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Abstract

We introduce a new discretization scheme for Maxwell equations in two space di-
mension. Inspired by the new paradigm of Isogeometric analysis introduced in [16], we
propose an algorithm based on the use of bivariate B-splines spaces suitably adapted
to electromagnetics. We construct B-splines spaces of variable interelement regular-
ity on the parametric domain. These spaces (and their push-forwards on the physical
domain) form a De Rham diagram and we use them to solve the Maxwell source and
eigen problem. Our scheme has the following features: (i) is adapted to treat complex
geometries, (%) is spectral correct, (iii) provides regular (e.g., globally C°) discrete
solutions of Maxwell equations.

1 Introduction

Isogeometric Analysis was introduced in [16] and aim at improving the connection between
numerical simulation and Computer Aided Design (CAD). Then, its potential has been
shown in the recent engineering literature (e.g., [3, 5, 14]). The main idea of the IGA
methodology is to use directly the geometry provided by CAD in terms of non-uniform
rational B-splines (NURBS) (see e.g., [20]) and to approximate the unknown solutions of
differential operators by the same type of functions. Isogeometric Analysis offers several
advantages when compared to the finite elements method. First of all, complicated geome-
tries are represented more accurately, and some common geometries as circles or ellipses are
described exactly. Moreover, the description of the geometry is given at the coarsest mesh
level, and comes directly from the CAD system. In fact, this eliminates the necessity of
further communication with the CAD, when mesh refinement is carried out. This is carried
out without changing the geometry. Another advantage is that, apart from the standard
h- and p-refinements, in [16] the authors introduced the possibility of k-refinement, which
yields good convergence rates with less degrees of freedom. Finally, Isogeometric Analysis
provides smoother functions than finite element methods. This grants improved accuracy
(see [11, 13]), and has been proved to be particularly interesting in the approximation of the
entire spectrum of the Laplace and Bilaplace operators (in [17]).

Our aim is to adapt Isogeometric Analysis to the numerical solution of Maxwell’s equa-
tions, and in particular to the approximation of the space H(curl; ). In this work, 2 will be
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a two dimensional, bounded, Lispschitz, simply connected domain and the function spaces
are defined in Section 2.

We will focus on the following eigenvalue problem:

Find w € R and u € Hy(curl; Q), u # 0, satisfying

(curl u, curl v) = w?(u, v) Vv € Hy(curl;Q) . (1)

An equivalent formulation of (1) is obtained by imposing a divergence free condition in the
space, i.e., seeking the solution in the space Ho(curl; ) N H(div’; Q).

Since [6] it is known that nodal finite elements fail in approximating the space Ho(curl; ().
The theoretical understanding goes back to Costabel [8], who proved that the space H(Q)N
Hy(curl; Q) is closed in Hg(curl; Q) N H(div; 2) when 2 is a non-convex polygon or polyhe-
dron. On numerical schemes this result means the following: if the variational formulation in
use involves the topology of the space Ho(curl; 2) N H(div;€2) then no continuous finite ele-
ments (indeed, belonging to H ()N Ho(curl; ©2) ) can be used. In fact, there are solutions of
Maxwell’s equations for which no continuous approximant exists in Hg(curl; ) N H(div; ),
for instance, the singular fields in the L-shaped domain (see [10], or Section 5.3 of the present
paper).

Numerical schemes based on standard finite elements naturally need some stabilization
on the divergence part, due to the lack of coercivity of the bilinear form [, curl (-) curl (-).
If this stabilization involves the L?-norm of the divergence, the numerical scheme is then
not converging for non-convex domains. A remedy to this was proposed by Costabel and
Dauge [9] where the control is on a suitable weighted L?-norm of the divergence. The
scheme proposed in that paper has two branches of eigenvalues: one is the Maxwell one, and
the other one is related to the divergence, and is discarded with suitable post-processing.
An alternative procedure is to suitably enrich the space of Lagrangian finite elements with
singular solutions. For a detailed description of this method we refer to [2, 15] and references
therein.

Instead, the solution of problem (1) with edge finite elements, introduced by Neédélec
[19], is known to be convergent and free of spurious modes [6, 7]. The main feature of
edge elements is to solve (1) without requiring any control on the divergence. This is made
possible by the validity of the De Rham commuting diagram [1, 18]. As it is well known,
edge elements provide, in general, discontinuous approximations of electromagnetic fields,
and no control on the divergence of the discrete solutions can be set.

In this work we introduce a new numerical method for the solution of problem (1) in the
spirit of [16]. We restrict, for the sake of simplicity, to classical B-splines approximations of
the geometry and of the unknown field. To some extend, this method can be understood as
a generalization of edge elements to B-splines-based Isogeometric Analysis. In fact, the key
point of the method is the choice of adequate spaces of B-splines such that they satisfy the
De Rham diagram. With this choice, it is possible to approximate the space Hg(curl; Q)
without any control on the divergence, analogously to what edge elements do. The numerical
analysis of this method is not well developed yet, due to the lack of a commuting projector,
and we prove here only suboptimal convergence results for regular solutions. However,
we have performed several numerical tests which show the optimal behavior of the method.
Indeed, in all cases the solution is free of spurious modes, and the method has proved capable
to approximate singular solutions with good convergence rate. Moreover, the numerical
results also show that for regular solutions the divergence converges to zero as the mesh is
refined.

The outline of the paper is as follows. In Section 2 we introduce some notation and
recall the continuous problems we want to solve, namely a spectral problem and a given



source problem derived from Maxwell’s equations. In Section 3 we present a brief review
on B-splines basis functions and introduce the new discretization scheme, based on B-spline
spaces. The approximation analysis of this scheme is carried out in Section 4 following the
results of [4]. Finally, in Section 5 we present several numerical tests which confirm the good
performance of our method.

2 The continuous problem

Let D C R? be a bounded Lipschitz domain. We denote by LP(D) the classical Lebesgue
spaces endowed with the norm [ - ||»(p), and by LP(D) their vectorial counterparts. The
Hilbert spaces H*(D) denote the functions in L?(D) such that their k — th order derivatives
also belong to L?(D), and by H*(D) we denote their vectorial counterparts. For k = 0,
H%(D) = L2(D). The space H(curl; D) is the space of fields belonging to L?(D) such that
their curl belongs to L?(D), and it is endowed with the norm || v || & (cur;n) == (| V|32 +
| curl v [|2,)Y/2. Analogously, the space H(div; D) is the space of functions in L?(D) such
that their divergence belongs to L?(D), and it is endowed with the norm || v || g (aiv;p) ==
(v |22 + || div v [|22)'/2. Tts subspace H(div’; D) is formed by all functions in H(div; D)
with divergence equal to zero.

Let @ be our computational domain, which for the sake of simplicity we assume to
be simply connected. We assume that the boundary of € is split into two disjoint parts,
00 =TpUTy, with I'p # (. We denote by Hor, (curl; ) the space of functions in
H(curl; ©2) with vanishing tangential trace in I'p. In particular, we denote Hy(curl; Q) :=
Hy, o0 curl; Q)

We are interested in solving two different kind of problems, both of them arising from
Maxwell’s equations with constant physical properties. The first one is the eigenvalue prob-
lem (see, for instance, [6]):

Find w € R and u € Hy(curl;Q), u # 0, satisfying

(curl u, curl v) = w?(u, v) Vv € Hy(curl;Q) . (2)

It is well known that w = 0 is the essential spectrum, with associated infinite dimen-
sion eigenspace, and that all other eigenvalues form a sequence diverging to infinity with
associated eigenspaces belonging to Hy(curl; Q) N H(div’; Q).

The second problem we deal with is deduced from Maxwell’s equations with a given
current density f, and imposing mixed homogeneous boundary conditions. The equations
of the problem in its strong form are the following:

Given £ € L2(Q), find u satisfying

curlcurlu + u =f in Q,
uxn=0 onTI'p, (3)
curlu =0 onI'y.

And in weak form the problem reads:
Given £ € L2(Q), find u € Hor,(curl; Q) such that

/curlucurlv +/ u-v :/f-v Vv € Hor,(curl; Q). (4)
Q Q Q

The analysis of this problem is already well known, and existence and uniqueness of
solution can be proved (see, for instance, [18, Ch. 4]).



3 Discretization of the problem using B-splines

In this section we introduce a discretization scheme based on B-splines for problems (2)
and (4), and which satisfies the De Rham diagram. In order to do so, we first present an
introduction of B-spline spaces and their basis functions. The aim of this presentation is to
establish the notation and recall some properties of B-splines. For a more complete review
on this subject we refer the reader to [16]. Further analysis of B-splines functions and spaces
can be found in [12]| and [21].

3.1 An overview of B-splines

Given two positive integers p and n, we introduce the (ordered) knot vector

2= {0:513527"'a€77.+p+1:1}7 (5)
where we allow repetition of knots, that is, we only assume {; < & < -+ < &,y p1. We also
introduce the vector {(1,...,(n} of knots without repetitions, and the vector {ry,..., 7}

of their corresponding multiplicities, such that

E= {<17--~7(17C2a"'7C2a"'7<ma"'7cm}7
—_———— —— —_———
r1 times r9 times Tm times

with 37" 7, = n+ p+ 1. The maximum multiplicity we allow is p + 1. In the following we
will only work with open knot vectors, which means that r; = r,, = p+ 1, that is, the first
p + 1 knots in = are equal to 0, and the last p + 1 are equal to 1. Notice that this implies
n>p+1.

Through the iterative procedure detailed in [16] we construct p-degree (that is, (p + 1)-
order) B-spline basis functions, denoted by B;, for « = 1,...,n. These basis functions
are piecewise polynomials of degree p on the subdivision {(1,...,{n}. At ¢; they have
a; = p — r; continuous derivative. Therefore, —1 < ; < p — 1: the maximum multiplicity

allowed, r; = p+ 1, gives o; = —1, which stands for a discontinuity at (;. The vector
a = {ayq,...,an,} collects the regularity of the basis functions at the internal knots, with
a1 = a,, = —1 for the boundary knots, because of the open knot vector structure. Each

basis function B; is non-negative and supported in the interval [§;, &4 p41]. Moreover, these
B-spline functions constitute a partition of unity, that is

iBi(m) =1 Vze(0,1). (6)
i=1

The space of B-splines spanned by the basis functions B; will be denoted by
S, = span{B, }i_, . (7)
An example of quadratic B-splines constructed from the open knot vector
==1{0,0,0,1/5,2/5,3/5,3/5,4/5,1,1,1}

is presented in Figure 1. In this case @ = {—1,1,1,0,1,—1}. Notice that, since the knot
&6 = & = (4 = 3/5 has multiplicity r4 = 2, the fourth, fifth and sixth functions are only
continuous (ay = 0) at that point.

When «; > 0, for all 2 <14 < m —1, the derivatives of functions in S%, are splines as well.
We have indeed

d
{dxv:vESf;}Szl, (8)



where, here and in what follows, we adopt the notation @ — 1 = {-1,a0 — 1,...,Qm-1 —
1,—1}, when o = {1 = -1, 9, ..., app—1, 0, = —1}

Figure 1: Quadratic B-splines basis functions constructed from the open knot vector = =
{0,0,0,1/5,2/5,3/5,3/5,4/5,1,1,1}.

The space of piecewise smooth functions on {(1,...,(n}, such that restricted to each
subinterval ((;,(i+1) admit a C° extension to the close interval [(;,(;+1], and have «;
continuous derivative at (;, for all ¢ =2,...,m — 1, is denoted by €.

The previous definition of the B-splines space is extended to the two-dimensional frame-
work in the following way. Let us consider the square = (0,1)> C R2, which will

be referred to as a patch. Given integers p; and ng, with d = 1,2, we introduce the
knot vectors Zg = {£1.4:82,d, - - - s Eny+pa+1,d4; and the associated vectors {C1.d,---,Cmy,d}s
{rid,--»"mydr and {@1,4,...,0m .4}, as in the one-dimensional case. Associated with

these knot vectors there is a mesh Qj, of the patch, that is, a partition of (0,1)? into rectan-
gles:

A =1{Q = ®4=1,2(Cig,d> Cigt1,a); 1 <ig <mg — 1} 9)

Given an element Q) € Qj, we set by hg = diam(Q), while h = max{hg, @ € Q;,} represents
the global mesh size.

We associate to the two given knot vectors =24, d = 1, 2 the p4-degree univariate B-splines
basis functions B; 4, with 7 = 1,...,n4. Then, on the associated mesh Qj, we define the
tensor-product B-spline basis functions as

BijSZBiJ@ng, i:l,...,nl,jzl,...,nz. (10)

Then, the tensor product B-spline space is defined as the space spanned by these basis
functions, namely
Sgélf,pcsz = Sﬁl{%z (Qh) = Sgtll ® ngz = Spa‘n{Bij}?:lfgz':l . (11)
Notice that the space S5L%2 (Qp) is fully characterized by the mesh Qp, by p1, p2, a; and
ag, as our notation reflects. The minimum regularity of the space is o := min{e; 4 : =
2,...,mg—1,d=1,2}. This viewpoint is more natural in our context.
In a similar way, we define on Q;, the space of piecewise smooth functions with interele-
ment regularity assigned by the vectors a; and o, on the vertical and horizontal mesh



edges, respectively. This is denoted by
Coros = Can () = CF ®C.

o ,02 o ,02

Precisely, a function in €%, ,, admits a C> extension in the closure of each element @) € Qp,
has «; 1 continuous derivatives on the edges {(z1,22) : 1 = (i1,(j2 < 2 < (jt1,2}, for
j=1,...,m — 1, and ;2 continuous derivatives on the edges {(z1,22) : (1 < 21 <
Cj+1,1,72 = G2, }, for j =1,...,m1 — 1. From the definitions, S5. %2, C C3 ,,-

Moreover, let H* = H*(Q;) be the broken k-order Sobolev space, that is, the space of
functions in L2(Q) whose restriction to Q belongs to H*(Q), for all Q € Q,. The space H*

is endowed with seminorms and norm

1/2
|'|9"f’:: Z||?{1(Q) l 120717"'7ka
QEQ}L
1/2
Fllges =1 D Iy |
QeQn
Finally, the closure of C3, ,, in 3* is denoted by J{(’;l)m = Ufﬁl,w (Qp). The last space was

introduced in [4] and named bent Sobolev space. Notice that the functions in K}, , have

derivatives up to order min{k — 1, o; 4} that match, in the sense of traces, at the internal
vertical (d = 1) or horizontal (d = 2) mesh edges lying on the line given by the equation
g =Cid t=2,...,mqg— 1.

From an initial coarse mesh Qy, refinements are constructed by knot insertion (with
possible repetition, see [12]). Therefore, we end up considering a family of meshes {Q, }r<n,
and associated spaces, with the global mesh size h playing the role of family index, as usual
in finite element literature.

We assume that our computational domain @ C R? can be exactly parametrized by a
geometrical mapping F : Q — Q which belongs to (Gf’ﬁ)% (Q1))?, with piecewise smooth
inverse, and is independent of the mesh family index h. The global regularity of F is
vei=min{y,4: 7 =2,...,mg—1,d = 1,2}. In our examples and numerical tests, F is

2
taken in (S,‘%‘{UWO’? (Qho)) , that is, F is a g-degree spline defined on the coarsest mesh Qy,:
to each of the B-spline basis functions B;;(x) € 52 (Qp,) is associated a control point

Yo0,1:7Y0,2
Cij € R2, such that

X — F(X):ZB”(X)C” (12)

3.2 The De Rham diagram

For any function w € H*(f) it holds that curl gradw = 0, thus it is clear that gradw €
H(curl; ©2) . Moreover, since the domain € is simply connected, we also know that the range
of the gradient operator is equal to the kernel of the curl operator, namely Im(grad) =
ker( curl). This is summarized in the De Rham diagram:

grad
—

R —— HYQ) H(curl; Q) — 12(Q) —— 0. (13)

In order to discretize the continuous problems of Section 2 it is necessary to construct
finite dimensional spaces U, C H*(Q), Vi, € H(curl; Q) and W), C L*(2), maintaining the



same relationships of the continuous spaces given in (13). This is in fact what one does
when using edge finite elements to approximate H(curl;2), and standard Lagrange finite
elements of suitable degree to discretize H'(2) and L?(Q) (see [18]). The first step is to

~

construct suitable discretizations of the spaces in the patch €. With the notation of Section
3.1, let Q5 be a mesh and 5211’?;2(Qh) the associated space of splines of order p; in the x
direction, ps in the y direction, and smoothness given by the vectors a1, ag. We assume,
from now on, that « = min{a, 4: i =2,...,mg — 1, d = 1,2} is nonnegative.

Recalling (8), the gradients of S21-72 (Q,) belong to SP' 122 (Qy) x SPVP2~1 (Q,), and

ag,02 a;—1,a aq,a0—1
the curl of fields belonging to this last space is in Sgll__ll’f’j;_ll(Qh). Notice that these spaces
are built from different knot vectors, though the difference is only in the multiplicity of the
boundary knots.! The following proposition states that the previous discrete spaces form a

De Rham diagram on the patch 2.

Proposition 3.1. With the notation and assumptions above, the following diagram holds

grad

-1, ,p2—1 curl —1,po—1
R — 8B () ——— S 1iae () x So e, —1(Qn) —— S8\ ila,—1(2n) — 0. |
(14

Proof. We already observed that, from the definition of the gradient and the curl operators,
for any functions w € SE P2 (Qy) and u € Sill__ll’f’a?Q(Qh) X Sgll’f’;;_ll(Qh) we have gradw €

-1 -1 “pa—1 .
Sot R (Qn) x SER 1 (Qp) and curl u € SE P27 (Qy,). Moreover, it is also clear that

curl (grad w) = 0, which means that

grad (52122 (Qp)) C ker(curl) N {SP1 4172 (Q,) x SPVP2— L (Q,)) (15)

a,02 o1 —1l,a ag,a0—1

Therefore, it is sufficient to prove that both spaces have the same dimension. The dimension
of SBP2 (Qp,) is equal to ning, with the notation above, and, since dim(ker(grad)) = 1,
we infer that dim(grad (S5 %2, (Qp))) = nina — 1. For the kernel of the curl operator we
know that

dim(ker(curl)) + dim(Im( curl )) = dim (S5 522 (Q4) x SEP2 71 ()

= (n1 — 1)712 =+ ’I’Ll(ng — 1) (16)

=2n1ny — N1 — na,

where the last equality holds from the definition of the space. Thus, the result will be proved
if we can show that dim(Im(curl)) = (ny —1)(n2 —1) = nyna —ny —na + 1. Since this is the
dimension of the space Sg}l__ll’f’;;_ll (Qn), we have to prove that the curl operator is surjective.
This is easily seen from the properties of the derivative. We recall (8), that is, in one space

1f SBLR2,(Qp) is associated to the open knot vectors

{0=¢811,80, - 6ntpr 1 Sy tpr+10 = 1 X {0 = 812,822, -+, €nptpa, 2, Enatpa+12 = 1},
then S£11111’22(Qh) is associated to
{0=621,-  éni4pi 1 =1} x {0=¢612,82,2, - -, Enotpa,2: Enatpat1,2 = 1},
le’f?:;_ll(Qh) is associated to

{0=2¢61,1,821, -, &ny4+p1,1,En +p1+1,1 = 1} X {0 =E2.2,. .., €nytpy,2 = 1},

p1—1,p2—1
Soqfl,azfl

and finally (Qp,) is associated to

{0=2¢621,-- - €ny4pr,1 =1} x{0=E2.2,... ,Engtpy2 = 1}.



dimension the derivative operator maps the n;-dimensional space S§! into the (n; — 1)-
dimensional space Sgl;ll, and since its kernel has dimension equal to one, the derivative
operator is surjective. Analogously, the first partial derivative is a surjective operator from
Sle’f’az;fl(Qh) into Sﬁ:ﬁ’%;jl(Qh), and as an immediate consequence of its definition, the

. L -1 a—1 . —1,pa—1
curl operator is also surjective from SE' — %2 (Qp) x SEVP27 (Qp) into SEE TR (Qp). O

Once we have defined the finite dimensional spaces in the patch SA), the next step is to
construct the corresponding spaces in our physical domain 2. The finite dimensional spaces
for the scalar functions are defined via the geometrical parametrization F : Q@ — ) as
follows:

Upo={¢:¢0F =¢, €S0 (Q)}, (17)

L&, @esmoinol ), (18)

Wy = {w rwo F = mwv a;—1l,as—1

where DF is the Jacobian matrix of the parametrization F . In order to conserve the curl

properties, vector functions in the patch are mapped into the physical domain via a covariant

transformation, hence the corresponding finite dimensional space is defined as:
Vi={u:uoF =(DF) Ta, u e8P (Q,)xs22"1(q)}, (19)

alfl,ag (11,0(271

The following proposition states that the De Rham diagram also holds in the finite dimen-
sional spaces defined in the physical domain 2.

Proposition 3.2. Let the spaces Uy, Vy, and W), be defined as in (17)-(19). Then the
following diagram holds

R i Uh grad Vh curl Wh — O (20)

Proof. The result is a direct consequence of Proposition 3.1, and the fact that the space Vy,
is defined via a curl conserving transformation, as it is explained in [18, Sect. 3.9]. O

Remark 3.1. We notice that, leaving the parametrization aside, that is, working on the
patch Q, and assuming that p1 = pa = p, our discretization scheme with oy = {—1,0,...,0,—1}
and ag = {—1,0,...,0,—1} is equivalent to Nédélec’s finite elements of the first kind. As
it is known, in this case the normal component of the approzimation is not necessarily con-
tinuous. One of the advantages of our method is that the reqularity of the solution can be
increased with respect to edge finite elements. Indeed, our method provides an approximated
solution with up to p — 2 continuous derivatives. In particular, by using quadratic elements
it is possible to find a globally continuous numerical solution, with well defined divergence
in the space L*(Q).

3.3 The discrete problem

Now that we have constructed the finite dimensional spaces in the physical domain €2, we
can introduce the discrete version of our problem. In order to do so, we must define some
spaces satisfying certain boundary conditions. As it is explained in [16], natural boundary
conditions are imposed as in standard finite element analysis. To impose Dirichlet boundary
conditions on the boundary I'p C 912, let us introduce the notation vp = F _1(I‘D). First
we define the constrained space in the patch 0

Vinp = (SELTE22 (Q)) 5 SP1P2 71 (Q)) N H gy, (curl ; Q). (21)

a1—1,a2 ay,a2—1



Analogously, we can define the constrained space in the physical domain €2
Vir, =ViNHorp(cwl;Q)={u:uoF = (DF)_Tﬁ7 u €Vt (22)

and in the particular case of I'p = 052, we denote it by Vj,0 = Vi.00 := Vi N Hy(curl; Q).
Once we have introduced the constrained spaces it is possible to write the discrete version
of our problems. The discrete eigenvalue problem reads:
Findw € R and up € Vi, up # 0, satisfying

(curl up, curl v,) = w?(up, vy) Vv € Vig. (23)

And the discrete version of the source problem (4) is the following:
Given £ € L2(Q), find up, € Vpr, such that

/Curluhcurlvh+/ uh~vh:/f~vh VVhEVh;FD. (24)
Q Q Q

Remark 3.2. It is also possible to define constrained spaces in Uy and Wy, in order to
obtain the De Rham diagram in the constrained spaces. For example, we can define Uy :=
Un N HE(2), which following the notation of Proposition 3.1 has dimension equal to (ny —
2)(n2 —2). Then it can be seen that ker(curl) NVy,0 = grad (Up,) and the dimension of
this space is also equal to (n1 — 2)(ng — 2).

4 Approximation analysis

In this section we present an error analysis which is sub-optimal and valid only for regular
solutions of the problem (24). Indeed, this should be considered as the starting point for a
more general analysis able to cover also the case of non-regular solutions and the eigenvalue
problem (23). The reason why we cannot perform a general analysis is that we do not have
suitable commuting projectors at our disposal. On the other hand, we treat in optimal way
the presence and the regularity of the mapping F.

The present analysis follows [4] and use results in [21]. Since the problem (24) is coercive,
the analysis of the error of the numerical method is reduced to the analysis of the best
approximation error in the norm H (curl, Q).

In order to present our analysis, we recall and specify some notation. We assume, for
the sake of simplicity, that the same degree of approximation p = p; = py is adopted in
both Cartesian directions. Given the mesh Qj, which is assumed to be shape regular (that
is, the element length ratios are assumed to be bounded uniformly with respect to h) and
the vectors o, g, the discrete spaces are constructed as detailed in previous sections.
We recall that « := min{o; g : ¢ = 2,...,mqg — 1, d = 1,2}. The geometrical mapping
F : O — Q belongs to (€3 ,,(Qn))?, for some given vectors 7, and -y, with the scalar
vy=min{vy;q: i=2,...,mqg— 1, d = 1,2} denoting its global regularity, which we assume
nonnegative. Furthermore, F has a piecewise smooth inverse, and, since it is defined on the
coarsest level of the mesh, is independent of the mesh family index h.

The following approximation result on the parametric space € follows from [4, Lemma
3.3].

Lemma 4.1. There exists a projector Ilg : L2(Q) — SP-1P _ (Q,) x SEPCL(Qy), such

alfl,ag al,agfl
that, for all @ € HL, 4, (Qn) X HLy 0y 1(Qn) it holds:
~ ~ 2(1—k)| ~
> 18 —Hsiffg <C Y hg il (25)
QeQy, QEQy



for any 0 < k <1 <p, and with C only dependent on p.

From Lemma 4.1, we derive the approximation error estimates on the physical domain.
We define the projector onto Vj, by push-forward:

(Ily, u)o F = DF TTIg(1d), i=DFT(uoF). (26)
The projector Ily, verifies the following approximation properties.

Proposition 4.1. With the previous notation and assumptions, let « >0, 1 <1 < p.
If v4 > ag (that is, viqa > w4, Vi), ford =1,2. Then, there exists a constant C = C(F ,p)
such that

[u =TIy, u| L2 + Al curl (u —Ily, u)||L2) Schl||u||Hl(Q)7 Yu e HY(Q). (27)
Otherwise, for any 1 <n <+ 1/2 there exists a constant C = C(F ,~,p) such that
|u —thu”Lz(Q)—i—hncurl(u _Hth)||L2(S2) SChnHuHHn(Q), Yu € H"(Q2). (28)

Proof. Let K = F(Q), for a generic Q € Qp. We can compute:
/ |u —thu|2:/ |det DF||uoF — (Ily, u)o F|?
K Q
< 4t DF (@) IDF " fxv [ 8 D56

Then
[u =Ty, ulr2e) < C(F)[u - Isul 12 g (29)

Consider the first component of U, which we denote u;; from the definition (26)

~ OF
ul(xl,xg):a—(xl,xg)-(uo F)(x1,x2). (30)
T
From the assumptions on u and F, one has g—fl € (Gi’f;flqz(Qh))Q, and uo F €
J—Cﬂyl’%(Qh). Therefore, we obtain u; € ﬂ{57171772(9hl C 3{104171,%(Qh)7 using v, ZAad.
In an analogous way, for the second component of u, denoted u,, we can prove uy €
HL, ap_1(Qn). Therefore U € HL | 4,(Q) X HL, 0, 1(Q1).  We also have, for the
smoothness of F within each element, by change of variable
> i) < CF) i) (31)
Qe
We can then use (25), with (29) and (31), and obtain
[u =Ty, u|[L2@) < C(F)A'|u| g (32)

For the estimate of the term || curl u — curlIly, u|[z2(q) we recall that

(curlu)o F = ———curl u.

(curllly, u)o F = ——— curlllgu.



Therefore, by change of variable,

/ |curl u — curlTly, ul? < ||detDF||Zolo(Q)/ |curl G — curl g |2
K Q (33)
<||det DF || )| 0 — s [311(q)-

Reasoning as before, one obtains
| curl u — curlIly, u |2y < C(F)AHul H(Q)- (34)

If the assumption v; ¢ > «; 4 does not hold true for all 4, and d = 1, 2, then, in general, the
vector field U & HY, | o, (Qn) x HL, o, -1(Qn) and Lemma 4.1 cannot be applied. Instead,
by standard Sobolev embedding theorem, we know that u € H"(Q) for all n < v+ 1/2
and we can apply a standard Bramble-Hilbert Lemma. Since IIg reproduces polynomials

up to degree p — 1, and 1 < n < p, by usual scaling argument we obtain
lu =1y, ulr2(e) +hlu Iy, a3 g). < C(F)R| a0,
eventually giving (28). O

Remark 4.1. The Proposition 4.1 says that, in order to have an optimal best approximation
error on regular vector fields, the parametrization F for the physical domain must be point-
wise at least as reqular as the basis functions we then use to construct test and trial vector
fields. This fact is clearly demonstrated by our numerical results.

5 Numerical tests

In this section we present the results given by our discretization technique when applied
to three different benchmark problems. The first one is the computation of Maxwell’s
eigenvalues in a square. In the second test we solve the same problem in a non-convex
L-shaped domain. Finally, the third one is a source problem posed in the same L-shaped
domain, and the solution is known to have an unbounded singularity in the non-convex
corner. The numerical method has been implemented in MATLAB, using the algorithms
given in [20] for the evaluation of B-splines and their derivatives.

5.1 Maxwell’s eigenvalues in the square

In this first test we numerically solve problem (2) in the square (0,7)? C R?. The eigenvalues
are given by w? = 2 4 j2, with 4,5 = 0,1,..., and their corresponding eigenfunctions are
u = (—jcos(iz) sin(jy), isin(iz) cos(jy)).

The geometry is described using four parameterizations, which differ in their degrees

and continuities. The coarsest mesh is built from the open knot vectors =; = Z5 =
{0,...0, i, %, %, 1,...,1}. Then we construct the spaces of B-splines S, (Qno), with

g=1,...,4,and v, = v, = {-1,v,7,7, —1}, with v = ¢ — 1. The parametrization is then
defined with a uniform distribution of the control points C;; € [0,7]?, fori,j =1,...,q+4.
This choice of the control points yields a C°° parametrization for ¢ = 1 (in fact, the product
of 7 by the identity), and C" parameterizations for ¢ = 2,3, 4.

To construct the spaces of trial and test functions we consider the previous knot vec-
tors with different multiplicities of the internal knots {i, %, %} In particular, we consider
B-splines of degree p = 2,3,4, and global regularity o < p. That is, we require for the
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internal knots a multiplicity p — «, to construct the spaces Sg:i’fvw (Qno) x SEP ,;12—1(Qh0)a
a; =as ={—1,a,a,a,—1}. To each space in the parametric domain we apply the covari-
ant transformation described in Section 3.2, with the four parametrizations described above.
This means that we have several discretization spaces Vp.0 = Vp.0(p, @, F') depending on the
degree and the continuity of the B-splines basis functions, but also on the parametrization of
the physical domain. The problem is then solved in five successively refined meshes, where
we refine using knot insertion (see [16]) of knots with multiplicity 1, and maintaining the
previous p — a multiplicity of the initial internal knots i, %, %. This is named k-refinement
in [16].

In the figures we present the convergence rate of the approximation to the eigenfunction
corresponding to the pair (i,j) = (3,3) in several cases. In Figure 2 the C*° and C?
parameterizations are considered, and the convergence rate is seen to be always equal to
p. In Figure 3 we show the convergence results for p = 4 and different values of o, when
considering the C' and C? parametrizations. As was pointed in Remark 4.1, the optimal
convergence rate is only achieved when the regularity of the test functions is lower or equal
than the regularity of the parametrization.

Linear, C*>° parametrization Piecewise quartic, C® parametrization

10"

Relative error

Relative error

/ - —e—p=2,0=1 JRe —p=2,a=1
s P ——p=3,a=2|] s - ——p=3,a=2|]
10 e p=4, a=3 10 P p=4, a=3
P 2 ' P 2
& 2 y=Ch Y P y=Ch
10°F ———y=cr fi 10°} -~ —y=cn fi
**y:ChA **y:ChA
1075 = 107 =
10 10 10 10
Mesh size Mesh size

Figure 2: Errors on the (3,3) eigenfunction, in the energy norm on the square. Linear and
piecewise quartic parameterizations.

In Table 1 we show the first non-null eigenvalues computed in the five meshes when
considering p = 2, a = 1 and the linear C'*° parametrization. As can be seen our results are
free of spurious modes. Moreover, following the notation of Proposition 3.1, the dimension
of the space V0, that is, the number of degrees of freedom, is equal to 2(n — 1)(n — 2), and
the number of computed zeros is equal to (n —2)2. This last value is exactly the dimension
of the kernel of the curl operator, as already explained in Remark 3.2.

As we noticed in Remark 3.1, for o > 1 the solution of the problem is approximated with
continuous piecewise polynomials. As a consequence the divergence of our numerical solution
is well defined and can be numerically computed. To show this we have considered the
approximation of the eigenfunction corresponding to the pair (m,n) = (3,3) and computed
its divergence in several cases. In the left side of Figure 4 we plot the convergence of the L?-
norm of this divergence, computed for different degrees and continuities of the discretization
space and using the linear C'* parametrization to describe the physical domain. In the right

12



Piecewise cubic, C? parametrization

10°

. Diecewise quadratic, C'! parametrization

107 -7 2 E 107 - ]
107} E 107k E
. - -
O S
Fa0k . 4 F107k 4
5) 3}
o o
Lz E Lz E
= =
= =
D10t ] V10|
S By S
—*—p=4, a=2 3
i =4, a=3 & p=4, a=3
10° P g 10°} H
———y=ch'® ——-y=ch?5
" y=cn & —y=ch’
0 =y 0 = o
10 10 10 10
Mesh size Mesh size

Figure 3: Errors on the (3,3) eigenfunction, in the energy norm on the square. Piecewise
quadratic and piecewise cubic parameterizations.

Mode Exact Computed
(1,0) 1.00000 1.00060 1.00003 1.00000 1.00000 1.00000
1.00000 1.00060 1.00003 1.00000 1.00000 1.00000
2.00000 2.00120 2.00007 2.00000 2.00000 2.00000
4.00000 4.05285 4.00240 4.00014 4.00001 4.00000
4.00000 4.05285 4.00240 4.00014 4.00001 4.00000
5.00000 5.05345 5.00243 5.00014 5.00001 5.00000
5.00000 5.05345 5.00243 5.00014 5.00001 5.00000
8.00000 8.10569 8.00480 8.00027 8.00002 8.00000
9.00000 9.79260 9.03157 9.00162 9.00010 9.00001
9.00000 9.79260 9.03157 9.00162 9.00010 9.00001
10.00000 10.79320 | 10.03160 | 10.00162 | 10.00010 | 10.00001
10.00000 10.79320 | 10.03160 | 10.00162 | 10.00010 | 10.00001
13.00000 13.84545 | 13.03397 | 13.00175 | 13.00010 | 13.00001
13.00000 13.84545 | 13.03397 | 13.00175 | 13.00010 | 13.00001
16.00000 16.21139 | 16.21139 | 16.00960 | 16.00055 | 16.00003
16.00000 16.21139 | 16.21139 | 16.00960 | 16.00055 | 16.00003
17.00000 17.21199 | 17.21142 | 17.00960 | 17.00055 | 17.00003
17.00000 17.21199 | 17.21142 | 17.00960 | 17.00055 | 17.00003
18.00000 19.58520 | 18.06314 | 18.00324 | 18.00019 | 18.00001
20.00000 20.26424 | 20.21379 | 20.00974 | 20.00055 | 20.00003
20.00000 20.26424 | 20.21379 | 20.00974 | 20.00055 | 20.00003
d.o.f. 40 144 544 2112 8320
number of zeros 16 64 256 1024 4096

(=]
—_
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NP WHRPRORNWEF WO WNFENONEE
BN WER P R OWNWHFEWONNDFDNDO-

NPAANG NSNS 2NN NS N NI s NN

Table 1: First non-null eigenvalues computed in the square.

side of Figure 4 we represent the divergence in the particular case of p = 3 and @ = 2. As
can be seen by these results, our method yields an oscillating divergence field, which tends
to zero as the mesh is refined.

5.2 Maxwell’s eigenvalues in an L-shaped domain

For our second test the physical domain is the L-shaped domain Q = (—1,1)?\ (—1,0)%
We describe the geometry by a piecewise quadratic parametrization which is continuously
differentiable in the interior of the domain. In order to do so, we introduce the knot vec-
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Figure 4: Divergence for the eigenfunction (m,n) = (3,3). Left: convergence of its L?-norm.
Right: a plot in the case p =3, a = 2.

tors 2y = {0,0,0,0.5,1,1,1} and =5 = {0,0,0,1,1,1}, and construct the parametrization
by repeating the control points in the corners (0,0) and (1,1) (see Figure 5). With this
construction, the inverse of the parametrization is unbounded in the two corners (0,0) and
(1,1), which is actually a case not covered by the analysis of Section 4.

Figure 5: Left: control net for geometry description of the L-shaped domain. Center: mesh
generated by the previous control net. Right: coarsest mesh used for computation.

Again, we solve problem (23) in several spaces differing in their degrees and regularity.
At the coarsest level of discretization, we consider the spaces Vi.0 = Vi.0(p, ), with p =
1,...,4, and internal (global) regularity & = 0 in the case p = 1, and o = 1 in the other
three cases. This regularity is achieved by repeating the knot 0.5 in the knot vector =;, and
it is chosen in order to obtain the optimal convergence, as discussed in Remark 4.1.

The problem is solved in five successively k-refined meshes. In Figures 6 and 7 we
present the convergence results for the first four non-null eigenvalues. According to [10],
the first and second non-null eigenvalues are associated to eigenfunctions which belong to
H?/3-¢(Q) and H*3-¢(Q), respectively, for any ¢ > 0. The convergence rate in energy
norm for these functions is expected to be 2/3 and 4/3, respectively, and at least 4/3 and
8/3 for their corresponding eigenvalues. The third and fourth eigenfunctions are analytic,
and the convergence of their associated eigenvalues is equal to p? in the four cases.

14



Relative error

=107k

—&— 1% eigenvalue

—e— 1% eigenvalue
—— 2" eigenvalue
3 eigenvalue

—— 2" eigenvalue ]
3" eigenvalue
£— 4™ eigenvalue ||

—2— 4" eigenvalue ——y=ch*®
——y=chn’ . ---y=ch’
2 =y 0 = =
10 10 10
Mesh size Mesh size
Figure 6: L-shaped domain. Eigenvalues convergence with p = 1, a = 0 (left) and p = 2,

a =1 (right).
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Figure 7: L-shaped domain. Eigenvalues convergence with p = 3, a = 1 (left) and p = 4,

a =1 (right)..

In this case it is not possible to know if spurious modes appear in our solution, since the
entire spectrum is not known. However, we have compared our results to the ones obtained
with other methods (see [6] and [10]) and we can confirm that no spurious solutions appear
between our first non-null eigenvalues.

We also present in Table 2 the L?-norm of the divergence for the first four eigenfunctions,
computed with the choice p = 4 and a = 1. It is seen that the norm of divergence for the
first eigenfunction increases as we refine the mesh. The same behavior is observed for the
divergence of the second eigenfunction, but in this case it is less abrupt. The divergence
of the third and fourth eigenfunctions behaves as in the square domain, because these two

eigenfunctions are analytic.
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L2-norm of the divergence

Eigf. 1 3.09E4+00 | 5.60E4+00 | 9.87E+00 | 1.76E+01 | 3.14E401
Eigf. 2 4.48E-01 3.75E-01 3.00E-01 4.14E-01 5.34E-01
Eigf. 3 7.76E-02 1.61E-01 1.64E-03 7.25E-05 7.10E-06
Eigf. 4 6.05E-02 4.59E-02 3.78E-03 7.40E-05 7.04E-06
d.o.f. 110 262 758 2518 9110

Table 2: L%-norm of the divergence for the first eigenfunctions in the L-shaped domain.

5.3 Source problem in an L-shaped domain

For this third test case we consider the L-shaped domain of the previous section, and denote
Ip = (-1,0) x {0} U {0} x (=1,0), and I'y = 9Q \ T'p. We want to solve the problem
with mixed boundary conditions given in (24). Denoting by (r,0) a system of local polar
coordinates, and taking f = grad (7"2/ 3 sin 2—;) yields that the unique solution to the problem
is given by u = f. Thus the solution belongs to H 2/3*5(9), for any ¢ > 0, and the expected
convergence rate in the energy norm is then 2/3.

For our computations the geometry is described with the same parametrization given in
Section 5.2, and the problem is solved using the same meshes and spaces already described
in that section. In Figure 8 we present the convergence rate for the four cases and we see
that the convergence rate is always close to 2/3.

Relative error

.
10"

Mesh size

Figure 8: Errors in energy norm for the source problem in the L-shaped domain.

6 Conclusion

In this paper, we have proposed a B-spline-based Isogeometric discretization of model elec-
tromagnetic problems. To that purpose, we have obtained a De Rham diagram for suitable
B-spline spaces, yielding a discretization of H(curl; Q) which produces optimal discrete so-
lutions of source and eigenvalue Maxwell’s equations. The analysis of the proposed method
is not fully developed yet, due to the lack of commuting projectors, which are needed in the
so-called De Rham commuting diagram for B-spline spaces. However we have obtained sub-
optimal convergence results that give a first theoretical assessment of the method. Moreover,
we have shown numerical tests that give evidence of an optimal behavior of our approach in
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significant benchmark problems. One interesting feature of our discrete spaces, compared
to more classical edge finite elements of Nédélec type, is that they are globally smooth. We
can select any order of continuity, with the only constraint that the parametrization of the
geometrical domain has to be as smooth as the discrete space used for approximation.

We clearly showed the great potential of the Isogeometric approach in this context, which
deserves further theoretical investigation.
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