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Stability and interpolation properties for Stokes-like virtual
element spaces

J. Meng*, L. Beirdo da Veiga'*, L. Mascotto!®

Abstract

We prove stability bounds for Stokes-like virtual element spaces in two and three dimensions.
Such bounds are also instrumental in deriving optimal interpolation estimates. Furthermore,
we develop some numerical tests in order to investigate the behaviour of the stability constants
also from the practical side.
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1 Introduction

In recent years, due to their flexibility in handling complex data features and adaptive mesh
refinements, Galerkin methods based on polytopal meshes received an increasing attention. The
virtual element method (VEM) [5] is one amid the most successful of such polytopal methods.

Amongst the various problems that have been tackled with the VEM, fluid static and dynamic
problems have a prominent role. The first paper coping with a lowest order VEM for the Stokes
problem is [4]. Later, its general order conforming [I1] and nonconforming versions [22[35] have
been discussed. Based on that, conforming [I2] and nonconforming VEMs for the Navier-Stokes
problem [34] were also introduced. All these references are concerned with divergence free methods.

In addition to such works that represent the backbone of the VEM for fluid-type problems, other
similar topics have been studied as well, an incomplete and short list being: mixed VEMs for the
pseudo-stress-velocity formulation of the Stokes problem [19]; mixed VEMs for quasi-Newtonian
flows [21]; mixed VEMs for the Navier-Stokes problem [32]; other variants of the VEM for the
Darcy problem [201[37,40,[42]; the analysis of the Stokes complex in the VEM framework [9.13];
a stabilized VEM for the unsteady incompressible Navier-Stokes problem [33]; implementation
details [29]; a pressure robust variant of the VEM for the Stokes problem [31]; the magneto-
hydrodynamic problem [8]; the hp-version of the standard VEM for the Stokes problem [25];
stationary quasi-geostrophic equations of the ocean [38]; the unsteady Navier-Stokes problem [I].

Needless to write, other polytopal methods have been used to approximate the above problems.
For instance, we recall the local discontinuous Galerkin method [26]; hybrid discontinuous Galerkin
schemes for the Stokes flow [27,28]; hybrid discontinuous Galerkin schemes for the Navier-Stokes
problem [39]; hybrid high-order methods [2,[16L18]30].

The analysis of the VEM is based on showing optimal a priori error estimates, which are proved
by means of certain stability and polynomial consistency properties. Optimal convergence is then
derived based on using best polynomial and interpolation estimates.

All in all, the main difference with respect to the finite element setting resides in further
employing

e interpolation estimates in virtual element spaces;
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e stability properties on a discrete bilinear form.

Several interpolation estimates for Stokes-type virtual element spaces are available in the literature;
see, e.g., [1I, Proposition 4.2] and [I2] Theorem 4.1]. Such interpolation estimates are rather
technical to prove, strongly hinge upon the definition of the local virtual element spaces, and have
been proved in two dimensions only.

On the other hand, to the best of our knowledge, stability properties for Stokes-like virtual
element spaces have never been explicitly proved. We point out that several works coping with
explicit stability estimates for standard Poisson-like virtual element spaces are available; see, e.g.,
7,10} 17, [23,24].

This paper aims at closing this theoretical gap. Notably, we contribute to the current state of
the art along the three following avenues:

1. We prove explicit stability properties for Stokes-like virtual element spaces in two and three
dimensions. To this aim, we employ two different stabilizations, namely one given by the
inner product of the degrees of freedom and one in integral form, which is independent of
the chosen degrees of freedom;

2. Based on such stability estimates, we prove novel interpolation estimates, which deliver the
same convergence as those already available in the literature but are much easier to prove.

3. The above achievements are proven for regular polytopal meshes. Thus, we also exhibit
numerical results investigating the stability constants for sequences of elements with degen-
erating geometry as well as with respect to the degree of accuracy of the method.

In the remainder of the introduction, we pinpoint some basic notation of the paper, discuss the
model problem we aim to approximate, introduce sequences of regular polytopal meshes, and detail
the structure of the paper.

Notation. Throughout, we employ standard notation for Lebesgue and Sobolev spaces. Notably,
given a domain D C R?, d = 1,2, 3, L?(D) denotes the space of measurable and integrable squared
functions and L3(D) its subspace consisting of functions with zero average over D. Given r € N,
H"(D) denotes the Sobolev space of order r, i.e., the subspace of L?(D) consisting of functions with
integrable squared weak derivatives D"- up to order r (we conventionally set H°(D) = L?(D)). We
endow the above spaces with the standard bilinear forms (-, ), p := (D"-, D")o,p and (semi)norms
117 5 == 2405 )e.p and |2 p := (-, -)r,p. We also introduce Hg (D) as the space of H' functions
with zero trace over the boundary 0D of D. Noninteger order Sobolev spaces can be constructed
by interpolation.

Given £ € N, Py(D) denotes the space of polynomials of degree at most £ over D and P;(D)\R :=
Py(D) N LE(D). We use the convention P_ (D) = {0}.

We recall the definition of standard differential operators in two dimensions. For K C R?, we
introduce the rot and curl operators as follows: given v: K — R and v : K — R?,

rot v := —9yvy1 + 0y Vo, curlv := (9yv, —61U)T.

We denote the vector product between two vectors u and v in three dimensions by uAv. In other
words, given e; € R3 the vector satisfying €j|¢ = d;¢, and given the splittings

3 3
u = E ujey, VvV = E v;€;,
j=1 j=1

the vector product is the “determinant” of the matrix

€ e e3
Uy U U3
U1 V2 U3

Finally, given two positive quantities a and b, we use the short-hand-notation a < b instead of
there exists a positive constant c independent of the mesh such that a < ¢ b. We further write a = b
if we have a < b and b < a.



The model problem. Let Q C R? d = 2,3, be an open domain and f € [L2(Q)]%.
As a model problem, we consider the Stokes problem

find (u, s) such that

—Au—-Vs=f~ in Q
—diva =0 in
u=20 on 01},

which in weak formulation reads as follows:

find (u,s) € [H}(2)]% x LE(Q) := V x Q such that
(Vu,Vv)oa+ (divv,s)oa = (f,v)o0 Vv eV
(divu,t)oo =0 vVt € Q.

The well posedness of this problem is standard [15].

Regular polytopal meshes Throughout, we are given sequences {7} of polytopal meshes over
the domain Q. In d = 2, 7T, consists of conforming polygons; in d = 3, 7,, consists of conforming
polyhedra. We denote a generic element of 7, by K; 0K denotes the boundary of K with outward
unit vector ng. For any geometric object D C R?, d = 1,2, 3, we denote its barycenter, measure,
and diameter by xp, |D|, and hp, respectively.

Given an element K in three dimensions, K is the union of its faces F'. Given an element in
two dimensions or a face F' in three dimensions, 0F is the union of its edges e.

We demand standard regularity assumptions on 7,,: there exists p > 0 such that

o for d =2,

— every polygon F is star-shaped with respect to a disk of diameter greater than or equal
to phr;

— every edge e satisfies he > php;
e for d =3,

— every polyhedron K is star-shaped with respect to a disk of diameter greater than or
equal to php;

— every face F' of K is star-shaped with respect to a disk of diameter greater than or equal
to php;

— for every face F of K and edge e of F, we have h, > phr > p?he.

Given x = (1, %1), we define x* := (22, —21). We denote the set of edges of a polytope K by £¥
and the set of faces of a polyhedron K by £F.

Outline of the paper. In Sections[2 and [ after recalling the definition of Stokes-type virtual
element spaces [9[11], we prove stability and interpolation properties in two and three dimensions,
respectively. We perform the analysis for two explicit stabilizations. In Section [4 we numerically
check the stability properties (in 2D only) on sequences of elements with degenerating geometry
and degree of accuracy. We draw some conclusions in Section

2 The two dimensional case

This section is devoted at proving stability and interpolation properties in two dimensions. In
Section 2] we recall the definition of the Stokes-like virtual element space [11]. Stability prop-
erties are derived in Sections and 23] for a projection based and a degrees of freedom based
stabilizations, respectively. In Section 2.4l we provide a novel and shorter proof of interpolation
estimates based on the previously proven stability properties.

In what follows, we fix p € N, p > 2, which will denote the degree of accuracy of the space. We
do not consider the case p = 1 as the corresponding method is known to be unstable [4].



2.1 Virtual element spaces in two dimensions
Given a polygon K € 7T, we introduce the space
V. (K) :={v, € [H(K)]? | v,, satisfies (I},
where, for some s € L3(K),
—Av, —Vs=xq,_3 gp—3 € Pp_3(K)
div vy, = gp—1 qp—1 € Pp_1(K) (1)
Voo € [CP(OK)]?,  Vale € [Pp(e)]* Ve e EX,

with all equations to be intended in a weak sense.
We endow the space V,,(K) with the following set of unisolvent degrees of freedom (DoF's) [11]:
given v, € V,,(K)

e the vector values Dvy(v,,) at the vertices of K;
e the vector values Dva(v,,) at the p — 1 internal Gau-Lobatto nodes on each edge e of £X;

e for p > 3, given {qa} a basis of x'P,_3(K), the “orthogonal” moments
1
Dvs(vy) = —/ Vi - Qo (2)
K| Jx
e given {mq} a basis of P,_1(K) \ R, the “divergence” moments

Dvy(vy) : e

= m KdiVVn M- (3)

As usual, we require that the bases {qq} and {mq} are invariant with respect to translations
and dilations; see [3129]. More precisely, using the standard multi-index notation, for given real
coefficients A\, such polynomials have the form

[e 2
X —X
Mea ::Z)\a( hKK) , Qo = X Mg

It is known [I1] that, given v,, € V,,(K) with known DoF's, div v, is explicitly computable. Fur-
ther, we can compute the two orthogonal projectors II)_, : [L?(K)]* — [P,_5(K)]? and II9 , 4 :
[L3(K))? — x'P,_3(K) defined as follows: for all v,, in V,,(K),

(Q;D—Qa Vn — Hg—2vn)O,K =0 Vap—2 € [Pp—2(K)]2a (4)
(XLqpfg, Vi — Hg_ﬁpfgvn)oyl( =0 qu,3 € prg(K).

We can also compute the H! projector I} : [H'(K)]* — [P,(K)]? defined as
(Vap, V(v =TI vy))o.x =0, / (Va—TIYv,) =0 Vv, € V,(K), Va, € [P,(K)]%. (5)
OK

Functions in the virtual element space V,(K), as well as their gradients, are not available in
closed form. For this reason, following the virtual element gospel [5], we discretize the bilinear
form (V-,V-)o.q as follows: for all K € Ty,

ap (Up, vn) = " (I u,, I vy, ) + S5 (1 = I Ju,, (T — IL) vy,

(6)
= (VILY u,, VIIY vy )o.x + S (I — IL) Ju,,, (I — I )vi,).

The bilinear form S¥ (-, -) is required to be coercive and continuous on V,,(K) ﬂker(l‘[g ) uniformly
in the mesh elements. More precisely, on this space, we require S¥(-,-) & | - |} ;. Proving such an
equivalence is our goal in the forthcoming sections.

The global counterpart of the space V,,(K) is constructed by a standard H!-conforming DoFs-
coupling.



Remark 1. Due to the mesh regularity assumptions, each K € 7T, can be split into the union of
shape regular simplices

K= UTE%T{(T.

This applies both in the two and the three dimensional cases. "

2.2 Stability estimates for a projection based stabilization

Given K € T,, we consider the local stabilization
SE(u,,v,) = h}Q(H(Lp_gun, H(i,p_3vn)0,K + (div uy,,div vy )o,x + h}l(un, V0 )0,0K - (7)

We show stability estimates for the bilinear form S¥(-,-).

Theorem 2.1. The following stability bounds are wvalid: there exist 0 < «a, < «* independent
of hi such that

a*|vn|%,K S SK(VnaVn) vVn € Vn(K); (8)

SE (v, Vi) < oF|valf k Vv, € [HY(K))? such that / v, =0. (9)
oK

Bounds [®) and @) are valid for functions in V,(K)N ker(l‘[g).

Proof. We begin by proving () splitting its proof into four steps. Let v, € V,(K) solve ()
and s € LZ(K) be the associated auxiliary pressure.

Preliminary fact 1. We first observe that an integration by parts yields

Av,, ®
[AV,][-1,k = sup (Avy, @)o,x

S vl k. (10)
ozeeri(k) |®lix

Preliminary fact 2. If rot(x‘g,—3) = 0, then x‘g,_3 = 0. To see this, we first recall the
Helmholtz-type decomposition for polynomials in two dimensions [?, Section 2]

Py(K) = VP (K)®xP,1(K) YLeN.
Using next [?, eq. (2.10)], we have the property
{vePuK)?} = {rotv=0<«= v =Vgy for some g1 € Pry1(K)}.

This proves that xJ-qp,g = 0.

From the regularity assumptions on the mesh, we know that there exists a ball Bx inside K
with diameter comparable to hx. Thus, using [10, Lemma 6.1] and equivalence of Sobolev norms
for spaces of polynomials with finite maximum degree on a ball, we can write

1" gp—sllo.xc < X gp-sllo.pxc < hcllrot(x gp—s)llo.px < hrcllrot(x gp—s)loc.  (11)

In light of this, we show an auxiliary bound on the L? norm of the right-hand side in ({J). Using (1))
and the first line in (), we write

Ix"gp—sllo.x < hicllrot(AV,)lo.x-

Next, let b® denote the piecewise cubic bubble function over the sub tessellation 7~:LK of K intro-
duced in Remark [l such that |[b*]|_ 7 =1 for all T in 7,*. Since rot(Av,,) is a polynomial, the
following polynomial inverse estimate involving bubbles holds true:

[rot(Ava)II xS (167 rot(Av,)IIf -



Integrating by parts twice, observing that (b%)? and its normal derivative are zero over the bound-
ary of each T in 7,X, and using the Cauchy-Schwarz inequality and a polynomial inverse inequality
twice, we arrive at

I rot(Avn)HaK < (rot(Avn), (bK)2 rot(Avn))QK = (an, chrl((bK)2 rot(Avn)))QK

S Ivalix hi(6%)? rot(Av,)|

0.5 < [Val1x by [ rot(Ava) o k-

Combining the two above bounds yields
%" gp-sllo,x S hi' [Valix (12)
Preliminary fact 3. We show an upper bound on the auxiliary pressure s in (). To this aim,
we first observe that a scaled Poincaré inequality entails
IVl-1x S hilviox Vv e [L(K)P”. (13)

The standard inf-sup condition [I5] for the couple [H}(K)]? x L3(K) states that

div ®
Isllo.x < sup M_
ozee[Hi(K))? | PlLK

Integrating by parts, and using the triangle inequality, the first equation in (), (I3]), (I0), and ([I2),

we deduce

VS, P K
o s sip BRI _ygg kg, ok + AVl
ozecH (k)2 [Pk (14)

S hilxgp=sllo.x + [Valix S [Valik.
Proving the lower bound (§). We integrate by parts, use the first equation in (I, denote

the 2 x 2 identity matrix by I, integrate by parts again, use the definition of H‘i,p_3 in ), and
deduce

|Vn|iK = (an; VVn)O,K - (Vn; (an)nK)O,é)K + (VnaXLqp—?: + vS)O,K ( )
15
= (vp, (Vvy, +1Is)ng)o ok + (H(j_ypfgvn, XLqp,3)07K — (div vy, $)o, k-

Introduce o := Vv, + Is. Due to the first equation in (), dive = ij-qp,g.

Using (I2) and ([I4) in ([IT) yields
Vall e S (R 1T, —gvallox + [ divvallo.sc) [Valvs + Vol 3 ol (@) 0] 1 oxc

Applying the divergence trace inequality [36, Section 3.5.2] and a polynomial inverse inequality
on 0K (recall that v,, is a piecewise polynomial over 9K) gives

_1
0.5) [Valr,x +hi? [Valloox (Iollo.x + hill div oo x)

Valt i S (R 1T _3vallo,x + || div via

_1
S (I, svanllo,x +1 divvallo,x) [Valt,x +hi? [[Val 0.5+l |Ix"qp—3llo,x)-

0.0k (llo]
On the other hand, the triangle inequality and (I4) entail

lollo.x < [vnlix +lIsllo.x S [Vl k.
Combining the two above estimates and recalling (I2]) leads to ().

Next, we prove the upper bound (@). Let v,, € [H(K)]? with zero average over K. We have
to show an upper bound of the three terms on the right-hand side of () in terms of |v,|1, k-

As for h}2||H8_1p73vn|\81K, it suffices to use the stability of the L? projector and the scaled
Poincaré inequality; we can estimate || div v, [|§ g by [vn |1,k directly; we control hitIvall2 o5 by
using the trace and the Poincaré inequalities.



Remark 2. Let {dof?} denote the set of boundary DoF's in V,,(K), i.e., the DoF's of type Dv; and
Dv,. Following, e.g., [T4 eq. (2.14) with @ = 0] and recalling that the edge degrees of freedom
are vector values at GauB-Lobatto nodes, the boundary contribution hy'(u,, v, )oax in (@) can
be replaced by the equivalent term

Z dof§3 (un) dof§3 (Vi).
J
Thus, the stabilization in () is spectrally equivalent to

hiE (I, g, TS, pvi)o i + (divuy, divva)o x + Y dof} (u,)doff (v,).

J

2.3 Stability estimates for the “dofi-dofi” stabilization
In this section, we prove stability estimates for the classical “dofi-dofi” stabilization

dim(V, (K))
SE(n, v) = > dofj(u)dof;(va), (16)

J=1

where the set {dof;} collects the sets {dof?}, {dofj‘}, and {dof}liv} of boundary (Dv; and Dvy),
“orthogonal” (Dvs), and divergence (Dvy) DoFs, respectively.
We recall the following technical result; see, e.g., [24, Lemma 4.1].

Lemma 2.2. Let {mg} be a set of linearly independent polynomials of mazimum degree p € N over
a polygon K, that are invariant with respect to translation and dilation. For every polynomial q, €
[P, (K)|%, d = 2,3, consider the decomposition g, = >, (qp)ama, where q,, q, denotes the coefficient
vector of qp with respect to the basis {my}. Then, the following equivalence of norms is valid:

hicllagle S ldplo.x < hacllpllee. (17)

Under the mesh regularity assumption in Section [I, the hidden constant in (7)) are uniform
with respect to the element K.

Next, we prove the following stability result, based on the techniques developed in the proof of
Theorem 211

Theorem 2.3. The following stability bounds are valid: there exist 0 < o, < o independent
of hx such that

a*|vn|iK < SE(vi,vn) Vv, € Vo (K), (18)

SE (v, va) < oF|valf i Vv, € Vo (K) such that / v, = 0. (19)
oK

Bounds [I8) and @) are valid for functions in V,(K)N ker(HX).

Proof. We begin by proving the lower bound (I8). Throughout, we use the same notation as in
the proof of Theorem 211
We have

|Vn|% K
/ Av, - v, + /6K(an)nK v, = /K(Vs + qup_g) vy, + /&)K(an)nK SV, (20)

/qup 3" vn—/sdivvn—i—/ (Is+Vvyng -v,=A+B+C.
OK

We estimate the three terms on the right-hand side separately.



Denote qup_g by g and consider the expansion

g = Z gaqaa

where {qq} is any basis of x'P,_3(K) as in Lemma 22, and g is the vector of the coefficients
of g with respect to the basis {qq}.
We obtain

A= /K Xj_qpfg TV = Z Ea(QayVn)O,K = Z EG|K|dOfi(Vn)

s @ :
Sl Elle (D dofa(vi)?)” S huclglon (Y- dofa(va)?) .
@ «
Using the definition of g, bound ([I2)) gives
hicllgllo,x = hiclx gp—sllox S [Val1x-

Combining the two above bounds yields

A valie (D dofa(va)?) ™. (21)

W=

Next, we focus on the term B. Recall that divv, € P,_;(K) \ R and set
Hgfls =:1g= Z 75777,5,
B

where {mg} is any basis of P,_1(K) \ R as in (the scalar version of) Lemma
Using (1) and (Id]), we deduce

B= Z?g /ng divv, ~ hg Z?gdof%iv(vn) < hi|| Gl (Zdofgiv(vnf)i
B B B

(22)
1 1
S M —1sllo,x ( Z dof?a”(vn)Q) S val i ( Z dof?;v(vn)Q) .
B B
The term C can be estimated as in the proof of Theorem 2.1}
_1
C S hytlIvalloox|vali k- (23)

Inserting (210), 22), and @3)) in @20), we deduce

Vali i $ D dofa (V) + D dofg™ (va)® + hi Ivallf oxc-
o s

Finally, the boundary contribution is spectrally equivalent to the sum of the boundary degrees of
freedom squared; see Remark

Next, we prove the upper bound (I9)). Notably, we need to estimate three types of degrees of
freedom. Lemma 2.2 easily implies ||qallo,x S bk and |[mallo,x S hi. Since v, has zero average
over 0K and we consider scaled polynomial functions in the definition of the DoFs (2)) and (@), a
scaled Poincaré inequality entails a bound on the DoFs of type Dvs and Dvy:

1 _
i / Vo da S W2 Ivallo s lGecllo s S [Vl i
K

and

hi
= | divv <
K] ivvamea S

As for the boundary DoFs contribution Dv; and Dvs, we resort to Remark 2] write the sum of the
boundary DoFs equivalently as || v, |00k, and use a trace inequality and a Poincaré inequality. O

hi' | divvallo.xlmallo.s < [valx.

Remark 3. Recalling the definition of the discrete bilinear form af (-,-) in (@), stability bounds
involving af (-, -) instead of SX(-,-) are analogous to those shown in Theorems 2] and 23] with c.
and a* replaced by min(1, i) and max(1, a*). .



2.4 Interpolation estimates

Interpolation estimates for Stokes-type virtual element functions are well-known; see [I1, Proposi-
tion 4.2] for the standard 2D case and [12] Theorem 4.1] for the enhanced 2D case. To the best of
our knowledge, no explicit interpolation estimates are available for 3D Stokes-type virtual element
functions.

In this section, we prove interpolation estimates undertaking a different avenue, notably using
the stability estimates in Theorem [ZIl This novel approach is interesting per se. In fact, it can be
easily generalized to derive interpolation properties for other virtual element spaces, once stability
estimates are available.

For all u € H*¢(K), ¢ > 0, we define uy € V,,(K) as the only function satisfying

dofj(u—u;) =0 Vi=1,...,dim(V,(K)). (24)
We have the following interpolation estimates.

Theorem 2.4. Given u € [H*T(K))?, 0 < s < p, and uy its DoFs interpolant as in [24)), the
following bound is valid:

la—ugllo,x + hxlu—uslx S B ule k.
The hidden constant depends on the shape-regularity of the mesh and the degree of accuracy p.
Proof. Let u; be HZ u, being HZ defined in (B]). The triangle inequality gives
lu—urfi,x < [ur —urlix + [u—ugl k.

Thanks to standard polynomial approximation results, we only need to bound the first term on
the right-hand side. Observe that u, —uy belongs to V,,(K). Let SX(-,-) be defined in (7). Then,
we use bound (8) and Remark 2] and write

lur — UIE,K S SK(uw —us,u; —uy)

S ARG, s (un = un)llg g + [ div(ux —un)| g + Y doff (ur —up)*.
i

We prove that each of the three terms above can be bounded by an error term involving the
difference u—u,. To this aim, we preliminary observe that

Y, s(u—u;) =0, divu; =19 ,(divu),  doff(u—u;) =0, (25)

where TI9_; : L*(K) — P,_1(K) is the L? scalar orthogonal projection onto P, (K).

Thus, as for the bulk L? term, we use (25]), the stability of orthogonal projections, the fact
that u — u, has zero average over K, and the Poincaré inequality. Next, we estimate the di-
vergence contribution by using (25) and bounding the L? norm of the divergence by the H'!
seminorm. Eventually, the boundary contribution is bounded using (23] again and the Sobolev
embedding [H'*+5(K)]? < [L>(K)]?, & > 0, as follows: for each boundary degree of freedom dof7,

dof?(u,r - u1)2 = dof?(u - U-W)Q <u- uTngo,K S h;(2||u - U-WH%,K + h%ﬂ“ - U-W|%+5,K-

Estimates in the H! norm follow using standard polynomial approximation properties as in [41].
Instead, estimates in the L? norm are a simple consequence of Poincaré-type arguments and the
estimates in the H' seminorm. O

Remark 4. The present analysis assumes that the length of each edge is comparable to the diameter
of the parent element; see the second mesh condition (d = 2) at the end of Section[Il Nevertheless,
our results could be generalized to the “small edges” case by combining the present analysis with
the ideas in [IOLI7]. .



3 The three dimensional case

This section is devoted at proving stability and interpolation properties in three dimensions. In
Section B] we recall the definition of the three dimensional Stokes-like virtual element space [9].
Stability properties are derived in Section for a projection based stabilization (comments on
the degrees of freedom based stabilization are discussed in Remark [l). In Section B3] we provide
interpolation estimates based on the previously proven stability properties.

3.1 Virtual element spaces in three dimensions

Virtual element spaces on faces. Given a polyhedron K € 7,, on each of its faces F', we
define the H* projector IL)"" : [H(F)]? — [P,(F)]® as

(Vral, Vp(v —IL"v))or =0, [9Fv —IY v =0 Vve[H'(F)? Vql € [Py(F). (26)

Based on this, we define the nodal (enhanced) virtual element space
Vo (F) = {vn € [CO(F))]? | Apvy € [Pp(F)]?, Ve € [Pole)]® Ve € EF, v, satisfies @R)}, (27)

where, given [P, ,_2(K)]® the space of homogeneous vector polynomials of degree larger than p — 2
and smaller than or equal to p,

/F(Vn - HZ’FVn)qu—z =0 vqﬁ:p—Q € [Pp,p—Q(K)P- (28)

We endow the space V,,(F) with the following set of unisolvent DoFs [3]:
e the vector values Dv! (v,,) at the vertices of F;
e the vector values DvZ'(v,) at the p — 1 internal GauB-Lobatto nodes on each edge e of £F';

e for p > 2, given {q}} a basis of [P,_2(F)]3, the moments
DVF(V)':L/V~QF
’ [FlJr “

Such DoF's allow for the computation of the projector HZ’F in (26). Thus, as discussed in [5], the

enhancing constraint ([28) allows for the computation of the orthogonal projector Hg’F C[LA(F))P —
[P,(F)]? defined as

(@), va —TD Vo )or =0 Vv, € Vi (F), Val € [P,(F)?.

Virtual element spaces on polyhedra. Given a polyhedron K, we define the space
Vu(K) :={v, € [H(K)]? | v,, satisfies ZT)},
where, for some s € L(K),
—Av, —Vs=XAqp_3 qp-3 € [Pp_3(K)?
divvy, = gp—1 gp—1 € Pp_1(K) (29)
Vo € [CP(OK)?, vnp € Vo (F) VF € EX,

with all the equations to be understood in a weak sense.
We endow the space V,,(K) with the following set of unisolvent DoFs [J]:

e the vector values Dvy(v,,) at the vertices of K;

e the vector values Dvy(v,,) at the p — 1 internal GauB-Lobatto nodes on each edge e of K;
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e for all faces I € EF, given {qL;} a basis of [P,(F)]?, the moments

Dvi (v,) == 7 / Voo qk. (30)
e for p > 3, given {qa} a basis of x A [P,_3(K)]?, the bulk “orthogonal” moments

Dvy(vy) : = E / Vit das (31)
e given {mq} a basis of Pp_1(K) \ R, the bulk “divergence” moments

h
Dvs(vy,) := Wﬁ /Kdiv Vi, Mea- (32)

As for the two dimensional case, we require that the bases {q%}, {Qa}, and {mq} are invariant
with respect to translations and dilations; see [31[29].

The unisolvence of the above DoFs is proved, e.g., as in [9]. Thanks to the enhancement in the
definition of the virtual element spaces on faces, we can compute the three dimensional version of
the projectors in @) and (&).

As in the two dimensional case, the global counterpart of the space V,,(K) is constructed by a
standard H'-conforming DoFs-coupling.

3.2 Stability estimates

The definition of the DoF's in Section 3] allows us to compute the orthogonal projector 1_.[9\71)_3 :
[L2(K)]? = x A [Py_3(K)]® defined as

(e, Vi — H%ypfgvn)o,;( =0 Vv, € Vo (K), Vqe €XA [Pp_g(K)]3.

‘We consider the local stabilization

SE(up,vy) = hy (H%p Juy,, TIO p—3Vn)ox + (divuy,,divvy)o x

+ Z |: HOFun;HQ Vn)OF+(un7Vn)08F:|
Feek

We prove the following stability estimates.

Theorem 3.1. The following stability bounds are valid: there exists 0 < o, < o independent
of hx such that, for all v, in V,,(K) such that faK v, =0,

O‘*|Vn|iK S SK(VHaV’ﬂ)v (34)
SE (v, vn) < a*|vn|iK. (35)

Proof. We begin by proving the lower bound ([B4)). As in the proof of Theorem [Z] we can prove
the following bounds: for all v,, € V,,(K), with “auxiliary pressure” s and right-hand side xAq,_3

in (29),
[Ava|kx Shvaluk,  IxAdp-sllor S kg Valig,  Isllox S [Valik-
With this at hand, as in the 2D case, we deduce
Valtx S BRI, sVallos + 1 divvallos + [1vally o

Thus, we only have to estimate the last term on the right-hand side. After recalling that v, has
zero vector average over 0K, we observe the bound [I7, eq. (2.16)]

Vol oxc Shic Y IVEVAllg p-
Fegk

11



We can estimate each face contribution by means of standard nodal virtual element inverse esti-
mates; see, e.g., [(, Theorem 2| and [24] Section 3]:

— F —
IVEvalls,r € I Vall§ 7 + ket vald op-

The assertion follows summing over all the faces and collecting the above estimates.

Next, we focus on the upper bound ([B5]). Notably, we estimate from above the four terms on
the right-hand side of ([B3). Since v,, has zero average over 0K, we readily have

WML g valld s + 1 divvalf ¢ < 1vali -

The trace and the Poincaré inequalities also yield

D IVl e S Valf k-
FegX

We are left with estimating the fourth term on the right-hand side of ([33)). Using a trace inequality
on each face F' yields

1
0,F +hE|val1,p.

_1
Ivnllo.or S hp®[[val

Inverse estimates for nodal virtual element functions, see, e.g., [24, Theorem 3.6], entail

_1
0.0F S hp?l[vallo,r.

[val

We can apply this inverse estimate as the restriction of v, on each face F belongs to a two
dimensional nodal virtual element space.

Taking the square on both sides and summing over the faces, then using another trace inequality,
and eventually a Poincaré inequality on K give the assertion. O

Remark 5. Also the 3D “dofi-dofi” stabilization

dim(V . (K))
SE (W, vy) := Z dof; (uy,)dof; (vy,)

j=1

satisfies the bounds ([B4)) and (B5). To see this it suffices to take the steps from Theorem [B.1] and
argue similarly as in the proof of Theorem 2.3l Moreover, considerations analogous to those in
Remark [3] are valid for the 3D case. "

3.3 Interpolation estimates

In this section, we prove interpolation estimates for 3D Stokes-like virtual element spaces.
3
For all u € H2%¢(K), € > 0, we define us as the only function in V,,(K) satisfying

dofj(u—u;) =0 Vi=1,...,dim(V,(K)). (36)
We have the following interpolation estimates.

Theorem 3.2. Given u € [H*TY(K)]?, 1/2 < s < p, and uy its DoFs interpolant as in (36), the
following bound is valid:

lu—uillo,x + hxlu—urlx S h5 ulss k-

The hidden constant depends on the shape-regularity of the mesh and the degree of accuracy p.

3

Proof. Let u, the best vector polynomial approximation of u in [H(K)]3; see, e.g., [41]. As in

the proof of Theorem [Z4] we only need to estimate the energy of u, — uy.
In addition to the three dimensional counterpart of (25), we also have

o0 (u—u)=0 VFegk (37)
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Let SK(.,-) be defined in ([33). Using ([34)), we write

|U-7T - uIﬁ,K N SK(“W —ur,u; —uy)

= hiZ 1T, (ue —up)[[5 & + | div(ur —up)|§ &
+ 30 [P I (= ) 6] + Y dofP (g — u)?.
FegX J

We have to bound the four terms on the right-hand side by |ur — us|1,x. The first, second, and
fourth are dealt with by using (23]), as in the proof of Theorem 24l As for the “new” third term,
it suffices to resort to (&), the continuity of Hg’F , the trace inequality, and standard polynomial
approximation properties.

Estimates in the L? norm are a consequence of Poincaré type estimates on u — u; and the
energy estimates. O

Remark 6. So far, we derived stability and interpolation properties for standard Stokes-like spaces.
Following, e.g., [12], we may also consider the enhanced version of such spaces, in the same spirit as
we defined the nodal virtual elements spaces in ([27)). It is apparent that no essential modifications
take place in the proof of the stability estimates. The only difference between our setting and the
enhanced one is that in the latter we should employ polynomial inverse estimates for slightly larger
polynomial degrees. -

4 Numerical validation of the stability estimates in 2D

In the foregoing sections, we proved stability bounds for fixed degree of accuracy and regular poly-
topal meshes. In this section, we numerically investigate the behaviour of the stability constants
from the practical side in two different scenarios:

e while keeping a mesh fixed, increase the degree of accuracy p;

e while keeping the degree of accuracy p fixed, consider sequences of elements with degenerating
geometry.

We focus on the two dimensional case, despite the arguments we discuss below can be generalized
to three dimensions.

Since we are interested in approximating the stability constants discussed in Remark Bl we
only need to investigate the behaviour of the minimum and maximum generalized eigenvalues of
problem

Av = \Bv, (38)

where the square symmetric matrices A and B are defined as follows: for a given element K € 7T,
and the canonical basis {¢,} of V,(K), j = 1,..., Naos, Naos being the dimension of V,(K),
associated with the degrees of freedom Dvy(+), Dva(+), Dvs(:), and Dwvy(+),

Aij = aj (¢, ), Bi;j=(Ve,;,Ve,)ox Vi,j=1,..., Ndof-

The bilinear form aX (-,-) is computable via the degrees of freedom following definition (@) and

standard VEM arguments in order to compute HZ. Therefore, we only have to compute the entries
of B. This is not immediate: the canonical basis functions are not available in closed form since
are solutions to local Stokes problems with an unknown datum for the first equation. Thus, we
need to detail how to approximate them.

We split the canonical basis {¢} into three sets

{#"}, {e'}, {e™}, (39)

which denote the basis functions associated with boundary degrees of freedom, the “orthogonal”
moments (2), and the divergence moments (B]), respectively.

The elements of this basis are defined implicitly via the degrees of freedom, so we cannot directly
approximate them by means of any Galerkin methods (unless resorting to some mixed formulation
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approach). For this reason, we introduce a different basis {1} of the space V,,(K) and split it into
sets as those in (B9):

{y"}, {p*}, {pp}.

The elements of this preliminary basis are constructed so that they solve Stokes problems with
given polynomial data, and can therefore be approximated at any precision by means, e.g., of a
finite element method on a subtriangulation of the element.

We define the three type of basis functions as follows: given {mqa} a basis of P,_3(K) and {m~}
a basis of Pp_1(K) \ R such that each m~ has zero average over K,

—AYPZ —Vs=0 in K

divep? = [K|[7! [P ng in K Vi=1,...,2p- (#edges of K),
WP =P on K

—Awt —Vs=x'mq inK

divepl =0 in K Vja| =0,...,p—3,

i =0 on 0K

—AYpSY —Vs=0 inK

div1,bf/ivzm7 in K Vivl=1,...,p—1.

wgiv =0 on 0K

The span of the three above set of functions is the space V,,(K). To see this, it suffices to observe
that the number of functions is equal to the dimension of V,,(K) and that they are independent
of each other. Therefore, we can write each basis function ¢ as a linear combination of the
functions. Furthermore, the 1 functions can be approximated at any precision by employing finite
elements on sufficiently fine triangulations of K. In other words, if we have at hand any finite
element approximation of the 1 basis functions, then we only have to write the ¢ functions in
terms of the 9 functions, and then compute the resulting matrix B. This is what we detail in
Sections [£1] 1.2] and The algorithm reads as follows:

1. approximate the 1 basis functions using a FEM triangulation on K;

2. find the ¢ basis functions as a linear combination of the % basis functions, described in

Sections 1l £2] and below;
3. compute the matrices A and B;
4. solve the generalized eigenvalue problem (38).

In Section 4] we check the behaviour of the minimum and maximum generalized eigenvalues
of B8) on a fixed element and increasing the degree of accuracy p of the scheme; in Section [£5]
we keep fixed the degree of accuracy, focus on two different types of elements, deform them in
different ways, and check the behaviour of the corresponding stability constants.

4.1 Expanding the boundary-type functions
For all i = 1,...,2p - (#edges of K), we write

o = AV 43 B+ Y
J B 5

We have to determine the A, B, and C-type coefficients by imposing the DoF's definition.
First, we use the boundary DoFs. For any vertex or Gau-Lobatto node Nk on any edge e
of K, we have

Sik = @2 (Ny) = ZAgi)wf(Nk) = A,(j) Vk=1,...,2p- (#edges of K).
J
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Therefore, we get the simplified expression
of =wl +3_BE s + > O
Jé] é

To find the B and C-type coefficients, we impose the divergence and “orthogonal” DoFs definition.
First, we impose the “orthogonal” moments definition and write

0:/K /w (x"mp) +ZB“/% (x"mz) +ZC{>/¢“W m3),

whence we deduce the conditions, for all |B| =0,...,p—3,

([ o) <5 (o8 ) <[ 7

Next, we impose the divergence moments definition, recall that the test polynomial mjz has zero
average over K, and get

0= / divpms = / divepPms + 3~ Gy / div 3" m
K K 3 K

= K‘l/ ¢f-nK/m~+ C(i)/m5m~: C“>/m5m~,
K TG [ e = 3G | ma g

whence we deduce the conditions, for all |8 =1,...,p — 1,

(o) -

Using the coercivity of any polynomial mass matrix, we deduce Céi) =0 for all 7 and 9.
Thus, the B-type coefficients are obtained by solving the linear system

3 (oo oema) 5= [ ol cem

4.2 Expanding the orthogonal-type functions

For all |a| =0,...,p — 3, we write
1 _ (e), B (e0) L (o) div
=D A7+ D B+ Mg
J B8 8

We have to determine the A, B, and C-type coefficients by imposing the DoF's definition. Imposing
the boundary DoF's definition, we readily obtain that A§a) =0forallj=1,...,2p - (#edges of K).

Thus, we focus on the other coefficients. First, we impose the “orthogonal” moments definition
and write

5a,f—]|K|:/KSOé(XJ‘mE_}) B(a)/ 'l,bg XLm +Zc(a)/ ’l,bdlv~ )

whence we deduce the conditions, for all |B| =0,...,p—3,

S ([t 857+ S ([ et ) 66 = L

Next, we impose the divergence moments definition and get
0= / div <p§mg = Z Céa)/ div 't,bgivmg = Z Céa)/ ms Mg,
K 5 K

5 K
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whence we deduce the conditions, for all |5| =1,....,p—1,

E(fmem)er-

Using the coercivity of any polynomial mass matrix, we deduce Céa) for all a and 4.
Thus, the B-type coefficients are obtained by solving the linear system

> </K V5 - (Xng)) By =4, 5|K|.

4.3 Expanding the divergence-type functions

For all || =1,...,p— 1, we write
le ZA ,¢ + ZB("/ ,¢ + ZC ’7),¢d1v

We have to determine the A, B, and C-type coefficients by imposing the DoF's definition. Imposing
the boundary DoF's definition, we readily obtain that Ag-'r) =0forallj=1,...,2p-(#edges of K).

Thus, we focus on the other coefficients. First, we impose the “orthogonal” moments definition
and write

/ div me~ ZB('Y)/ ’l,bﬁ me + ZC('Y)/ wgiv . (XLmB),
K
whence we deduce the conditions, for all |B| =0,...,p—3,

</ w5 - (x-ms) )Bm *Z (/ B ( )) o — (40)

Next, we impose the divergence moments definition and get
@5 <= d1v d“’m~ = Z o d1v 1,bdwm~ = Z C’('Y) mg msi
hK 775 Cp x 1 5

whence we deduce the conditions, for all |5| =1,....,p—1,

(/m5m~>c<‘” |K| _ (41)

The B and C-type coefficients are obtained by solving the linear system resulting from (40) and (@T]).

4.4 Stability constants when increasing the degree of accuracy

In light of the above approximation of the virtual element basis functions, we provide here the
minimum (nonzero) and maximum eigenvalues of the generalized eigenvalue problem ([B8) on a
given pentagon. Such constants clearly correspond to Apin = ¢ and A = ¢® in the stability
bound

0™ (Vi, vin) < af (v, vin) < c*a® (v, Vi) Vv, € V,(K)\ R.

Notably, we analyze the eigenvalues while increasing the degree of accuracy of the scheme.

This is relevant to check as all the stability estimates are proved via inverse estimates, which
typically depend on the polynomial degree and the degree of accuracy of the scheme. This is also
interesting to check the value of the “hidden” constants in the theoretical bounds. We employ the
theoretical ([7) and the dofi-dofi (8] stabilizations and show the results in Table [I}

16



Table 1 Minimum and maximum eigenvalues of the generalized eigenvalue problem (B8]) employing
the theoretical (@) and the dofi-dofi (18] stabilizations S¥(-,-) and SE(-,-). We fix a pentagonal

element and increase the degree of accuracy p.

SK(')') S{)((a)

p )\min )\max )\min )\max

2 1.7265e-01 1.0037e+400 | 1.7098e-01 1.0037e+-00
3 1.5570e-01 2.4381e+01 | 1.3578e-01 2.4269e+01
4 1.4606e-01 2.5338e+01 | 1.2649e-01 2.5206e+01
5 1.5364e-01 8.0281e+401 | 1.3667e-01 8.0154e+01
6 1.4909e-01 9.8691e+01 | 1.2966e-01 9.8519e+01
7 1.3999e-01 2.2056e+02 | 1.1612e-01  2.1990e+-02
8 1.2007e-01 2.9917e+402 | 1.0388e-01 2.9877e+02
9 1.1133e-01 4.8713e+402 | 8.7618e-02 4.8637e+02

Table 2 Condition numbers of the virtual element matrices A and A p (computed with respect to
the theoretical (7)) and dofi-dofi (I6) stabilizations) and the (finite element approximation of the)
stiffness matrix B for increasing degree of accuracy p.

» 2 3 4 5 6 7 8 9

A 8.76e+01 4.92e4+03 4.84e4+05 3.72e4+07 2.35e4+09 1.4le+11 8.32e+12 4.93e+14
Ap 8.78e+01 4.91e4+03 4.80e+05 3.66e4+07 2.30e4+09 1.37e+11 8.05e+12 4.75e+14
B 9.43e+01 5.40e4+03 5.75e4+05 4.42e4-07 2.79e4+-09 1.67e+11 9.80e+12 5.68e+14

From Table [l we observe that the stability constants depend on the degree of accuracy p only
in a moderate way. This is not surprising as a similar behaviour was observed for the Poisson-type
virtual element method in [6, Table 1] and [7, Table 1].

We are further interested in checking the condition number of the matrices A and B appearing
in (38); the details are detailed in Table [2 below.

From Table 2] we see that the condition number of the (finite element approximation of the)
stiffness matrix B is always larger than that of the corresponding virtual element matrices. In a
sense, this suggests that approximating the exact stiffness matrix by a consistency and a stabi-
lization term as in ([6]) is not leading to larger condition numbers but rather has a slight beneficial
effect.

4.5 Stability constants on sequences of badly shaped elements

In this section, we provide the minimum (nonzero) and maximum eigenvalues of the generalized
eigenvalue problem (B8] for a fixed degree of accuracy. Notably, we analyze the behaviour of the
eigenvalues on sequences of elements with degenerating geometry.

The first sequence we consider is constructed as in Figure[I} the first element is a square with a
hanging node; the other elements are obtained by moving the hanging node towards the opposite
edge. It is easy to check that the star-shapedness constant of the sequence goes to zero.

Next, we consider a sequence of elements obtained starting with a regular pentagon and halving
the height of the previous element in the sequence; see Figure

Both sequences do not satisfy the regularity assumptions in Section[Il For this reason, we cannot

MMM

Figure 1: First sequence of badly shaped elements. The first element is a square with a hanging node; the other
elements are obtained by moving the hanging node towards the opposite edge.
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Figure 2: First sequence of anisotropic elements. The first element is a regular pentagon; the other elements are
obtained by halving the height of the previous polygon in the sequence.

Table 3 Minimum and maximum eigenvalues of the generalized eigenvalue problem (B8] employing
the theoretical (7)) and the dofi-dofi () stabilizations S%(-,-) and SE(-,-). We fix p = 3 and
consider the sequences of elements in Figures [l and

SK(')') Sg(a)
P = 3 )\min )\max )\min )\max
Figure[ 1.7245e-01 2.4405e+01 | 1.5507e-01 2.4077e+01
2.4645e-02  2.6380e+01 | 2.2646e-02 2.5184e+01
2.0023e-02  5.2481e+01 | 1.9591e-02 5.0439e+01
1.1318e-02 8.3766e+01 | 1.1064e-02 8.0796e+01
6.2083e-03 1.1166e+02 | 6.0253e-03 1.0795e+-02
Figure 1.1024e-01  2.9102e+4-01 | 1.0747e-01  2.9077e+01
3.5699e-02  5.7804e+01 | 3.5492e-02 5.7774e+01
8.6714e-03 1.7000e+02 | 8.6613e-03 1.6996e+02
1.9184e-03 6.1036e+02 | 1.9181e-03 6.1033e+02
4.9894e-04 2.3554e+03 | 4.9898e-04 2.3554e+-03

guarantee theoretically that the stability constants are robust with respect to the deformation of
the elements.

In Table [ we show the minimum (nonzero) and maximum generalized eigenvalues of (B8]
for p = 3, the theoretical (] and the dofi-dofi (I6) stabilizations, and the sequences of elements in
Figures [0 and

From Table Bl we deduce that the stability constants are indeed deteriorating together with
the shape-regularity of the elements.

As in Section [.4] we are interested in checking the condition number of the matrices A and B
appearing in ([38), i.e., the condition number of the (finite element approximation of the) stiffness
matrix B and its virtual element counterpart A; the results are given in Table @ below.

From Table M, the condition number of the (finite element approximation of the) stiffness
matrix B is always larger than that of the corresponding virtual element matrices. Hence, similar
comments as those for Table [2] apply.

Table 4 Condition numbers of the virtual element matrices A and Ap (computed with respect to
the theoretical (7)) and dofi-dofi (6] stabilizations) and the (finite element approximation of the)

stiffness matrix B for degree of accuracy p = 3 on the two sequences of elements in Figures[I]

A Fig.[M  2.9439e+03 1.3337e4+04 1.8254e+04 2.1036e+04 2.2459e+404

A Fig. 2.2872e+04  3.1029e+05 4.6531e+06 7.2463e+07 1.1456e+09

Ap Fig.M 2.9272e+03 1.3352e+04 1.8291e+04 2.1082e+04 2.2501e+04

and 2 Ap Fig. 2.2866e+04  3.1020e4-05 4.6527e+06 7.2463e4+07 1.1455e4-09
B Fig. Il 3.6700e+03 3.2448e+04 1.9277e+05 3.2232e+05 4.1319e+405

B Fig. 2.4815e+04  3.2299e+4-05 9.1850e+06 4.0054e+08 1.4112e4-10
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5 Conclusions

We investigated some open issues in the analysis of Stokes-like virtual element spaces. Notably,
we proved stability properties in two and three dimensions, and furthermore derived interpolation
estimates by simplifying the current state-of-the-art proofs. Numerical experiments seem to indi-
cate that the stability constants only depend moderately on p; however, they can degenerate more
rapidly for nonregular element geometries. On the other hand, such a discrepancy of the discrete
form with respect to the “exact” one may be beneficial and explain why in this degenerate mesh
conditions the VEM often performs remarkably well.
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