 (51]). If Assumption 0 is satisfied, then for every E€ T, and ve [H**1(K))¥, it holds
that
V=TI || e <ChET " ||v||s51e, mEN, max(m—1,0)<s<k,

V=TIV e < CHE™|[v][ss1p, mEN, m—1<s<k.

Lemma 3.2 ([27,[52]). If Assumption 0 is satisfied, then for every E € Ty, and v € [H*1(E)]4,
there exist v €Py(E) and vj € Xhu(E satisfying dof,(v—v)=0,i=1,--- ,Ngof such that

Iv—=vrlloe+helv—vzli e <Chiv]s e, 0<s<k,

Iv=villo+helv—vilie <Chg|v]ss1p, 1<s<k.
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Lemma 3.3 ([27,52]). If Assumption 0 is satisfied and E is a partition of E into triangles or
tetrahedra, then for every E € Ty and v € [H' (Q))¢, there exists v, € X, such that

[v=vcllog+he|lv—ve|[i,e <C(7y)helv], g

To show that (2.17) is a stable variational problem, we have to show that .4, is contin-
uous, i.e., that there exists C > 0 such that for all (uy,py,) and (vy,qy) in Xj, x Z;, it holds
that

An(an, prsvin,gn) < C({lanll1+ 1l pallo) (Ivallr+llgnllo), (3.1)
where the hypothesis (2.11)) is used for the case G(-,-) = Gz(+,-). Then, we need to prove

two weaker forms of the inf-sup condition corresponding to G; (+,-) and Gy (+,-).
Lemma 3.4. If Assumption 0 is satisfied, there exist positive constants By and By independent of

h such that
> Ballgnllo—Bu N [[anllllro V¥ 41 € Za-

vieXy ||VhH1

Proof. Due to the fact that g, € Z; C Z, there exists w € [H} (Q)]? such that

[ 9w >l

Then, from Lemma 3.3, it is known that there exists a w, € X;, C [H}(Q)]? satisfying
||lwe|l1 < Ca||lw]1, which leads to

[(V-we,qn)| > |(V-we,qn)|

lwell = Gaflwlh

|(V-(w—we),q1)]
Col|wll1 '

G
> _
>l
By using integrating by parts and the fact that g;, is constant on each element, we have

(V'(W_Wc)/qh):E;;‘/Ev'(W_Wc)qhdxzE;Z/aEnE'(W_Wc)qhds

= 5 [l we)ds <2 ] gy I,

0 €
el

where in the last step the Cauchy-Schwarz inequality, the trace inequality (c.f. (2.18) in
[53]) and Lemma 3.3 are used. Now, since

sup |(V v, qn)| > |(V-we,qn)]
viexv2o  vall [welly

the lemma is proved. O
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Lemma 3.5. If Assumption 0 is satisfied, there exist positive constants By and By independent of
h such that

>Balqullo—B2llan—T1gnllo ¥ qu € Zn.

viEXy

Proof. To prove this lemma, we only need to show h'/2||[[g;]] Hr? <C|lgn—T1gx|0. From

the definition of I, it holds that Ig, € C°(Q)) and [[T1g;|.]] =0 for every e€I. Then, using
the standard inverse inequality ||[[py]] ||r? <Ch=Y2||pylo, we have

hl![[qh]HI%g:hZ/([[qh—ﬂqh]H[[th]])zdSSCth—thH%,

ecr? €
which leads to the desired result. O

Now, the existence and uniqueness of the solution of (2.17) follow from the following
lemma, together with (3.1)):

Lemma 3.6. If Assumption 0 is satisfied, it holds for each (wy,, py,) € Xy, X Zj,

sup | Ap (W, prsvi,qn) |
manexaxz, Vel +llqnllo

> C([lanlli+1lpnllo)-

Proof. For a given arbitrary but fixed pressure p;, € Z;, we can find we [H} (Q)]“ satisfying
—V-w=py,||w|1 <C4||pnllo and introduce a corresponding w, from Lemma 3.4. Now,
we can set (v, q;,) = (uy+0w,,pj,) with ¢ >0 being a real parameter, which satisfies

[valli+llgnllo < [lwnlls + 8 llwel[s +[[pullo
< lupl[1+8Co[ |1+ pallo < C(llwnll1+ [l pallo)- (3.2)

By using the equality | pp||3+ (p1, V-w) =0, the coercivity of a,(,-) and the Young’s in-
equality, we have the bound

Ay (ay, pryup+0we, py)
=vay, (ap,wp) +vOay(uy, we)+0b,(We, pi) + G (i) + 9 pu 5+ (pr, V-w)
>va|[uyl[3+0| pul 13+ G (pu, pr) +vOan (wp, we) +9(py, V- (W—w))

voa?C3C2 1%
“) lwnlt+5 lpell6+ (1—0C3CE) G (p, p1)- (33)

>Un, (1—
K

Choosing

ﬁ—min{ s ! }
B 2va*2C3C3 2C3C2
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guarantees that
<1 B vOa*2C3C3

1
- )22 and (1-9C3C3) >

1
2 V4
which leads to

A (ap, pryap+9wWe, pp)

1 2
> (voalw i+ Vel pllo)

2
>C([[unll+[lpnlo)™
Combing with (3.2), we get the desired discrete inf-sup condition. O

Remark 3.1. It is clear that the constant C in Lemma 3.6 (and subsequently in Theorems
4.1-4.2) is related to the viscosity parameter v. If one wants to further ensure that the
conforming discrete velocity can be exactly divergence-free, we can refer to the ideas
in [54], which will be our future work.

4 Error estimates

The goal of this section is to achieve the H'-error estimation for the velocity and the
L2-error estimation for the velocity and pressure.

Theorem 4.1. Under the Assumption 0 for the family of meshes Ty, let (u,p) € {XN[H?(Q)]9} x
{ZNHY(Q)} and (uy,,py) € Xy, X Zy, denote the solutions of and (2.16)), respectively. Then,
it holds

[u—uplli+1[p=paullo < Ch(llalla+[[plli+[I£]l1)-

Proof. Taking v=v;, €X,, §=4q, € Zy in and subtracting the obtained equation from
(2.17), we can derive
v(a(w,vy)—apn(un,vi))+ Oy, p)=by (Vi 1))
—(b(wgn) =bi(wn,qn)) =G (pngn) = (£, Vi), (41)

which leads to

Ap(ay =g, pr—pivimgn) =v ) [aE(u—un,vh)Jra,f(un—u,vh)Jra,f(u—uz,Vh)}
E€T,
+b(vi,p—p1) —b(u—upgy)+E—£vi) —G(pran).  (4.2)
Obviously, by using Lemmas 3.1-3.2, the continuity and stability of the continuous and
discrete bilinear forms, it holds
a"(u—ur,vy)+aj; (e —w,vy)+aj (u—ug,vy,) <Chllull2,el|vall1,e
b(vi,p—p1)+(En—£,vy) SC(HP—PIH0+ ) Hf—H%fHo,E) [valls < Chr([[plli+11£ll) Vil
EcT,
—b(u—u,gy) <Cllu—ul|1/[gnllo < Chl[ull2|44lo- (4.3)
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Also, according to the fact that [[p|.]] =0 Ve € T?, the Cauchy-Schwarz inequality and the
trace inequality (c.f. (2.18) in [53]]), we have the following estimation for the local pressure
jump stabilization G(-,-) =G1(-,")

Y. [ one[lplllgn]] ds

oY e
ecl’

<C(llp=pillo+nlp=prl)lignllo < Chllpll1llqnllo, (44)

|=G(pran)| <|G(p—pLan) |+

or get the following estimation from (2.11), (2.12), and (2.15) for the local pressure projec-
tion stabilization G(-,-) =Ga(+,*)

|=G(pran)| <C(lpr—rpllo+Ilp—Tpllo+T1(p—p1)llo) g —T1gullo < Chllpl|1|qnllo-
(4.5)

It is immediate from Lemma 3.6, together with (4.3)-(4.5) to obtain

Ay (uy—ur,py—pvnqn)
lvill1+11qnllo

[ —wrll1=+[pn = pillo < <Ch([ullz+lpli+lfl1).  (46)

Then, by applying the triangle inequality, we can get the desired result. O

In order to show the L?-velocity error estimation, we need the following reasonable
elliptic regularity assumption [44-46]: when the domain () is convex, there exists p de-
pending only on Q, such that for all g€ [L?(Q)]%, the unique solution of the dual problem

—VvA@—-Vx=g, in(}, (4.7a)
dive=0, inQ), (4.7b)
@=0, onodQ), (4.7¢)
satisfies the regularity estimate
vll@ll2+lxll < pellgllo- (4.8)

Theorem 4.2. Under the assumptions of Theorem 4.1 and the above elliptic regularity assump-
tion, it holds

lu—wyllo < CR*([[ull2+lpll + [ £l]2)-

Proof. 1f we set g=u—u;, in (4.7), a direct calculation shows that

[u—w,|[§=(—vA@—Vx,u—w;) =va(@,u—w;) —b(u—uy,x)
:va((i)—(m,u—uh) —b(u—uh,)(—)a)—i—va(wl,u—uh) —b(u—uh,xl). (4.9)
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It is easy to obtain

va(@—@pu—uy)—b(u—wuy,x—x1) <C(vl|@ -1 +|x—x1llo) [u—wuy |1
SChHu—uhHoHu—uhHl. (410)

Now, the key is the estimation of the remainder va(@;,u—uy)—b(u—uy, x1), which can
be rewritten as

va(@p,u—uy) —b(u—wuy,x1)=-v Z [aE(uh—ume — @) —ag(“h—umwl _‘On)]
E€Ty,

+H(f—fp,@1)—b(@1,p—pu)|+G(pn.x1) (4.11)

by using with v,=®j,q;,=x], the k-consistency of aE(-,-), and the fact that b(uy, x1)=
by (wp, x1)- Then, the first term of (4.11)) can be estimated by adding or subtracting u, i.e.,

aE(uh—un,wl—wn)—a,]f(uh—un,wl—wn)
<C([lu—w[1+|lu—uzl1)(|[@1—@1+||@—@x|1)
<Ch(|lu—up[|1+h([ul]2)|[lu—uplo. (4.12)

The second term of @II) can be estimated by the definition of I1% and the fact that
b(w,p—pn)=0,1ie.,

(f—fp,@1)—b(@1,p—pn) =Y (f—11%f,0;— 1@ ) —b(@1—@,p—pp)
Ee€T,

<Ch(|[p—pallo+ Y [f-T12flloe) @]
EEeT,

<Ch(llp—pnllo+hllfl[)[lu—unllo. (4.13)

The third term of (4.11)) can be estimated by using the fact that [[p|.]] =0 and [[x|.]] =0 for
allecT?, and 2.11), 2.12), 2.15), i.e., for the case G(-,-) =Gi(-,-), it holds that

G(pux1)=G(pr—p,x1—Xx)+G(p.x1)+G(pr—p.X)
<Cllpn—rpllollxi—xllo < Ch|\p—pallol[u—uylo, (4.14)

and for the case G(-,-) =Gy (+,-), it holds that

G(prx1) <C(lpn—pllo+Ilp—=TIpllo+TI(p—pu) llo) lx1—TTx1ll0
<Ch(|lp—pullo+hlplh)|la—waplo. (4.15)

Therefore, substituting (4.10)-(4.15) into (4.9) and combining with Theorem 4.2, we end
this proof. O
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5 Matrix implementation

In order to show the matrix expression for the VEM local stiffness matrix, we take the
two-dimensional case as an example (the three-dimensional case can be obtained simi-
larly) and first introduce two sets {1;} and {¢;} with cardinalities N, and N, as the basis
functions of the virtual element spaces X, and Z;, respectively, which means the set

() (3o e

is a basis of the virtual element space X;,. Then, we have three Lagrange-type interpola-
tion identities:

NLI
Uip j—1u1jlpj 2N Ny Np
u,= ( iy, ) =1 n, = 2”j¢j€xh' Uh:ZvjijXh, ph:xpj¢jezh/ (5.1)
). Ui j=1 j=1 =1
j=1

where uj=uyj for j=1,---,N, and u; =u; for j=N,+1,---,2N,. Also, we introduce the
basis functions of IPx(E) as

X—XE Y—YE (x—xg)? (x—xg)(y—yE) (y—ye)?
my=1, my= , M3= L mg= s = L omg=~2_JE .
1 2 hE 3 hE 4 h}zs 5 h% 6 h%
ie., {my}1<r<pn, with ng= 7(“2)2(“1).

From the relationship between the scalar space X} and the vector space Xj, it is clear
that we only need to guarantee the computability of the local operators ITY,IT% on the
space Xj, which helps to achieve their computability on X;. More specifically, for the
operator ITY, the linear system arising from its definition can be written in the fol-
lowing matrix form:

1 1 1
Sl SZ .o SNu
83 e s%

Gl . . . . | =B
My 23 . o3
51 Sy SNH

where the elements in row 1, column j and row i € 2,1}, column j of G are (m;,1)3,
j=1,---,n and (ij,Vmi)E, j=1,---,n, respectively; the elements in row 1, column j
and row i € [2,n;], column j of B are (¢, 1)ag, j=1,---,Ny and (V¢p;, Vm;)g, j=1,---,Ny,
respectively; the coefficients of I—Ig in the basis m;, i=1,---,n; are defined as s;:, j=1,---,Ny,
ie.,

Ny .
Y=Y sim;, j=1,--,N,.
i=1
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For the operator I1%, the linear system arising from its definition (2.5) can be written in
the following matrix form:

1 1 1
t% t% té\]“
. 2t - tNu _c
ne " o
tlk tzk tl\}{u

where the elements in the i-th row and j-th column of H are (Wl]‘,mi)]g,i, j=1,---,ny; Cis the
Ny X Nu matrix with Ci]': (l,bj,mi))g for1l Signk,2 and Cz]: (Hgl,bj,mi))g for le,2+1 Signk;
the coefficients of H% in the basis m;, i=1,---,n; are defined as t;, j=1,---,Ny, ie,

ny .
H%IIJ]: Zt}m,‘, jZl,- . -,Nu.
i=1

Also, we can give the matrix G that coincides with G except for the first row which is set
to zero and define the N, x 1y matrix D by

dofl(ml) d0f1(1’I12) dof1(mnk)
D dsz (m1) dsz(ﬂ”lz) s dsz (mnk)
dofy, (m1) dofy, (mz) -~ dofn, (my,)

In general, the matrix representations of the operators ITY and I1% acting from Xy to
P1(E) in the basis {m,} are given by G™'B and H'C, respectively; Furthermore, we
have the corresponding matrix representations

-1 -1
G 0 B 0 H 0 CcC 0
-1g._ “1C._
G (8 2) (2 0) wa moee (M 8) (€ )
acting from Xy, to [IP1(E)]* in the basis [{m,}]>. Meanwhile, proceeding as before, we
define the nj_1 X n;_1 matrix

(Hi—1)ij=(mjm)g, i,j=1,---,m_4
and the n;_{ x 2N, matrix

Qi,]‘:(diV(])j,mi)E, i=1,--,n_1, j=1,~--,2Nu

(% I _
—<(ax'ml>E <ay'ml)g)' J=1e N

for the composition operator I1¥div, which means that the coefficients of I1¥dive;, j =
1,---,2N, in the basis m;, i=1,--+,n;_; can be expressed as (H;_1) 'Q. Readers can refer
to [19] for more details on matrix implementation of these operators.
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Now, we can show the matrix expression for the VEM local stiffness matrix with the
2N, X 2N, identity matrix I, the matrix

D0\ =~ (GO
°=(5 p) o=(3 ¢)
and the N, x N, matrix M; ;=G (¢}, ¢;) corresponding to the local pressure jump / projection
stabilization

< (G™'B)'G(G 'B)+(I-DG 'B)"(I-DG'B) —((Hy1)'Q)” ) (52)

(Hi-1)7'Q M

Obviously, the key now becomes how to represent M, that is, the computability of the
local pressure jump /projection stabilization term G(¢;,¢;):

e For the case G(-,-)=G(+,-), its computability can be easily obtained from the definition
of the jump operator [[-]] and the fact that ¢; € Z;, (be a piecewise constant);

e For the case G(+,-)=G(+,*), its computability depends on the computability of (ITg;,¢;)E
and (H%H(pj,ﬂ%l_[(pi)g+5~5((I—H%)H(pj,(I—H%)H(pi). In fact, the term (¢@;,¢;)g of G is
easy to compute and the term (¢;,I1¢;)E is a transpose of the term (I1g;, ;). If we con-
sider the last identity in and assume

Ny
Hj=) zjte, j=1,-,Np
a=1

with ¢; be the basis functions of the space Z, it holds

Nu Nu N

(Hgﬂq)j,goi),g = ZZ}X(HE%,%)E = Z ZZ}*SS(W;;,%)E,
a=1 a=1p=1

def of Xh

(e, ¢i)E

whose corresponding matrix expressions should be H,(G™'B)I1, i.e.,

(my,@1)e  (ma,p1) - (Mu,91)E Z; Zg Zé\]p
(m1,.902)15 (m2,‘§02>]5 (mnk/‘q)Z)E (G'B) ) Z.2 Zz.\f,, 53)
(ml,({)N,, )E (mz,ql’Np JE (mnk,(PN,,)E zi\l” zé\f“ e z%’;

Similarly, we have

(11211, 1101 1g;) p + SE((I-T13) gy, (I-T12)I1g;)

=Y Y22l [ (100 T12yp) e+ S5 ((1-T1R) e, (1-T1D) )
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and its corresponding matrix expression
i’ [CTH—1C+ |E|(1—DH—1C)T(1—DH—1C)} II.

Now, we can achieve the assembly of the local stiffness matrix as soon as the matrix
IT in which is the coefficients of I1g;, i=1,---,N, in the basis ¢,, =1,---,N,, can be
calculated. Actually, the choice of the operator I1: L*(Q) — X}, has great flexibility (which
is also an attractive feature of our stabilization method), that is to say, some operators sat-
isfying two assumptions and can be used, such as virtual element projection
or interpolation operators. From a practical point of view, the main factors in choosing
IT are computational simplicity and locality (i.e., its computability can be achieved at the
element level using only standard nodal data structures). With this in mind, there are
two suitable choices of IT that can stabilize the lowest-order conforming virtual element
pair:

(1) Virtual element solution: in this case, I1¢;:=v;, can be defined as a virtual element dis-
crete solution of the equation v= ¢;, where ¢; is the piecewise constant on mesh partition
T The action of the operator defined above can be computed and satisfies the properties
(c.£. [50]) and (c.f. [18]).

Following the standard virtual element solving process, we know the local discrete
bilinear and right-hand schemes of the equation v= ¢; is

(110, 11%w) g+ SE(I-T1%)o,(I-T1%)w)  and  (¢;,I1%w)E,
whose matrix form is

(¢i,m1)E

i/m
C"H'C+|E|(I-DH'C)"(I-DH"'C) and (H'C)T (pima)e

(qoilm”k)E

By assembling the global stiffness matrix and the discrete right-hand term, it is easy to
obtain the i-th column of II. It is worth mentioning that we only need to assemble the
global Stiffness matrix once and choose the matrix form of the global discrete right-hand
term as

(901,7711)191 ((I’szl)Ez (QDNp,ml)ENp
(901,7712)151 (qoz,mz)Ez (QDN,,,mz)ENp
(prmu e, (@2 )E, - (@N,Mn)Ey,

to get all the columns of II, where E;, i=1,---,N, represents the element of 7, on which
the piecewise constant function ¢; is not zero.
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A N N N

3 6 Ny 3 6 Ny
N A

2 5 Ny N, o Ny Ny
N N N N

1 7 N, T Z N

Figure 1. A patch of elements (left) and a dual volume (right) associated with the node N;.

(2) Clément-like interpolant: in this case, we set IT as Clément-like interpolant by using
a projection onto the dual volume (instead of onto a patch of elements) associated with
each node, see Fig. |1} In fact, this choice leads to a particularly simple formula (for the
piecewise constant function ¢;) that does not require explicit construction of a dual cell,

and satisfies the properties (2.11) and (2.12) (c.f. [44H46]). R
More specifically, given a node N, in 7, and its dual volume (), the coefficients z¢ of

Nll
Mgi=) zte, i=1-,Np
a=1

are the constant function on (A)a that minimizes the functional
1
Jelp) =35 [ (5= )%
For a piecewise constant function ¢; € L2(Q)), the functional J,(¢;) further simplifies to
1
Jo(@i) =)_5 (2 = @ile,)* | Eml,

m

where |E,,| represents the area of E,;; ¢;|E, represents the restriction of ¢; to E,,; and E,,
represents the subcell of the dual volume (associated with the node N,) that is formed by

intersecting with the (original) mesh partition 7;, and satisfies QQ, =(JE,,. Furthermore,
m

minimization of J,(¢;) yields the formula
L @ilE, |Em|
a_m

[En|
i ==
jony

= gD ‘ Em A

; TN
In fact, we can choose the dual volumes such that all E,, associated with the node N, are
equal, which leads to the very simple case

v oilE
zf‘—; na’",
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,,,,,,,,,,,,,,

Figure 2: An example of E;;;, m=1,---,6 associated with the node Ns.

where 1, is the number of all subcell of the dual volume (associated with the node No).
Taking the case in Fig. as an example, for the node N5 in 7, and its dual volume Q)s, we
know that E,,, m=1,---,6 is shown in Fig. z 2|and the coefficients are

5_ |Eal 1Ea| 3
P == QilE =il 2 9l
195 [o3 [o3
That is to say, for the piecewise constant ¢y, it holds z3 =0 due to the fact that ¢;|g, =0,
m=1,---,6; for the piecewise constant ¢,, it holds zz— |\£1 “ due to the fact that ¢, |g, =1 and
@2|g,, =0, m=2,---,6; for the piecewise constant ¢3, it holds z3 = l'f;“ due to the fact that

¢3|g,=1and 3|, =0, m=1,---,5; the remaining coefficients can be similarly obtained.

6 Numerical examples

In this section, in order to verify the H 1_and L2-convergence rates for the lowest-order
pairs in two and three space dimensions, we report some numerical results obtained by
using the stabilized method based on the local pressure jumps or projection stabilization
term. The following error norms are used for the investigation of convergence rates:

Y lu Tulze =, T3 [ (w Tuias

EE€T, Ee'ﬁ,z 1

Y Ju—TIE /v —TTEuy) -V (u;— T uy)dx,
EE€T, Ee'ﬁ,ll

Hep,

\/ /(P—Ph)zd"/
Ee771 EET,

where d denotes the spatial dimension and v;, i =1,---,d, denote the components of the
vector v (Vv=u or uy).
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6.1 2D test problem

In this example, we select v =1, the unit square domain (2 and a pair of smooth functions

_( msin(7x)sin(7tx)sin(27y) _
u= < —msin( 7ty ) sin(7ty) sin(27¥x) >’ p=cos(rx)cos(my),
with p having zero mean (that is, the constraint [, p; dx=0 should be imposed), which
help to decide the source term f and the boundary data. Also, four different types of
meshes are employed in Fig. @ triangular mesh 7,!, randomly distorted quadrilateral
mesh 7,2, non-structured hexagonal mesh 7,%, non-convex mesh 7.

The error results and convergence orders of two stabilized lowest-order virtual ele-
ments for both velocity and pressure are shown in Figs. {6} respectively. We observe that
the H'-convergence order of the velocity and the L?-convergence order of the pressure
are O(h) and the L?-convergence order of the velocity is O(h?), which is consistent with
the theoretical analysis in all cases.

Furthermore, to test the impact of stabilization parameter ¢ from G; on error results,
we also illustrate the convergence of the method on the triangular mesh 7,! with stabiliza-
tion parameters =0.001,0.01,0.1,1,10,100,1000 in Fig.|7l Obviously, from the error results
of velocity and pressure, it can be seen that when the value of ¢ is too large (10,100,1000)
or too small (0.001), it will lead to inaccurate convergence results (this is an interesting
phenomenon, but it is beyond the scope of our manuscript). For this two-dimensional
example, a more reasonable choice may be 6 =1.

Figure 3: Four mesh families for the 2D convergence test.

[lu— H%uhHl error results Jlu— H‘};uy, |o error results |lp = pullo error results

¥
]

slpoe=1 slpoe=2 8 slpoe=1

h 107" h 107 h 10

Figure 4. Convergence results for the two-dimensional example based on the local pressure jump stabilization
with 6=1.
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[ — Ty |y error results 1 — Ty lo error results p — pillo error results

D%
*
¥

Pressure L-errors

Velocity H'-errors
Velocity L-errors

102

Figure 5: Convergence results for the two-dimensional example based on the local pressure projection stabiliza-
tion where IT is a Clément-like interpolant.

u — II%uy||; error results u — IY%u,|o error results p — pullo error results
£ E

*
e

Pressure L*-errors

Velocity H'-errors
Velocity L*-errors

*x

——slpoe=1 slpoe=

h 10 h 10 h 10"

Figure 6: Convergence results for the two-dimensional example based on the local pressure projection stabiliza-
tion where IT is a virtual element solution.

[lu = I%uy|; error results [lu = I%uy|o error results [lp = pullo error results
10! * 100 * * * *
* B ¥
a
. 10 a
2 o * -
£ 2 a 4
E +5 = 0.001 . “ [+-5=0.001 g ° +3 = 0.001
g 10 § lo x
£ o ¢ = 0.01 e a-¢ =0.01 N ¢ =0.01
= o §=0.1 B o § =01 g’ x x8=0.1
E o-d=1 £ 08 = I Fog o d =
= 66 =10 s 0-0=10 SE: 06 =10
102 o o
*-0 = 100 #- 4 =100 0t #- 4 =100
&4 = 1000 &0 = 1000 o © > ¢ = 1000
——slpoe=1 ——slpoe=2 ° ——slpoe=1
p 107 h 107 h 10!

Figure 7: Convergence results on triangular mesh ’7;11 with different local pressure jump stabilization parameters
6=0.001,0.01,0.1,1,10,100,1000.

6.2 3D test problem

Extending the test problem in Example 6.1 to the unit cube, we set

(-1 (2y(y-1) (2y-1)22 (2129 (y-1)°2(2-1) (22-1))
u= [ 12(y—1)*(2z(z—1)(2z—1)x?(x—1)2—222(z—1)%x(x—1) (2x—1)) |,
22172 (2x(v-1) (22— 1)y2(y—1)— 22 (x—1 2y (y—1) (2y-1))

p=cos(7tx)cos(my)sin(7z).
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Figure 8: Tetrahedral, hexahedral and polyhedral mesh families for the 3D convergence test.
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Figure 9: Convergence results for the three-dimensional example based on the
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with §=0.1.
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Figure 10: Convergence results for the three-dimensional example based on the local pressure projection stabi-
lization where IT is a Clément-like interpolant.

The values of f and u on the boundary of the cube are constrained to those given by
the above solution. And the tetrahedral, hexahedral and polyhedral meshes used in this
numerical test are shown in Fig.

The rates of convergence for the velocity and pressure in the appropriate norm are
illustrated in Figs. As was the case for the two-dimensional example, the theoretical
convergence rates are confirmed, and the H!-convergence results of the velocity on hexa-
hedral meshes are higher than O(h), which may be caused by the specificity of the mesh
partition. Moreover, for this three-dimensional example, it is better to choose a (com-
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[lu — TT%uy |1 error results [lu — T uy | error results |lp = pillo error results
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Figure 11: Convergence results for the three-dimensional example based on the local pressure projection stabi-
lization where I1 is a virtual element solution.

pared to the two-dimensional case) smaller 6 =0.1 (instead of 6 =1) for the stabilization
parameter of the local pressure jump stabilization.
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