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1 Maxwell’s equations

V xE=—jwyH (1)
V x H = jweE + J 2)
V- (eE)=p (3)

V. (4H) =0 ()
V-J=—jwp (5)

Only three of the equations are needed, (1), (2) and (3) or (1), (2) and (5). Combining (1) and
(2) gives the wave equation

V x (p7'V x E) — w*E = —jw] (6)

for E and similarly for H.
E,J € H(curl; Q) corresponds to finite energy solutions, where

H(curl; Q) = {u € [L*(Q)]*: V x u € [L*(Q)*} (7)
in three dimensions. The norm associated with H (curl; 2) is defined as
VI 1 curse) = (VL2 + IV % VH[L2(Q)]3)1/2 (8)
Some other vector spaces used:
HY Q) ={ve L*Q): Vve L)} 9
H}(Q)={ve H(Q): v=0o0n00} (
Hy(curl; Q) = {v e H(cur; Q) : v x v=0} (
H(div;Q,e) = {v € [L*(Q)]*: V- (ev) € L*(Q)} (12
Ho(div;Q,e) = {v € [L*(Q)]*: V- (ev) =0} (
V = Hy(curl; ) N H(div; Q, ¢) (

where v is the outward normal to 2.

2 Problems when using nodal elements

When using nodal elements spurious solutions can occur and we can also get convergence to
solutions of a problem different from our original problem. As an example we look at a simple
cavity eigenvalue problem with perfectly conducting walls

V x (17'V x E) = w*cE in Q (15)
V- (cE) =0 in Q (16)
vxE=0 on 0N (17)



The weak form of this eigenvalue problem is to find w € R, E € Hy(curl; Q) N Hy(div; Q,¢),
E # 0 such that

(0 'V x E,V xv) =w?(cE,v) Vv € Hy(curl; Q) N Hy(div; Q,e). (18)

We see that w? = 0 is not an eigenvalue to (18) since that would imply E = 0. This means that
we cannot have a physical mode with non-zero energy and w = 0, the only physical modes are the
ones with w > 0. For this case, (15) implies (16) and we can write the problem on weak form as

Find w e R, E € Hy(curl; ), E # 0 s.t.

(0 'V xE,V xv) =w?(cE,v) Vv e Hylcur];Q). (19)

This adds an infinite-dimensional space of non-physical eigensolutions that coincides with
VHE(Q) with zero eigenvalues. It is important to recognize these non-physical solutions so that
they can be discarded.

When using FE we seek solutions in a finite-dimensional subspace V}, of Hp(curl; Q2):

Find wy € R, Ej, € V,, Ep # 0 s.t.

(uflv X Ep, VX V) =wp(eEp,v) Vv eV, (20)

For nodal elements the approximation space is Vj, = [P]® N Hp(curl; Q). When using nodal
based FE on an unstructured grid, we obtain many spurious eigenvalues approaching zero and it
can be hard to recognize these so that they can be discarded. For certain structured grids, the zero
eigenvalues can be well approximated but other spurious solutions appear in the spectrum. Since
these spurious eigenvalues can be distributed all over the spectrum, they are hard to distinguish
from the physical eigenvalues. For non-convex domains, it has been proved that the discrete
eigenvalues computed using nodal elements converge to the eigenvalues of a problem different
than the original problem.

One possible explanation for the failure of nodal based FE in the case of non-convex domains
in two dimensions is that the nodal elements are constrained in [H'(€)]?, which is a proper and
closed subset of V. This means that there are eigenfunctions in V' that cannot be approximated
by nodal elements in [H!()]?.

Another important drawback of nodal-based FE when solving Maxwell’s equations is the in-
ability to model field singularities at conducting corners and tips. The boundary condition for the
electric field at a conducting surface is v x E = 0, but enforcing this boundary condition at each
node also enforces normal continuity, which is not desired.

3 Nedelec’s edge elements

We start by introducing a subspace S; of homogeneous vector polynomials of degree k in d di-
mensions by _
Sc={pe[P]’: x - p=0}, (21)

where P, is the space of homogeneous polynomials of order k. We can now introduce the space
R which is needed for Nedelec’s vector elements,

R = [Pk_l]d @ Sk. (22)

The dimension of the space Ry, in three dimensions is dim(Rz) = 3(k + 3)(k + 2)k, so for k =1
we have dim(R4) = 6.
In two dimensions, a polynomial p € Ry has dimension 3 and can be represented as

P = (c1 + 2y, c3 — c2). (23)

For k =1, the local degrees of freedom in two dimensions are given by

N;(p) = / p - Tids, (24)

i



where 7; is the tangential unit vector of edge e;.
The local shape functions can be expressed in terms of barycentric coordinates. In two dimen-
sions we can define the local shape function 6, associated with edge 1 oriented from node 1 to

node 2 as
01 = )\1V)\2 — )\QV)\l, (25)

where the barycentric coordinates for node 1 and 2 can be written as A\; = a1 + b1z + c1y and
Ao = ag + box + coy respectively, where a; and b; depend on the nodal coordinates of the triangle.
Now

01 =XV — VA = (a1 + bix + Cly)(bQ,CQ) — (a2 + box + ng)(bl, Cl)

26
= (d1 + day,d3 — dox) € Ry. (26)

The local shape functions for triangular elements in two dimensions are shown in Fig. 1.

Figure 1: The local shape functions for £k = 1 in two dimensions on a triangle.

3.1 Affine maps

When transforming to and from the reference element we need to transform in a special way since
we are working in H (curl; K) with vectors in Ry. For the affine map FxXx = Bgx + bg and
1 € Ry, the transformation is given by

uo Fr = (BE) 'a (27)

all(i tlle CUII tIaIle()I ms as
C u= 73[( CA lAl. 28
* jf ;(Blf ) . ( )

Lemma 1. The space Ry, is invariant under the transformation (27)
Proof. Since for t € R, we can write it = Py + P2, where p; € [Py_1]* and ps € Si. Now,

u(x) = [(Bg)™'b1 + (Bk) ™' b2 (Fi ' (%))

— (BE) " pul(Fi (%)) + (BE) " pa(Bi'x — Big'br). (#)



Since Py € [Py]?, we have that po(Bg'x — Bg'bk) = pa(Br'x) + p3(x), where p3 € [Pp_1]°.
This means

u(x) = [(Bx)"'p1(Fg' (%)) + ps(x)] + (Bg) ' Pa(Bg'x). (30)
We have that (B%)™'p1 o Fx' + Ps € [Pr_1]® and also that (B%) 'p2(Bxr'x) - x = p2(Br'x) -
(Bglx) =0, since ps € Si. Thus, u € Ry. O
Lemma 2. If 73, is a reqular mesh and s > 0, then we have for v transformed by (27) to give v
V] iare iy < Chie 2Vl o (31)

and R 1
|V X \Af|[HS(R-)]3 < ChK 2 |V X V‘[HS(K)]3~ (32)

3.2 Degrees of freedom

For the reference element K , which is a tetrahedron defined by the vertices ai,..., a4 given by
a; = (0,0,0)7, ap = (1,0,0)7, a3 = (0,1,0)” and a4 = (0,0,1)”, we define the curl-conforming
finite element (K, Py, Ny ) by

e K is the reference element
L4 ’Pf{ =R

e Three types of degrees of freedom associated with edges é of K, faces f of K and K itself.
The unit vector along edge ¢ is denoted 7.

M;(d) = {/u . +Gds, Ve Pkl(é)}, (33)
Mj(1) = {arezlx(f) /fﬁ -qdA, Vq € [Poa(f))? and q-0 = 0}, (34)
Mg@ = { [ avaav, vaepair) (33)

The total set of degrees of freedom is then Ny = Me () U My(0) U Mg (1)

By using the transformation (27) we can define the finite element (K, P, Nk) for a general
tetrahedron K as

e K is a tetrahedron
e P =Ry

e Three types of degrees of freedom associated with edges e of K, faces f of K and K itself.
The unit vector along edge e is denoted T.

M,(u) = {/u -Tqds, Vq¢€ Pkl(e)}, (36)
1 .
Ms(u) =4 ——= [ u-qdA = Bkd, q€ [Pua(f)) and q-» =
0 = { oy [weata va= e ac (P mdaco o) @
1 A
Mic(w) = { [ w-adv. vamapped by go Fie = 1B, ae [Poa(k)
(38)
The total set of degrees of freedom for a general tetrahedron is then Nx = M, (u)UMs(u)U
MK(U).
Lemma 3. If det(Bg) > 0, 7 = Igii\ and the transformation (27) is used, the degrees of

freedom (36)-(38) on K are identical to those on K.



3.3 Unisolvence
Theorem 1. If u € Ry, is such that all degrees of freedom (36)-(38)vanish, then u = 0.
To prove Theorem 1 we need two Lemmas.

Lemma 4. If u € Ry is such that the degrees of freedom (37) vanish on f and the degrees of
freedom (36) vanish on all edges of f, thenuxv =0 on f.

Lemma 5. Ifu € Ry is such that V x u =0, then u= Vp forp € Py.

Proof of Theorem 1. Since the degrees of freedom on the general tetrahedron and the reference
tetrahedron are identical, we prove the theorem on the reference element. Because of Lemma 4 we
know that @ x & = 0 on 9K. By integration by parts and using that the degrees of freedom (38)
are zero, we have

/ﬁxﬁ@d‘?:/ﬁ-@quvzo, Vq € [Pr_s]®. (39)
K K
Using Stokes theorem on each face f of K and that the degrees of freedom (37) are zero, we have

/@fxﬁTQdA:/ﬁT-@fodAzo, Vg e Pe_1(f), (40)
i f '

where tip = (& x @) x & on K. The surface vector curl operator @a 7% Is defined as v Fxa=
—U X @fq. This means that @f X Ur = (@ xu) - =0on f and hence on K. Because of this

and the fact that V x @ € [Py_1]?, we can write
V x = (2101, d2, Vs, 2303)7, (41)

where ¥ = (U, Uy, U3)T € [P,_5]®. Picking q = ¥ in (39) shows that Vxia=0inK.
Using Lemma 5 this means that we can write i = Vp for some p € Py. The fact that ax o =0
on 0K implies that we can take p = 0 on 0K and write p as

p = 129237, for some 7 € Py_3. (42)

The vanishing of the degrees of freedom (38) implies that p = 0 and thus & = 0. O

3.4 The interpolant
We can define the global finite element space on a mesh 73 as
VhZ{UEH(CuI‘I; Q) : u|K € Ry VKGT}L}. (43)

The local interpolant rxu € Ry for K € 7, is characterized by the vanishing of the degrees of
freedom on u — rgu,

M.(u—rgu)=Ms(u—rgu) = Mg(u—rgu) =0. (44)
The global interpolant is then defined by
rpulg =rgu, VK € 7. (45)

Lemma 6. If V x u € [LP(K)]3, u € [LP?(K)]® and u x v € [LP(OK)]? for p > 2, then rpu is
well-defined and bounded.

Theorem 2. Let 15, be a regular mesh on Q. If u € [H*(Q)]? and V x u € [H*(Q)]® for s <k,
then

||u — rhu||[L2(Q)]3 + ||V X (u — I‘hu)H[Lz(Q)]?, < ChS(HuH[HS(Q)P + ||v X u||[H5(52)]3). (46)



The error estimates for the interpolant holds for (u — rpu) and (V x (u — rpu) separately:

lu —rpulliz2ys < CR ([l + IV x| a)s) (47)
[lu— I'hu”[LZ(Q)]S < Chs||u||[Hs(Q)]3 (for s > 1) (48)
||V X (ll — I‘hu)H[Lz(Q)]s < ChSHV X uH[Hb(Q)]S (49)

Theorem 3. Let 7, be a reqular mesh on Q. Ifu e [H2T(K)]3,0< 6 < 2 and V xu|g € Dy, =
[Pk_l]g (&) ﬁk_lx, then

3+6
[lu— I'hllH[LZ(K)]S < C(hK ||u||[H1/2+5(K)]3 + hil|V x uH[L2(K)]3)- (50)

The error estimates show that the convergence is |[u — rpul|jz2)s = O(h*), according to
the Bramble-Hilbert lemma since [Py,_1]®> C Ry, but [P]? ¢ Ry. For triangular elements in two
dimensions it has been shown that superconvergence is obtained, so that the order of convergence
is similar to nodal based elements, which have O(h¥*1) convergence for degree k.

To obtain higher order convergence, a second family of vector elements was introduced by
Nedelec:

e K is a tetrahedron
L] PK == [Pk,]g

e Three types of degrees of freedom associated with edges e of K, faces f of K and K itself.
The unit vector along edge e is denoted 7.

M, (u) = {/u -rqds, Vg€ Pk_l(e)}, (51)

M(u) = {are;(f) /f ur-qdd, Yqe D;H(f)}, (52)
Mt = { [ wadv. vae D). (53)

The total set of degrees of freedom is then N = M, (u) U My(u) U Mk (u).

The dimension of the second family of elements is §(k + 1)(k + 2)(k + 3).
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