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Abstract. This paper considers a multigrid algorithm suitable for efficient solution of indefinite
linear systems arising from finite element discretization of time harmonic Maxwell equations. In
particular, a “backslash” multigrid cycle is proven to converge at rates independent of refinement
level if certain indefinite block smoothers are used. The method of analysis involves comparing
the multigrid error reduction operator with that of a related positive definite multigrid operator.
This idea has previously been used in multigrid analysis of indefinite second order elliptic problems.
However, the Maxwell application involves a nonelliptic indefinite operator. With the help of a few
new estimates, the earlier ideas can still be applied. Some numerical experiments with lowest order
Nedelec elements are also reported.
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1. Introduction. The purpose of this paper is to study certain multigrid meth-
ods for the solution of the discrete equations which result from time harmonic Maxwell
equations. Since the introduction of Nedelec elements [22], finite element methods us-
ing these curl-conforming elements have become a popular choice for discretization
of Maxwell equations. An analysis of the finite element method in the time harmonic
case and lossless media was provided in [20]. However, the efficient solution of the
resulting linear systems has remained a challenge, mainly for two reasons: the linear
systems are indefinite, and the differential operator curlhas a large null space.

For the time harmonic problem, although a multigrid analysis has been lacking,
numerical experiments indicating the suitability of certain two-level and multilevel
algorithms can be found in literature [3, 4, 23]. Numerical results for parallel precon-
ditioners based on Schwarz overlapping techniques were reported in [23]. Computa-
tional experiments with a multigrid V-cycle have been reported [3, 4]. More recently,
an analysis for an additive overlapping preconditioner and a two-level multiplicative
variant were given in [16].

Two works that made recent advances related to the development of precondi-
tioners for Maxwell equations, [1] and [17], deserve special mention. Both provided
smoothers for use in a multigrid V-cycle for the positive definite bilinear form A(-,-)
defined later in (2.1). These smoothers are based on two different subspace decompo-
sitions of the Nedelec space. Our smoothers for the indefinite problem are constructed
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based on the same decompositions, and our analysis makes use of the results in [1]
and [17].

The current paper provides an analysis for a multilevel algorithm. Specifically, we
prove that the so-called backslash cycle gives a convergent linear iterative method with
a convergence rate independent of mesh size, provided the coarse grid is sufficiently
fine. The latter restriction stems from the indefiniteness and seems unavoidable both
in theory and practice. Fundamentally different solution methods may be needed
to overcome this. Nonetheless, in spite of this restriction there are many practical
applications (of moderate frequencies) where a multigrid iteration using a relatively
fine coarse grid can reduce computational effort significantly.

The analysis we will provide is based on [16] and an earlier paper on multigrid
applied to elliptic nonsymmetric and indefinite problems [6] (see also [8]). In [6], a
perturbation technique to analyze a multigrid algorithm for indefinite or nonsymmet-
ric operators was developed. This involves comparing the error propagation operator
of the multigrid algorithm with that of a multigrid algorithm for a corresponding
positive definite operator. The difference between these operators was then proved
small for elliptic problems that may be nonsymmetric or indefinite. However, our
application involves a nonelliptic operator. We will show that techniques in [6] can
still be applied. In [16], some fundamental estimates were developed concerning the
approximation properties of the discrete solution operator corresponding to the time
harmonic Maxwell approximation. These estimates will play an important role in the
analysis given here.

The outline of the remainder of the paper is as follows. In section 2, we define
the problem and give the multigrid algorithm. Smoothers are defined and analyzed
in section 3. Convergence estimates for the multigrid algorithm are given in section
4. Finally, the results of numerical experiments are given in section 5.

2. The problem and multigrid algorithm. We set up a model problem aris-
ing from time harmonic Maxwell equations and a simple multigrid algorithm in this
section. First we establish notation for some spaces and their norms. Let €2 be an
open bounded connected polyhedral domain in R3, and let L?(Q) denote the space
of square integrable functions on Q. We will use (-,-)q and || -|| 9,0 to denote the
innerproduct and norm, respectively, in L2(Q) or L?(Q)2. The latter will often be
abbreviated to || -||. In the space of vector functions in L?(Q2)? with square integrable
curl, tangential traces n x u on the boundary 99 are well defined [15], and we define

Hy(curl; Q) = {u € (L*(Q))? : curlu € (L*(Q))3, m x u =0 on 9Q}.

Here m is the unit outward normal on the boundary 9. This space is normed with
I lla,q = A(-)'/?, where

(2.1) A(u,v) = (u,v)q + (curlu, curlv)g.

Analogous definitions hold for ||-||0,p, (-,-)p, and ||-|| o p in domains D different from
Q. In the notation for function spaces and their nornis, when the domain is absent,
it is to be taken as €; for example, Hy(curl) = Hy(curl; ).

We restrict our attention to the time harmonic Maxwell equations in a homoge-
neous lossless media occupying {2 and also assume that the boundary of €2 is adjacent
to a perfect conductor. The following equation is a variational system for the electric
field U € Hy(curl; Q) given by Maxwell equations [11, 20] in the simple case of unit
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material properties:
(2.2) A(U,v) = (F,v) forall ve Hy(curl; ),
where

A(U,v) = (curlU, curlv) — w*(U,v).

The vector F', being a constant multiple of electric current, has zero divergence,
and consequently divU = 0. In (2.2), w is a real number denoting frequency of
propagation. Note that there is a countable set of real values for w for which (2.2)
does not have a unique solution [19]. Throughout this paper we assume that w is not
one of these values and so (2.2) is uniquely solvable.

In our arguments later, we will need the solutions to (2.2) to be regular, and hence
we assume that €2 is convex. It is well known [14, 20] that U, curlU € (H*(£2))? and
there is a constant Cq depending only on 2 such that

(2.3) [Ul[mr + [[earlUl| g < Cof F.

n (2.3), || || z: denotes the norm in (H*(2))3 and HY(Q) = {u € L?(Q) : grad u €
(L2(£2))3}. For later use, let us also denote H{ (£2) to be the set of functions in H!()
which vanish on 9).

The preconditioner which we shall consider is developed in terms of multilevel
approximation subspaces of Hp(curl). We start with a coarse partitioning of Q into
(nonoverlapping) tetrahedra 73 = {74 : i = 1,...,Np}. This forms a quasi-uniform
mesh of mesh size d;. A nested sequence of shape regular meshes 7y, k = 2,3,...,
can be obtained by successively refining 77, using, e.g., techniques given in [2]. For a
given tetrahedron 7, let h,; denote the radius of the largest ball contained in 7, and
let H, denote the diameter of 7. By uniformity, we assume that there is a constant ¢
not depending on 7; satisfying

(2.4) Ch>H, forall7e€7;, i=1,...,].

Our goal is to solve the problem associated with the finest mesh 7; for some integer
j > 1. The mesh size of 77 will be denoted by d; and can be taken to be the diameter
of the largest tetrahedron. The mesh size of 7}, is essentially 2'7%d,.

For theoretical and practical purposes, the coarsest grid in the multilevel algo-
rithm must be sufficiently fine. For k& = 1,...,J, let M} denote the lowest order
Nedelec finite element subspaces [22] of Hp(curl) (of the first kind) based on T4
for some L > 0. The coarsest approximation subspace M; can be made sufficiently
accurate by increasing L. Since the meshes are nested, it follows that

M, CM,C---C Mj.

The space M; has a mesh size of hy = 2'"L7%d; = 217Fh;. Also let W, be the
subspace of continuous scalar functions which are linear in every element of 7y, 1. In
the appendix, we show how our results can be generalized to higher order Nedelec
elements.

It was shown in [20] (see also [21]) that the discrete problem of finding Uy, € My
satisfying

(2.5) AUpg,v) = (F,v) forallve M,
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has a unique solution provided hj is small enough. We will assume that h; is small
enough (or, equivalently, L is large enough) so that (2.5) is uniquely solvable for
k=1,2,...,J.

In our analysis, we shall use the projector Py : Hy(curl) — M}, defined by

A(Pru,v) = A(u,v) for all v e My
and the orthogonal L2-projector Q,, : (L?(Q2))® — M;, defined by
(Qru,v) = (u,v) for all v e M.

That Py, is well defined (for k = 1,2,...,J) follows from the unique solvability of
(2.5). Let us also introduce, for each k, an operator Ay : My — My defined by

(Apu,v) = A(u,v) for all v € M.
Problem (2.5), on level J, can be rewritten in the above notation as
(2.6) A;U;=Q;F.

We describe a simple multigrid algorithm for iteratively computing the solution
U of (2.6). Given an initial iterate ug € M;, we define a sequence approximating
Ujby

(2.7) w1 = Mg ;(u;, Q, F).

Here Mg ,(-,-) is the map of M; x M; into M defined by the following algorithm.

ALGORITHM 2.1. Set Mg, (v,w) = AT 'w. Letk > 1 and v,w € Mj,. Assuming
that Mg,._1(,-) has been defined, we define Mg, (v, w) as follows:

(1) Set x = v+ Ri(w — Apv).

(2) Mg, (v, w) =@ + Mg, _,(0,@;_,(w — Aya)).

Here Ry, : My — Mj, is a linear smoothing operator. Note that in this multigrid
algorithm (often called a “backslash cycle”) we smooth only as we proceed to coarser
grids. Our smoothing operators will always be based on a generalized block Jacobi or
block Gauss—Seidel iteration. In this case, the Gramm matrix inversions associated
with Q,, k =2,...,J, are avoided (see [5] or [24]). The smoother Ry, will be defined
in section 3.

Mg;(-,-) is a linear map from M; x My into M;. Moreover, the scheme is
consistent in the sense that v = Mg ;(v, Ayv) for all v € M. It easily follows that
the linear operator E = Mg ;(-,0) is the error reduction operator for (2.7), that is,

u—uiy; = E(u—wuy).

Error reduction operators for variational multigrid algorithms generally have a
product representation (see, e.g., [7]). Let Ty = Ry Ax Py, for k > 1 and set Ty = P;.
Let Eyu = u — Mg, (0, ApPru) and Ey = I, the identity operator. Then

Ey,=E, (I-Ty)

(2.8) E=I-T)I-T3)-(I-T,).
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The product representation of the error operator given above will be a fundamental
ingredient in the convergence analysis presented in section 4.

The above algorithm is a special case of more general multigrid algorithms in
that we use only presmoothing. Alternatively, we could define an algorithm with just
postsmoothing or both pre- and postsmoothing. The analysis of these algorithms
is similar to that above and will not be presented. Algorithms with more than one
smoothing are not generally advised since the smoothing iteration may be unstable.

Our multigrid analysis is based on perturbation and the estimates for the positive
definite case. We define Py, Ak, and T’y analogously to Py, A, and Ty using the
form A instead of A.

3. Smoothers. In this section, we consider some smoothers appropriate for
the multigrid algorithm (Algorithm 2.1). These smoothers are generalized Jacobi
or Gauss—Seidel iterations, based on subspace decompositions of [1] and [17].

First, let us review the decomposition of [1]. For any k € {2,3,...,J}, let z,,
i=1,... ,N,L denote the interior vertices of the mesh 7j,;. Let Q}“ denote the
interior of the union of the closures of the elements of 7j; whose boundary contains
yi. Let M, (vesp., W} ;) denote the functions in My (resp., W;) whose support is

. o=l . .-
contained in €, ;. Then M) admits the decomposition

N
I
My = E Mg ;.
i=0

Next, consider the decomposition of [17]. Let {¢, : i =1,... ,n"} and {ty; :
i=1,... ,nZV} denote the usual nodal bases of M} and Wy, respectively. Then this
decomposition is given by

Nt
Mie = 3 M
where M,ilz equals the span of ¢ ; for i = 1,... ,nM, while for i = n} +j, j =
1,... ,nkW, it equals the span of grad vy ;, and NI = nkM + nkW Also let Q}clz be

—I1 . .
such that € ; equals the support of nonzero functions in M, ,Ei,

M,il ={ue M, : (u,grad 0)qr =0 forall 0 € Wib fori=1,... Ny,
M,gl:M,gZ fori=1,... ,n%,

and let M,ﬁll fori =nM +1,..., NI be empty.

Our smoothers for the indefinite form are based on the above decompositions. Let
d € {I,II}. Operators Qk ., AY 4> and Az,i are defined analogously to Q;, A, and
Ay, by replacing M;, with M¢ k.- Lhe smoothing operators involve local solves on M ,‘j)i,

so before we define them we must ensure that the operators {szi} are invertible.
That this is the case if h; is taken sufficiently small is a consequence of the Poincaré—
Friedrichs-type inequality of the next lemma. This inequality will also be important
for a subsequent perturbation analysis.

In the remainder of the paper, we adopt the convention of denoting by C or ¢ a
generic constant independent of all mesh sizes {h;} and the number of levels J. Tt
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will be explicitly stated when such an independence holds only in a range 0 < hy < H
for some H (i.e., only for small enough mesh sizes).
LEMMA 3.1. For any q € M,ii, de{l,LIl}, k=2,...,J,

(3.1) lqll < Chyllcurl g].

Remark 3.1. Note that for discretely divergence free functions on a convex do-
main, such an inequality is proved in [15]. However, Q¢ ; may be nonconvex and we
need the constant in the inequality to be independent of the shape of the mesh patches.
The proof does not follow from a simple scaling argument as the discrete divergence
free condition does not carry over under linear mapping unless the transformation is
unitary.

Remark 3.2. In the case d = II and lowest order elements, this inequality is well
known [17] and a simple proof can be given by a scaling argument.

Proof. Consider first a tetrahedron 7 with a face f contained in the z—y plane
with the origin at the barycenter of the face. A function ¢ in the lowest order Nedelec
edge space on 7 with vanishing tangential components on f has the form

(3.2) ¢ = (0,0,7m) + (a1,a2,0) x (2,9, 2).

Here 1, a1, and ay are constants. Moreover, curl ¢ = 2a, where o = (a1, ag,0). Also
note that if a is the vertex of 7 not in f and c is any vertex of f, then the tangential
component of ¢ along the edge connecting a to ¢ is given by

(3-3) (naz + (ax c)-a)/la— ¢,

where ag is the z-component of a. We will now prove the lemma for decompositions
I and II separately.

Case d =1. Let D be the domain formed by a collection of unit sized tetrahedra
7i, J = 0,1,..., N, meeting at vertex a, and let the corresponding approximation
spaces (of Ho(curl; D) and H} (D), resp.) be denoted by M}, and Wp,. Furthermore,
let M}, = {v € M}, : (v,grad 0)p = 0 for all & € W),}. If we show that

(3.4) |v|| < Cllcurlwy|| for all v € M,

the required result follows easily by dilation.

Let ¢ € M}, let f; denote the face of 7; not containing a, and let ¢ be a vertex of
fj. Let @ and ¢ have local coordinate triples a; = (a; 1,a;2,a;3) and ¢;, respectively,
in the coordinate system on each tetrahedron which has f; in the z—y plane, and the
origin at its barycenter. Then, by (3.2), ¢ has the form ¢ = (0,0,7;) + a; x (2, v, 2).
By (3.3), the tangential component of ¢ along the edge connecting a to ¢ is given
by (njajs + (o x ¢;) - a;)/|a; — ¢;|. If 77 is another tetrahedron in D sharing the
vertex ¢, then the same quantity is also given by (m a13 + (o x ¢) - a;)/|a; — ¢l
Here subscripts [ indicate coordinates in the 7; system. Thus

_ st (e xe)-a;—(uxa) a

a3

(3.5)

Let v € M},. We will construct a function ¢ in M}, which satisfies

(3.6) curl¢ = curlv and ||¢| < C|curlv,
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with C depending only on the quasi uniformity condition. Note that v — ¢ is a
gradient of a function in W7, so

o]l < l[¢ll < Cllcurlvl];

i.e., (3.4) follows if we construct ¢ satisfying (3.6).

We define ¢ = v — pgrad 14, where 14 is the nodal function in W}, which is one
on a and p is to be determined. Clearly, grad 1, has a local representation of the
form

grad ¢ = (0,0,¢;)

on 7; with ¢; # 0. We choose p so that 19 = 0 in the above representation of ¢. All of
the remaining 7);’s in the representation of ¢ can be determined from the a;’s by (3.5).
By quasi uniformity, {a; 3} are uniformly bounded away from zero, so magnitudes of
the 7;’s can be bounded in terms of the a’s. Now (3.6) follows by quasi uniformity
and the fact that the a’s can be bounded in terms of ||curlv]].

Case d = 1I. Let 7, f, a, and ¢ be as in the beginning of this proof. Then,
in the coordinate system there, the nodal basis function ¢ of the edge connecting a
to ¢ has the representation (3.2). Moreover, if b is an alternate vertex of f, then
n = —(a x b) - a/az. Since n can be bounded by a = curl¢/2, the proof can be
finished in the same way as before. 0

ProposiTION 3.1. There exists an H > 0 such that whenever hy < H, any
solution pz’i € Mg’i of the square system

A(pg)i,vm) = A(u,vi;) forallvy, € M,ii
satisfies
(3.7) Pl a s < Cllullaog,

for w € My and for alli=1,... Ny and d € {I,II}. It follows that Ai,i is nonsin-
gular.

Proof. In the case of decomposition I, the proof proceeds exactly as an analogous
result in [16, Lemma 4.2], and we omit it.

In the case d =11, for i = 1,... ,ni, (3.7) follows for sufficiently small hy, from

leurlpf ;1 — w?[lp |1 = (curlu, curlpf ;) — w?(u, py ;)

by applying the Cauchy—Schwarz inequality on the right-hand side and Lemma 3.1
on the left-hand side. For the remaining 4, since w > 0,

Ipiill* = (u. P ),

so (3.7) follows. o
Not only does Proposition 3.1 yield the invertibility of Az7i, but it also implies

that the projection operator, PZJ- : My, — My, ;, given by
(3.8) A(Piﬂ-u,vk,i) = A(u,vy;) forallue My, v, € M,f’i, d e {I,11},

is well defined. Moreover, (3.7) implies

d
(3.9) HP’“’Z'UHA,QQJ <C ||“||A9g
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for all w € Mj,. Also define 13%2 analogously to P{ ; by replacing A with A in (3.8).
Now that we have proven the invertibility of Aﬁ,i, we can define the smoothers
for the indefinite problem. Jacobi-type smoothers J }g and J E are given by

Ny
(3.10) Ji=7> (AL)7'Qy,  de{Ll},
=0

where 7 is a scaling factor. Gauss—Seidel-type smoothers Gg for d € {I,11} are defined
by the following algorithm.

ALGORITHM 3.1 (indefinite Gauss—Seidel). Let f be in My. We define Gz by
the following:

(1) Set vg =0 € M.

(2) Define v, fori=1,...,NZ, by

v = v+ (AL) 7L (f — Apvia).

(3) Set Gif = vy

The analogous Jacobi and Gauss-Seidel smoothers were given in [1] and [17] for
the positive definite operators A,. These are denoted here by J g and Gz and are
again defined by (3.10) and Algorithm 3.1, respectively, but with A in place of A.
The scaling factor 7 in (3.10) is chosen such that the A-norm of I — J¢Ay is less than
or equal to one for kK = 2,...,J. Such a v can be chosen independent of J by the
limited overlap property of the subspaces.

Remark 3.3. In implementation, the application of the operator (Ag)i)*leyi
reduces to solving a linear system involving the stiffness matrix associated with the
indefinite form A(:,-), and the Gramm matrix inversion corresponding to Q(,i’i is
avoided.

4. Analysis of the multigrid iteration. In this section we provide an analysis
of the multigrid iteration of section 2. This analysis is based on the product represen-
tation of the error operator (2.8). As done in [6] for second order elliptic problems, our
analysis is based on perturbation from the uniform multigrid convergence estimates
for a related symmetric positive definite problem.

We start with the estimate for the positive definite problem. For operators on
My, k=1,...,J,wewill use ||-|| o to denote the operator norm induced by the vector
norm A(~7~)1/2.~ Set Ry to be any one of J}C,J}CI,G}C, and G}CI. Let T, = RyAL Py,
for kK > 1 and Ty = P;. Consider Algorithm 2.1 with Ay in place of Ax and Ry in
place of Ry. Its error reduction operator is

(4.1) E=(I-T)I-Ty)-(I-T,).

The following result is contained in [1, Theorems 3.1 and 4.2], [17, Theorem 3.1], and
[18, Theorem 5.4].

THEOREM 4.1. The multigrid error reduction operator in the case of the positive
definite problem satisfies

(4.2) A(Eu, Eu) < 8?A(u,u) for all u € My,

with 0 < § < 1 independent of J.
Remark 4.1. Although the results in [1] are formulated only for symmetric
smoothers, let us verify that (4.2) holds for the nonsymmetric Gauss—Seidel smoother
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é}c as well, as stated in Theorem 4.1. Indeed, we can be more general and con-
sider instead the smoothing operator Ry of a block successive overrelaxation iteration
(SOR(«x)) with a relaxation parameter 0 < a < 2 (with the blocks based on {M,‘ii},
d € {LLII}). We appeal to [9, Lemma 2.2], which shows that (4.2) holds for the
FE obtained by any Ry, provided

(4.3) |IT — RpAklla <1 and
(4.4) (E;lu, u) < CA(u,u) forall u € (I — Py_1) My,

where Rk =Ry, + Rt R! AkRk Here R’,; is the L2-adjoint of Ry. That inequal-
ity (4.3) holds for the Ry, of SOR(«) follows immediately from the product represen-
tation,

I-RyA=(I—-aP} ) - (I-aPj)).

It remains to see that (4.4) holds for this smoother. Techniques in [1] can be used to
prove

N

{mf} A(ul,ul) < CA(u,u) forallu e (I — Pj_1) M,

d
where the infimum is taken over all decompositions u = 25\2‘1 u; such that u; € M ,gl’ i
It can be shown as in [7, Theorem 2.2] that for the Ry of SOR(«),

Nf
nf A(ul,ul) for all w € M.
2 -« {ui}

(B;IMU) < M

Thus, Theorem 4.1 holds for the SOR(«) smoother.
We will analyze the multigrid algorithm by examining the difference between E
and E. Let Z; =T} — T, and suppose we have

(4.5) 1Z1)la <€ and
(46) ||Zk:||A§01hk fOI‘k’:2,... ,J.

Then, it can be shown that the difference E; — Ey, is small by an argument of [6] (see
also [8, Lemma 11.1]). We include the argument here for the sake of completeness:
First, note that by the triangle inequality, the A-norm of (I —T) = (I — Ty — Z},)
is less than or equal to 1 + chg. Therefore,

k
[Eklan < (1+ce) H (1 +chy)
=2

which can be bounded by a convergent infinite product. Thus ||Ex|la,o < C.
To continue, we observe the following recursion:
(4.7) E,—Ey=(Ey 1 — Eo )T —Ty) — Ex 1 Z,
which implies that for k£ > 1,
|Ex — E

AQ
<||Er—1 — Ex—1lla.q + Chy.
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Repeated application of this inequality shows that the difference Ey — Ek is small:
|E; — Ejllaq0 < c(hi +e).

Thus, we have proven the following theorem.

THEOREM 4.2. Let E satisfy (2.8) and E satisfy (4.1). Assume that (4.5)
and (4.6) hold. Then there are positive constants C, izl, and € depending only on
Cy above such that if hy < ﬁl and € < €,

IEla < | E|la + C(h1 +e).

In (4.5) and (4.6), the operator norm of Zj can be taken to be that of Zj, :
My — My or Zy, : My — My, as both norms are equal. The proofs of our main
results proceed by verifying (4.5) and (4.6). In the verification of (4.5), the nature
of the subspace decompositions is immaterial, and a coarse grid estimate of [16] is
critical, as seen in the following lemma.

LEMMA 4.3. There exists H > 0 such that if hy < H, then (4.5) holds with
€= Chl.

Proof. For w,v € My, the following identity holds:

A(Z u,v) = A(Pyu — u, P1v)
(4.8) = A(Pyu —u, P1v) + (W + 1)(Pyu — u, P1v)
= (W +1)(Piu — u, 1311)).

It is shown in [16], using a duality argument utilizing the regularity assumption, that
there exists H > 0 such that if h; < H, then

(u— Piu,w) < Chy [[u — Pru, [|w] s

for all w € M; and w € M;. Thus, the lemma follows. 0
While verifying (4.6) for specific smoothers, it will be useful to have bounds for
the perturbation operators Zgﬂ- My — M,‘ii, d € {111}, defined by

ZZ,Z- = Pg,i - ﬁg,i'
Note that in the case of subspaces of gradients of decomposition II,
Z!;=0 fori=n)+1,... N
An identity similar to (4.8) can be obtained for Zﬁ,is
(4.9) A(Z] u,v) = —(w? +1)(u — P} u, P ).
LEMMA 4.4. There exists H > 0 such that if hy < H,
(u — P u,vp) < Chyllu — Py jullg og [lcurlyillo o

for allu € My and vy; € M,ii, de{l,LIl}, k=2,...,J.
Proof. In the case d = I, observe that for any u € M, u— P}wfu/ is L2-orthogonal
to functions of the form grad w for any w € W,il Decomposing vy; = grad w + x,

where w € W,gz and x € M,il, and applying Lemma 3.1 give

(u — Ppiu,vp ) = (u — Ppu,x) < Chyllu — Py ulloq, ,||curle

0,5,

= Chy|lu — Py ullo,, [carlvglloq, ,-
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In the case d = II, the result immediately follows from Cauchy—Schwarz inequality
and Lemma 3.1 for vy, € M,?z For the remaining vy ; € M,?l, both sides of the
inequality of the lemma are zero. | l

The following theorem is our main result.

THEOREM 4.5. In Algorithm 2.1, set Ry to any of the smoothers J}C,G}C,JE,
and G}J defined earlier. Then there exists an H > 0 such that whenever hy < H,

A(Eu, Eu) < §8A(u,u) for allu € My,

for 6 = 6 + chy. Here b is less than one (and independent of J) and is given by
Theorem 4.1 applied to the corresponding smoother Ry. In addition, c is independent

Of hl .

Proof. We apply Theorem 4.2. By Lemma 4.3, we need only verify (4.6) for each
of the smoothers J}, G}, J}, and G} Since the proof for the case of the latter two
smoothers is completely analogous to that for the case of the smoothers based on
decomposition I, we give only the proof for J }c and G}C.

In the case of Ry = J}C, the perturbation operator Zy, k > 1, satisfies

Nk - Nlc
Zju = VZ(P}N‘ — P )u = WZ Z;, u
i=1

i=1
for any u € Mj. By (4.9), Lemma 4.4, and (3.9),

(4.10) A(Z}c,i“a v) = (wg + 1)(P}c,iu —u, IB}HU) < chy ”’U’HA,Q}W, ||v||A,QI

ki
for any uw,v € My. Hence,

Ny,
A(Zu,v) < chy Z HUHA,Q}M H”HAQLJ'

i=1

The inequality (4.6) now easily follows using the limited overlap properties of the
domains Q}“ This completes the proof of the theorem when Ry = J k

Now consider the case Ry = G}. As before, it suffices to verify (4.6). Define £
and &; by

gi = - 132,1')(1_ 132,1'—1) (I = 1321) and
&= (I* Pi,z‘)(I*P}m—l)'“(I* P}m)a

and let go = &y = I. Then the perturbation operator Zjy : My +— My for this
example is

Zy=Ty—Tr=En, — En,.
We clearly have that
E—E=I—-PL)Eir—Eir) — Z} £

Since the terms on the right are orthogonal with respect to A(-, "),

IEi = Eulan = (T = PL)(Eimr — Emr)uli o + |1 Zk Eimrullz o
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It follows from (4.10) that ||Z}”v||AQ < Chy||v[[a,qr - This and the fact that the
A-operator norm of (I — 13}“) is bounded by one imply that

IE: — Eullin < (it — Eim)ulla g + CREEi-1ul g, -

Summing over ¢ and obvious manipulations give

N
(4.11) I(Eny — Enullae < ChEY lIEi1uli g, .-
=1

We shall now show that for sufficiently small hq,

S Clluli o

Ny,
(4.12) > lEi-
i=1

We first note the identity

%
I-& =Y P, ,En
m=1

Thus, by the arithmetic-geometric mean inequality, the definition of £;, and the
limited interaction property, it follows that

Nk Nk, Nlc

2
E ||5i71'u||i,9}c =2 E HUH‘i% . T2 § : le = Eiaulla or
i=1 ’ i=1 ’ i=1

2

Ny, || i-1
<Clulae+2)_||>] PimEmu
(4.13) =tiim=1 A0
Nr N
<c (nuni,g S ||Pa,msm_1uni,%)
m=1 i=1
<C (HUHAQ + Z |1P}, o Em—1ull Q)
m=1
In order to estimate the last term on the right of (4.13), we write
2
1Pk mEm1uld o = [En-1ulh o = [Enul3 o
(4.14)
- 2A(P}f,mgm—1u (I Pk m)gm—lu)'
Now by (4.9),

A(Pk mgm—lua (I - P}f,m)gm—lu) = (1 +w )(Pk mgm 1y, (I Pk m)gm—lu)7
so by Lemma 4.4 we have

||P Em- 1u||AQ<C(||gm IUHAQ ||gmu||AQ)+Oh 1 Em— lu”AQI
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Summing over m, we conclude that

Nk Nk
1
415) S IPLEnnulie<C <||u||i,g iy ||sm1u||i,g;c,m) :
m=1

m=1

Clearly (4.15) and (4.13) yield (4.12) for small enough h;.
Finally, we obtain from (4.12) and (4.11) that for k£ > 1,

| Zk||a,0 < Chy.

The theorem follows from Lemma 4.3 and Theorem 4.2. ]
Remark 4.2. The same analysis could be used for the SOR(«) iteration considered
in Remark 4.1. In that case,

E1= I —aPy)(I—aP, ) (I-aPjp,).
Also, by Remark 4.1, Theorem 4.1 holds with the SOR(«) smoother.

5. Numerical results. Numerical experiments were conducted using lowest or-
der Nedelec elements on cubes. We report results of some of these experiments in
this section. First, let us note that not only can Algorithm 2.1 be used as a linear
solver for (2.6), but it can also be used to develop a preconditioner. Specifically, the
operator B : My +— M;j defined by B ;g = Mg ;(0,g) is a preconditioner for A in
the sense that the inequalities

(1-6)A(u,u) < A(BjA ju,u) and

(5-1) A(BjAju,v) < (1+8)A(u,u)/?A(v,v)"/?

hold for all u,v € My, for sufficiently small coarse mesh sizes. These bounds easily
follow from Theorem 4.5, and ¢ is as in the theorem. They imply that when GMRES in
the A(+, ) innerproduct is used to solve (2.6) with B ; as preconditioner, the number of
iterations remains bounded independently of refinement level [12, 16]. In this section
we will investigate the performance of B as a preconditioner for use in GMRES as
well as that of the linear solver Mg ;(-,-) given by Algorithm 2.1.

In all experiments, our computational domain was Q = (0,1)%. We investigate
only the multigrid algorithm with the smoother G}C based on decomposition I. The
domain (0,1)® was meshed by a hierarchy of multilevel uniform cubic meshes. Each
mesh is obtained by breaking up every cubic element of a coarser mesh into eight
congruent cubes, the coarsest mesh being just {Q2}. Clearly, our analysis holds in this
situation. (In particular, a Poincaré-Friedrichs inequality like that of Lemma 3.1 is
obvious for uniform cubic meshes.)

The linear system (2.6) is solved on a fine (kK = J) mesh of mesh size h using
one of the two above-mentioned iterative methods. The coarse solves of the multigrid
algorithm are done on a coarse (k = 1) mesh of mesh size H. All coarse solves were
done by direct methods of UMFPACK?2.2 [10]. The right-hand side of (2.6) was chosen
so that the true solution equals the interpolant of U (z,y, z) = [y(1—y)z(1—2),yx(1—
2)z(1 — 2),2(1 — 2)y(1 — y)]. We report iteration counts for a set of combinations
of h and H. The starting iterate was always zero. When the linear multigrid solver
was used, the stopping criterion was that the A-norm of error be reduced by a factor
of 1076, The stopping criterion for GMRES was that the A-norm of the residual
(premultiplied by B ;) was reduced by a factor of 107, GMRES was set to restart
after 50 iterations.
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TABLE 5.1
Preconditioned GMRES iteration counts for the w = 1 case. Degrees of freedom at each refine-
ment level are also shown in the last column.

H Degrees of
| 1/2 1/4 1/8 1/16  1/32 of freedom
1/4 6 - — - - 108
1/8 7 7 - - - 1176
h 1/16 9 9 8 - 10800
1/32 | 10 10 9 7 92256
1/64 | 11 10 10 8 7 762048
1/128 | 11 11 10 9 8 6193536
TABLE 5.2
Linear multigrid iteration counts with w = 1.
H
| 1/2 1/4 1/8 1/16 1/32

74 | 6 - - - =

1/8 7 7T - - -

h 1/16 | 9 9 8 - -
1/32 | 10 11 10 8 -

/64 | 11 11 10 10 8

1/128 | 12 11 10 10 10

TABLE 5.3
Linear multigrid iteration counts for w = 7. An entry “«” indicates that the A-norm of iterates
became larger than 1099, and iterations were stopped.

H
| 1/2 1/4 1/8 1/16 1/32
1/4 * - - - -
1/8 * 35 - - -
h 1/16 x 110 23 -
1/32 x 208 48 10 -
1/64 x 266 62 15 8
1/128 | %= 285 67 16 10

We start with the case w = 1. GMRES iteration counts are reported in Table 5.1.
The preconditioner appears to be uniform, as iteration counts never exceeded 11 for
all combinations of h and H we considered. For comparison, the case h = 1/128
without preconditioner did not converge even after 5000 iterations.

Iteration counts obtained using the linear multigrid solver are reported in Ta-
ble 5.2, and these are in accordance with Theorem 4.5. Although, in the case w = 1,
the algorithm gives uniform iteration counts for all choices of H considered, this is
no longer the case for a higher wave number, as seen in Table 5.3. This is again in
accordance with Theorem 4.5, as its conclusion holds only whenever the coarse mesh
is sufficiently fine.

We have also considered the performance of B ; as a preconditioner in GMRES for
the case of a higher wave number w = 10. It is a good preconditioner only for smaller
coarse mesh sizes, as Table 5.4 shows. In other (unreported) experiments, the linear
multigrid algorithm for this wave number converged only for one of the combinations of
h and H considered. Theoretically, (5.1) guarantees that B s is a good preconditioner
only when Mg ;(,-) is a good contraction. Nonetheless, our experiments indicate
that the coarse mesh size at which B ; becomes a good preconditioner is larger than
that required for Mg ,(-,-) to be a good contraction. Similar observations have been
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TABLE 5.4
Preconditioned GMRES iteration counts for w = 10 case. An entry of the form n* indicates
that although the residual of the nth GMRES iterate met the stopping criterion, the iterate differed
from the true solution by more than 10~3 in the A-norm.

H

| 1/2 1/4 1/8 1/16  1/32

/4 | 3% - - -

1/8 | 2% 37 - -

h 1/16 | 3% 48 18 -
1/32 | 2% 78X 22 16

1/64 | 2% 78% 21 17 9

1/128 | 2% 79X 21 16 10

TABLE 5.5
Numerical convergence rates for the linear multigrid iteration.

H H
/2 1/4 1/8 1/16 /2 1/4 1/8 1/16
/4 o032 — — = /1 [ 793 — — =
h 1/8 0.40 0.40 — — 1/8 9.67 0.92 — —
1/16 | 0.42 0.42 0.42 — 1/16 10.01 0.65 0.60 —
1/32 | 0.42 042 0.42 0.42 1/32 10.06 0.58 0.44 0.43
1/64 | 0.42 042 0.42 0.42 1/64 | 10.07 0.58 043 043
w=1 w=5

made in studies of multigrid algorithms for the Helmholtz equation [13]. This may
be an argument in favor of using GMRES preconditioned with multigrid as a solution
strategy, rather than the linear multigrid solver. However, we must also keep in mind
that if too large a mesh size is used, GMRES may find the residual too small and
stop, even though the iterate is far from the true solution (see entries n*).

We conclude by providing numerical convergence rates for the linear multigrid
iteration which also confirm our theoretical results. Entries of Table 5.5 provide
estimates for ||[I — BjAj|a obtained by means of the power method in the cases
w =1 and w = 5 for a few combinations of h and H. We see that the only difference
between the two cases is that larger w requires a smaller coarse grid size. Note, though,
that once the coarse grid is small enough, both cases give rise to approximately the
same reduction rates.

Appendix. Here we will indicate how the main result of this paper can be
generalized to higher order Nedelec spaces (of the first kind). Let M} be defined
with rth order Nedelec spaces on each tetrahedron, and let Wy be the corresponding
conforming approximation space with polynomials of degree at most » + 1. The
algorithms and definitions of subspace decompositions and smoothers generalize in
an obvious way for the case of decomposition I. As we shall see, Case II can also be
generalized provided a suitable choice of nodal basis is made.

Case 1. First, note that Theorem 4.1 holds with the higher order spaces, as shown
in [1]. The only proof in the previous sections that depended on the order of the spaces
is that of Lemma 3.1. We will now prove that the inequality of the lemma holds for
higher order spaces as well.

We start by considering the set .S of all possible quasi-uniform tetrahedral meshes
contained in the unit ball with at least one vertex on the unit sphere, every element
having the origin as a vertex and the origin being an interior point of the mesh. Note
that this implies that the resulting mesh domains are simply connected with only one
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connected boundary component.

Each element in S is represented by a list of vertices and a list of tetrahedra (a
tetrahedron number to vertex number list). We can assign labels to the members of S
so that two members have the same label if and only if they have the same tetrahedron
to vertex list. Quasi uniformity implies that the number of labels can be bounded
in terms of ¢ appearing in (2.4). Let R; be the subset of elements of S with the Ith
label.

Any subdomain Q}c,i can be dilated and translated to an element of S. Thus, it
suffices to prove that (3.4) holds for each D in R; with constant independent of D.
The general result holds, taking the minimum of these constants over {R;}.

Clearly, each domain D € R; has the same number of vertices, say, m. We can
define a distance on R; by using any norm on the vertex set, e.g., the Euclidean norm
on R3™. It follows from quasi uniformity that R; is a closed and bounded set in this
norm and hence compact.

Let D be in R;. Denote the corresponding approximation spaces (of Hy(curl; D)
and H{(D), resp.) by M}, and W}, and set M}, = {q € M}, : (g,grad 0)p =
0, for all 6 € W}, }. Let

(A1) 7(p) = i leWldlo.n
gy, llallon

Note that since D is simply connected with a connected boundary, if curlg = 0 and
g € M}, then q is a gradient of a function in Wp,. It follows that Z(D) > 0 for any
D € Ry. Thus, to prove that (3.4) holds uniformly for D € Ry, it suffices to show that
Z(D) is continuous.

Suppose p and q are vertex sets of two meshes in R;, with corresponding domains
D, and D, respectively. Let € > 0 be given. For s € {p, ¢}, let {ej}; denote a
nodal basis for M}, . We identify functions in the above spaces with their extension
by zero to the unit ball B. Let z € M,’jp be a function with ||z||o,g = 1 for which the
infimum in (A.1) is attained, and let

ny np
!/
z= E cie? and 2’ = g cel.
i=1 i=1

By quasi uniformity, it is easy to see that if [p — g/ is small enough (depending on ¢),
[z — 2'|[o,5 < e Note that 2’ is, in general, not in My, . Define ¢' € W}, by

(grad ¢/, grad ¢)p = (2/,grad ¢)p  forall € Wp, .

Then 2"’ = 2’ — grad ¢’ is in ]\Zl’jq. Moreover, if |p — g is small enough, it can easily
be shown that |2 — 2’|, 5 <€, s0

|z — 2"y 5 < 2¢

Consequently,

[curl 2|0, p,

||ZI/

Z(g) —Z(p) < —ZI(p) < Ce.

0,D,

Interchanging the roles of p and ¢ in the above argument, we also get that Z(p)—Z(q) <
Ce. Thus, Z(p) is continuous on R;. This finishes the proof of Lemma 3.1 when d = 1.
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Case II. Smoothing algorithms of this type can be generalized to higher order
spaces provided a suitable choice of nodal basis is made. Note that there are choices
of nodal basis for which Lemma 3.1 does not hold. We will provide one example of a
nodal basis for which our analysis generalizes.

Once a set of degrees of freedom for My, is defined, a corresponding nodal basis
immediately follows. The particular choice of the degrees of freedom we have in mind
consists of edge, face, and tetrahedral moments. For any domain D, let P;(D) denote
the set of polynomials of degree at most [, and let P;(D) denote any basis for P;(D).
For every interior edge e and interior face f of the kth level mesh, define the edge and
face moments

afg(u):/p(u.t)dt, a}(u)szq-(uxn)ds

forp € Pr_1(e) and g € (Pr—_2(f))?. The tetrahedral moments are defined by mapping
to the reference tetrahedron 7 bounded by the planes z = 0, y = 0, z = 0, and
x+y+2z=1 Let R._3 be the set of all vector polynomials that are monomials
of degree at most 7 — 3 in one coordinate direction and zero in others; e.g., r =
(x'y72*,0,0) is in R,_3. For every tetrahedron 7 in the kth level mesh, define the
tetrahedral moments

ol (u) :/r~ﬁdz,

7

where r € R,_3, u(Z) = B'u(x), and B is the matrix in the affine correspondence
7 BEFY - The edge, face, and tetrahedral moments defined above form a set of
degrees of freedom for M} and define a corresponding nodal basis B for Mj,.

The basis B is divided into edge basis functions, face basis functions, and interior
basis functions. An edge basis function ¢? corresponding to an interior edge e has
all of the above-defined degrees of freedom equal to zero except a?(¢f) = 1 for some
polynomial p € P,._1(e). Similarly, a face basis function (j)? has all its moments zero
except af(¢%) = 1 for some interior face f and some g € P,_2(f)?. Finally, we have
interior basis functions ¢, supported on 7 such that all its moments are zero except
ar(¢T) =1 for some r € R,._3. Thus,

T T

B ={¢F : for all interior mesh edges e and p € P._1(e)}
U{¢F : for all interior mesh faces f and g € (Pr—2(£))?}
U{¢?T : for all r € R,_3 and all mesh tetrahedra 7}.

T

Our analysis generalizes to the case when Mj, is decomposed as

M, = Zspan(qb) ) Zspan(grad Vi),

¢peB

where {1, ; } is a local nodal basis for W. To show this, we first note that Theorem 4.1
holds for this decomposition, as can be seen by following the arguments of [1]. The
only other ingredient in our analysis that requires generalization is Lemma 3.1. We
now show that ||¢||o,o < Chg|curl ¢||p o for all ¢ € 5.

It suffices to prove that there is a C > 0 such that

(A2) 8|

0.7 < Cllcurl @l »
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for all ¢ € B with C independent of 7. Here, as before, (/;\5@) = B'¢(x) for x €
7 for some 7 on which ¢ is nonzero. Clearly, (3.1) follows from (A.2) by quasi

uniformity and standard affine equivalence arguments since ||¢l/o,r < Ch,lﬁ/ 2H(?5||07;

and ||curl¢||o 7 < Ch1/2||curl¢||o e

We prove (A.2) for each type of basis function. First, we consider qbp Let Lg
denote the space of functions v in the rth order Nedelec space on 7 for which all edge,
face, and tetrahedral moments are zero except those associated to the edge €, which
is the image of e. Clearly, ¢p is in Lg. For any nonzero function qb € Lz, there exists
apeP_ 1(f) on a face f adjacent to €, such that

0# (¢-t,p)of = (p,curld-n)f — (grad p x n, ¢)7 = (p,curl ¢ - n)7,

where n is the outward unit normal on f and t is a unit tangent vector on (’9f
(appropriately oriented). Since the left-hand side is nonzero, curl¢ # 0. Thus by
the finite dimensionality of Lz, (A.2) holds for all ¢ € Lz and hence holds for ¢?.
Next, let us show (A.2) for a mapped face basis function ¢%. Let L7 denote the
subspace of the rth order Nedelec space on 7 for which all edge, face, and tetrahedral
moments are zero, except for moments on face f Clearly, f is in Lf. For any

nonzero qb € L7, there is a g € P._(7)? such that

0 7é ((/i XN, q)a? = (Curl ($7 q)‘T’ - ((’ﬁvcurl q)? = (curl aa q)?

Thus, curl ;;5 = (0 for all (?5 € L7 and (A.2) follows for a&q

Finally, consider an interior basis function ¢.. ObVlously7 all face and edge mo-
ments of @7 are zero. We will now show only that for » = (z°y72*,0,0), curl qb’" #0,
as the argument is similar for other » € R, 3. We argue by contradiction. If
curl ¢T = 0, then q&T grad v for some ¢ € P.(T). Moreover, since face and
edge moments of (b’“ are zero, 1 can be chosen such that 1|5 = 0. Therefore,

1= (@7, 1) = —(¢,divr)s.

Ifi =0, ie., r= (y/2F, 0,0), then divr = 0, which is a contradiction. If i > 1, then
by the definition of ¢7, (¢7,7) = 0 for 7 = (0,iz" "'y ™12%/(j 4+ 1),0). However,
(7, 7)> = (@7, 7)s, which is a contradiction. Therefore, curl @” # 0, and (A. 2)
follows for the 1nter10r basis functions as well. Thus, we have shown that Lemma 3.1
holds for the nodal basis functions of B.

It is easy to see that there are various other choices of nodal bases for which the
lemma does not hold. For instance, in the case r > 4 the function grad (A1 A2AsA4)
(where A; are the barycentric coordinates of a tetrahedron 7) is an example of an
interior basis function for which Lemma 3.1 does not hold. Another example is the
function \;grad A; + Ajgrad ); in the case r = 2. This function has only one nonzero
edge moment so may be a candidate for an edge basis function. However, it has
nonzero face moments. Our analysis does not hold for decompositions based on such
basis functions, and it is not clear if the associated indefinite multigrid method is
convergent.
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