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BASIC PRINCIPLES OF MIXED VIRTUAL ELEMENT METHODS

F. BrEzz1"?, RICHARD S. FALK® AND L. DONATELLA MARINT?

Abstract. The aim of this paper is to give a simple, introductory presentation of the extension of the
Virtual Element Method to the discretization of H(div)-conforming vector fields (or, more generally,
of (n — 1) — Cochains). As we shall see, the methods presented here can be seen as extensions of the
so-called BDM family to deal with more general element geometries (such as polygons with an almost
arbitrary geometry). For the sake of simplicity, we limit ourselves to the 2-dimensional case, with the
aim of making the basic philosophy clear. However, we consider an arbitrary degree of accuracy k
(the Virtual Element analogue of dealing with polynomials of arbitrary order in the Finite Element
Framework).
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1. INTRODUCTION

The Virtual Element Method has been recently introduced as a generalization of H'-conforming Finite El-
ements to arbitrary element-geometry and as a generalization of the 0 — Cochains version of Mimetic Finite
Differences (see [13] or [8]) to arbitrary degree of accuracy and arbitrary continuity properties (see [1,4,5,18]).

The original nodal version of Virtual Elements put them, essentially, in the framework of non-polynomial
Finite Elements and/or Finite Elements on polygonal (or polyhedral) meshes. For example, [23-25,29-33].

The range of applicability of the basic ideas of Virtual Element Methods seems to be very wide, although a
reliable knowledge of the types of real-life applications where these methods are to be recommended is, in our
opinion, still lacking.

In this paper, we want to show the basic ideas of the possible extension of the Virtual Element framework
to the discretization of H (div)-conforming vector fields (as in Mixed Finite Element Methods). In doing so, we
will generalize Mixed Finite Elements (see e.g., [11] or [14]) to arbitrary element geometry, and the original
(n — 1) — Cochains version of Mimetic Finite Differences (see e.g., [9,15-17,19, 26-28]; see also [10,22] for
overviews in more general frameworks) to arbitrary degree of accuracy.
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For the sake of simplicity, we will just consider the basic case of 2-dimensional polygons and the simplest
toy-problem of the mixed formulation of the Laplace operator (or, actually, operators of the form div(K grad)),
with the aim of making the general philosophy understood in the simplest possible case (as was done already
in [4] for the H'-conforming case).

Throughout the paper, for a bounded Lipschitz-continuous domain {2 and an integer s, we will use the
common notation (-,-)s o and || - ||s,o to denote the H*({2) scalar product and norm, respectively. When no
confusion can occur, the indication of the domain 2 will be omitted. Moreover, we shall often write (-,-) and
|| -|| to indicate the L? scalar product and norm, respectively. As usual, | - |5, will denote the H*({2) semi-norm
(using only the derivatives of order s).

With an abuse of language, we shall often write “polynomial of degree k” meaning actually “polynomial of
degree < k7. With another abuse of language, we will write the integral of the product of two functions even
when the right notation would be a duality pairing. Finally, C' will denote a generic constant (independent of
the mesh size), not necessarily the same from one occurrence to the other.

An outline of the paper is the following. In the next section, we shall present the continuous model problem
and its mixed formulation. The decomposition and the corresponding discretizations will then be introduced
in Section 3. The interpolation operators (from spaces of smooth functions to the discretized ones) will then
be introduced in Section 4. In Section 5 we will present the discretized problem, and the proof of convergence
and error estimates will be given in Section 6. At the end of Section 6, several remarks will give some hints on
possible extensions of the method to more general situations.

Finally, we point out from the very beginning that “the name of the game” is that we know how to integrate
“every polynomial on every polygon” through (for instance)

1),
k k41
Ty = —— T nyds 1.1
[t = [ o (1)

and normal one-dimensional integration on the edges.

2. THE CONTINUOUS PROBLEM

We consider the classical model problem of Darcy flow in a porous medium.
Given the (polygonal) computational domain 2 C R? and a source term f € L?(£2), we then look for a scalar
function p € H'(£2) (pressure), such that

—div(Kgradp)=f in {2 (Kgradp) -n=0o0n I =012, (2.1)

where the tensor K represents the permeability of the medium, and for simplicity we assumed no fluz boundary
conditions all over I'. We assume that K is symmetric, positive definite and, for simplicity, constant (or piecewise
constant).
We also denote by
-1
K[| and K] (22)

the matrix norm of K and K—!, respectively, in R?. Clearly, we must require that f has zero mean value on {2,
and p will be determined only up to an additive constant. To fix ideas, we might choose the constant by requiring
that p have zero mean value as well. In other words, we have

/Q fd2=0 and /de(Z =0. (2.3)

Introducing the variable u (often called “velocity”) given by

u := —Kgradp, (2.4)
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the problem can be written in the so-called mized form, that is
u = —Kgradp, divu = f in £2, u-n=0onl.
We consider the spaces
H:=(L*(2))?, V:i={vecH(div;2)st.v-n=0o0nT1}, Q:=L*2)/R,

with norms

ol = [ wPae, folp = [ [ae [ jdivePag. ol = [ o de.
2 2 0] 0]

and the bilinear forms
a(u,v) ::/ K lu-vdf2 u,v €V,
2

b(v,q) ::/Qdivquﬂ veV, qgeq.
Then we can write (2.5) in variational form: find (u,p) € V x Q such that:
a(u,v) —b(v,p) =0 YveV,
{ b(u,q) = (f,q) Vg€ Q,
where, in agreement with our notation,
(fa)= [ faae
Q
It is not difficult to check that
la(u,v)| < lall[u]#lvlm,  Vu,veH,
b(w, g < [Ibllllullvidle, — VueV,Vqe,
where ||a|| depends on K and [|b] is actually equal to 1. We can also easily see that
a(v,v) > aljv|/% Vv € H,
where a > 0 also depends on K, and that there exists a § > 0 such that

_b(v,q)
sup
veV HUHV

> Blallq  YeeQ,

where 3 depends on the domain 2. Introducing the kernel K as
K :={v € V such that b(v,q) = 0Vq € Q},

we can finally see that
vl =Ilvlly  VYvek.

Hence, we have that (2.10) has a unique solution, with

[ullv +llplle < Cllf o,

1229

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

where we recall that (here and in all the sequel), C' will denote a generic constant, non necessarily the same at

all occurrences.
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F1GURE 1. Elements A and C have 4 edges; B has 7 edges; D has 3 edges; F has 8 edges.

3. DECOMPOSITION AND DISCRETIZATION

In order to approximate the solution of (2.10), we consider a sequence {7}, of decompositions of (2 into
sub-polygons, such that:
HD — There exists a positive real number C'z such that for every h and for every E € T:

e the ratio between the shortest edge and the diameter hg of E is bigger than C'r, and
e F is star-shaped with respect to every point of a ball of radius Cr hg.

Remark 3.1. Assumptions HD have several important consequences that can be rather easily checked. First,
every element will be simply connected. Moreover, there will exist an integer N7 (depending only on C'7) such
that the number of edges of every polygon E in 7 is < Nz . Finally, we observe that meshes traditionally
considered as nonconforming, as the one in Figure 1, are easily allowed, although hanging nodes (or, here,
hanging edges) will not be considered as slaves but (as we shall see) will carry, each, a set of independent
unknowns.

Remark 3.2. If we assume that the permeability tensor K is piecewise constant (instead of globally constant),
we will also assume that the decomposition is such that K is constant in every element.

Corresponding to the decomposition 75, we split the bilinear forms

a(w,v) = Y aP(wv), wwveH  buqg) =Y b(ugq), YueV,Vqeq, (3.1)
EecT, EeT,

and we consider, with obvious notation, the element by element norms

lolE = > olee vln= 2 vl ldd= Y lde (32)
FEeTy, FEeTy, EeT),
Clearly,
||’UH%/h = ||lv||} whenever v €V, (3.3)

while the spaces @ and H do not imply any continuity requirement.
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Then, for every integer k > 1, we consider the following finite dimensional spaces:

Vi i={v e Vst (v-n). € Pg(e) for all edge e in 7j,
(divw)|p € Pr_1(£) and (rotv)|p € Pr_1(£) for all element £ € 7.}, (3.4)

Qn:=1{qe€Qst. qp € Pr_1(E) for all element E € 7,}. (3.5)

Remark 3.3. Since every element is simply connected, it is elementary to check that a vector field v having
v-n =0 on JF, and both divev = 0 and rotv = 0 in E is identically zero. This implies that the restriction of
Vi, to each element is finite dimensional, the dimension being less than or equal to k + 1 times the number of
edges plus k(k + 1) (= twice the dimension of Py_1).

Remark 3.4. For every element F in 7}, it is also easy to check that every polynomial vector field of degree
< k (having normal component of degree < k on each edge, divergence of degree < k — 1 and rotational of
degree < k — 1 inside) will belong to the restriction of V, to E. Hence, [Px(E)]* C V.

The choice of the degrees of freedom in @, is trivial. On the other hand, in order to define the degrees of
freedom in the space V},, we define first the following notation: for ¢ a nonnegative integer and e an edge with
midpoint z,. and length h., we denote by MF the set of ¢t + 1 normalized monomials

2 t
e )y rome (Tow T -
v fo (Y (52)) 50

Similarly, for a two-dimensional domain E with diameter hg and barycenter &g, we denote by ME the set of
(t 4+ 1)(t + 2)/2 normalized monomials

ME = {(x ;;E)ﬁ 8| St}, (3.7)

where, as usual, for a nonnegative multi-index 8 = (31, 52), we set |8| = 31 + 32 and P = xfl x§2. We also
assume that, in particular, for all E € 7}, and for all nonnegative integer ¢, the elements ¢* € MF are ordered
in such a way that ¢! is the constant 1 in F.

In V}, we define then the following degrees of freedom:

1. /v-nth Yqe M;j V edge e in 7,

2. / v - grad ¢df? Vge ME |\ {1} VE € Ty, (3.8)
E

3. / rotwv qd{? qu./\/lkE_l VE € 7p,.
E

To analyze the unisolvence, it will be more convenient to proceed on an element by element basis.
Proposition 3.5. Let E be an element in Ty, let £ be the number of its edges, and let k be an integer > 1. Set
ng =+ 1)} +{k(k+1)/2 -1} +{k(k+1)/2} =lk+ 1)+ Kk + k-1 (3.9)
and define the local space
V,E .= {v € H(div; E) N H(rot; E) such that
(v-n)c € Pr(e) for all edge e of E, (divv) g € Pr_1(E) and (rotv) g € Pr_1(E)}. (3.10)

Then the nF degrees of freedom (3.8) (restricted to E) are unisolvent in V;E.
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Proof. We remark first that the degrees of freedom (3.8) restricted to E determine, in a unique way,

1. /'u~nth Vq € Pg(e) V edge e of E

2. / v - grad ¢d{? VqePr_1(E)\ {1}, (3.11)
E

3. / rotv gdf? VqePr_1(E).
E

In turn, the degrees of freedom (3.11) determine in a unique way,

e a function g on JF, polynomial of degree k on each edge, such that

/qus:/'v-nqu Vg € Prp(e) V edge e of OF; (3.12)
e e
e a polynomial 7 of degree k — 1 in E such that

/quQ:/rot'uqu Vg € Pp_1(E); (3.13)
E E

e a polynomial d of degree kK — 1 in F such that

/dqd(Z:—/v-gradqd(Z—i—/ v-nqgds Vg € Pr_1(E). (3.14)
E E OE

Clearly g, r, and d are the candidates to be, respectively, v -mn on OF, and rot v and divw in E. This is obvious
for g and r, (from (3.11) (1) and (3) respectively), and is reasonably clear also for d, since

/divquﬂz—/v~gradqd9+/ v-nqds Vg € Pr_1. (3.15)
E E O

Then we consider two auxiliary problems, looking for functions 1 and ¢ in H'(E) such that:

Ap=r inFE, =0 ondE, (3.16)
and
Ap=d inFE, Z_QO =g ondE, (3.17)
n

where we took into account that taking ¢ = 1 in (3.14) (and remembering that (3.12) gives g = v - n on 012)

we have
/ddQ:/ gds, (3.18)
E oF

so that problem (3.17) has a solution. Setting v := grad ¢ — rot ¢, we immediately have
divv=d inFE, rotv=r inFE, and wv-n=g ondFE. (3.19)

Since the domain F is simply connected, we easily deduce that the function v satisfying (3.19) is unique and
the proof is concluded. 0
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Remark 3.6. We note that, if the element F is a triangle, and if, for instance, kK = 1, then the local space VhE,
as defined in (3.10), has dimension equal to 7, which is in between the dimension of the lowest order BDM
element (i.e., BDM;(FE), which coincides with (P;(E))? and has dimension 6) and that of the “next to the
lowest” Raviart—Thomas element (i.e., RT}(E), which is given by (P1)? 4+ xP; and has dimension 8). Indeed,
in this case V;F can be obtained by adding to (P1(E))? the vector v = rot 1), with ¢ satisfying

Ay =1 in E with ¢ = 0 on E. (3.20)

Note that if F is an equilateral triangle, then the function ¢ in (3.20) coincides with the cubic bubble b, and
then one has
BDM,(E) c V¥ ¢ BDMF(E),

where BDMZE(E) is the so called “reduced BDM” space, made of those vectors in BDM; (= (P2)?) whose
normal component has degree < 1 on each edge. It is immediate to see that BDMJ(E) has dimension 9, and
(as is well known) can be obtained (for a general triangle) by adding to RTi(E) the vector rotbY. Instead,
as we have seen, on the equilateral triangle, adding rot b3 to BDM;(FE), we obtain our Virtual Element space
Vi (E). However, if E is not equilateral, the inclusion BDM;(E) C V;F still holds, but V¥ will not be a subset
of BDME(E), as, in general, the function 1 given by (3.20) is not a polynomial.

4. INTERPOLATION IN V}, AND )},

The space @, has a particularly simple structure. Hence, for a given p € @), we can immediately define its
“interpolant” p; € Qy, by

[o-paia2=0  VEET Vo e Pii(B) (4.1)
E

Taking qx—1 = 1 in each F and summing over the elements, we easily get

[@=-mae=¥ [w-pae-o (42)

EcTy,

so that when p € @ (recall: with zero mean value over 2), we have that p; € Q as well.
Note that we could write, locally, p; = PkEflp, where P,il is the L2-projection operator on Pj_1(E), and
globally p; = Pg, p where Py, is the L2-projection on Q.
As a consequence, we easily have (see e.g., [12]) that for every h, for every E € Tj,, and for every integer r
with 0 <r <k:
lp —prllo.g < ChglplrE, (4.3)

where C' depends only on the constant C'r in HD.

The interpolation in the space V}, is also reasonably easy. We consider, for simplicity, a w € V, and we require
additionally that for each element E we have w € N(L*(£2))? for some s > 2 (so that we can easily take its
traces on each individual edge), and also rotw € L'(E) (so that we can take its moments in F). Then we define
its interpolant w; € V}, by requiring that

/(w—wl)-nth:O Vqe M Y edge e in 7y,
/(w—wl)-gradqdﬁzo Vge ME | VE € Ty, (4.4)
E

/rot('w—wj)qu:O Vge ME | VE € Tp,.

E
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Using Proposition 3.5, it is not difficult to check that such a w; exists and is unique in V},. It is also easy to see
that for every element E and for every q;_1 € Pr_1(E), we have

/div(w—wl)qk_ld():—/(w—w1)~graqu_1d(2+/ (w—wy) ng-1ds=0 (4.5)
B E OE

and since div wy itself is in Py_1(F), we deduce that in each E,
divw; = PE | divaw, (4.6)
implying, as in (4.3), that
|| divw — divwyl|o,g < C hY |divw|, g 0<r<k. (4.7)

Moreover, using again [12] and classical arguments, we have also, for each h, for each E € 7, and for each
integer r with 1 <r <k +1,
lw —willo.z < Chp|wl g (4.8)

for some constant C' depending only on the constant Cr in HD.

Remark 4.1. The use of spaces of vector valued functions in (L*(E))? N H(div; E) for some s > 2 in order to
define the trace of the normal component on a single edge goes back to the early days of mixed methods (see
e.g., [14]). Among the more recent and detailed use of this tool, we refer, for instance, to [15] (Lem. 4.1) for
a detailed description of the reason why s > 2 is sufficient, and to [11] (Rem. 2.5.1) for a detailed description
of the reason why s = 2 is not sufficient. On the other hand, in order to take the “integral” of rotw times a
smooth function, we could just require rotw € H~/?(E).

5. THE DISCRETE BILINEAR FORMS

For every decomposition 7, and for every positive integer k, we have defined in (3.4) and (3.5) the spaces V},
and @y, respectively. Now we need to define, on them, a discrete version of the bilinear forms a and b given
in (2.8)—(2.9).

For the bilinear form b, this is really simple. Indeed we can keep

b(v,q) ::/QdivquQE Z [EdivquQ v EVy, q€Qp, (5.1)
EcTy,

as in (2.9), which is easily computable since both divw and ¢ are polynomials in each element. We explicitly
point out that, as can be seen from (3.14) and (3.19), the divergence of any vector v in V, can be easily
computed from knowledge of the degrees of freedom of v.

On the other hand, the bilinear form a needs to be dealt with in a more careful way. We start by noting that,
on each element F, whenever @ is of the form

u=Kgradgyi1 with ger1 € Prya, (5.2)
then for every v € V;¥, we have
af (@, v) :/ K 'u-vdR = / grad @41 - vdf?
E E

:—/ ak+1divvd9+/ Qr+1v - nds.
E oF
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Since both divw and v - n|gp are easily computable from the degrees of freedom of v (as pointed out in (3.12)
and in (3.14)), we have that (5.3) is also computable using only the degrees of freedom of v. Inspired by this
observation (that in turn is inspired by [7,9]), we define first, for each element E, the space

VP .= (& € V¥ such that © = Kgrad g1 for some Gps1 € Pryr(E)}. (5.4)
Then we define the (oblique) projector ITF from H (div; E) onto VE by
aF(v—ITPv,w)=0 vwe VP, (5.5)

and we point out that IEv is explicitly computable for every v € V;F using only its degrees of freedom. At this
point, we consider the bilinear form S¥, defined on VhE X VhE , associated to the identity matrix in R" with
respect to the local basis determined by the degrees of freedom (3.8), and we define, in each F,

af (u,v) := o ([u, v) + |[K | SE(I — Mu, (I — D)v) Yu,veVF (5.6)
and, in a natural way,
ap(u,v) = Z af (u,v) Yu, v eV, (5.7)
EcTy,

Remark 5.1. Tt is important to observe that each of the degrees of freedom in (3.8) scales like v times hg:
indeed, the choice of the monomials (3.6) and (3.7) was done exactly for this purpose. As a consequence, for
instance, the sum of their squares (that, in the computer, will be the square of the usual Euclidean norm) will
scale like [|v]|3 ;. As a consequence, on every element E, the bilinear form S¥(v,v) will scale as a”(v,v). In
particular we will have that there exist two positive constants, ¢o and c¢1, depending only on Cr and K such
that

coa®(v,v) < |[K7YSF(v,v) < ¢c1 aP(v,v)VE € Tp,, Yo € VP . (5.8)

Proposition 5.2. The bilinear form ay, defined in (5.6) has the following two properties:
af (G, v) =d®(@,v) VEe€T, Vae VP vVovecVPF, (5.9)
ot o, >0 st awa?(v,v) <al(v,v) <a*df(v,v) YVEET, Yo ViF. (5.10)

Proof. Property (5.9) follows immediately from (5.5) and (5.6): indeed for u € VE, (5.5) implies that ST (u —
¥4, v — I[T¥v) = 0 Yo, and hence
af (@, v) = o (74, IPv) = o (774, v) = o (G, v). (5.11)
Moreover, from (5.5) we have aE(v—ﬁEv, @) =0forall@ € VF and for all v € V;E so that by the Pythagorean
theorem, we have
a¥(v - IPv,v— ﬁEv) + aE(ﬁEv,ﬁEv) =af(v,v) YveVE. (5.12)

Property (5.10) then follows easily using (5.6), (5.8), and then (5.12). Indeed, taking o* as o* := max{1l, ¢},

we have R R N N
af(v,v) < a?(ITPv, [1%v) + c1a® (v — TFPv,v — [TFv)
< max{l,cl}(aE(ﬁEv, ITPv) + o (v — [TPv,v — ﬁEv)) (5.13)
= a*a¥(v,v),

and similarly, setting «, := min{1, ¢ }:

al(v,v) > min{l,co}(aE(ﬁEv,ﬁEv) +af (v — IPv,v— ﬁEv))

5.14
= a,a(v,v). ( )
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Note that (5.10) and (2.12), in particular, imply
an(v,v) > aalv|% Yo € V. (5.15)
Moreover, introducing the discrete kernel
Kp, = {vp € Vi s. t. b(vp,qn) =0V, € Qn} = {vy € Vj, s. t. dive = 0}, (5.16)
we easily see from the definition of V}, and @, (see (3.4)—(3.5)) that
Kn C K, (5.17)

implying in particular that
an(v,v) > aap||v|3 Yo € Kp,. (5.18)

Finally, we point out that the symmetry of a;, together with (5.10) easily gives
ay, (u,v) < (a (u, ) () (v,0)/? < a* (" (u,w))"/? (0" (v,0))"/?
< o |lallllullo,zl[v]lo.e- (5.19)

Remark 5.3. The form (5.6) for a, is, in a sense, the trade mark of Virtual Element Methods (see for in-
stance [4]), although its structure was already present in earlier works dealing with reduced integration for
nodal quadrilateral elements (see e.g., [23,24] and the references therein). We could say that the part

o (I, v) (5.20)

is the consistency part, that ensures (among other things) that the final method will satisfy the patch test (see
always [4]). On the other hand, the second part

1K= S((I — Tyu, (I - I)v) (5.21)

is in charge of stability: this is why it is made to vanish whenever u = Huor v=Iv (so that it will not spoil
the patch test), and only its order of magnitude and asymptotic behavior in ~A matter.

At this point, we have just to check the discrete analogue of the inf-sup condition (2.13). We have the following
theorem.

Theorem 5.4. Under the above assumptions, there exists a constant 3* > 0, depending only on {2 and on the
constant C7 in HD, such that:

Vq* € Qn, Jwy € V), such that divwj, = ¢ and 5% ||wj,|g < ||¢"]o- (5.22)

Proof. Tt is well known (cf. e.g., Ladyzenskaya) that there exists a constant 5 > 0, depending on {2, such that
for every ¢* € Qp C Q, there exists a w* € (H}(§2))? such that

dive' =¢°  and flw 1.0 < l¢*llo- (5.23)
Then we define its interpolant w} € Vj, as in (4.4), and we have in particular, from (4.8) with = 1 and (5.23)

1+Ch
g

lwilla <1+ Ch)llw,e <

* 1 *
la*lle = = lla*lle- (5.24)
g
Finally, we have from (4.6) and (5.23) that

divw] = Py, divw* = Py, ¢* =q¢".
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Corollary 5.5. The above result easily implies the classical inf-sup condition:

- di ~
35 > 0 such that Yh, VT, inf sup V9D S G (5.25)
9€Qn vev, lallq llvllv
Proof. Indeed, for every ¢* € Qp,, taking wj, as in (5.22), we have
* |12 * 12 : * 12 1 *12
lw Iy = llwp [z + | divy g < et L) ™11, (5.26)
so that
lwpllvllalle — llwyllv
with 5 = 0*//1+ (8*)2, proving (5.25). O
6. CONVERGENCE THEOREM
We are now ready to introduce the discretized problem:
Find (up,pr) in V3, x Qp such that
ap(up,v) — b(v,ph) =0 Vv eV, (6.1)
b(uth) = (fa Q) VQ € Qh'

We have the following theorem.

Theorem 6.1. Under the above assumptions, the discrete problem (6.1) has a unique solution (wp,pp). More-
over, for every approzimation u. of w that is piecewise in VE (as defined in (5.4)), we have

lun —ullg < Ci([lu—urla+|u—urlu), (6.2)

lpr =prlle < C2 ([lu—unlla + [[u—urllm), (6.3)

where uy is defined in (4.4), pr is defined in (4.1), Cy is a constant depending only on K, ax, o*, and Cs is a
constant depending only on K, o* and (*.

Proof. Existence and uniqueness of the solution of (6.1) follow immediately from (5.18) and (5.25).Then we note
that the second equation of (6.1) gives divuy, = Pg, f, while from (4.6) we have divu; = Py, divu = Py, f,
so that, setting

Op = up —uy, (6.4)
we easily have first
div é, = 0. (6.5)
Hence, in particular,
6h S Kh C ]C, (6.6)

and also
[6nllv = [10nla- (6.7)
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Then we have:
a.al|8,]/% < (use (2.12) and (5.10))
< a.a(Op, 0p) < ap(dn,dn) (use (6.4))
= ap(up,dp) — ap(us, dp)(use (6.1) with (5.1) and (6.5), and (5.7))

== ay(us, ) (use +u,)

= (s~ 80) 0Bl 30)) (50 (59) (6.5)
=- EE: (af(uz — U, 8p) + a” (ur, 6h)) (use +u and (3.1))

== Zz: (af (ur — ur, 1) + a” (ux —u, 5h)) — alu, 8,) (use (2.10) with (6.5))

==Y (af(u, — Ur, 81) + a” (ur — u’éh))’
E

Now we use the continuity of each a¥ and of each af (that is, (5.19)) in (6.8) in order to obtain

10nl% < € (Il = wnllar + = welle) [8ll, (6.9)

for some constant C' depending only on 2, K, ., a*. Then (6.2) follows easily by the triangle inequality.
We turn next to the proof of (6.3). Taking ¢* := p, — pr, we can apply (5.22) and obtain a w} € V), with
divw;j = ¢* and
lwh |l < (1/89)q"le = (1/8%)llpr — prlle- (6.10)
Hence, using the definition (4.1) of p; and the fact that divwj € Qp, and then the first equations of (2.10)
and (6.1), we deduce

lpn = prld = la*113 = (pn — pr. divw}) = (pn — p, divw}) = an(un, w) — au, w}). (6.11)
Splitting over the elements, and adding and subtracting u,, we have from (6.11)

lpn = prl3y = > (aF (un — ur, w}) + aP (ur — u, w}))
Ee€Ty,

. (6.12)
<O (lun —urllm + lux — ullg) [|wh |z
< C (lun = urlz + llux — ullu) [lpn — prllQ
where (6.10) was used in the last step. Hence (6.3) follows. O

From the error estimates (6.2) and (6.3) we can then, with the usual techniques (see e.g., [12,20]), derive
estimates on the speed of convergence in terms of powers of h, the degree k of accuracy, and the regularity of
the solution. In particular we have

Corollary 6.2. Under the same assumptions of Theorem 6.1 we have

lw —unllr < COMHlulerre  [[dive —divugfo,e < ChY|flke, (6.13)

lk.2)- (6.14)

Note that, in particular, the first estimate of (6.14) should be regarded as a superconvergence result (since the
pressure is locally in Pj_1), very much in the spirit of [21].

Ipr = prllo < CR" M |uflksr,0 Ip = prllo,e < Ch*(Ipllk,e + lu
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Remark 6.3. In our construction, we started from the degree k of the normal component on each edge, and
then we chose k — 1 as the local degree of the divergence, of the curl, and of the elements in Q. This gave
us spaces that are sort of BDM-like. Our choice was dictated by the effort to remain as simple as possible.
Obviously we could have been slightly more general. One can rather easily see that taking four integers k., kq,
k,, and k4, we could define the local space of vectors as

ViE .= {v € H(div; E) N H(rot; E) such that
(v-n) € Py (e) for all edge e of E, (divv)|p € Py, (EF) and (rotv)|p € Py (E)}, (6.15)

and take as Q5 the space of scalars locally in Py, . Taking k. instead of & in (3.8)-1, kg instead of £ —1 in (3.8)-2,
and finally k, instead of k — 1 in (3.8)-3, we see that we could easily carry out all our construction of Section
3. Needless to say, the local space for vectors will now contain all the polynomials of degree

k= min{ke, kg + 1,k + 1},

so that, in general, kg > k. — 1 and k, > ke — 1 would be required in order to avoid a loss of accuracy in the
approximation properties of our spaces. Moreover, in the study of stability, we would actually need k; = kq.
Indeed, for k; < kg we would lose the inclusion of kernels (5.17), and for k; > k4 we would lose the inf-sup
condition (5.22). Hence our choice (kg = kg = ke — 1 and k, = k. — 1) can be seen as minimal and corresponds,
as we said, to some sort of BDM-like elements. But we could have chosen

kg =ka=ke hp=Fhe—1 (6.16)

to get some RT-like (or rather BDF M-like) elements (see e.g., [14] or [11] for all this terminology). Note that
with the choice (6.16) we could allow k; = kg = k. = 0 and k, = —1 (with the usual convention that P_; = {0})
that would mimic the lowest order Raviart— Thomas element.

Finally we point out that, instead of requiring the local vector space to contain all vector polynomials of
a certain degree (say, (Px)?), we could limit ourselves to the minimal requirement that the local vector space
contains the spaces of the type Kgrad g for all ¢, say, in € Py (as we used here in (5.4)). In this case we
can change the requirement rotv € P into rot(K~'w) = 0, and get away, in general, with less degrees of
freedom. All these choices, however, cannot yet be reasonably discussed, in the absence of suitable numerical
experiments.

Remark 6.4. Tt is interesting to note that, since all our construction is done on the current element (and we
don’t use the reference element), on general quadrilaterals our Virtual Elements will not incur the troubles of
classical BDM elements for “non affine quadrilaterals” (see [2]), and should therefore be compared to the ABF
elements in [3].

Remark 6.5. It is clear that (as it happens for practically all H(div)-conforming Finite Elements) a rotation
of our vector fields of 90 degrees ((u1,u2) — (—u2,u1)) would generate H (rot)-conforming vector fields.

Remark 6.6. The extension of the H (div)-conforming elements introduced here to the three-dimensional case is
essentially straightforward, giving rise to 3-dimensional face elements. However the extension to three dimensions
of their H (rot)-conforming version (in the spirit of the above remark) is less trivial. Mixed 3D elements, of both
types, are the object of a paper in preparation [6].

Remark 6.7. The extension of the present methods to more general problems, including for instance variable
permeability, the presence of lower order terms, and nonlinearities, is still to be done. Good suggestions for the
treatment of a variable permeability can be obtained from previous works on Mimetic Finite Differences (as,
for instance, [7]). For the treatment of lower order terms, a natural approach is to generalize the technique used
in [1] for nodal Virtual Elements.
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