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Abstract

We give here a simplified presentation of the lowest order Serendipity Virtual Element method, and show its use for
the numerical solution of linear magneto-static problems in three dimensions. The method can be applied to very general
decompositions of the computational domain (as is natural for Virtual Element Methods) and uses as unknowns the (constant)
tangential component of the magnetic field H on each edge, and the vertex values of the Lagrange multiplier p (used to enforce the
solenoidality of the magnetic induction B = wH). In this respect the method can be seen as the natural generalization of the lowest
order Edge Finite Element Method (the so-called “first kind Nédélec” elements) to polyhedra of almost arbitrary shape, and as we
show on some numerical examples it exhibits very good accuracy (for being a lowest order element) and excellent robustness with
respect to distortions.
© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http:
/[creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In this paper we introduce a simplified version of the Serendipity Virtual Element Methods (VEMs) presented
in [1] and [2] and we show how they can be used for the numerical solution of linear magneto-static problems in the
so-called Kikuchi formulation (see e.g. [3]).

Serendipity VEMs are a recent variant of Virtual Element Methods that allow (as is the case of classical Serendipity
Finite Elements (FEMs) on quadrilaterals and hexahedra) to eliminate a certain number of degrees of freedom (internal
to faces and volumes) without compromising the order of accuracy. In the Virtual Element framework they are
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particularly useful since the original formulations of VEMs (as in [4] or [5]) often use more degrees of freedom
than their FEM counterpart (when it exists).

The advantage of VEMs, when it comes to Serendipity variants, is that, contrary to FEMs, they do not use a
reference element: an inevitable sacrifice, if you want to be able to deal with very general geometries. Such a sacrifice,
that requires additional computations on the current element, has however the advantage of being much more robust
with respect to distortions, whereas Serendipity FEMs can lose orders of accuracy already on innocent quadrilaterals
that are not parallelograms (as is well known, and has been analyzed e.g. in [6,7]).

Here, as we said, we present a variant of the general theories of [1] and [2], that is specially designed for lowest
order cases and comes out to be simpler, both for the theoretical presentation and the practical implementation.

Then we apply it to the classical model magnetostatic problem, in a smooth-enough simply connected bounded
domain {2 in R3:
givenj € H(div; £2) (withdivy = 0in {2), and u = pu(x) > o > 0,
find H € H(curl; {2) and B € H(div; {2) such that:
curlH =j and divB = 0, with B = uH in {2

with the boundary conditions H An = 0 on 9{2.

(1.1)

In particular we shall deal with the variational formulation introduced in [3], that reads
find H € Hy(curl; 2) and p € HOI(Q) such that:

/ curlH - curlvdf? —i—/ Vp-uvd2 = / Jj-curlvd(? Vv € Hy(curl; 2) (12)
Q Q Q :

/ Vq-uHdN =0 Vq e Hy(2).
2

For many other different approaches to the same problem see e.g. [8—10] and the references therein.

In our discretization, the scalar variable p (Lagrange multiplier for the condition div(uH) = 0) will be discretized
using only vertex values as degrees of freedom, and the magnetic field H will be discretized using only one degree of
freedom (= constant tangential component) per edge. In its turn the currentj (here a given quantity) will be discretized
by its lowest order Face Virtual Element interpolant j;, individuated by its constant normal component on each face.

On tetrahedrons this would correspond to use a piecewise linear scalar for p, a lowest-order Nédélec of the first
kind for H, and a lowest order Raviart—-Thomas for j: in a sense, nothing new. But already on prisms, pyramids, or
hexahedra we start gaining, as we can allow more general geometries and more dramatic distortions, and there are no
difficulties in using much more general polyhedrons.

On polyhedrons the present approach could also be seen as being close to previous works on Mimetic Finite
Differences (the ancestor of Virtual Elements) like [11] or [12]. Here however the approach is more simple and direct,
allowing a thorough analysis of convergence properties. Also the use of an explicit stabilizing term, reminiscent of
Hybrid Discontinuous Galerkin methods (see e.g. [13] and the references therein) contributes, in our opinion, to the
user-friendliness of the presentation.

A layout of the paper is as follows. The next section will be dedicated to recall the basic notation of functional
spaces and differential operators.

Then in Section 3 we will introduce and discuss the two-dimensional VEMs (nodal and edge) that will be used
on the faces of the three-dimensional decompositions. As usual, we will present first the spaces on a single two
dimensional element (local spaces).

In Section 4 we will finally present our “Simplified Serendipity Spaces” in three dimensions. We first deal with a
single element (polyhedron) and then discuss the spaces on a general decomposition.

In Section 5 we will use these spaces to discretize the linear magneto-static problem, and briefly discuss their
convergence and the a-priori error analysis.

Finally, in Section 6 we will present some numerical results.

2. Notation

In any dimension, for an integer s > —1 we will denote by Ps the space of polynomials of degree < s. Following
a common convention, P_; = {0} and Py = R. Moreover, II; » will denote the LZ((’))—orthogonal projection onto [Py
(or (Py)?, or (P,)*). When no confusion can occur, this will be simply denoted by II;.
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2.1. Basic notation in 2 and 3 dimensions

In two and three dimensions we will denote by x the independent variable. In two dimensions we will also use
x = (x, y) or (more often) x = (x|, x,) following the circumstances. We will also use

xt = (=x2,x1) .1

In two dimensions, for a vector v and a scalar ¢ we will write

0 0 0 0
roty = 22 _ ﬂ, rotg ;= —q, ——q)T. (2.2)
ax ay dy

We observe that
div(pox) = rot(pox") =2py  Vpy e R. (2.3)

The following decompositions of polynomial vector spaces are well known and will be useful in what follows. In two
dimensions we have, for all s > O:

(Py)* =rotPy,; ®xP,_;, and (P,)* = gradP,,, & x'P,_,. (2.4)
In three dimensions the analogues of (2.4) (always for all s > 0) are

()’ = curl(Py11)’) @ xP,—1,  and (P, = grad(Py1) ®x A (Py-1). 2.5)
We also note that by direct computation we have, similarly to (2.3):

div(pox) =3py Vpo € Py and curl(po Ax) =2py Vpo € (IP’O)3. (2.6)

Finally, on a polyhedron P we set xp = x — bp with bp the barycenter of P. Analogously, for each face f € 9P, we
setx; =x — by, with by = barycenter of f. Note that clearly

/xp dP =0, 2.7
P
as well as
/xf df =0, (238)
;

2.2. Polynomial spaces: Raviart—-Thomas and Nédélec

We recall the definition of the classical lowest order Raviart—-Thomas local spaces in d space dimensions
RTy = (Po)! @ x Py, (2.9)
and also the classical lowest order Nédélec first-type local spaces in two and three space dimensions
No= Py’ ®x Py or Ny= (P ®xnA (P (2.10)

In what follows, when dealing with the faces of a polyhedron (or of a polyhedral decomposition) we shall use two-
dimensional differential operators that act on the restrictions to faces of scalar functions that are defined on a three-
dimensional domain. Similarly, for vector valued functions we will use two-dimensional differential operators that act
on the restrictions to faces of the tangential components. In many cases, no confusion will be likely to occur; however,
to stay on the safe side, we will often use a superscript 7 to denote the tangential components of a three-dimensional
vector, and a subscript f to indicate the two-dimensional differential operator. Hence, to fix ideas, if a face has

: _ T . : T . v vy
equation x3 = 0 then x* := (x1, x) and, say, div;v* := e + T
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2.3. Some functional spaces

We recall some commonly used functional spaces:
H(div; 2) = {v € [L>(2)]® with divw € L*(2)},
Hy(div; £2) = {@ € H(div; 2) with @ - n = 0 on 042},
H(curl; 2) = {v € [L*(2)]® with curly € [L*()]*},
Hy(curl; 2) = {v € H(curl; 2) with H An = 0on d{2},
H'() = {g € L*(2) with gradg € (L*(2))*},
Hy(2) ={q € H'(£2) withg = 0 on 302}.

3. Two-dimensional Simplified Serendipity Spaces

We begin with the definition of the local spaces. Let P denote a generic polyhedron, and let f be a face of such
polyhedron. For the time being, we only assume that all faces f are simply connected.

3.1. The local spaces on faces

The following spaces are a simplified version of the local lowest-order nodal and edge Serendipity spaces on faces
introduced in [14].

3.1.1. The local nodal space on faces
The present local nodal Virtual Element space on faces can be seen as an extension to polygons of the simplest
space of piecewise linear functions on triangles, as well as a simplified version of the basic VEM nodal spaces.
Indeed, in [1] (formula (2.5) with k = 1, k4 = 0) the basic lowest order local nodal space on faces was introduced

as
Vrete(f) = {g € COP) g € Pate) Ve € af, Ag e Bo(f)). G.1)
It is clear that we always have P C ‘71"°de( f)- The original degrees of freedom proposed in [4] or in [15] were
e The values of ¢ at the vertices (that is : for each vertex v, the value g(v)); (3.2)
e The mean value of ¢ on f (that is: for each face f, |_ch| /f qgdf). (3.3)

However, it was pointed out in [14] that the degrees of freedom (3.3) could be replaced by the integral
/ Vg -xpdf. (3.4)
f

Indeed, the obvious identity

Z/qdf:/qdivxfdf:—/Vq-xfdf—i-/ gxy-nds (3.5)
! f f af

shows that given boundary values and mean value (3.3) on f one can compute (3.4) and conversely, given the boundary
values and (3.4) one can compute the mean value on f.
At this point, recalling (2.8), we easily see that

/Vq-xfdfzo Vg e P, (3.6)
s

so that the linear subspace of Vf“’de( f) made of those ¢ that verify (3.6) will still contain P;. Such a subspace can
obviously be written as

Viode( £y = [q € C%f) : qi. € Pi(e) Ve € 3f, Aq € Py(f), f Vg -xpdf = 0}, (3.7
f
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and will be our local scalar nodal VEM space, with the degrees of freedom (3.2) (i.e., the vertex values). Then from
the unisolvence of the degrees of freedom (3.2) and (3.3) in V1“°d°( f) it follows rather obviously that the degrees of
freedom (3.2) are unisolvent in Vl“"de( f).Indeed: foraq € VI“Ode( f), the degrees of freedom (3.2) give the value of ¢
along the whole df. Then, following (3.5), and using the information that f P Vg -x;df = 0 (that is included in the

definition (3.7) of g € V"% (f)) we have

2/qdf=/ qxys-nds, (3.8)
f af

and then from the boundary values of g we can easily compute the mean value of ¢ on f. Now we know both the
degrees of freedom (3.2) and (3.3), and we are back on the track of the space Vlr“’de( ).

We point out that, if needed, out of the d.o.f. in (3.2) we can compute the L>-projection II; of Vg onto (P;)>.
Indeed, from the definition of projection and (3.5) we deduce

/H1Vq prdf = / Vg -pidf = —/ qdiVPldf+/ qpi-nds, (3.9
f f f af
and the last two terms are computable for every p; € (Py)>.

3.1.2. The local edge space on faces

The present local edge Virtual Element space on faces can be seen as an extension to polygons of the simplest
space of lowest order Nédélec elements of the first kind Ny (see (2.10)), as well as a simplified version of the basic
VEM edge spaces in [2,14].

Indeed, in [2] (formula (6.1) with k = 0, k; = 0, k, = 0) the basic lowest order local edge space on faces was
introduced as

Ve(f) = {v e (L*(f))* : divw € Po(f), rotv € Po(f), v - £, € Po(e) Ve € df } (3.10)

with the degrees of freedom given by the (constant) tangential components on each edge, plus the integral
/v~xfdf. 3.11)
f

The space given in (3.10) clearly contains all constant vector fields. However, for these functions the degree of
freedom (3.11) is identically zero (due to (2.8)). Hence we could consider the subspace

Vol (f) = {v e (L*(f))? :divw € Py(f), rotv € Py(f),v -, € Py(e) Ve € df,

and /v-xfdfzo},
f

that we will take, from now on, as our edge VEM space, and have that it always contains the constant vector fields. In
V(f dge( f) we will therefore have the degrees of freedom:

(3.12)

e oneache € df, the moments /v -t,de. (3.13)
Note that the number of degrees of freedom of V[%( f) (=number of vertexes) and of V; %€ £) (=number of edges)
obviously coincide.

Remark 1. It is immediate to check that the space (3.12) contains, together with constant vector fields, also all vector
fields of the form v = py + xj; po with pg € R? and po € R (that is, the lowest order Nédélec elements of the first
kind, that we recalled in (2.10)). Indeed, for v = p, —i—x}po(: (a —bys, c+ bxy)) we see that divy = 0, roty = 2b,
and ff v-xpdf = 0due to (2.8) and ff x} -xydf = 0. Finally, by observing that an edge e with tangent vector
t = (t;, ) and normal n = (n, n2) = (t», —t;) has, in the face f, equation xyn| + ysn, = constant, we obtain
v-t=po-t+ po(—ysti +xst2) =po -t + po(yrna + xyny) = constant. ]

We observe that the d.o.f. (3.13) allow to compute, for each v € V d2¢( £), the (constant) value of rotv on the face
f by the usual Stokes theorem

| f|roty = / rotvdf = v -tds, (3.14)
f af
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as well as the L?-orthogonal projection IT; : V(f' dge( f) = (P1(f))%. Indeed, using (2.4) and integrating by parts we
have

/HIV'Pldf 3=/V'Pldf=/V'(r0tpz+xfpo)df
f f f

:frotvpzdf+/ v-tpzds+/v-xfpodf (3.15)
f of f

=fr0tvp2df+/ v-tpyrds,
f of

and all the terms in the right-hand side are computable.
We close this section with a simple but important result.

Proposition 3.1. It holds
V() = (v e VEE(f) : roty = 0}. (3.16)

Proof. We start by noting that, for any function g € V1“°de( f), it holds
Vg € VS¥(f) and rotvg = 0.

Indeed, it is immediate to check that Vg satisfies all the requirements in the definition of Voedge( f) and, being a
gradient, it also has vanishing rotor. Therefore

VVIe(f) C v e VE(f) : rotw = 0},
that combined with
dim (VV{()) = dim (V;**()) = 1 = dim (V;*(/)) — 1
= dim({v € Voedge(f) : roty = O})

yields the proof. [

4. Three-dimensional spaces

Let P be a polyhedron. For the time being, we just assume that P and all of its faces are simply connected. Let N,
be the number of vertices, N, the number of edges, and N, the number of faces of P.

4.1. The local spaces on polyhedrons

For each face f we are going to use the spaces Vl“"de( f)and VOe dge( f) as defined in (3.7) and (3.12), respectively.
Then we introduce their three-dimensional analogues.

4.1.1. The local nodal spaces
The three dimensional local nodal space is defined as

yode(p) = {q € C'P) : qip € V™®(f)V face f € 9P, Aq =0in P}. 4.1)
In Vl'“’de(P) the degrees of freedom are simply

e for each vertex v, the nodal value g(v). 4.2)
We note that
P (P) € V{°U(P),

since first order polynomials clearly satisfy all the conditions in (4.1).
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4.1.2. The local edge spaces
In analogy with the two-dimensional case we start by recalling the three dimensional edge space defined in [2] as

Voedge(P) = {v e (L*(P))® : Vs € Voedge(f) V face f € 0P, v - t, continuous at each edge e € 9P,
divv = 0in P, curl(curly) € (]P’O(P))3}, 4.3)
with the degrees of freedom given by the values of the (constant) tangential components on each edge plus the integrals

/ (curly) - (xp Apy) dP Vpg € (]P’O(P))3. 4.4
P

We observe, first, that the constant vectors are contained in Vg’ dge(P), and for them the integral in (4.4) is always equal
to zero. Hence, following the path that is becoming usual here, we set

Voedge(P) = {v S (LZ(P))3 : v’|f € Voedge(f) V face f € dP, v - t, continuous at each edge e € dP,
divy = 0in P, curl(curly) € (Po(P))’, / (curly) - (ep Apo) dP =0 Vpy € (]P’O(P))3}, (4.5)
P
and observe that all the constant vector fields are contained in V;"*(P).

Remark 2. It is easy to check that the space (4.5), together with constant vector fields, contains all vector fields of
the form v = py + xp A qo with py and g in R3 (that is, the lowest order Nédélec elements of the first kind in three
dimensions, as defined in (2.10)). O

In Vg dge(P) we have now the degrees of freedom,

e on each edge e € d P the moments fv -, de. 4.6)

e

Out of the above degrees of freedom we can compute the (LZ(P))3-orth0gonal projection Iy from V(f dge(P) to
(Po(P))3. Indeed, by definition of projection, (2.6), and an integration by parts we have:

1
/Hov -podP = /v -podP = /v - curl(xp A q¢) dP (for qo = _EPO)
P P P

= fcurlv -(xpAgy)dP+ | (wWAR)-(xpAgqo)dS
P 9P

4.7
= 0 +/(n/\(xp/\q0))-vdS
P
= Z/(n/\(xp /\qo)) v df,
7o
that is computable as in (3.15). Hence, we can define a scalar product
[V, Wleage p == (ITov, Tow)o.p + hp Y [ [ — ITow) - £, [(w — [Tow) - £,] de (4.8)
ecdP e
and we note that (assuming very mild mesh regularity conditions, for instance as in Section 5.1) we have
%, Vop < IV, Vkager < @* 0, 0)0p Vv € V5E(P) 4.9)
for some constants «,, * independent of hp. We observe that
v, Poledge.p = /V -podP = (v,polop Vv € Voedge(P), Vpo € (Po(P))’. (4.10)
P

4.1.3. The local face spaces
In three dimensions we will also need a Virtual Element face space. For it, we proceed as in the previous case. We
start with the space defined in [2]

Viree(p).= {w € (L*(P)* : ¢ -ny € Po(f) V face f, divyy € Py(P), curly e(IPO(P))3}, 4.11)
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where the degrees of freedom are given by the (constant) values of the normal components on the faces plus the value
of the integrals:

fp ¥ - (xp APo)dP  Vpy € [Po(P)]’. (4.12)

We note that the constant vector fields belong to this space, but also that the value of the integral in (4.12), for ¢
constant, is always equal to zero, due to (2.7), so that we can define

Viee(py = |w € (L*P))* 1 ¢ -ny € Po(f) V face £, divy € Po(P), curly e(Py(P))’,

and / VY- (xpApy)dP=0 Vpye [IP’o(P)P]. (4.13)
P

Remark 3. It is easy to check that the space (4.13), together with constant vector fields, contains all vector fields of
the form (Py)* + xp[Py (that is, the lowest order Raviart-Thomas space, as defined in (2.9)). [

For Voface(P) we have therefore the degrees of freedom

e for each face f € o P the moments / ¥-npdf. 4.14)
f
Clearly, out of the degrees of freedom (4.14) we can easily compute the (constant) value of divyr
1 1
divy = —/divwﬁdP:— ¥ -ndS. (4.15)
[Pl Jp [Pl Jop

According to [2] we also have, now, that from the above degrees of freedom we can compute the (L?(P))*-orthogonal
projection from Voface(P) to (Py(P))? (and, actually, to (IP; (P))?). Indeed, using (2.5), an integration by parts, and (4.13),
we have:

/w-pldP 1=/'/"PldP=/¢'(VP2+xP/\P0)dP
P P P
=—/div¢p2dP+/ l//-npzdS+/1ﬁ-(xp/\p0)dP (4.16)
P oP P

=—/div1/fp2dP+/ ¥ -npyds,
P aP

where, using (4.15) and (4.14), all the terms in the right-hand side are computable. Hence, we can define a scalar
product

[V, @liace.p = (oW, To@op +he ) /[(1 — )Y - n][(I — )¢ - n]df, (4.17)
f

feaP

and we again note that, assuming very mild mesh regularity conditions, for instance as in Section 5.1,

(¥ V)op < [V, Vlucer < 2@, ¥lop V¥ € V(P (4.18)

for positive constants o, o, independent of 4p. Moreover, we also have

[V, Poltace.r = / ¥ -podP = (¥, podop V¥ € Vi*(P), Vpo € (Po(P))’. (4.19)
P

Remark 4. Using Remarks 3 and 2, by a simple dimensional count we see that the present local Nodal, Edge, and
Face Virtual Element spaces coincide, whenever the element P is a tetrahedron, with the classical P;, Ny and RTy
elements (respectively). With a minor additional effort we could see that the same is true when P is a “rectangular
box”. Note that the methods do not coincide, due to a different choice of the scalar products. However, the two types of
scalar products are equivalent, coincide on constants, and in practice the results are not significantly different. Hence,
the present setting might be considered as a sort of “natural” extension of the P;-Ny-RTj approach to (much) more
general element geometries. [
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4.1.4. Exact sequence properties
Here we present two important results. We first have

Proposition 4.1. It holds

VVeP) = (v € VS (P) : curly = 0}. (4.20)

Proof. We first point out that, with the above definitions and using Proposition 3.1, for every ¢ € V% (P), we easily
have that the tangential gradient (applied face by face) will belong to V*(f). Moreover, from the definition of
Ve (P), we immediately have that curlVg = 0 and divVg = Ag = 0. Therefore, for any ¢ € V/°*(P), it holds
Vgelve ngge(P) : curly = 0} and thus

VVeeEP) C v eV, d¢py . curly = 0}.

Conversely, if v € Vs (P) with curly = 0, then v = V¢ for some g € H'(P). Since, for any face f € 3P, it holds
roty(v|r) = curly - ny = 0, using Proposition 3.1 yields that g restricted to the boundary of P belongs to VI“"de(P)wp.
Finally, since divw = 0 for all v € V;**(P), we have Ag = 0. Thus ¢ belongs to V'°%(P). [

Proposition 4.2. It holds

curl VS (P) .= (¢ € VE<(P) : divy = 0}. 421

Proof. For every v € ngge(P) we have that ¥ := curly belongs to V/*°(P). Indeed, on each face f we have
that ¥ - nys(= rotyv ), from (3.12) belongs to Po(f) (as required in (4.13)); moreover divy = 0 (obviously) and
curly e (Py(P))? from (4.5). Hence,

curl V;*(P) C (¢ € VI (P) : divy = 0}. (4.22)

We show the equality of the two sets by a dimensional count. It is immediate that the condition divyy = 0, for
¥ € Ve (P), is equivalent to

> [ wenpar=o
fedP S
and thus, recalling (4.14),
dim{¢ € Vj**(P) : divyy =0} = Ny — 1. (4.23)
By classical properties of linear operators, using (4.20) and finally the Euler formula on polyhedrons, we get now
dim(curl(V*(P))) = dim(V *® (P)) — dim{yr € V.**(P) : curly = 0}
=N, —dim(VV"¥) =N, — (N, — 1) = N; — 1,
and the result follows from (4.23). O

(4.24)

4.2. The global spaces

Let 7, be a decomposition of the computational domain {2 into polyhedrons P. Again, for the time being, we
assume just that all polyhedrons and all their faces are simply connected. More detailed assumptions will be presented
in Section 5.1. Here we assume that

the permeability w is constant on each P. (4.25)

We define the global spaces as follows.

Vit = vpode() = {g € HY(©) such that g € V£ (@) VP € T3}, (4.26)
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with the obvious degrees of freedom
e for each vertex v: the nodal value g(v). 4.27)
For the global edge space we have
e {v € Hy(curl; 2) such that vjp € VU (P) VP ¢ 77,} (4.28)

with the obvious degrees of freedom

e on each edge e: /v -t, de. (4.29)

e

Finally, for the face space we have:

virce = ylee() = {1/, € Ho(div; £2) such that ¥ p € V**(P) VP € ﬁ} (4.30)
with the degrees of freedom

e for each face f : / ¥-npdf. 4.31)

f

It is important to point out that

vyede C yede (4.32)
In particular, recalling the local result (4.20), it is easy to check that

VI = (y e V5 such that curly = 0}. (4.33)
Similarly, we have

curl Vg C vy, (4.34)
and it can be checked (recalling the local result (4.22)) that

curl V()edge = (¢ € V™ such that divyy = 0}. (4.35)

Remark 5. We point out that the inclusions (4.32), and (4.34) are (in a sense) also practical, and not only theoretical.
By this, more specifically, we mean that: given the degrees of freedom of a ¢ € V]“"de we can compute the
corresponding degrees of freedom of Vg in V, 9. and given the degrees of freedom of av € V; % we can compute
the corresponding degrees of freedom of curlv in Vofa“. U

From (4.8) we can also define a global scalar product:

[v, w]edge = Z [v, w]edge,P- (4.36)
PeTy,

We note that, recalling (4.9),

@00 < [V, Vleage < @ 0, V00 W e VI (4.37)

It is also important to point out that, using (4.10) we have

[v,Pledee = (v, P02 = / v-pd2 Vve V(fdge, Vp piecewise in (Py)>. (4.38)
Q
From (4.17) we can also define a scalar product in VOface in the obvious way
[V, @liace = D[V, @lrace.p (4.39)
PeT),

and we note that

a1 (¥, )00 <[V, ¥liee < x(¥, Voo V¥ € Ve (4.40)
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It is also important to point out that, using (4.19) we have

[¥.Plface = (¥, P00 = / ¥ -pdf? V¥ € Vi*e, vp piecewise in (Py)°. 4.41)
7

5. Discretization of the Magneto-static Problem

We are now ready to present the discretization of our Magneto-static Problem (1.2) that we recall here:
givenj € H(div; 2) (withdivy =0in {2), and u = u(x) > po > 0,
find H € Hy(curl; 2) and p € HOI(Q) such that:

/ curlH - curlydf? ~|—/ Vp puvdf2 = /j -curlvd? Vv € Hy(curl; 2) (5.1
o Q Q

/ Vg -uHdN =0 Vg e Hy(2).
2

It is easy to check, by the usual theory of mixed methods, that (5.1) has a unique solution (H, p). Then we check
that H and pH give the solution of (1.1) and p = 0. Checking that p = 0 is immediate, just taking v = V p in the
first equation. Once we know that p = 0, the first equation gives curlH = j, and then the second equation gives
divuH = 0.

Remark 6. We observe that an alternative variational formulation could be
givenj € H(div; £2) (withdivy =0in {2), and p = pux) > po > 0,
find H € Hy(curl; ) and p € Hy (£2) such that:

f curlH - curlv df? +/ Vp uvd2 = /j -curlvd? Vv e Hy(curl; 2) (5.2)
Q Q Q

/vq-quQ—/ Vp-Vqd2 =0 Vqe Hj (),
2 2

or other possible variants mimicking, one way or another, the Hodge—Laplacian approach (see [16]). We observe that
the discretization that we are going to introduce for (5.1) will apply to (5.2) as well.

We first construct the interpolantj; € Vofalce of j that matches the degrees of freedom (4.31):
oforeachfacef:[(j—jl)-nfdfzo. 5.3
!

We notice that j; is well defined, provided thatj € L?({2) for p > 2 (taking also into account that divj = 0). From the
d.o.f. (5.3) and an integration by parts it follows that

/div(j—j,) dP=0 VPeT,. (5.4)
P

Moreover, they also imply that j; € Hy(div; {2) and that divj; = 0 in {2. Hence, according to (4.35), we have that j;
will be the curl of some w* € V;’ dee,

Iw* VOedge such that curlw* = ;. (5.5)
Then we can introduce the discretization of (1.2):
find H, € V5" and p; € V"% such that:
[curlH),, curlv]ge + [V i, 119 )eage = lir, curlvliee Vv € V5O (5.6)
[Vq, uHpleaee =0 Vg € V.

We point out that both curlH), and curly (as well as j;) are face Virtual Elements in Vof"‘ce(P) in each polyhedron P,
so that (taking also into account Remark 5) their face scalar products are computable as in (4.39). Similarly, from the
degrees of freedom of a g € Vf“’de we can compute the degrees of freedom of Vg, as an element of VOe dge, so that the
two edge-scalar products that appear in (5.6) are computable as in (4.36).
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Proposition 5.1. Problem (5.6) has a unique solution (Hy,, py,), and p;, = 0.

Proof. Taking v = Vp;, (as we did for the continuous problem (5.1)) in the first equation, and using (4.37) we easily
obtain p;, = 0 for (5.6) as well. To prove uniqueness of Hj, setj; = 0, and let H), be the solution of the homogeneous
problem. From the first equation we deduce that curl H, = 0. Hence, from (4.33) we have H), = Vgj; for some
g € V%, The second equation and (4.37) give then H, = 0. [

Once we know that p; = 0, the first equation of (5.6) reads
[curlH), curlv]iee = [j7, curlv]pe Vv € V) dge (5.7)
that in view of (5.5) becomes
[curlH), — curlw®, curlv]pee =0 V¥ € V) dge (5.8)
Using v = H, — w* and (4.40), this easily implies

curlH;, = curlw* =j;. (5.9

5.1. Error estimates

For the theoretical derivations we consider the following mesh assumptions, that are quite standard in the VEM
literature. We assume the existence of a positive constant y such that any polyhedron P (of diameter %p) satisfies the
following conditions:

1. P is star shaped with respect to a ball of radius bigger than y hp;
2. any face f € 9P is star shaped with respect to a ball of radius bigger than y /1 p, and every edge of P has length
bigger than y hp.

We note that condition 1 (and 2) implies that P (and any face of P) is simply connected. At the theoretical level,
some of the above conditions could be avoided by using more technical arguments. At the practical level, as shown
by the numerical tests of Section 6, condition 2 is negligible since the method seems essentially impervious to
degeneration of faces and edges. On the contrary, although the scheme is quite robust to distortion of the elements,
condition 1 is more relevant since extremely anisotropic element shapes can lead to poor results. We also recall that
we assumed p to be piecewise constant (see (4.25)).

Let us bound the error H — H),. We start by defining the interpolant H; € V; dee of H , defined through the degrees
of freedom (4.29):

° oneachedgee:/(H—H1)~tgds:0. (5.10)

The interpolant H; is well defined whenever H € (W'?(£2))? (i.e., all the first derivatives of each component are in
LP(£2)) with p > 2.

Proposition 5.2. With the choices (5.3) and (5.10) we have

curlH; =j1. 5.11)

Proof. From (4.35) we know that curlH, € Voface. To prove (5.11) we should just show that the face degrees of
freedom (4.31) of the difference curlH; — j; are zero, that is:

Vi /(curle —Jjn)-npdf =0. (5.12)
f
Since j = curlH, from the interpolation formulas (5.3) we see that

Vf: /(curlH—j1)~nfdf=O,
f
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so that we can replace j; with curlH in (5.12), that becomes
Vf: /fcurl(H,—H)-nf df =0. (5.13)
Observing that (5.10) implies that
/j‘crotf(H—H,)Uc df =0,

and recalling that on each f the normal component of curl(H; — H) is equal to the rot s of the tangential components
(H; — H) s, we deduce

/fcurl(HI —H) -npdf = /f roty(H; — H)y df =0.
Hence, (5 13) is satisfied, and the préof is concluded. O
From (5.9) and (5.11) it follows then
curllH;, —H,) =0 (5.14)
and therefore, from (4.33),
H; — H, = Vq; for some g} € V/"°%. (5.15)

Now we define an alternative (L?(£2))? inner product and norm that take into account the (piecewise constant) value
of the permeability 1. We set, for v in (L?(£2))?,

Wi, = /Qu lv|* ds2. (5.16)

When v = H in (5.16) we get that ||H |||%, 0= f o B - Hd{2, showing the connection between the new norm and the
energy. We now note that, using (4.37), we have

allH; — Hyllg, o < [H; — Hy, u(H; — Hp)leage (5.17)
and also (from (4.38) and (4.25))
[Po. iV])edge =Pos V)00 VP €V 8¢ and Vp, piecewise constant vector. (5.18)
Then, starting with (5.17) we have:
allH; — Hyll§ ¢ < [H; — Hy, w(H; — Hp)leage
= (USing (5.15)) [H; — H}, qu;]edge
= (using the second of (5.6)) [H;, uVq; ledge
= (adding and subtracting IIoH) [H; — II)H, uVq;leage + [II0H, 1V gy leqge
= (using (5.18)) [H; — IIH, uVgyleage + (I H, nVgq;)o 0
(adding and subtracting H) [H; — IIoH, uV g} ledge + (II)H — H, uNVgq;)0,0 + (H, uVgp)o,0
= (from the second of (1.2)) [H; — IIH, uVqjledge + (IIWH — H, itV q;)0, 02
(using Cauchy-Schwarz and (4.37)) (" I1H; — IbHlo.0 + 1 IoH = Hllo.c ) 1V4; o,

IA

IA

(using again (5.15) (o IH — ToHllo.co + | ToH — Hllo.c ) I1H; — Hyllo.
that implies immediately (since a* > 1)
a*
|\H; — Hpllo.2 < a—(|||H1 — IIbH|lo,.2 + IIIH — H|lo,2)- (5.19)
*

We can summarize the result in the following theorem.
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Theorem 5.3. Problem (5.6) has a unique solution and the following estimate holds:
IH — Hillo.o < C (1H — Hyllo.o + 1 — ToHllo.0). (5.20)
with C a constant independent of the mesh size. Moreover, thanks to (5.9) we also have

lcurl(H — Hj)llo,2 = If —Jr1llo. - (.21

The above result can be combined with standard polynomial approximation estimates on star shaped polyhedra
in order to estimate the terms involving the L? projection on polynomials. Moreover, approximation estimates for
the VEM interpolants H; and j; can be derived (under the mesh assumptions at the beginning of this section) by an
extension of the arguments in [17-20]. We therefore obtain, provided that H andj are sufficiently regular,

WH — Hyllo.c < Ch  |lcurl(H — Hy)llo,2 < Ch.

6. Numerical results

In this section we provide some numerical results. We first provide a test on a polyhedral domain with Dirichlet
boundary data, then a test on a cylindrical domain with jumping coefficients and Neumann boundary data, and finally
a benchmark example with a more complex geometry.

6.1. Test case 1: h-analysis with homogeneous Dirichlet boundary conditions

In this subsection we set u = 1 and take as exact solution of (1.1) the vector field

sin(;ry) — sin(;rz)
H(x, y, z) = P sin(rz) — sin(r x)
sin(zrx) — sin(ry)

We consider as domain {2 the truncated octahedron [21] and three different discretizations, see Fig. 1:

e Structured, a mesh composed by structured cubes inside (2 and arbitrarily shaped elements close to the
boundary;

e CVT, a Centroidal Voronoi Tessellation of {2 obtained via a standard Lloyd algorithm [22];

e Random, a mesh obtained by the constrained Voronoi Tessellation of points randomly put inside (2.

The first type of mesh can be generated by using a Voronoi generation algorithm with seeds disposed in a regular
formation, see [23]. This approach allows to approximate complex geometries and still inherits many among the
computational advantages of regular cubical meshes. The last type of meshes is instead interesting in order to check
the robustness of the method, since it exhibits edges and faces (see the details in Fig. 1) that can be very small with
respect to the size of the parent element. To get such discretizations, we use the c++ library voro++ [24].

We associate to each mesh a mesh-size & defined as

where Np is the number of polyhedrons in the mesh and 4 p is the diameter of the polyhedron P. We compute the
L?-error on H as
|H — IIhHy o,
1Hllo,
where IIyH}, is the piecewise constant projection of Hj, defined in (4.7). Fig. 2 (left) shows the convergence rate for
each type of mesh. The slopes are coherent with the theory, see Eq. (5.20). Moreover, from this graph we can better
appreciate the robustness of the VEM with respect to element distortions. Indeed, the convergence lines for the three
meshes are very close to each other.
The results for the Lagrange multiplier p; are shown in Fig. 2 (right). For each type of mesh, and for each step (=
number of refinements), we report the /°°—norm of p;, (= max;dof;(p;)). As shown in Section 5, the exact solution

’
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Structured CVT Random

Fig. 1. Three different discretizations of the truncated octahedron.

pr of the discrete problem is identically zero. Clearly, the roundoff errors generate, out of the computer, a p;, that is
almost identically zero. In some sense we could then take the value of the computed p; as a measure (or, better, a
rough indicator) of the conditioning of the final linear system. In particular we see that the Random meshes generate
a worse conditioning.

6.2. Test case 2: discontinuous  and homogeneous Neumann conditions

In this subsection we consider an example taken from [25]. The geometry consists in a cylindrical domain with
two concentric connected components, S| and S,, separated by a magnetic material, M (see a cross-section in Fig. 3).
A current of the same intensity / =70 000A but opposite direction passes along S; and S,. We assign the following
current intensity (with e, := (0, 0, 1))

I
— e ifx € )
Ta )
Jjx, v, 2) = 0 ifx e M 6.1
1
——— e
T2 —b2) °
We apply homogeneous Neumann boundary conditions and we set s, = s, = 1.0, urq = 1000.0. Then the exact
solution is given by

ifx e 82.

I .
w2 ifxes
I .
H(x, y, z) = 32 % ifx e M 6.2)

I 1 /1 Ib? . S
[_271(02 g (E e bz))} G IxXee
where ey := (—y, x, 0, r = /x2+y2anda =0.5,b = 1, c = 1.25 (see Fig. 3).

To deal with Neumann boundary conditions, problem (5.1) must be modified, looking for H € H(curl; {2) and
p € H'(£2). The magnetic field H will still be unique, while p will be determined only up to a constant. In the code
the constant is fixed by requiring the average of the vertex values of p;, to be zero.

We build two meshes of the cylinder by extruding two planar two-dimensional meshes: one made of polygons [26]
and one made of triangles [27]. We refer to the former as voro-extrusion and to the latter as tria-extrusion (for an
example of both see Fig. 4). Then we make two sets of meshes with decreasing mesh-size. In Fig. 5 we depict the
convergence curves on the left, and on the right we provide the /°**—norm of the vectors dof (p;). Both quantities
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L? error
’
0L e ]
10 -
e [*°—norm
step Structured CcvVT Random
-
& 1 1.5098¢-15 1.1844e-15 4.7323¢-13
]
Q 2 7.0101e-16 2.5902e-14 1.6107e-12
’ = Sirucined 3 2.6762e-15 | 1.0476e-13 | 1.8733e-10
1L i
10 e Ranom 4 | 70545¢15 | 1.0953¢-10 | 1.0001e-07
- = At
10" 10°

h

Fig. 2. Test case 1: L?—error for H (left), and [°°—norm of dof (py) (right).

a=05m
S1 M Sy
b=1.0m !
c=1.25m i’

Fig. 3. Test case 2: meridian cross section of the computational domain.

c=sse e
agxg;jae gg@gff s
e

e
FAVAYETSN

Fig. 4. Test case 2: two polyhedral decompositions of the cylinder: voro-extrusion (left), and tria-extrusion (right).

behave as expected: indeed, we get a convergence rate equal to 1, for the L? error on the vector field H),, while the

values of /°°—norm vanish up to machine algebra errors.
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L? error
10° ‘
[*°—norm
step voro-extrusion tria-extrusion
—
= 1 2.1273e-11 1.3632¢-10
g 10t 1
Q 2 1.0564e-10 4.1360e-10
3 1.4887e-10 1.0027e-09
ﬁfl"lf;’gﬂj;‘f 4 4.5312¢-10 1.1151e-08
- = h!
102 ‘
102 107! 100

Fig. 5. Test case 2: L? error for H (left), and /°° —norm of dof (pp) (right).
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A
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Fig. 6. Test case 3: meridian cross section of the computational domain.

6.3. Test case 3: a cylindrical electromagnet

In this subsection we consider a typical benchmark problem, see e.g. [10,25,28]. The geometry consists in a
ferromagnetic cylindrical core, C, surrounded by a toroidal coil with a rectangular cross section, 7, with air, .4, around
these two structures. In Fig. 6 we show a meridian cross section of the domain where we specify the dimensions of
the cylindrical core, the toroidal coil and the bounding box of the domain.

One looks for the magnetic flux generated by a constant current passing along the toroidal coil. More specifically,
we assume a constant current of 1 Ampere, i.e.,

1

) —e ifxeT
Jx. v, 2) =1 Aleg|
0

otherwise

where g = (—y, x, 0)', |eg| denotes the norm of e, and A is the area of the cross section of the coil. The relative
magnetic permeability is taken as: w7 = 1.0 for the coil, e = 10000.0 in the ferromagnetic core, and u 4 = 1.0 for
the air. Moreover, we suppose that the artificial boundary is sufficiently far from both the ferromagnetic cylinder and
the toroidal core so that we can apply the Neumann boundary conditions H - n = 0.
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Fig. 8. Test case 3: |B| in a section of C: from [10] (left) and that from the present approach (right).

In Fig. 7 we show one of the meshes used in this example. Here too the meshes are constructed by extruding
two-dimensional ones. Figs. 8 and 9 show a qualitative comparison between the solution provided in [10] (left), and
that obtained by the present method (right). More specifically, in Fig. 8, we show the modulus of the magnetic flux
density, i.e. the modulus of B = pH, inside the cylindrical core. Then, in Fig. 9 we show B along some cross sections
of the cylindrical core and the toroidal coil. In both cases the results of two methods show a comparable behavior.

Finally, to have a more quantitative validation of this example, we compute the so-called magnetic energy

W:=/B.Hdn=/ wlH|* d9,
D D
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Fig. 9. Test case 3: B in a section of C and 7: from [10] (left), and from the present approach (right).

Table 1

Test case 3: Behavior of W, in the three regions, computed with the present method.
W in A c T
FLUX2D 9.09¢e—07 4.73e—10 3.61e—08
meshl VEM 9.70e—07 (6.7%) 7.54e—10 (59.4%) 3.29e—08 (8.8%)
mesh2 VEM 9.22e—07 (1.4%) 5.53e—10 (16.9%) 3.81e—08 (5.5%)
mesh3 VEM 9.11e—07 (0.2%) 4.98e—10 (5.2%) 3.75e—08 (3.8%)

for each sub-domain C, 7 and A (see also (5.16)). We consider a sequence of three nested meshes to verify the
convergence rate of these energies. We refer to these meshes as meshl, mesh2 and mesh3, the first mesh being the
coarsest.

Since we do not have the exact solution of this problem, in order to assess the accuracy of our results for the
magnetic energy W we proceed as in [25], i.e. we consider as exact values of the magnetic energies the values
obtained by the software FLUX2D on a very fine mesh. The numerical solution of FLUX2D follows a scalar potential
formulation and exploits the symmetry of the domain via a two-dimensional cylindric coordinate system. The data are
collected in Table 1 and in parenthesis we show the relative error. The method behaves as expected, that is, the error
decreases as the mesh gets finer, and the values get closer to those provided by FLUX2D .
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