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Abstract

In the original Virtual Element space with degree of accuracy k, projector opera-
tors in the H'-seminorm onto polynomials of degree < k can be easily computed.
On the other hand, projections in the L? norm are available only on polynomials
of degree < k — 2 (directly from the degrees of freedom). Here we present a
variant of VEM that allows the exact computations of the L? projections on all
polynomials of degree < k. The interest of this construction is illustrated with
some simple examples, including the construction of three-dimensional Virtual
Elements, the treatment of lower order terms, the treatment of the right-hand
side, and the L? error estimates.
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1. Introduction

The Virtual Element Methods (VEM) have been introduced very recently
(see [4]) and first applied to some simple two-dimensional elasticity problems
(see [5]) and plate problems (see [17]).

The origin of Virtual Elements, historically, is clearly from the classical
Mimetic Finite Difference Method (see for instance [30, 26, 18, 27, 28]), and
from their subsequent mathematical frameworks and settings [14, 16, 9, 15].

In their more recent evolution Mimetic Finite Differences (MFD) were often
presented either as a form of Cochain approximation or as a sort of Finite
Element methods in which only the degrees of freedom are used (and, in principle,
there are no test and trial functions attached to them) [33, 19, 1, 2, 20, 11, 22].

Further developments included the use of primal formulations (with nodal
values, or 0-Cochains [12, 3]) as well as higher order methods [8, 25, 7, 6].

Still the lack of trial and test functions inside the elements (or even inside
the faces) was making the presentation and the analysis rather complicated.

In the long run it became clear that life would be much simpler if the MFD
unknowns were considered to be attached to trial functions suitably defined
inside the elements, as is commonly done in Finite Element Methods, thus
motivating the birth of Virtual Element Methods.

In order to preserve the great generality that MFD allow for the geometry
of the elements, the Virtual Element Methods use local spaces of test and trial
functions that, in addition to all the polynomials of the chosen degree (say, k),
contain some additional functions that are solution of suitable PDE problems
inside each element.

In this respect the VEM are getting closer to other attempts to generalize
Finite Elements on polygons, like the use of rational functions (see e.g. [34]),
the Polygonal Finite Element Methods (see for instance [31, 32]) or the Extended
Finite Element Methods (see [24] and the references therein).

One of the basic ideas of VEM is that even on elements K with a rather
general geometry we can compute integrals of polynomials, essentially through
formulae of the type

xr+1
/ z'dK = —n,dS (1)

K o T+1
while the computation of the non-polynomial functions (and of their integrals)
requires some additional trick (and could also be practically unfeasible). In
particular in order to compute the contribution of each of these non-polynomial
functions to the local stiffness matrix of an element K, one has first to compute
a local projector (here denoted I1Y) on the space of polynomials of degree < k.
These are, in general, projectors in the Hg(K) scalar product (with a suitable

adjustment of the constant part). See [4, 5, 17].

In many applications, the explicit knowledge of the projector Hkv is enough
to complete the discretization process and to perform the analysis. However,
there are obvious cases in which it would be very useful to have an explicit
knowledge, together with I\, also of the local L?-orthogonal projector 11 on
the space of polynomials of degree < k.



The main purpose of this paper is to show that in a certain number of cases,
just by changing slightly the definition of the non-polynomial local functions
(that, in any case, are never computed!), one can have a local space in which
the operator IIY can be easily computed using HkV and the local degrees of
freedom, so that having computed HkV one can get H% (almost) for free.

As we shall see, the knowledge of the operator I is very useful in sev-
eral circumstances: in particular it allows an extension of VEM to the three-
dimensional case that is much cheaper than the obvious version that would come
from MFD. Here we will discuss a few other examples of applications, dealing
with the treatment of possible reaction terms and with a simpler treatment of
the forcing term. But the range of application is clearly much wider.

Throughout the paper, we will follow the usual notation for Sobolev spaces
and norms (see e.g. [21]). In particular, for an open bounded domain D, we
will use | - |s,p and || - ||s,p to denote seminorm and norm, respectively, in
the Sobolev space H*(D), while (-,-)o,p will denote the L?(D) inner product.
Often the subscript D will be omitted when no confusion arises. For k a non
negative integer, Py (D) will denote the space of polynomials of degree < k on
D. Conventionally, P_;(D) = {0}. Sometimes, for the sake of clarity, we will
denote by H%D and HZ’D the projector operators Hg and HkV related to D.
Finally, C' will be a generic constant independent of the decomposition that
could change from one occurrence to the other.

Concerning geometric objects (and related items) we will use the following
notation. For a geometric object O of dimension d (d = 1,2,3), as an edge, or
a face, or an element, we will denote by x¢ its barycenter, by |O] its measure
(resp. length, area, or volume) and by he its diameter. Moreover, for r € N we
denote by M,.(O) the set of polynomials

M(O) = {m | m = (X;XO) for s € N* with [s| < r} 2)
o
where, for a multi-index s = (s1, .., 84) we denoted, as usual, |s| := s1 + .. + s4

and x° := z7' - -2, It is elementary to check that the elements in M,.(O) form
a basis for the space of polynomials of degree < r on O, and their number equals
(r+1)--(r+d)/dl. We will also make use of the set M?(O) defined by

X —X

ho

M(0) = {m | m = (2222 for s € N with |s| = r}. (3)
The number of elements in M*(O) is d(d+1)---(d+r—1)/rl.

The layout of the paper is the following. In Section 2 we recall some basic
features of Virtual Elements, and in particular the construction of the projector
Hkv7 in two dimensions. In Section 3, always in two dimensions, we introduce a
variant of the local spaces that allows an easy construction of the L2-orthogonal
projector Hg. In Section 4 we show that using Hg on each face one can construct
a quite useful version of VEM in three dimensions, and in Section 5 we show
how to use it on a simple model problem (Poisson). In Section 6 we discuss some
additional applications, including the proof of optimal L? error estimates, the



treatment of a model reaction-diffusion problem, and some numerical results.
Some conclusions are drawn in Section 7.
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2. The original projector HkV

Let £ > 1 be an integer denoting the degree of accuracy that we want to
obtain. We briefly recall from [4] the core idea of the classical VEM and in
particular of the construction of the projector IIY (we refer to [4] for more
details):

e The trial and test functions contain, on each element, all the polynomials
of degree < k, plus (possibly) other functions that, in general, are not
polynomials.

e The degrees of freedom are carefully chosen so that the local stiffness
matrix (or, actually, its associated bilinear form), can be computed ezactly,
whenever the trial entry is a polynomial of degree < k, using only the
degrees of freedom of the test entry.

Using the above properties one can show that for the remaining part of the
local stiffness bilinear form (when a non-polynomial encounters another non-
polynomial) we only need to produce a result with the right order of magnitude
and Tight stability properties.

In a sense, instead of using, in a more traditional way, a nearly ezact value
for all entries in the local stiffness bilinear form (as with the use of numerical
integration formulae) we have ezact values when one of the two entries is a
polynomial, and only much rougher approximations in the other cases.

We remind that the properties above bring us quite close to the Patch
Test used by Engineers, as they imply that the method gives the exact solution
whenever this is a global polynomial of degree < k.

Let us see now the construction of the projector Hkv in the two-dimensional
case. Given a positive integer k (the order of accuracy) we define first, on each
polygon K, the space

Bi(0K) :={v: v € C°(9K) and v|. € Py(e) for each edge e of K}.  (4)
Then the Virtual Element spaces are constructed, on each polygon K, as
Vi(K) :={v: vjpx € Bp(0K) and Av € P_o(K)}. (5)

The corresponding degrees of freedom are chosen, always at the element level,
prescribing for each vy, in Vi (K):

e the values of v, at the vertices, (6)



and for k£ > 2 the moments

o le| H(m,un)oe ¥V me My_ole), Vedgee, (7)

o K| (myvn)oe ¥V m e My_o(K). (8)

It is easy to see that both the dimension of Vj,(K) and the number of the degrees
of freedom (6)-(8) are equal to

NP = dim Vi (K) = k0 + k(k —1)/2 (9)

where /¢ is the number of vertices of the polygon K. Moreover it was proved
(see always [4]) that the above degrees of freedom are unisolvent in Vi (K).

Remark 1. It is clear that for k > 2 the degrees of freedom interior to each
edge can be chosen differently from (7). For instance, for k = 2, to assign the
value at the midpoint would be as good as assigning the average (7). O

Remark 2. The generic elements of Vi.(K) will be denoted by vy, but also by
v when a formula is too long and/or no confusion can occur. O

We remark that for k& > 2 the L?(K)-projection Hz’_Kth of v, € Vi(K)
onto Pr_o(K) is immediately given by the degrees of freedom (8). However,
the moments (vp,q)o,kx are, practically, incomputable when ¢ is a polynomial
of degree > k — 1. Hence the L?(K) orthogonal projection operator II9 from
Vi (K) onto the space Py (K) cannot be computed from the degrees of freedom
(6)—(8) of Vi(K). On the other hand, considering the Green formula

/ VU;L-qux:—/ thqu+/ vh@ds, (10)
K K ok On

we observe first that knowing the degrees of freedom (6)-(7) of a function v, in
Vi (K) we can easily compute the value of vj, on the whole boundary 9K. Next
we observe that, for k > 2, if ¢ in (10) is a polynomial in P then Agq is in Pg_o,
and hence the first term in the right-hand side of (10) can be computed using
the degrees of freedom (8) of vj. We conclude that using (10) we can compute
the integral

/ Vo, - Vgdx (11)
K

for every vy, € Vi(K) and every ¢ € Pi(K) using just the degrees of freedom
(6)-(8). It follows immediately that for every v, € Vj(K) we can define IIY vy,
as the unique element in Py (K) that satisfies

(V(Uh — szh),vq)o,[{ =0 Yoy € Vk(K), Vqe€ Pk(K) (12)

plus (to take care of the constant part of I vy,):

/ (v, — Y wp,) ds = 0 for k=1 (13)
oK



or
/ (o =Y vp)dx =0  for k> 2. (14)
K

We notice that the operator HkV is easily computable using the degrees of free-
dom (6)-(8). It is also easy to check that whenever vy, € Py (K) then ITIY vy, = vy,
showing that IIY is indeed a projection onto Py (K).

Remark 3. We note that (12) and (13) (or (14)) define the operator IIY on the
whole space H'(K), and not only on Vi, (K), but of course it is not computable
in general. O

Remark 4. Note that, once Hkvvh is known, all its moments are known as well,
but of course these moments do not coincide in general with those of vy, (apart
from the mean value, i.e. the moment of order zero, for k > 2). In particular
we point out that for k > 2 the moments of vy, up to the order k — 2 are used in
order to compute IIY v;, (see (10)) but, in general, we will have

/vhmdx;«é/ Y vy, mdx form e Mi(K), withO0<r<k—2. (15)
K K

O

In a certain number of cases (in particular in two dimensions and when deal-
ing with elliptic operators having only the principal part, as in [4, 5, 17]), the
knowledge of the projector IIY is sufficient to construct the whole discretized
problem and produce an interesting method. On the other hand, in many other
cases (as for instance for three-dimensional problems) the explicit knowledge
of the L?(K)-orthogonal projection Hg will be useful and allow a cheaper dis-
cretization. In other cases (as for instance in the presence of nonlinearities) this
knowledge might substantially improve the quality of the method. Here below
we will show that with a minor change of point of view and a minor additional
work one can explicitly construct the operator II{ using the knowledge of Hkv
and the degrees of freedom (8).

3. The modified VEM and the projector ITI9

The basic idea of the modified VEM is now to introduce a new space W, (K)
to be used in place of Vi (K) in such a way that

e the degrees of freedom (6)—(8) can still be used for W (K),
e all the polynomials of degree < k are still included in Wy (K),
e the projection ITY from W (K) to Py can still be computed exactly,

but, for the elements v, € Wi (K) the moments of order k — 1 and k of v;, and

of Hkvvh coincide. Note that, as we have seen in Remark 4, this last property
does not hold in Vi (K).



To construct Wi (K') we proceed as follows:
a) We enlarge first Vj,(K) to, say,

Vi(K) == {vp : vnjox € Br(0K) and Avy, € Py(K)}. (16)

b) We restrict V,(K) to a subspace W, (K) having the same dimension (and
the same degrees of freedom!) as the original Vi (K'), but where the moments of
degree k — 1 and k of v and IIY v coincide. More precisely, we set

Wk(K) = {wh € ‘N/k(K) : (wh — Hkvwh,q*)()’K =0
Vgt e My (K)UML(K)} (17)

Proposition 1. The dimension of Vi(K) is
SKk
NI = th 4 (k4 1) (k+2)/2,

and as degrees of freedom in vk(K) we can take the traces on OK (piecewise in
Py ) and the moments, in K, up to the order k.

Proof. The proof is virtually identical to that given in [4] for V}(K) and is based
on the observation that for functions in Hg (K) with Laplacian in P,.(K) (r € N)
there is a one-to one mapping between the moments of the functions up to the
order r and their Laplacian. O

Proposition 2. The dimension Nvff,’k of Wi(K) is equal to that of Vi,(K), that
is, as in (9),
NEP = dim Wy, (K) = kl + k(k —1)/2. (18)

As degrees of freedom in Wi(K) we can take the same as in Vi(K) (that is,
(6)-(8))

Proof. 1t is immediate to check that the dimension of Mj_;(K) U M (K) is
equal to 2k + 1. Hence, without checking the independence of the additional
2k + 1 conditions in (17), we can at least be assured that the dimension Nvfé’k
of Wy (K) verifies

NEF > NEF—(2k41) = th4 (k+1)(k+2)/2— (2k+1) = lk+k(k—1)/2. (19)

We now observe that a function wy, € Wy (K) that vanishes on 0K and has zero
moments up to the order k£ — 2 is identically zero. Indeed, it is immediate to
see from (12)-(14) that in this case I} wy, would be zero, implying that all its
moment are zero, implying (since wp, € Wi (K)) that all the moments of order
k—1 and k of wy, are also zero. Using Proposition 1 this implies that wy, is zero.

This (together with (19)) implies that the dimension of W} (K) is actually
equal to Lk + k(k — 1)/2, and that in Wy (K) the degrees of freedom (6)-(8) are

unisolvent. O



Remark 5. More generally, we could set, forr >k —1,
Vir (K) == {vn : vnjox € Br(9K) and Avy, € P.(K)}
and then define (always forr >k —1):

Wi (K) i= {wp, € Vi (K) ¢ (wp, =TI win, q")o,ic = 0
Vg* € Mi(K) for all s withk—1<s<r}. (20)

For a general v > k — 1 we could again take, as degrees of freedom in Wy, ,.(K),
the values on OK and the moments up to the degree k — 2 in K. Hence, for
a function w, € Wi (K) the moments up to k — 2 are among the degrees of
freedom, and the moments of order s with k —2 < s <r are computable (since
we can compute Hkvwh explicitly). However, the mazimum available accuracy is
still k (we did not touch the values on OK!), which seems to render the choice

r > k totally useless.
O

To summarize, what we have obtained is the following:

e Every set of lk+k(k—1)/2 real numbers, interpreted as degrees of freedom
(6)—(8), uniquely defines a function v;, € Vi (K) or a function wy, € Wy (K).
These functions are clearly different, but they share the same degrees of
freedom. Note however that if, by chance, the ¢k + k(k — 1)/2 values of
(6)—(8) are taken from a polynomial p € Py, then p = v, = wy,.

e Since the computation of IIY only requires the use of the d.o.f. (6)—(8),
we obviously have Hkvvh = Hkvwh.

o If w, € Wi(K), the moments of order kK — 1 and k of w, and of Hkvwh
are equal. This information, together with (8), allows us to compute all
the moments of wy, up to the order k. This can provide, if needed, the
L?—projection of wy, onto Py (K), as we see here below.

We now show in detail how the operator Hg can be explicitly computed. To
start with, we point out that I1Qv), can be presented as the unique element in
Py (K) such that

/Kﬂgvhmdx:/thmdx for all m € My (K). (21)

Clearly (21) is a linear system, whose unknowns are the coefficients of II{vy, in
the monomial basis My (K). The matrix associated to (21) can be computed
through (1), so that all the difficulties in the computation of II? are in the
computation of the right-hand side.

For k > 2 part of the components of the right-hand side of (21) are im-
mediately available from the degrees of freedom (8), and the others, for vy, in
Wi (K), can be obtained from

/vhmdx:/ﬂkvvhmdx for m € Mj_,(K)U M (K), (22)
K K



once the projector Hkv has been computed. To clarify this point, we distinguish
the following two cases.

The case k < 2.
In this case we always have IIY = I19. Indeed, for k = 1 we have from (22)

/ vhmdx:/ Y vy mdx  for m € M(K) U M;(K), (23)
K K
so that from (21)
/ H?vhmdx:/ Y v, mdx  for m € M;(K). (24)
K K

Hence, I1Y = I19. On the other hand, for k = 2 we still have IIy = II3. Indeed
from (14) and (22) we immediately have that the moments of v, and IIY vy,
coincide for £k = 0,1, 2.

The case k > 2.

In this case we cannot ensure that Hg = Hkv but we can always compute all the
moments in the right-hand side of (21). Indeed, the first & — 2 moments are
given to us by (8), while the moments of order k£ —1 and k are provided by (22).

Warning: In the lowest order case (k = 1) the degrees of freedom identify
uniquely a function g, on the boundary. To g, we can uniquely associate a
function v, (harmonic in K) in V4 (K) and a function wy, (with constant Lapla-
cian) in Wi (K). These two functions are different, but they share the same
boundary values and hence (for k& = 1) the same projection, meaning that
1Y vy, = Y wy,. Note that we use (13) in order to take care of the constant part
of IIY. The mean value of w;, on K is easily computable. As wy;, € W (K) we

obviously have
/ wp, dX:/ Hlvwh dx.
K K

Instead the mean value of v, on K cannot be computed, unless we think that
(from the same degrees of freedom!) we are using wy. In particular one should

not be lazy and use
1

0K Jox

which is already known by (13). Indeed, (25) is only a first order approximation
of the average of vj, over K that in many cases could not be good enough. O

v, ds (25)

4. The three-dimensional spaces and projectors

4.1. Three-dimensional Virtual spaces

We consider now a polyhedron K with ny vertices, ny faces, and n. edges.
For every integer k > 1 and for every face f of K we recall the definition (4) of
the space By (9f), and we observe that By (9f) is a linear space of dimension

v vl (k—1) =v/E,



where v/ is the number of edges (and the number of vertices) of f. Then we
denote by Wi(f) the space defined in (17) with respect to the polygon f. We
recall from (18) that the dimension of Wy (f) is

NiF =vlk+ k(k—1)/2.
At this point we can define for each polyhedron K
Wi, (0K) := {v € C°(0K) : vy € Wi(f) V face f C OK}. (26)
We finally consider the finite dimensional space Uy (K) defined as
Ui(K) :={v e H(K) : vpx € Wi(0K), Avigx € Pyr_o(K)}. (27)
Tt is not difficult to check that the dimension of U (K) is given by
ny +ne(k —1) +npk(k —1)/2 + k(k* —1)/6 (28)

where the last term corresponds to the dimension of polynomials of degree
< k — 2 in three dimensions.

Remark 6. Note that in particular, for k =1 the local dimension will be equal
to the number of vertices, and for k = 2 to the number of vertices, plus the
number of edges, plus the number of faces plus 1. As an example, for a cube-
shaped hexahedron the local space will have dimension 8 for k = 1 and 27 for
k =2 (in both cases, the same as you would get for Qi (K)) while for k = 3 the
local space will have dimension 54 (instead of 64 as for Q3(K)). O

In Ui (K) we can choose the following degrees of freedom:
- the values of vy, at the vertices of K, (29)

and for £ > 2 the moments:

- le|= (m,vp)o.e Vm € My_2(e) on each edge e of K, (30)
- |f|_1(mvvh)07f Ym € My_o(f) on each face f of K, (31)
- K| (m, vn)o,x Ym € My_a(K). (32)

It is not difficult to check that the dimension of Ug(K), computed in (28),
equals the total number of degrees of freedom (29)-(32), and that the degrees
of freedom (29)-(32) are unisolvent.

Remark 7. We note that on each face f € OK the degrees of freedom (29)-(30)
uniquely determine an "edgewise” polynomial of degree < k on the boundary of
f. Following the two-dimensional theory of the previous section we know that
adding (31) is then equivalent to prescribe v, on f, and that, moreover, out
of the degrees of freedom (29)-(31) we can construct, always on each face f,
the projector Hkv’f (that is, the operator IIY, as defined in (12)-(14), this time
on the face f) and the L*(f) projection operator Hz’f onto the set Pi(f) of
polynomials of degree < k on the face f. In turn, these can be assembled to
construct projection operators Hkv’aK and H%aK whose restriction to each face

f coincides with Hkv’f and Hg’f, respectively. O

10



At this point we can introduce the three-dimensional operator l'[kv = Hkv’K,

that mimicking the two-dimensional case we define through
(VIR vn, V@)o,x = (Von,Vqlox  Vun € Up(K), Vg€ Pp(K) (33)

with
/ Y v, dS = Hkv,ath ds for k =1, (34)
oK oK

or
/ Y vy, dx = / vy, dx for k > 2. (35)
K K

Let us see the possible problems in the computation on Hkv. We consider
again the Green formula, for py € Px(K) and for v, € Uy

/ Vpi - Vopdx = — / Apy v, dx + % vy, ds. (36)
K K o On
In the two-dimensional case we observed that the first term in the right-hand
side of (10) was computable out of the degrees of freedom (8). Here we have
an identical situation and the degrees of freedom (32) allow us to compute the
first term in the right-hand side of (36). On the other hand the second term
in the right-hand side of (10) was computable because vy could be computed
exactly on the whole boundary K out of the degrees of freedom (6) and (7),
since on each edge v, was a polynomial. Here however vy, on each face, is not,
in general, a polynomial, and the degrees of freedom (31) are not enough, since
the normal derivative of py, is a polynomial of degree k—1 and from (31) we only
know the moments of v, up to the order k — 2. Our life-saver is that on each
face f our vy, is taken in Wi (f), and therefore, from the two-dimensional theory
(as already observed in Remark 7), we can compute H%BK that is, for each face
f, all the moments of vy |y up to the order k (and therefore, in particular, the
moments of order up to k — 1 that are necessary to compute the last term of
(36)).

It is also easy to check that whenever v;, € Py(K) then IIY v), = vy, showing
that IIY is indeed a projection onto Py (K).

Once we have defined (and constructed) the operator IIY we can finally
consider the finite dimensional space W (K) defined as

Wi (K) = {ve H'(K): vpx € Wip(9K), such that Avjyx € Py(K)
and (v — T v,m)ox =0 for all m € Mj_;(K)UM;(K)}. (37)
As for the two-dimensional case, in the space Wy, (K) we can construct the L?(K)

projection operator Hg using the degrees of freedom (32) for the moments up
to the order k — 2 and using (37) for the moments of order £ — 1 and k.

Remark 8. As we had in the two-dimensional case, the degrees of freedom in
Ui (K) and in Wi(K) are the same. Hence the discussion made in Remark 6
applies to the present case as well. ]

11



Remark 9. We point out that the natural extension of the original VEM to the
three-dimensional case would correspond to use on each face, instead of (26),

Vi(0K) :={v € C°(0K) : vj; € Vi(f) V face f C 0K}, (38)
(where Vi (f) is defined as in (5)), and then set
Vi(K) == {ve HY(K): var € Vk(0K), Avjk € Pr_o(K)}. (39)

However, as we already saw discussing (36), we could not, with this choice,
compute the second term in the right-hand side of (36), as the normal derivative
of pr. has degree k — 1 while in Vi.(f) we have, as degrees of freedom, only the
moments up to the degree k — 2. The only possibility, sticking to the original
version of VEM, would then be to add k additional degrees of freedom on each
face, as it was done for the higher order Mimetic Finite Differences in [6]. [

As we already saw in the two-dimensional case (and we shall see again in
a while even for the three-dimensional case) in a certain number of cases the
knowledge of the projector HkV would be sufficient to construct the numerical
scheme. In these cases we could consider the possibility of using, locally, only
the space Uy(K) instead of Wi (K). However, we point out that from the
practical point of view (meaning the choice of the degrees of freedom and the
actual computations) there is no difference in the two choices, in particular if
one doesn’t need to use the operator Hg. Finally, following Remark 9, we point
out once more that the choice (39) with the degrees of freedom (29)-(32) does
not allow the construction of ITY (see (33)- (35)). Indeed, as we said already,
the original MFD version [6] needed to use moments up to the order k£ — 1 in
(31), with a considerable increase in the total number of degrees of freedom (of
the order of k + 1 times the number of faces in the decomposition).

5. The three-dimensional Poisson Problem

5.1. The continuous problem

Let us see how these new virtual elements can be used to deal with three-
dimensional problems. We consider the model problem

—Au = g inQ, u=0 onI =09Q, (40)

where Q C R? is a polyhedral domain and g € L?(€2). The variational formula-
tion reads

{ find u € V := H( () such that ()

a(u,v) = (g,v)g Yv eV,

with a(u,v) = (Vu,Vv)g. It is well known that problem (41) has a unique
solution, since

a(u,v) < M |ulq|v|1, a(v,v) > alvf? Yu,v €V, (42)

with o = M =1 in our simplified case.
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5.2. The decompositions

We discuss now the discretized version of the above problem.

Let {75} be a sequence of decompositions of € into polyhedral elements K.
On the sequence of decompositions we make the following assumption.

AOQ - We assume that there exists a positive real number v such that
o for every element K, for every face f of K, and for every edge e of f
he > yhy > 7*hi;

o cvery element K is starshaped with respect to all the points of a sphere of
radius > yhy;

o cvery face f is starshaped with respect to all the points of a disk having
radius > vhy.

In all the sequel, for every decomposition Tp, we set

|h| = max hi (43)

O

Remark 10. Assumption AO is, at the same time, not very demanding (al-
lowing the use of very general decompositions), and more restrictive than nec-
essary. Actually, we could get away with even more general assumptions, but
then it would be long and boring to make precise (among many possible crazy
decompositions that nobody will ever use) the ones that are allowed and the ones
that are not. O

Remark 11. It can be shown that the above conditions imply the existence of
an integer number N such that every polyhedron has less that N faces and every
face has less than N edges. O

The bilinear form a(-,-) and the norm |- |; can obviously be split as

1/2
a(u,v) = Z a® (u,v) Yu,v €V, lv]y = ( Z |U|%K) / Yo eV.
KeTn KeTn
(44)
Since in what follows we shall also deal with functions belonging to the space

HY(T) = H H'(K), we need to define a broken H'-seminorm:
KeTn

ol = (3 plie)” (45)

KeTy

Note that, for discontinuous functions, this is really a seminorm and not a norm:
for instance, |cp|p,1 = 0 for every piecewise constant function cy,.

At the abstract level, for a given order of accuracy k > 1, we consider, as in
[4], discretizations that satisfy the following assumptions.

A1l - We assume to have, for each h,

13



e for each K € Ty, a space W(K) C HY(K);

e a space W, CV N H Wi (K);
KeTn

e q bilinear form ap from Wy x Wy, to R which can be split as

ah(uh,vh) = Z af(umvh) Vuh, Vh EWh, (46)
KeThn

where each aX (-,-) is a symmetric, positive semidefinite bilinear form on
Wk(K) X Wk(K 5

e an element g, € W), (dual space of Wp,). O

Together with A1 we further assume the following crucial properties.
A2 - For all h, and for all K in Ty, we have Pi(K) C Wi (K) and

e k-Consistency: for all p € Px(K) and for all v, € Wi (K),
a}l‘f(pa Uh) = aK(p7 Uh); (47)

e Stability: there exist two positive constants o, and o, independent of h
and of K, such that

Vo, € Wi (K) Oy aK(Uh,vh) < ahK(vh,vh) < o* aK(vh,vh). (48)
O

We notice that the symmetry of ay, property (48), and the definition of a’€
easily imply the uniform continuity of a; with

(ahK(u, u)) e (ahK(v, v)) 2 < of (aK (u, u)) V2 (aK (v, v)) e

o |uly i vk for all u,v € Wi (K).

IN

ahK(u, v)

(49)

5.8. An abstract convergence theorem

The following convergence theorem has been proved in [4] for the two-
dimensional case, but the arguments given therein do not depend on the space
dimension.

Theorem 1. Under Assumptions A1-A2, the discrete problem:

Find up, € Wy, such that ap(up,vp) =< gh,vp > Vo, € Wy, (50)
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has a unique solution up. Moreover, for every approximation uy € Wy, of u and
for every approximation u, of u that is piecewise in Py, we have

fu—unls < C(Ju— sl + Ju = sl + g = gallw; ),

where C'is a constant depending only on o, and o™, and ||g — gn|lw; is defined
as

. <9 —Ggh,Vh >

lg = gnllw; = sup —F—r——

(51)
on €W, llvnllv

5.4. Projection error

According to the classical Scott-Dupont theory (see e.g. [10]) we have then
the following result.

Proposition 3. Assume that Assumption AOQ is satisfied. Then there exists a
constant C, depending only on k and vy, such that for every s with 1 < s < k+1,
for every K, and for every w € H*(K) there exists a w, € Pp(K) such that

|w = wnllo,x + hx|w —wrl1x < Chi |w]s k- (52)

Remark 12. Always following [10] we note that we could take the weaker as-
sumption that (roughly speaking) every K is the union of a finite (and uniformly
bounded) number of star-shaped domains, each satisfying AO. O

5.5. Construction of Wy,

We can now use what we learned on individual polyhedra in order to design
a Virtual Element space on the whole ). In particular: for every decomposition
T of Q into polyhedra K, for every integer k > 1, and for every K in T, we
define Wi (K) as in (37). Then we set, as natural:

W), == {v e Hy(Q) : vjx € Wy(K) for each element K in Ty}. (53)

Arguing as we did in the case of a single polyhedron (but remembering that
on 90 we set homogeneous Dirichlet boundary conditions), we can easily see
that the dimension of the whole space W, is given by

N = dim W), = Ny + Ng(k — 1) + Npk(k — 1)/2 + Npk(k* —1)/6, (54)

where Ny, Ng, Np, and Np are, respectively, the total number of internal
Vertices, internal Edges, internal Faces, and elements (polyhedra) in Tp,.

In agreement with the local choice of the degrees of freedom (29)-(32), in
W, we choose the following degrees of freedom:

- the values of vy, at the internal vertices, (55)
and for £ > 2 the moments

- lel= (m,vn)o,e Vm € My_2(e) on each internal edge e, (56)
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- |f|_1(m, vp)o,f Ym € My_o(f) on each internal face f, (57)
- K7 (m, vn)o.x Ym € My_o(K) on each element K. (58)

We explicitly recall that the request W; C V implies v, = 0 on the nodes, on
the edges and on the faces belonging to the boundary 9f2.

It is not difficult to check that, here too, the dimension N** of W}, com-
puted in (54), equals the total number of degrees of freedom (55)-(58). The
local unisolvence will now easily imply that the global degrees of freedom are
unisolvent for the global space Wj. Exactly as it happens for the usual Finite
Element spaces.

5.6. Interpolation error

Numbering the N degrees of freedom (55)-(58) from 1 to N* we can
denote by s, i = 1,..., N the operator that to each smooth enough function
 associates its i-th degree of freedom x;(¢). It follows easily from the above
construction that for every smooth enough w vanishing on 92 there exists a
unique element w; of Wy, such that

xi(w—wr) =0, i=1,...,N*" (59)

More generally, always following for instance [10], it is not difficult to see that
the following result holds.

Proposition 4. Assume that Assumption AO is satisfied, and that the space W,
has been constructed following the above procedure. Then there exists a constant
C, depending only on k and vy, such that for every s with 2 < s < k+ 1, for
every h, for all K € Ty, and for every w € H*(K) the interpolant w; € Wy,
defined in (59) satisfies

|w —wrllo,x + hx|w—wrlix < Chywls k. (60)

5.7. Construction of ap,

At this point we can follow in a rather slavish way the procedure applied for
the two-dimensional case in [4]. We summarize it briefly. We have to construct
a computable ay, that satisfies (47) and (48). For this, for every element K we
use the operator IIY : Wy (K) — Py(K) C Wy (K) defined in (33)-(35), and
we choose

af (u,v) := o™ (I u, T v) + S (u — Y u,v — T v)  Vu,v € Wi(K) (61)

where S%(u,v) is, in the canonical basis induced by the degrees of freedom
(29)-(32), the identity matrix multiplied by hx. As in the two-dimensional case
[4], one can easily verify that with the choice (61) Assumption A2 is satisfied.

Remark 13. An approach similar to that used in (61) (although only for the
case of quadrilaterals) can be found in [23]. O

Remark 14. Most of the use of Assumption AOQ is actually hidden here. What
we are using is that the square of the H'(K)-norm of each basis function scales
(in three dimensions) like hy, which would not be the case if, for instance, two
vertices were too close. O
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5.8. Treatment of the right-hand side

For k > 2 the treatment of the right-hand side can be easily dealt with in
the classical VEM framework [4]. We can simply take g := H2_2g since the
integral

/ (T19_,9) vnd (62)
K

is always computable directly from the degrees of freedom (32). With this choice
we have

(9= gn,vn)o,x = (9 — 119 _og,v1)0.x
= (g —T)_sg9,vn — Mivp)o,x < C Ry g1,k hiclvonlix (63)

that easily implies
lg = gnllw;, < C A" [lgllk-1,0- (64)

For k = 1 instead we can take g, = II9g, since

/ (I1Yg9) vad K = / (II5g) 1Y vpd K
K K

for v, in Wy (K) (as defined in (37)). Proceeding as before, we easily obtain

lg = gnllw; < Clh[llgllo., (65)

or, alternatively,
lg = gnllw;, < C IR llgll1.0. (66)

Remark 15. We note that for k > 2 and v, € W(K) we could have taken
gn =10 _,9, and gain an extra power of h as in (66):

lg = gnllw;, < C A gl (67)
O

Theorem 2. Let u be the solution of problem (41), and let up, € W;, be the
solution of the discretized problem (50), with Wy, defined in (53), ap, defined in
(61), and gy, :=119_,g for k > 2 and gy, :=11)g for k = 1. Assume further that
the right-hand side g belongs to H*1(2), and that the exact solution u of (41)
belongs to H*1(Q). Then

lu—wunllio < C[h* ulisr0, (68)
with C' a positive constant independent of h.

Proof. The result is an immediate consequence of the abstract Theorem 1 and
the estimates (52), (60), and (64) (or (65) for k = 1). O
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6. Additional applications

We shall now briefly highlight some other applications of these elements. It
is clear that the range of possible applications is much wider.

6.1. L* error estimates
We consider now the problem of optimal error estimates in the L?(£2) norm.

Theorem 3. Let u be the solution of problem (41), and let up, € Wy, be the
solution of the discretized problem (50), with W}, defined in (53), ap defined
in (61), and gn := 119 _,g for k > 1. Assume further that Q is convez, that
the right-hand side g belongs to H*(Q), and that the ezact solution u of (41)
belongs to H*+1(Q).

Then the following estimate holds:

lu—unlloe + |hlllu—unlio < Ch[* Hulkiro. (69)
with C' a constant independent of h.

Proof. The H' estimate follows from Theorem 1. To prove the L? estimate we
employ the usual duality argument. Let therefore ¢ be the solution of

~AYp=u—u, inQ  with ¢ € H}(Q) (70)
that, due to the convexity assumption, satisfies
[¥]l2.0 < Cllu = unllo,c (71)

for a constant C' that depends only on 2. Let 1¢; be an interpolant of ¥ in Wy,
for which it holds

[ = rllie < Clal[[$llz0 < Clhl lu = uallog (72)

(having used estimate (60) and then (71)).
Then, using (70), adding and subtracting ¢y, and using (41) and (50) we
have

”u - uhH(Q) = (u — Uh, _AQZ}) = a’(u - Uhﬂ/J)

= a(u —up, Y — 1) + alu — up,Pr)

= a(u—up, Y —Yr)+ < g,%1 > —a(un, ¥r) (73)
= a(u —up, Y —Yr)+ < g — gn, b1 > +an(un, 1) — alun, ¥r)

= I1+I1I+1I.

Obviously we have first, from (42) and (72),

I'=a(u—wup,¥—v¢r) < Cllu—ul

1,9 7] [lu —unlo,0- (74)

Then we observe that for every element K we have

(9—9n ok = (g —1)_19,q)oxk =0 Vg€ Py_1(K), (75)
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so that using (52) (for I1_, and II§) and again (60)

II =< g — gn,br >=< g —10_1g,¢1 — 3¢ > < C|hl¥|glra b [¢r]10
< C|h¥|glk.0 bl [[u — unlo.o-

(76)
Finally, using (twice) (47)
ITT = ap(up, 1) — a(up, ¥r) = > (ahK(uhﬂ/}I) — (aK<Uh»'(/JI))
K
= Z (ahK(uh — 11w, ;) — o’ (uy, — H2u7¢1)) (77)
K
= > (af (un = W, 0y = T00) — " (un, — Tty — T4 ).
K
By adding and subtracting ¢ and using (52) and (72) we easily have
lor =9l < lvr — ¢llia + 1 —Ylle < Clhl [Pl (78)
< Clhl[lu = unllo.0;
that inserted in (77) gives
111 < € (Jlun = ull.o + llu = Tully0 ) 1Bl u = wllo.o. (79)

Using now (74), (76), and (79) in (73) we have then
= wnll3 < € (Jlu = unlle + Il = Mul0 + 4¥lgles) 1hlllu = unllos (80)

and the result follows from (68) and (52). O

Remark 16. We point out that for k > 3 we could have taken g, =112 _,g as
in (62), and still obtain optimal estimates. Indeed, k —2 > 1 for k > 3, so that
the estimate (76) of II can be made as

<g—gnthr >=<g-15_,9,¢; >=< g—1I}_,g,9r — 179 >
< CIh  Higlk-1.alhlP¢ )20 (81)
< Clh* |lglle-1.0 Al — unllo.q-

and then we can proceed exactly as before. O

6.2. Reaction-diffusion problems

As a further example of application we consider the case of a reaction-
diffusion problem of the type:

Find v € Hy(Q) such that —Autau=gyg in Q (82)
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where g € L%(Q) as before, and « is a positive constant. It could be convenient
to split the associated bilinear form a(u,v) as

a(u,v) = av(u,v) + aag(u,v) = / Vu - Vodx + a/ uvdx. (83)
Q Q

Using the discretized space (53) (or (17) in two dimensions) we can define on
each element K:

al (u,v) = a& (Y u, Y v) + S& (u — T u, v — Y v)

+ aal (MQu, T0) 4+ aSE (u — Mu, v — M%) Vu,v € Wi(K). (84)

In the canonical basis induced by the degrees of freedom, S’g can be taken as
the identity matrix multiplied by h}i(_Q, and S can be taken as the identity
matrix multiplied by h% where, as above, d (typically = 2 or 3) is the dimension
of the object K. It is not difficult to check that with this choice Assumption
A2 is again satisfied, and that the optimal error bound of O(h*) can still be
easily proved.

Remark 17. We point out that the term SE in (84) is not needed, unless the
problem 1is reaction-dominated. We also point out that a similar approach can
be used to deal with time-dependent problems. [

6.3. Numerical Experiments

We present two numerical experiments to exploit the behavior of the method
when a reaction term is present. In the first test we show that the presence of the
reaction stabilization term S{ (-, -) is inessential when the problem is diffusion-
dominated; in the second one we show instead that this term is crucial when
the problem is reaction-dominated.

Test 1: diffusion-dominated case.
We consider the problem

85
u=1ug on 0N (8)

{ —Au+u=g in{
where € is the unit square and the load term g and the Dirichlet boundary data
ug are chosen in such a way that the exact solution is

Ue(x,y) = sin(2z + 0.5) cos(y + 0.3) + log(1 + xy).

We approximate problem (85) with the sequence of the four polygonal meshes
shown in Fig. 1. The order of approximation is £ = 2. In Fig. 2 we show
the convergence curves of the error measured in a discrete L? norm against the
mean value of the mesh size h in the two cases: with and without the reaction
stabilization term SZ(-,-). The two error curves are virtually indistinguishable;
note the O(h?) optimal convergence rate.
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88 polygons 177 polygons
hmean:1 .492912e-01 h ean:‘ .074517e-01

809 polygons 1627 po\1ygons

h =4.908316e-02 h =3.451612e-02
'mean’ 'mean

Figure 1: Sequence of polygonal meshes for the diffusion-dominated case

Test 2: reaction-dominated case.
We consider the problem

—eAut+u=1 inQ

u=0 on Of) (86)
where (2 is the unit square. When € becomes small, the exact solution tends to
be 1 inside the domain and develops a diffusive boundary-layer close to the whole
boundary. We study the behavior of the VEM approximation of problem (86)
for k = 2 on a fixed mesh (the second of the sequence of Fig. 1) for ¢ decreasing
from 107! to 107%. We show the results in Figs 3 and 4; in both figures, the first
row corresponds to the approximation without the reaction stabilization term
SE(-,-), while the results in the second row have been obtained with the term

S5 (1 0)-
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. slope I = 3.183 slope ? = 3.182

107 107" 10° 107

107"
without S (-, -) with SE (-, -)

Figure 2: Convergence curves for the diffusion-dominated case

e=10"1 e=10"2 e=10"3

Figure 3: Reaction-dominated case, e = 10~1,1072,10~3

In Fig. 3 we see that when ¢ is moderately small the results in the two cases
are very similar, in conformity with what we have obtained in the previous
experiment. On the contrary, when € becomes smaller we see clearly from Fig. 4
that the reaction stabilization term is needed in order to produce a reasonable
solution.

Remark 18. No adjustments of the methods have been made to actually reduce
the over- and undershoots due to the diffusion layer, which are also typical
of the classical finite element approzimations. Indeed, in these circumstances
higher order finite elements exhibit the same oscillations near the boundary,
and the lowest order ones (k = 1) require some mass lumping (at least near the
boundary) to be fixed. Hence we might say that with the reaction stabilization
term the Virtual Elements behave just like Finite Elements, although on much
more general geometries.
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e=10"* e=10""° =106

Figure 4: Reaction-dominated case, ¢ = 10~4,1075,10~6

7. Conclusions

We presented a different point of view on the Virtual Element Methods
that allows the exact computation of the local L? projection of trial and test
functions on polynomials of degree k (where k is the maximum integer such
that all polynomials of degree < k are contained in the local space). From the
computational point of view, we could briefly summarize the result by saying:
compute the H}(K)-projection TLY v as you do for the original VEM, and then
use it (for the moments of degree strictly higher than k — 2) as if it was the L?
projection. The new approach allows to get away with this “mistake”, showing
that what looks like a mistake is instead perfectly correct if we assume that
we are working in a slightly different space (that however still preserve all the
optimal approximation properties). The trick (of using IT) v as if it was the L?
projection), could be used in a number of different circumstances.

References

[1] J.E. Aarnes, S. Krogstad, and K.-A. Lie. Multiscale mixed/mimetic meth-
ods on corner-point grids. Comput. Geosci., 12:297-315, 2008. Special Issue
on Multiscale Methods.

[2] L. Beirao da Veiga. A residual based error estimator for the mimetic finite
difference method. Numer. Math., 108(3):387-406, 2008.

[3] L. Beirao da Veiga. A mimetic finite difference method for linear elasticity.
M2AN: Math. Model. Numer. Anal., 44(2):231-250, 2010.

[4] L. Beirao da Veiga, F. Brezzi, A. Cangiani, L.D. Marini, G. Manzini, and
A. Russo. The basic principles of Virtual Elements Methods. Math. Models
Methods Appl. Sci. 23(1):199-214, 2013.

23



[5]

[6]

[15]

[16]

[17]

L. Beirao da Veiga, F. Brezzi, L.D. Marini. Virtual Elements for linear
elasticity problems. To appear in STAM J. Num. Anal.

L. Beirao da Veiga, K. Lipnikov, and G. Manzini. Arbitrary-Order Nodal
Mimetic Discretizations of Elliptic Problems on Polygonal Meshes. SIAM
J. Numer. Anal., 49(5):1737-1760, 2011.

L. Beirao da Veiga, K. Lipnikov, and G. Manzini. Convergence analysis of
the high-order mimetic finite difference method. Numer. Math., 113(3):325-
356, 2009.

L. Beirdo da Veiga and G. Manzini. A higher-order formulation of the
mimetic finite difference method. SIAM, J. Sci. Comput., 31(1):732-760,
2008.

P. Bochev and J. M. Hyman. Principle of mimetic discretizations of differ-
ential operators. In D. Arnold, P. Bochev, R. Lehoucq, R. Nicolaides, and
M. Shashkov, editors, Compatible discretizations. Proceedings of IMA hot
topics workshop on compatible discretizations, IMA Volume 142. Springer-
Verlag, 2006.

S. C. Brenner and R. L. Scott. The mathematical theory of finite element
methods. Texts in Applied Mathematics, 15. Springer-Verlag, New York,
2008.

F. Brezzi and A. Buffa. Innovative mimetic discretizations for electromag-
netic problems. J. Comput. Appl. Math., 234(6):1980-1987, 2010.

F. Brezzi, A. Buffa, and K. Lipnikov. Mimetic finite differences for elliptic
problems. M2AN: Math. Model. Numer. Anal., 43:277-295, 20009.

F. Brezzi and M. Fortin. Mixed and Hybrid Finite FElement Methods.
Springer-Verlag, New York, 1991.

F. Brezzi, K. Lipnikov, and M. Shashkov. Convergence of mimetic finite
difference method for diffusion problems on polyhedral meshes. SIAM J.
Num. Anal., 43:1872-1896, 2005.

F. Brezzi, K. Lipnikov, M. Shashkov, and V. Simoncini. A new discretiza-
tion methodology for diffusion problems on generalized polyhedral meshes.
Comput. Meth. Appl. Mech. Engrg., 196:3682-3692, 2007.

F. Brezzi, K. Lipnikov, and V. Simoncini. A family of mimetic finite differ-
ence methods on polygonal and polyhedral meshes. Math. Models Methods
Appl. Sci., 15:1533-1553, 2005.

F. Brezzi and L.D. Marini. Virtual elements for plate bending problems.
Comput. Meth. Appl. Mech. Engrg., 253:155-462, 2013.

24



[18]

[19]

[20]

[25]

[26]

J. C. Campbell and M. J. Shashkov. A tensor artificial viscosity using
a mimetic finite difference algorithm. J. Comput. Phys., 172(2):739-765,
2001.

A. Cangiani and G. Manzini. Flux reconstruction and pressure post-
processing in mimetic finite difference methods. Comput. Methods Appl.
Mech. Engrg., 197/9-12:933-945, 2008.

A. Cangiani, G. Manzini, and A. Russo. Convergence analysis of the
mimetic finite difference method for elliptic problems. SIAM J. Numer.
Anal., 47(4):2612-2637, 2009.

P. G. Ciarlet. The Finite Element Method for Elliptic Problems. North-
Holland, 1978.

J. Droniou, R. Eymard, T. Gallouét, and R. Herbin. A unified approach
to mimetic finite difference, hybrid finite volume and mixed finite volume
methods. Math. Models Methods Appl. Sci. (M3AS), 20(2):265-295, 2010.

C. A. Felippa. Supernatural QUAD4: A template formulation Comput.
Methods Appl. Mech. Engrg., 195(41-43):5316-5342, 2006.

T.-P. Fries and T. Belytschko. The extended/generalized finite element
method: An overview of the method and its applications Int, J. Numer.
Meth. Engng, 84: 253-304, 2010

V. Gyrya and K. Lipnikov. High-order mimetic finite difference method for
diffusion problems on polygonal meshes. J. Comput. Phys., 227:8841-8854,
2008.

J. M. Hyman and M. Shashkov. The orthogonal decomposition theorems
for mimetic finite difference methods. SIAM J. Numer. Anal., 36(3):788—
818, 1999.

J. Hyman and M. Shashkov. Mimetic discretisations of Maxwell’s equa-
tions and the equations of magnetic diffusion. Progress in Electromagnetic
Research, 32:89-121, 2001.

Yu. Kuznetsov and S. Repin. New mixed finite element method on polyg-
onal and polyhedral meshes. Russ. J. Numer. Anal. Math. Modelling,
18(3):261-278, 2003.

S. Rjasanow and S. Weifler. Higher order BEM-based FEM on polygonal
meshes. Preprint Nr. 297, Fachrichtung 6.1 - Mathematik, Saarbriicken
2011.

M. Shashkov and S. Steinberg. Solving diffusion equations with rough
coefficients in rough grids. J. Comput. Phys., 129(2):383-405, 1996.

A. Tabarraei and N. Sukumar. Conforming polygonal finite elements. Int.
J. Numer. Meth. Engrg., 61(12):2045-2066, 2004.

25



[32] A. Tabarraei and N. Sukumar. Extended finite element method on
polygonal and quadtree meshes. Comput. Methods Appl. Mech. Engryg.,
197(5):425-438, 2007.

[33] K.A. Trapp. Inner products in covolume and mimetic methods. M2AN:
Math. Model. Numer. Anal., 42:941-959, 2008.

[34] E. Wachspress. A rational Finite Element Basis. Academic Press, New
York, 1975.

26



