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Matrix representations of discrete differential
operators and operations in electromagnetism

TsuNG-MING HUANG, WEN-WEI LIN, AND WEICHUNG WANG

Metamaterials with periodic structures are building blocks of vari-
ous photonic and electronic materials. Numerical solutions of three
dimensional Maxwell’s equations, play an important role in explor-
ing and design these novel artificial materials. Yee’s finite difference
scheme has been widely used to discretize the Maxwell equations.
However, studies of Yee’s scheme from the viewpoints of matrix
computation remain sparse. To fill the gap, we derive the explicit
matrix representations of the differential operators Vx, V-, V,
V2, V(V-), and prove that they satisfy some identities analogous
to their continuous counterparts. These matrix representations in-
spire us to develop efficient eigensolvers of Maxwell’s equations and
help to show the divergence free constraints hold in Yee’s scheme.
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1. Introduction

Propagations of electromagnetic waves in bianisotropic media can be, math-
ematically, modeled by the three dimensional (3D) Maxwell’s equations

(1a) V x E(x) = wB(x),
(1b) V x H(x) = —LwD( ),
(1c) B(X) =

(1d) D(x) =

where w is the frequency, F, H, D and B are electric, magnetic fields,
dielectric and magnetic flux densities, respectively, at the position x € R3.
Furthermore, F/, H, D and B satisfy the constitutive relations

(2) B=pH+(E and D =¢FE +¢H,
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in which p is the magnetic permeability, € is the electric permittivity, and
¢ and ¢ are magnetoelectric coupling parameters. Materials modelled by
Eq. (1) can be characterized by p and € as follows [15].

e 1 >0,e>0,and ( =& = 0. Most dielectric materials belong to this
category. The governing equations in (1) can be reformulated as

Vxu'VxE=w?E, V-(eE)=0,

where ¢ is a material-dependent piecewise constant function.

e 1 > 0 and e < 0. This category includes dispersive metallic materi-
als, ferroelectric materials, and doped semiconductors. In dispersive
metallic materials [3, 4, 5, 16, 17, 22|, £ is not a piecewise constant but
dependents on the frequency w, that is, ¢ = £(x,w). Such materials
can exhibit negative permittivity at certain frequencies, such as below
the plasma frequency.

e 1 < 0 and e < 0. This category represents the left-handed material or
negative-index materials. It is worth mentioning that there is no such
material in nature. To demonstrate the material properties including
the negative refractive index, artificial metamaterials with periodic
structures have been proposed in [18, 19] firstly. Such metamaterials
open up a completely new research area. For example, bi-isotropic and
bianisotropic media are two important classes of metamaterials [23].
The associated B and D satisfy (2) (see [20, p. 26], [23, p. 44], for
details).

e 11 < 0 and e > 0. This category consists of some ferrite materials with
negative permeability. However, the induced magnetic response fades
away quickly above microwave frequencies.

Furthermore, for periodic structures, the Bloch Theorem [14] requires
that the electric and magnetic fields F and H satisfy the quasi-periodic
conditions

(3)  E(x+ay) =e?™*E(x), Hx+ay) =e?™*H(x), (=1,2,3.

Here, 27k is the Bloch wave vector in the first Brillouin zone and a,’s are
the lattice translation vectors that span the primitive cell which extends
periodically to form the magnetoelectric materials. Figure 1 shows two types
of lattice translation vectors that are of particular interest. The first type is
the simple cubic (SC) lattice, whose lattice translation vectors are

(4) a; = a[l,O,O]T, a =a [07 170]T7 az = CL[0,0, 1}Ta
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(a) (b)

Figure 1: The translation vectors of (a) simple cubic and (b) face centered
cubic lattice.

where «a is the lattice constant. The second type is the face centered cubic
(FCC) lattice, whose lattice translation vectors are
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Physics breakthroughs and engineering innovations of magnetoelectric
metamaterials heavily rely on numerical simulations of the Maxwell equa-
tions [6, 12, 13, 21]. Yee’s discretization scheme [24] is one of the essential
tools among various numerical methods. Solving the eigenvalue problems
arising the 3D photonic crystals, dispersive metallic materials and complex
media are challenging. Using Yee’s scheme and the techniques of matrix anal-
ysis, novel numerical methods are proposed in [2, 7, 8, 9, 10, 11] to tackle
these challenges and solve these eigenvalue problems efficiently. The key of
these proposed methods are the singular value decomposition and eigen-
decomposition of the discrete single curl and double curl operators, respec-
tively, and the FFT-based matrix-vector multiplications. Despite of the wide
use of Yee’s scheme, the discrete counterparts of the continuous differential
operators and the related properties have not been documented systemat-
ically to the best of our knowledge. This article fills the gap by deriving
the discrete differential operators in Maxwell’s equation and proving sev-
eral identities from using matrix representations. We also demonstrate how
these matrix representations inspire the development of numerical schemes
to simulate the magnetoelectric materials.

Throughout this paper, we denote the transpose and the conjugate trans-
pose of a matrix by the superscript T and *, respectively. ® is the Kronecker

(5) ai [17070]T7 az
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Figure 2: The grid points are located on the (a) edges and (b) faces of prim-
itive cell in Yee’s scheme. The figure also shows the corresponding indices.

product. We denote the imaginary number v/—1 by ¢ and the identity ma-
trix of order n by I,,. The vec(-) is the operator that vectorizes a matrix by
stacking the columns of the matrix. ® > 0 means that ® is Hermitian and
positive definite.

This paper is outlined as follow. We first derive the explicit matrix rep-
resentations of the single curl operators in Section 2. Based on these matrix
representations, we discuss the eigenvalue problem in different material set-
tings. The discretizations of V- (Vx) = 0 and V x V = 0 tell us that
the kernel of the eigenvalue problem is huge. We assert the divergence free
conditions hold for the null-space free eigenvalue problems in Section 3.
Discretizations of operators V(V:) and V? are derived and some of their
properties are verified in Section 4. An efficient preconditioner on the ba-
sis of this property is developed in solving the eigenvalue problems arising
metallic photonic crystals. Numerical results are presented to demonstrate
the efficiency of the proposed methods in Section 5. Finally, we conclude
this paper in Section 6.

2. Resulting eigenvalue problems

In Yee’s scheme [24], Egs. (1a) and (1b) are discretized at the centers of cell
faces and edges, respectively, with the following notations.

Let 0, d,, and J, denote the grid length along the z, y, and z axial
directions, respectively. Let ny, no, and n3 be the numbers of grid points in
x, y, and z axial directions, respectively, and n = ningons. The approximate
function values due to the first order central finite differences are represented
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by the grld pomts mdexed by 4, j, and k and the “half grid points” indexed
by i = i+ 2, Jj =7+ 2, and k = k + 2 For simplicity, we represent
an arbitrary point (rd., sdy,t6,) in the computational domain by x(r, s, ),
where r, s,t € R. That is,

(6) x(r,8,t) = (rdy, 86y, t0,).

We further introduce F(r,s,t) to denote the approximate value of function
F at the point x(r, s, t). Next, by using the vectorization function of a matrix
Fy € Cmaxmaxms for { =1,2,3,

vec(Fy(1:my,1:mg, 1))
e
vee(Fy(1 : m1'7 1 :mg,m3))
we define

f=[f £ f] ecCimmem

with f;, = vec(Fy), for £ =1,2,3.

Using the Yee’s scheme, discretization of V x E = wwB by taking central
finite differences at the central face points x(4, 7, l;‘), x(1, 7, l;‘), and x(i, J, k)
leads to the matrix representation

(7) Ce = wb,
where

0 —C3 (O
(8) cC=| ¢35 0 -0

-Cy (] 0
and
) K —1 Ky —1 Ks—1
C]. - ITLQTL3 ! - 9 CZ Ing ® 2 n2 ® Inla C3 = & ns ® In2n17
O dy 0,

with
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for SC lattice; while

(10) C1 = Inyn, ® Kl(;;fn Ch I, & % o KS(;: h
with
Ky = :eL271(')k~a1 In(l)_l] :

for FCC lattice (see [2, 8] for details).
Similarly, discretization ofAV x H = —wD at the central edge points
x(1,j, k), x(i,7, k), and x(, j, k) can be represented by

(11) C"h = —wd.

Based on explicit matrix representations above, we can write down the
eigenvalue problem in different material settings.

2.1. Photonic crystals

For the photonic crystals (PCs) with = 1, we have ( = { = 0. That is,
(12) b=h, d= Be,
where B is a diagonal matrix which is the discrete counterpart of ¢, i.e.,

vec(e(i, j, k)i j wyes)
Ba = dlag VeC(E(’i,j, lf)‘(i,j,k)GS)

VGC(&?(i, ja k)|(i,j,k)€3)
with § = {(4,4,k) :i=0,...,n1—1,7=0,...,me—1,k=0,...,n3—1}. By

substituting (7) with (12) into (11), discretizations of (1la) and (1b) become
a generalized eigenvalue problem (GEP)

(13a) Ae = AB.e, \=uw?
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where
(13b) A=C"C.
2.2. Complex media

For the complex media, (2) can be rewritten as

N R

61

where B,,, D¢ and Dy are the discrete counterparts of i1, ¢ and £, respectively.
Combining the results in (7), (11) and (14), discretizations of (1a) and (1b)

becomes a GEP

o [ &)

2.3. Huge kernel of eigenvalue problems

The following theorem claims that C, Co and C5 are normal and commute
with each other, which implies that they can be diagonalized by a common

unitary matrix.

Theorem 1 ([2, 8]). For C1, C2 and Cs defined in (10), it holds that
C;C; = C;Cf and C;Cj =C;Cy, fori,j=1,2,3.

Furthermore, there exists unitary matriz T such that

(16) CiT=TA, CYT =TAy, C3T =TA;

with diagonal A1, Ay and As.
In fact, for SC lattice [2], the unitary matrix 7" in (16) is

1
(17) T = % (Da37n3 ® Damnz ® Dalﬂh) (Uns ® Un2 @ Unl) 3
where Da, n,, Da,n,, Da,n, are diagonal, and
eenz,l 69771,2 P ]_
Um = [um,]- PN um7m] = . A . S mem
e(m_l)emvl e(m_l)gmﬂ e 1
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with 0, 1, = 2%, For FCC lattice [8],

(18a) T = % (1 Tp - T,]eC™®

where T; = [T;1 Tia -+ Tin,| € Crx(m2ns) and

(18b) Ti,j = (Day,i,jUns) ® (Day,ittn,,j) ® (Da, un, i)
fori=1,---,ni,j=1,--- ,ny with diagonal matrices Dy, , Da, ; and Dy, ; ;.

Based on (17), 3D backward and forward fast Fourier transformations
(FFTs) can be applied to compute the matrix-vector products T'p and T*q,
respectively, without explicitly forming matrix 7. Moreover, for the matrix
T in (18), efficient algorithms with 1D backward and forward FFTs have
been proposed in [8] to significantly reduce the cost for computing T'p and
T*q, respectively.

As the result in Theorem 1, the singular value decomposition (SVD) of
C' can be derived along the way in [2], which is shown in Theorem 2.

Theorem 2 ([2]). There exists unitary matrices

(19a) Q=1[Qr Q| =UseT)[ 1 M| |,
(19b) P=[P P)=LoT) |-, I | ],

with 11; = [H;l H;Q H;f73]* and1l; ;. being diagonal, j = 0,1,2, k =1,2,3,
such that

(20a) C = Pdiag (A}/Q, AY2, o) Q" = P%,Q",
where
(20b) A, = ATA; + ASAs + ASAs, B, = diag (A;ﬂ, A;/Q) .

From (20a), we know that the nullity of C is equal to n. This result is
derived from the viewpoint of matrix analysis, and can also be derived from
the discrete version of V- (Vx) = 0 and V xV = 0. Let the discrete operator
Vi, x* denote the discretization of curl operator in V x H at the centers of
cell edges and V, ¢- denote the discretization of the divergence operator in
V - E at the vertices using Yee’s scheme. By a straightforward calculation,
we have the identity

(21) Vhe (Vix*) =0.
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From (11), C*h is the matrix representation of V; x* h at the centers of
cell edges. On the other hand, the discretization Vj, ¢ - € can be represented
by —Nje, where

(22) Ne=[cf of ]’
Based on these two facts, Eq. (21) further suggests that
(23) N C* =0.

By taking the conjugate transpose of (23), we have

(24) CON, = 0.

Egs. (23) and (24) imply that the kernels of the eigenvalue problems in (13)
and (15) are huge.

The result in (24) can be also derived from the discretization of Vx V =
0. Denoting G = VF, we discretize 0, F, 0, F and 0,F at x(1,7,k), x(i,7, k)

and x(1, j, k), respectively, which leads to the matrix form

(25a) g = N.f.

By a straightforward calculation, we also have the identity

(25b) Vi xV,=0.

Moreover, it is known that C'is the matrix representation of Vy, x, therefore,

(25) also implies (24).
A short summary of above discretizations is listed in Table 1.

3. Eigenvalue problems incorporated with divergence free
conditions

In this section we will show that, under certain assumption, the divergence
free conditions corresponding to the photonic crystals and complex media
in Yee’s scheme are automatically satisfied.

3.1. V. (eE) = 0 in photonic crystals

We consider the GEP (13) of photonic crystals in terms of the electric field E.
In this case, there is only one divergence free condition V - (¢F) = 0. From
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Table 1: Explicit matrix representations and discretization points of differ-
ential operators and operations within the Maxwell equations

Cont. operator | V x H VxFE V-FE VF
Disc. operator | Vjx* Vi X Ve Vi
Matrix form C*h Ce —Nle N.f
Discretized pts | x(i,7,k)  x(i,],k) x(i,5,k)  x(1,4,k)
x(i,7, k) X(%,j, 12;) x(i,7, k)
x(i,j, k) x(i,7,k) x(i, j, k)
Photonic crystal Complex media

V x E=w(pH + CFE)

— 2
Cont. operator VxVXxE=wel V x H = —w(cE + €H)

Eigenvalue prob. | C*Ce = \B.e (15)
Cont. operator V- (Vx)=0 VxV=0
Discrete operator | Vi e (Vpx*) =0 Vi x (V) =0
Matrix form N¥C* =0 CN,=0
Indication Vi x has large kernel in Yee’s scheme

Section 2.3, we know that the discretization V¢ - e can be represented
by —NZe, which suggests that the discrete version of the divergence free
constraint V - (eE) = 0 can be written as

(26) N* (B.e) = 0.

That is, B-e is orthogonal to the subspace N, spanned by N.. From (24),
N, is a null-space of A = C*C. Since A is Hermitian positive semidefinite,
the invariant subspace R 4 of A corresponding to all positive eigenvalues is
orthogonal to N,.. Therefore if we take B.e € R 4, then the divergence free
constraint in (26) is automatically satisfied.

By Theorem 2, we have the eigendecomposition of A in (13b) as

(27) A = Qdiag (0,%7) Q" = Q,Z7Q;.

Applying (27), the huge null-space of the GEP (13) can be completely de-
flated as shown below.

Theorem 3 ([8, 9]). Let Q, and X, be defined in Theorem 2. Then we have

28 span{B1Q,%,} = {e | Ae = AB.e, A >0
€
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and the GEP (13) can be transformed to a null-space free standard eigenvalue
problem (NFSEP)

(29) Ky = (S:QiB'Q,%, )y = Ny
with
(30) e=B1Q,%,y

being eigenvector of (13). Both of the GEP and the corresponding NFSEP
have the same positive eigenvalues, while the zero eigenvalues of the GEP
are deflated.

Now, we show the divergence free constraint (26) is automatically satis-
fied if the null-space free method in Theorem 3 is applied to solve the GEP
(13).

Theorem 4. Lety be an eigenvector of (29) and e be defined in (30). Then
e automatically satisfies the divergence free constraint (26).

Proof. Using (30), it holds that
B.e = Q% y.

From (24) and (27), the columns of N, and Q,, respectively, span the invari-
ant subspaces of the Hermitian matrix A corresponding to zero and nonzero
eigenvalues. This implies that

N:(Bee) = N:Qrzry =0.
This means that such eigenvector e automatically satisfies (26). |

3.2. V.-B =0and V:D = 0 in complex media

We consider the case of complex media in this section. From the discretiza-
tion of the divergence operator in V - B, denoted by Vj, -, at the cubic
central points x(i, J, lg:), we can see that the discrete counterpart of V - B
can be represented as Cibi + Cobs + Csbg. In other words, the discrete
version of the divergence free constraint V- B =0 is

(31) C1by + C3by 4+ C3bg = 0.
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Similarly, the discretization of V- D at the vertices suggests that the discrete
version of the divergence free constraint V- D = 0 is

(32) Cid; + C5d2 + C3ds = 0.
Define

Ar_[C1 G2 Cs 0 0 0
=10 0 o0 Cf ¢ Ccx|”

From (14), (31) and (32), the divergence free constraints V - B = 0 and
V - D = 0 result in the constraint

* b * e
(33) Nl |:d:| == O = Nl CE,/%&C |:h:| == 0

On the other hand, by the definition of C in (8) and the commute property
in Theorem 1, it holds that

(34) Ny {g c(*)] — 0.

That is, span{ N, } is the left null-space of diag(C, C*). Combining the results
in (33) and (34), we know that if [b",d"]" belongs to the subspace S
generated by the left singular vectors corresponding to all positive singular
values of diag(C,C*), then the discrete divergence free constraints in (33)
are automatically satisfied.

In [2], a null-space free method with applying SVD of C' in (20a) has
been proposed to solve the GEP (15).

Theorem 5 ([2]). If C. ¢ in (15) is nonsingular, then
span {C;;7€7Cdiag (PTE?, QTEE) }

is an invariant subspace of (15) corresponding to all nonzero eigenvalues.
Furthermore, the GEP in (15) can be reduced to a 4n x 4n null-space free
GEP (NFGEP)

~ 0 2;1 ~
(35) Ay, =w <L [_2_1 0 }) yr = wB,y,,

T — .
(36) el nWT) =C_) . diag (P, Q) y:

&,
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is the corresponding eigenvector of (15), where

(37)
B;lDC —Ign:| |:(I)1 0 :| |:D§B,u1 I3,
0

A, = ding(rr.p) [P 7 | |20 o] a0

with ® = B, — DéB;IlDC

Similarly, the divergence free constraints (33) is automatically satisfied
if the null-space free method is applied to solve (15), as shown in Theorem 6.

Theorem 6. Let y, be an eigenvector of (35) and [e",h']" be defined
n (36). Then [e",h"]T automatically satisfies the divergence free condition
(33).

Proof. Using (36), we have
Copecle” D7) =diag (P, Q) yr
From Theorem 2 and (34), span{NV;} = span{diag(Py, Qo)} and then
Nidiag (P, @) =0,

which implies that

NiCepecle” hT]" = Nydiag (P, Q) y, = 0.
This means that such eigenvector [e', h']T automatically satisfies (33). [

Furthermore, if we assume that

(38) B, =0, ®=B. — D¢B;,' D¢ - 0, and Df = D¢,

i.e., B, and ® are Hermitian and positive definite, then A, is Hermitian and
positive definite, which means that all eigenvalues of (15) are real.
A short summary of above divergence free constraints is listed in Table 2.

3.3. Advantages of null-space free eigenvalue problems

To solve the GEPs (13) and (15) is not an easy task due to the following
numerical challenge. From (24), we see that the multiplicity of the zero eigen-
value of (13) and (15) is one third of the dimension of the coefficient matrix.
As we are interested in finding a few of the smallest positive eigenvalues, the
large dimension of the null-space will degrade the computational efficiency of
eigensolvers [7, 11]. However, the null-space free eigenvalue problems in (29)
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Table 2: Subjects in the derivation regarding the reasons that the divergence
free constraints are automatically satisfied in the null-space free eigenvalue
problems due to Yee’s scheme

Cont. operator | V- FE V-B V-D

Disc. operator | Ve

Matrix form —N}e [Cy,Cy,C3]b —Nxd

Discretized pts | x(i, j, k) x(1,7, l;) x(2, j, k)

Div. free V-E=0 V-B=0,V-D=0

Matrix form N:ée=0 N/ [b* d*]"=0

Condition é=B.ecRy [b* d*|"=C. ecle* h*]" €S

Photonic crystal Complex media

Eigenvalue prob. | (13) (15)
Div. free V-(eE)=0 V-B=0, V-D=0
Decomposition C*C = Q,\Q C=P%XQ;
Subspace R4 =span{Q,} S = span{diag (P, Q,)}
Condition ecspan{B'Q,} [e* h*]* € Span{C’;llt’gygdiag (P, Q)}
Null-space free (29) (35)

and (35) share the same nonzero eigenvalues for (13) and (15), respectively,
so that the zero eigenvalues disappear and do not slow down the convergence
in solving (29) and (35). Furthermore, in each iteration of solving (29) and
(35), we must solve the linear systems of forms

(39a) Q;B'Qry = b,
(39b) Ay =b,

respectively, for a given vector b. Because Q*B-'Q, and A, are Hermitian
and positive definite, the linear systems in (39) can be solved efficiently by
the conjugate gradient (CG) method without any preconditioner. The asso-
ciated matrix-vector multiplications of the forms (7*p,7'q) for computing
(Prp1,Qip2) and (P,q1,Q,q2), which are the most costly parts of solving
(39), can be computed efficiently by the fast Fourier transformation (FFT)
2, 8].

4. Efficient preconditioner with applying discretizations of
V(V:) and V? for metallic photonic crystals

In Section 4.1, we will derive the matrix representations of the second order
differential operators V(V-) and V? with Yee’s scheme, which have some im-
portant applications in dispersive metallic photonic crystals. In Section 4.2,
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we will show that these matrix representations further inspire us to develop
efficient methods for solving the linear systems embedded in the shift-and-
invert type eigensolvers with various photonic crystal simulators.

4.1. Discretizations of V(V-) and V2

Here, we let Vj, (Ve - E) and V2 E denote the discrete version of V (V - E)
and V2E, respectively, with Yee’s scheme.

Lemma 7. Let N. be defined in (22). The matriz representations of
Vi (Vhe E) and V3E are —N.N}e and —I3® (N N.) e, respectively. Fur-
thermore,

(40) Vi x*Vix E=V}, (Ve E)— ViE,
which is the discrete counterpart of
(41) VxVxE=V(V-E)-VE.

Proof. From Sections 2.3 and 3.1, the discretization of G = VF and F =
V - E at the central edge points and the vertices, respectively, leads to

(42) g=Nf, f=—-Nle,

which means that the discretization for G = V(V - E) is of the form g =
—N.N}e.

In the discretization of V2, we rewrite V2FE; as V - (VE;) and set F =
VE;. For the discretizations of Iy = 0,F1, Iy = 0yF and F3 = 0.E;
with the quasi-periodic conditions (3) at x(i, j, k), x(2,, k) and x(i, j, /%),
respectively, we have the matrix forms

(43) f1 = —Cikel, fg = Cgel, f3 = Cgel.

On the other hand, we discrete V - F' at the central edge points x(%,j, k)
which results in the matrix representation

(44) Cify — Cify — Cifs.

Now, substituting (43) into (44), we obtain the matrix form of the discretiza-
tion for V2E, as

(45) — (Cle + C;CQ -+ C§03) e = —N:Ncel.
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Similarly, the matrix representations of the discretization of V2E, and
V?2E5 are

(46) —N N.ey and — N Nes,
respectively. Finally, combining (45) and (46), we see that the matrix form
of the discretization of V2E is — (I3 ® N N.)e.

On the other hand, the commute property in Theorem 1 implies that
(47) C*C:IS®(NC*NC)7NCNC*'

It is thus clear that Eq. (47) is the explicit matrix representation of the
discretization in (40). O

4.2. Efficient preconditioner to the eigensolvers

For the dispersive metallic photonic crystals [3, 4, 5, 16, 17, 22], Yee’s dis-
cretization results a rational eigenvalue problem (REP)

(48) C*Ce = w?B.(w)e,

where B.(w) is diagonal with diagonal entries being rational functions in
variable w. For the lossless Drude model

with plasma frequency wy, the REP (48) can be reduced to a SEP [10]:
(49) (C*C + wﬁBd) e=Xe, \=uw’

where By is a diagonal constant matrix. The most expensive computational
task in solving (49) with the Jacobi-Davidson method is a series of linear
systems in the form

(50) (I —uu®)(C*C+ wIQ,Bd —0)(I —uu*)t=—-r, tlu
or
(51) (C*C+w'By—ol)t=bh.

Here, (6,u) is the current approximate eigenpair of the SEP (49) and r =
(C’*C’ + w%Bd) u — fu is the corresponding residual vector.
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As suggested in [7, 10, 9],
(52) M=C"C —al,

where « is the average of all diagonal entries of (0] —w?Bq) or (01 —w2By),
is an efficient preconditioner and Lemma 7 actually suggests an efficient way
to solve the preconditioned linear system

(53) (C*C —al)y =d.

Theorem 8. Let Ay, Ay, Az be defined in (16) and A, be defined in (20Db).
The preconditioned linear system (53) can be transformed as

Ay

(5da) (I3@A—al)y=[I—a ' |Ax| [A} A3 A3] | (5®T7)*d
A3

and

(54b) y=(LaT)y.

Proof. From (47), Eq. (53) can be reformulated into

(55) {I3® (N N.) —al}y =d+ N.N}y.

Multiplying (53) by NN} and considering that C'N, = 0, we have
N.N'y = —a 'N.N:d

and Eq. (55) becomes

(56) {I3;® (N!N,) —al}y =d — o 'N.N*d.

Applying the eigen-decompositions of Cy’s in (16), the solution y in (56) can
be computed by (54). O

A short summary of above discretizations is listed in Table 3.
5. Numerical results
To study the convergence behavior of the linear solvers and the eigensolvers

in terms of iteration numbers, we consider the setup described in [1, 9].
The media consists of solid dielectric spheres with a connecting spheroid, as



72 Tsung-Ming Huang et al.

Table 3: Efficient preconditioner within dispersive metallic PC

Cont. operator | V- FE VF VE; V.-F

Disc. operator | Vj, e- Vi

Matrix form —Nre N.f -C1 C3 C§]* e; Cifi — C5fy — C5f3
Discretized pts | x(i,, k) x(z,7, k) x(%, j, k) x(1,7, k)

x(i g k) x(i,j. k)

Cont. operator V(V-E) VZE, V?E

Matrix form —N.Ne —(N*N.)ey —[I3 ® (N*N.)le
Continuous operator | VxV x E =V (V- E) - V?E
Discrete operator Vi x*Vpx E=Vy (Vhe E)—ViE
Matrix form C*C=13® (NfN.) — N.N*
Application Efficient preconditioner within metallic PC
Preconditioning LS | (C*C —al)y =d
New form {I3® (N!N,) —al}y=d—a 'N.N:d

Figure 3: The schema of a face-centered cubic structure in a primitive cell.

shown in Figure 3. r denotes the radius of the spheres and the connecting
spheroid has a minor axis of length s. Inside the structure is the dielectric
material with permittivity contrast ¢;/¢, = 13 for 3D photonic crystals and
complex media.

For the implementation, the MATLAB function eigs is used to solve
the NSFEP (29), NFGEP (35) and SEP (49). pcg (without preconditioning)
and bicgstabl with preconditioner M in (52) are used to solve the linear
systems (39) and (51), respectively. £ft and ifft are applied to compute
the matrix-vector products T*p and T'q, respectively. All computations are
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Table 4: Dimensions of the matrices for ny = 96 and n; = 198, where
ny = ng = N3

matrix  ng ni1 = 96 ny = 198

K, 2n3 1,769,472 15,524,784
dimension A, 4n3 3,538,944 31,049,568
C 3n3 2,654,208 23,287,176

n, =96
- 7
—e—n, =198 0

@
3

>
2

0.75 *\\
— 0.7F
3
o
0.55¢ q 335
05 4 n, =96
—on, =198
. . . . 33

. L 2
0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.05 0.1 0.15 0.2 50v05 0.1 0.15 0.2
r r r

Iteration numbers of CG
o
3

Iteration numbers of Lanczos
o o
8 8

@
3

@
2

(a) Band structure (b) Iteration numbers

Figure 4: The band structure (frequency curves) for the 3D photonic crystals,
the average of iteration number of pcg, and the iteration numbers of eigs
with various radius r of the sphere.

performed in MATLAB 2014b. The matrix sizes of K,, 4, and C in (29),
(35) and (49) are listed in Table 4.

For the hardware configuration, we use a HP workstation equipped with
two Intel Quad-Core Xeon E5-2643 3.33GHz CPUs, 96 GB of main memory,
and RedHat Enterprise Linux 6 operating system.

e Photonic crystals. The minor axis length s of the connecting spher-
oid is set to be 0.11. Figure 4(a) shows the band structure with various
radius r of sphere and ni1 = ny = ng = 96.

Figure 4(b) shows that the average iteration numbers for solving the
linear system (39a) within the invert Lanczos method and the iteration
numbers of the invert Lanczos method with ny = 96 and n; = 198.

e Complex media. We consider the pseudochiral media and assert that
the corresponding magnetoelectric coupling matrices D¢ and D¢ satisfy
the assumptions given in (38). We can therefore solve the NFGEP in
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n, =96
110} | —e—n, =198 130

N
R

N
R

Iteration numbers of CG
Iteration numbers of Lanczos

(a) Band structure (b) Iteration numbers

Figure 5: The band structure (frequency curves) of 3D pseudochiral media,
the average of iteration number of pcg, and the iteration numbers of eigs
with various chirality parameter ~.

35) using the Lanczos method. Specifically, D and D are
( ¥, D¢ ¢

0 0 L’)/jl 0 0 —L"yfg
(57) De=| 0 0 0 and D¢ = 0 0 0
wrylp 00 —wylp 0O 0

Here, v is the chirality parameter, and I,I, € R™" are diagonal
matrices whose entries are 0 (outside of the medium) or 1 (within the
medium) depending on the corresponding locations of grid points. The
permeability p is usually taken as I3, so the matrix B, in (14) is the
identity matrix. Therefore, ® in (38) is also diagonal and its diagonal
entries are positive if v € (0, /€;). The radius of the spheres r and the
minor axis length s of the connecting spheroid are set to be r = 0.12
and s = 0.11, respectively. Figure 5(a) shows the band structure with
various chirality parameter v and ny; = ny = n3 = 96.

Figure 5(b) shows that the average iteration numbers for solving the
linear system (39b) within the invert Lanczos method and the iteration
numbers of the invert Lanczos method with ny = 96 and n; = 198.
Metallic photonic crystals. We take the plasma frequency w, = 107
and g, of the non-dispersive material to be equal to 1. The minor axis
length s of the connecting spheroid is set to be 0.11. Figure 6(a) shows
the band structure with various radius r of sphere and ny = no = nz =
96.
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=

Iteration numbers of bicgstabl
Iteration numbers of Lanczos

n, =9%
—o—n, =198
25

L L L L L 50
0.08 0.1 0.12 0.14 0.16 0.18 0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2
r r r

(a) Band structure (b) Iteration numbers

Figure 6: The band structure (frequency curves) for the 3D dispersive metal-
lic photonic crystals, the average of iteration number of bicgstbl, and the
iteration numbers of eigs with various radius r of the sphere.

Figure 6(b) shows that the average iteration numbers for solving the
linear system (51) within the shift-and-invert Lanczos method and the
iteration numbers of the shift-and-invert Lanczos method with n; = 96
and n; = 198.

Based on Figures 4(b), 5(b), and 6(b), we highlight the performance of

the proposed method.

e The iteration numbers are very small. Figures 4(b), 5(b), and

6(b) show the iteration numbers of the Lanczos method for solving
NSFEP in (29), NFGEP in (35) and SEP in (49) with different pa-
rameter combinations. In all cases, the iteration numbers are rather
small in Table 4. Because huge null-spaces have been deflated in (29)
and (35), the iteration numbers in Figures 4(b) and 5(b), in average,
are only 65 and 125 even the matrix size is as large as 15.5 million and
31.0 million, respectively.

The linear systems in the form of (39) are well-conditioned
for the tested r’s and +’s. Here we take a close look at the behavior
of pcg used to solve the linear systems (39a) and (39b) with vari-
ous r’s and 7’s, respectively. As shown in Figures 4(b) and 5(b), the
(average) iteration numbers of pcg for solving (39a) and (39b) in the
tested eigenvalue problems increase from 33 to 36 and from 40 to 120,
respectively. The behavior in Figure 4(b) is due to well-conditioned
coefficient matrices in (39a). The associated condition number is in-
dependent on the matrix size and the radius r of spheres so that the
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CG method takes only around 34 iterations consistently for all of the
tested problems even the matrix size is as large as 15.5 million. The
behavior in Figure 5(b) is in line with the increase in the condition
number of the coefficient matrix A, in (39b) as «y varies from 0.25 to
3.25 (A, is singular as v = /&; ~ 3.61). For problems as large as
31.0 million, these small iteration numbers suggest that the coefficient
matrix A, is quite well-conditioned.

e The preconditioner M in (52) is an efficient preconditioner
in solving linear system (51). Figure 6(b) shows that bicgstbl
with preconditioner M takes around 29 iterations for convergence. We
would like to emphasize that, for the linear system (51) with dimen-
sions as large as 23.3 million, these results suggest that the precondi-
tioning schemes proposed in Section 4.2 for (52) are indeed efficient.

6. Conclusion

Yee’s scheme is one of the essential tools to solve the Maxwell’s equations.
Our goal is to deepen the understanding of such scheme from the viewpoint
of matrix computation. First, in Section 2.3, we prove the discrete counter-
parts of the continuous divergence of curl V-V x = 0 and the continuous curl
of gradient identify V x V¢ = 0 in Eq. (21) and Eq. (25b), respectively. The
result shows that there is a large kernel of the discrete curl operator Vj x.
For the eigenvalue problems (13) and (15) formed by the curl operator, such
a large kernel can deteriorate the convergence of the eigenvalue solvers.

Second, in Sections 3.1 and 3.2, we assert the discrete counterpart of the
continuous divergence free conditions V-(¢F) =0and V-B =0,V-D =01in
Egs. (26) and (33), respectively. Egs. (26) and (33) lead to the fact that if the
vector belongs to the invariant subspaces corresponding to nonzero eigenval-
ues, then the divergence free conditions automatically hold. Nullspace-free
methods developed in [2, 8] provide these invariant subspaces and reduce the
original eigenvalue problems (13) and (15) into smaller eigenvalue problems
(29) and (35), respectively, without any zero eigenvalues. The divergence free
conditions in (26) and (33) automatically hold and the issue is overcome of
slowing downg the convergence of eigensolvers for the large kernel.

Third, in Section 4.1, we prove the discrete counterpart of the continuous
curl of curl identify V x V x E = V (V- E) — V2E in Eq. (47). Then, in
Section 4.2, we show how the results can be applied to develop efficient
methods for linear systems embedded in the eigensolvers.

Numerical results show that the linear systems (39) are well-conditioned
and M in (52) is an efficient preconditioner in solving linear system (51). This
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leads to the robust and efficient eigensolvers for various geometric structure
as shown in numerical examples.
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