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Abstract We develop new multigrid methods for a class of saddle point problems
that include the Stokes system in fluid flow and the Lamé system in linear elasticity
as special cases. The new smoothers in the multigrid methods involve optimal pre-
conditioners for the discrete Laplace operator. We prove uniform convergence of the
W-cycle algorithm in the energy norm and present numerical results for W-cycle and
V-cycle algorithms.
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1 Introduction

In this paper we consider multigrid methods for a class of saddle point problems that
include the stationary Stokes system in fluid flow with the no-slip boundary condition
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194 S. C. Brenner et al.

and the Lamé system in linear elasticity with the homogeneous displacement boundary
condition as special cases. We will follow standard notation for differential operators
and Sobolev spaces that are found for example in [16,19], and we will use boldfaced
letters to denote vector functions. Throughout the paper €2 is a bounded polyhedral
domain in R? (d = 2, 3).

The Stokes problem (cf. [18,24]) is to find (u, p) € [HOI(Q)]d X Lg(Q) such that

v/Vu:Vvdx—/(V-v)pdx:/f-vdx Vve [H (1Y,  (.la)
Q Q Q

—/(v ‘u)gdx =0 Vgqe L)), (1.1b)
Q

where u is the fluid velocity, p is the pressure, v is the kinematic viscosity, f €
[L>(2)]¢ is the density of body force, LY(Q) = {g € L2(R) : [, ¢ dx = 0}, and the
colon stands for the Frobenius product between matrices.

The Lamé problem (cf. [18,21]) is to find (u, p) € [H} (2)]1¢ x L5() such that

2u/e(u):e(v)dx—/(V-v)pdx:/f-vdx Vv e [H} ()19 (1.2a)
Q Q

Q

1
—/(V -u)q dx — X/pq dx =0 Vgqc¢e Lg(SZ), (1.2b)
Q Q

where u is the displacement, p = —A(V - u), f € [L2($2)] is the load density, the

strain tensor € (v) = %[(Vv) + (Vv)'] is the symmetrized gradient of v, and x and A
are the Lamé constants.

These two problems are special cases of the following saddle point problem: Find
(u, p) € [H} (2)1¢ x L() such that

B((u, p), 0,9)) = (f,v) Y@, q) € [H} (D1 x LYRQ), (1.3)
where
B((w,r), (v,9)) = a(w,v) +b(v,r) + b(w, q) — t(r, q). (1.4)

Here (-, -) is the L inner product, ¢ is a nonnegative number, the bilinear form b(-, -)
on [Hy ()14 x LY(R) is given by

b(v,q) = —/(v -v)q dx, (1.5)
Q

and a (-, -) is a symmetric bounded and coercive bilinear form on [HOl (Q)]d, i.e., there
exist positive constants y;, and y, such that
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Multigrid methods for saddle point problems 195

a@, w) < plvllgiglwlme —Vo.w e Hy @1, (1.6)
a(®,v) = yellvll3 g Vo e [Hy ()], (1.7)

The Stokes problem (1.1) corresponds to the choice of + = 0 and

a(w,v) = V/Vw :Vovdx,
Q

while the Lamé problem (1.2) corresponds to the choice of t = 1/ and

a(w,v) = Z,u/e(w) ce(v)dx.

Q

The coercivity of the bilinear form a(-, -) follows from a Poincaré—Friedrichs inequal-
ity (Stokes problem) and a Korn inequality (Lamé problem).

Remark 1.1 The problem (1.3) can be posed for f € [H~! (2)1¢, where the integral
on the right-hand side is replaced by the duality pairing ( f, v).

The problem (1.3) can be discretized by a stable finite element method based on
the finite element spaces V}, (C [H(} (2)1%) and Qy, (C Lg(Q)) that satisfy the inf-sup
condition. Our goal is to develop multigrid methods for the resulting finite dimensional
saddle point problem that are uniformly convergent in the energy norm || - || defined
by

I, Ol = lvllg e + gL,

i.e., the multigrid method is a contraction with respect to the energy norm and the
contraction number is bounded away from 1 on all grid levels. In fact we will show
that the contraction number for the Stokes (resp. Lamé) problem satisfies an estimate
of the form C/m®S (resp. C/m*L), where m is the number of smoothing steps, C is
a positive constant independent of grid levels, and oy € (0, 1] (resp. «; € (0, 1]) is
the index of elliptic regularity for the Stokes (resp. Lamé) problem that can be taken
to be 1 if 2 is convex.

Multigrid methods for the saddle point problem (1.3) have been investigated in
[6,11-13,34,36,42-44,47]. However the multigrid convergence results in these papers
are established with respect to norms different from the energy norm. The analyses in
these papers also require 2 to be convex and the contraction number bounds in some
of these papers are of the form C//m.

The key ingredients of our multigrid methods are two new smoothers. Let B, :
Vi x Qn —> Vi x Qy, be the linear operator that represents B(-, -) with respect to
an inner product [-, -], that satisfies

[Wnr gn). On. q)ln ~ [0all7 0 + PP gnlIT ) Y (Vheqn) € Vi x Qn. (1.8)
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196 S. C. Brenner et al.

In the post-smoothing step, we take the smoother for an equation of the form

By (wp, rn) = (&, zn)

to be the Richardson relaxation for the equivalent equation

By SpBp(wp, rn) = BrSk(gy, zn),

where the operator S, is symmetric positive definite (SPD) and
[B1SaBhWn, qn)s s @)l = 1001151 gy + 41117, 0)- (1.9)

The construction of Sy, involves an optimal preconditioner for the discrete Laplace
operator and the property (1.9) relies on the inf-sup condition for Vj, and Qj,.

In the pre-smoothing step, we use a smoother that is dual (with respect to the
bilinear form B(-, -)) to the post-smoother, which allows us to deduce immediately its
smoothing property from the smoothing property of the post-smoother.

Remark 1.2 Because of (1.8) and (1.9), we can use the operator B;,S,Bj, to define
mesh-dependent norms (cf. (4.1)) that are related to Sobolev norms and obtain smooth-
ing and approximation properties (cf. Lemmas 5.1, 5.4) that are similar to those of
second order scalar elliptic problems. Therefore we can apply multigrid techniques
originally invented for SPD problems [7, 10,28,33,40] to handle saddle point problems
on general polygonal domains where the full elliptic regularity is not available.

Remark 1.3 Since an optimal preconditioner for the discrete Laplace operator is used
in the smoothing steps, our multigrid method can also be viewed as a preconditioned
iterative method for saddle point problems. Other preconditioned iterative methods
for saddle problems are discussed in [4,22,23,31,41] and the references therein. (See
Sect. 7 for further discussions.)

The rest of the paper is organized as follows. In Sect. 2 we consider various aspects of
the saddle point problem (1.3) that are relevant to the multigrid convergence analysis.
The new multigrid methods are introduced in Sect. 3. In Sect. 4 we establish properties
of certain mesh-dependent norms that are useful for the convergence analysis of the
W-cycle algorithm in Sect. 5. Numerical results that illustrate the performance of the
multigrid methods on two dimensional domains are presented in Sect. 6 and we end
with some concluding remarks in Sect. 7. Appendix contains the proof of an elliptic
regularity estimate for the two dimensional Lamé system that is robust with respect to
the Lamé constant A.

2 The saddle point problem (1.3)

In this section we discuss conditions on the saddle point problem (1.3) under which
the convergence of the W-cycle multigrid method will be established. We begin with
properties of the bilinear forms. Then we will consider elliptic regularity and finite
element discretizations.
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Multigrid methods for saddle point problems 197

2.1 Properties of the bilinear forms

From (1.4), (1.5) and (1.6) we immediately see that the bilinear form 3(-, -) is bounded
with respect to the energy norm:

B((v.q). (w,r)) < Cp il gie + llgll@)Uwlgi ) + 17l 2.1
for all (v, q), (w, r) € [H}(2)]? x LI(2). We will assume that
0<t<t, <00, 2.2)

which is the relevant range for the Stokes and Lamé problems.
The bilinear form b(-, -) satisfies the following inf-sup condition (cf. [24]):

. b(v, q)
inf sup —— > B >0, 2.3)
O;EqELg(Q) O#UE[H&(Q)]“’ |v|H1(§2) ||61||L2(§2)

which together with (1.6) and (1.7) implies that (1.3) is well-posed (cf. [18,
Sect. I1.1.2]).

2.2 Elliptic regularity

The theory of elliptic regularity for the Stokes and Lamé problems can be found for
example in the monographs [20,25-27,29,32].

For the Stokes problem (1.1), there exists ag € (%, 1] such that the solution (u, p)
belongs to [H'T(Q)]? x H¥(Q) for0 < o < ag if f € [H~17*(2)]¢, and we have

lull give ) + 1PN HA Q) < Ca vl fll g-1+e(g) (2.4)

that is valid for v > vy > 0. The index of elliptic regularity oy = 1 if 2 is convex and
og < 1if © is nonconvex.

For the Lamé problem (1.2), there exists «; € (% Ols] such that the solution (u, p)
belongs to [H't¥(Q)]¢ x H*(Q) for0 < a < «; if f € [H~'T%()]%, and we have

||u||1-11+a(Q) + Pl < C uo,pi.00.0 ”f”H*HOf(Q) (2.5)

that is valid for 0 < o < u < u; <ocand 0 < A9 < A < A1 < o0. The index of
elliptic regularity «;, = 1if Q2 is convex and «; < a5 < 1 if Q is nonconvex.

In the two dimensional case, we can take advantage of the results in [1] to derive a
robust regularity estimate with respect to A. The proof of the following proposition is
given in the Appendix.

Proposition 2.1 Let i, (1 and hg be positive numbers. There exists a positive con-
stant Cq . 1,29 SUch that the estimate

lwll gi+e @y + IPIHC@Q) = C,uo,m1,00 | f | 5142 () (2.6)
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holds for the solution (u, p) of (1.2)withd = 2, provided ngp < u < 1, Ao < A < 0
and 0 < a < «;.

In view of (2.4) and (2.5), we will assume from here on that the solution of (1.3)
satisfies

lull grve ) + 1Pl Ee @) < Cell fllg-14e ) (2.7)

for some o € (%, 1], which is crucial for establishing the approximation property of
multigrid methods.

2.3 Finite element methods
Let 7; be a triangulation of €2, where the mesh parameter % is proportional to the
maximum of the diameters of the element domains in the triangulation. Let V), C

[HO1 ()14 and Q) C L(Z)(Q) be finite element spaces associated with 7j,. The discrete
problem for (1.3) is to find (uy,, pr) € Vi, x Qp such that

B((un, pn), (0, 9)) = (f,v)  VY(v,q) € V4 x Qp. (2.8)
We assume the finite element pair V), x Q, satisfies a discrete inf-sup condition:

. b(v, q)
inf
0#£4€0n 02vev, IVl @ llgllL()

> B4 >0, (2.9)

where B, is independent of /.
It follows from (1.6), (1.7) and (2.9) (cf. [18, Sect. I1.1.2]) that

B((v,q), (w,r)
Il g + 19l < C sup ( )
©,00£w,neVyx 0 1WlIla1 @) + IIrlLyw

V(v,q) € Vi x O, (2.10)

where the positive constant C depends only on the constants in (1.6), (1.7) and 8. The
estimate (2.10) implies that (2.8) is well-posed and, together with (2.1), also implies
a quasi-optimal discretization error estimate [18, Sect. I1.2.4]

lu—unllyg@+lp—prlliye = C (inf lu — vl 1@ + inf |[p— CI||L2(£2)) ,
veV, q€0n
(2.11)
where the positive constant C depends only on the constants in (1.6), (1.7), (2.2) and
(2.9).

We assume that the finite element spaces Vj, and Qj, enjoy the following approxi-
mation properties:
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Multigrid methods for saddle point problems 199

Inf g vl = ChWEllgeiy Y& € HHG @I NIHT @] (2.12)
h

qiean i —qlliye) < Ch¥lpllme@ Y e LYQ) NHY(Q), (2.13)
h

where the positive constant depends only on the shape regularity of 7j,. It then follows
from (2.7), (2.11), (2.12) and (2.13) that

lu —unll g + Il — PrllLy@) < CHON fll g-1+e(q)s (2.14)

where the positive constant C depends on the shape regularity of 7, and the constants
in (1.6), (1.7), (2.2) and (2.9).

The assumptions on V}, and Q, are satisfied by many finite element pairs, such as the
Taylor—Hood elements and the MINI element (cf. [5, 18,24] and the references therein).
For concreteness we will use the P, — P; Taylor—Hood element in the multigrid
methods. But the results can also be extended to other finite element methods.

3 Multigrid methods

Let 7y be an initial triangulation of Q and the triangulation 7 (k > 1) be generated
from 7;_; through uniform refinement. The mesh parameter for 7 is denoted by Ay
and we have h; = lhk_l. Let Vi, C [H(} (Q)]" (resp. O C Lg(Q)) be the continuous
P> (resp. Py) Lagrange finite element space associated with 7;. Then Vo x Qo C
Vi x Q1 C --- and the kth level finite element approximation (uy, px) € Vi x Ok
for (1.3) is defined by

B((w. po). (v.9)) = (f,v) Y (v.q9) € Vi x Ox. (3.1

Let N1 (resp. N 2) be the set of the nodes of the continuous P; (resp. P,) finite
element space associated with 7. The mesh-dependent inner products on Vi and QO
are defined by

(v, w)) = hz Z v(x)-wkx) Vv,weV, (3.2a)
xeNg2
(@m0 =h{" D qrx)  Vq,re 0, (3.2b)
xeNi1

and the mesh-dependent inner product [-, -]y on Vi x Qy is given by

[(v, q), (w, )]k = (v, w)x + (g, k- (3.3)

Let the operator By : Vi x Qr —> Vi x QO be defined by
Br(w,r), (v, )l = B((w,r), (v.9))  V(©.q). w,r)eVix O (34
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200 S. C. Brenner et al.

Then By, is nonsingular and also symmetric with respect to [-, -]x. We can rewrite (3.1)
as
By (ui, pr) = ([ 0), (3.5)

where f; € Vi is determined by ((f, v))x = (f, v) forall v € Vj.
Below we will construct multigrid methods for equations of the form

By (v, q) = (8. 2) (3.6)

that includes (3.5) as a special case.

There are two main ingredients in multigrid methods. First we need intergrid transfer
operators that move functions between grids. Since the finite element spaces are nested,
we can take the coarse-to-fine operator I,f_l Vi1 X Qr—1 —> Vi X Qg to be the

natural injection. Then we define the fine-to-coarse operator I,f_l Ve x Oy —

Vi—1 X Qk—1 to be the transpose of [ ,f_l with respect to the mesh-dependent inner
products, i.e.,

U, @), (w, Mkt = [V, @), IE_ (w, Pk (3.7)
for all (v,q) € Vi x Qk and (w,r) € Vi1 X Qk—1.

Next we introduce two smoothers, which provide the second ingredient in multigrid
methods.

3.1 Two smoothers

Let the discrete Laplace operator Ay : Vi —> Vj be defined by

(—Apv, w)); = / Vv :Vwdx Yo, we V. (3.8)
Q

We take Ly : Vi —> Vi to be an optimal preconditioner for —Ay such that Ly is
SPD with respect to ((-, -))x and

K1 < Amin (Li(— A1) < Amax (Lr(—A0) < k2, (3.9)

where k1 and «; are positive constants independent of the mesh levels. Then we define
the operator Sg : Vx x Qr —> Vi x Qy by

Sk(v, ) = (Lgv, hiq). (3.10)

It is clear that Sg is SPD with respect to [-, -J¢.

Remark 3.1 There are many choices for the optimal preconditioner Ly, including
multigrid preconditioners [10] and domain decomposition preconditioners [38].
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The first smoother for (3.6) is given by

(Vnews Gnew) = (Vold, Gold) + 8BSk ((g. 2) — Bk (old. Gola)). (3.11)

where §; > 0 is a damping factor determined by the condition that the spectral radius
p (B SkBy) satisfies

1
p(BrSiBy) < —. (3.12)
Sk

This smoother will be used in the post-smoothing steps of the multigrid algorithms.

Remark 3.2 The smoother defined by (3.11) is Richardson relaxation for the equation
BiSkBr (v, ¢) = BrSk (g, 2)

that is equivalent to (3.6).

Remark 3.3 We can take the damping factor §; to be Ch,%, where the constant C is
independent of the grid levels (cf. Corollary 4.3).

The second smoother for (3.6) is given by

(Vnew Gnew) = (Vold, Gola) + SkSkBx ((g. 2) — Bi (vold. Gola)). (3.13)

which will be used in the pre-smoothing steps of the multigrid algorithms.

Remark 3.4 The definition (3.13) of the pre-smoother is motivated by the fact that it
is dual to the post-smoother with respect to the bilinear form B(, -) (cf. (3.16)).

3.2 W-cycle and V-cycle multigrid algorithms

Let the output of the W-cycle algorithm for (3.6) with initial guess (vo,go) €
Vi X Qy and m (resp. my) pre-smoothing (resp. post-smoothing) steps be denoted
by MG (k, (g, 2), (v0. 4o), m1, m2). For k = 0, we take MGw (0, (g, 2), (%0, q0),
mi, my) to be IB%gl(g, z). For k > 1, we compute MGy (k, (g, z), (vo, q0), m1, m2)
recursively in three steps.

e Pre-smoothing Apply the iteration defined by (3.13) m; times with initial guess
(v0. go) o obtain (V. G, )-

o Coarse grid correction Let (g, 7)) = Ilf_l((g, 7) — Bk(vml,qml)) be the trans-
ferred residual of (v, gm,). We compute (v}, ¢}), (v}, q3) € Vi—1 x Qr_1 by

(1, q) = MGw(k —1,(g',7),(0,0), my, mp),
(v5,q3) = MGw(k — 1,(g,2), (v, q1), mi, m2),

and take (Vp,+1, gm,+1) to be (U, gm,) + Ié‘f](v/z, q5).
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e Post-smoothing Apply the iteration defined by (3.11) m, times with initial guess
(Vimy+15 Gmy+1) to obtain (Vi tmy+15 Gy +mp+1)-

The final outputis MGy (k, (g, 2), (v0, g0), M1, M2) = (Vi +my+1> Gy +my+1)-

We denote by MGy (k, (g, z), (vo, qo0), m1, m2) the output of the V-cycle algo-
rithm for (3.6) with initial guess (vo, qo) € Vi X Q and m (resp. my) pre-smoothing
(resp. post-smoothing) steps. The computation of MGy (k, (g, z), (vo, qo), m1, Mm2)
is identical with the computation for the W-cycle algorithm except in the coarse grid
correction step, where we compute

(v}, q) =MGy(k—1,(g",7),(0,0), m, my)

and take(vm1+lv Qm1+1) to be (vml ’ le) + []f_l(v/ls 6]{)

Remark 3.5 In this paper we will only establish the uniform convergence of the W-
cycle algorithm (cf. Sect. 5). But numerical results (cf. Sect. 6) indicate that the V -cycle
algorithm is also uniformly convergent.

3.3 Error propagation operators
The effect of one post-smoothing step defined by (3.11) is measured by the operator
Ri = Idy — 8; B S By, (3.14)

where 1dj is the identity operator on Vi x Qp. On the other hand the effect of one
pre-smoothing step defined by (3.13) is measured by the operator

Sg = Idy — 8:Sk B (3.15)

The following relation between the two operators Ry and Sy is a simple consequence
of (3.4), (3.14) and (3.15):

B(Ry(v,q), w,r)) = B((v,q), Ss(w, 1)) Y(,q), (w,r) € Vi x Q. (3.16)

The error propagation operator Ex : Vi x Qr —> Vi x Qy for the multigrid
algorithms satisfies a well-known recursive relation:

Ex = R>(Idy — IF_ PE w1} EP  PEYHST, (3.17)

where p = 2 (resp. p = 1) for the W-cycle (resp. V-cycle) algorithm, and P,f_l :
Vi X Qk —> Vi—1 X Qk—1 is the transpose of [ /f—l with respect to the bilinear form
B('a ')7 i.e.,

B(P (w,9), (w,r) = B((v, @), I (w, 1)) (3.18)
for all (v,q) € Vi x Qf and (w,r) € Vi_1 X Qk_1. By construction we also have
Ey=0.
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Since [ ,f_l is the natural injection, the operator P,f “lis just the restriction to Vi x Oy
of the Ritz projection from [H(} (Q)]d X Lg(Q) to Vk—1 X Qk—1. In particular, we have

PEVE = ddy, Ude — IE PEY = 1d — 1f_ PET (3.19)
and the Galerkin orthogonality
0=B(Ude — IF_ PE Y, @), IF_ (w, 1) (3.20)

that holds for all (v, g) € Vi x Ok and (w,r) € Vi1 X Qk—_1.

4 Mesh-dependent norms

In this section we introduce mesh-dependent norms which are useful tools for the
convergence analysis of the W-cycle algorithm in Sect. 5. In order to avoid the pro-
liferation of constants, from now on we will use A < B (or B 2, A) to represent the
inequality A < (constant) B, where the positive constant is independent of the grid
size and the grid level. The statement A &~ B is equivalentto A < B and B < A.

For 0 < s < 1, we use the SPD operator B;SgBy to define the first family of
mesh-dependent norms || - ||« by

(v, q)llf,k = [BSkBr) (v, @), (v, Pl Y (v,9) € Vi x Q. 4.1)
It follows immediately from (3.2) and standard discrete estimates [16, 19] that

(v. 0 ~ [[vll,q Vve Vi (4.22)
@ O ~hllgli 0 V4 € Ok (4.2b)

The estimates in (4.2) and the definitions (3.3) and (4.1) imply

1@ D54 = [, @), 0. Dl ~ 07,0 + PillglT ) ¥ (0.9) € Vi x O
“4.3)

Lemma 4.1 We have
I, Pk = i) + gl Y, q) € Vi x Q. (4.4)
Proof From (2.1) and (2.10) we have

B((v.q), (w,r))
0,00£w,neVix 0 1Wla1@) + IrllLy @

V(v,q) € Vi x Q.
4.5)

vl @) + lglliLy@ ~

By construction (cf. (3.8) and (3.9)) we also have
(L w, w))e ~ (ADw, ) = (w31 g ~ WG g Ywe Vi
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which together with (3.3), (3.10) and (4.2b) implies
[Sg ! (w, r), (w, e = (L 'w, w)i + b 2(r, )i
~ wl g + 17117, Vw,r) e Vix Q. (4.6)

Let (v, g) € Vi x Qg be arbitrary and (z, g) = SgBg (v, ¢). It follows from (3.4),
(4.1), (4.5), (4.6) and duality that

1
(v, Pl k = [BeSkBi (v, @), (v, )1
=[S, YSkBo) (v, @), (SkBi) (v, Q)]Z
=[S}z, 9). (z. g)],?
1Sy ' (z. &), (w, )k
= sup -
(0,0)#(w,r)e Vi x O [Slzl(w’ ), (w, r)]Z
[Bi (v, q), (w, )]k

0.0£w.nevix o Wlgte + 1I7llL@

B((v, q), (w, r)
= sup ( ) ~ vl i) + 19l Ly @)-
0,00£w.neVixor 1Wla @ + 1IrllLw

~
~

O
Corollary 4.2 We have
1PE @ ) k1 ST @l V(.)€ Vi x Ok 4.7
Proof Since I ,f_l is the natural injection, we have an obvious estimate
IIE w, )k ~ lw, D=1 Y (w,r) € Vit x Qk—i (4.8)
because of (4.4).
The estimate (4.7) follows from (2.1), (3.18), (4.4), (4.5) and (4.8). O

Corollary 4.3 The spectral radius of the operator By S By is bounded by C hk_z, where
the positive constant C is independent of grid sizes and grid levels.

Proof 1Tt follows from (4.1), (4.3), (4.4) and the Rayleigh quotient formula that
max [BiSkBx (v, q), (v, ¢) 1k
0.0¢0.9  [(v,9), (v, @)k
I, I 4
T 00800 [0, I3,

Amax BrSeBr) =

13,1 o, + g1l

HY(Q) L (2) -2
2 =

0.020.9) 1017, + hillal7, g

<C

where the last inequality comes from a standard inverse estimate [16,19]. O
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The next result provides a link between a mesh-dependent norm and certain Sobolev
norms.

Lemma 4.4 We have

I, Dlh—ek = 1V g1-a@) + A5 lgl @  Y(,9) € Vi x Ok, (49)
where a € (% 1] is the index of elliptic regularity in (2.7).
Proof Since Vi x Qg is a subspace of [HO1 ()19 x LS(Q), we have

vl gi-e@) + AE gl S 1@, Dlli—ax - YV (0, 9) € Vi x Ok

by (4.1), (4.3), (4.4) and interpolation [37,39].
Let Iy : [L2(Q)]d —> Vj be the L, orthogonal projection. It is well-known (cf.
[9]) that

Mgl S el V¢ € [Hy ()17,
which implies by (4.1), (4.3), (4.4) and interpolation

I8, Olh—ak S Nl gi-ay V¢ € [H' (@)1 (4.10)

Similarly we have

10, &)1k ShLNENL @  VE € L), (4.11)
where 7y : Lg(Q) —> Qy is the L, orthogonal projection.

Applying (4.10) to £ = v and (4.11) to £ = g we arrive at the estimate in the other
direction:

I, Dll—ak S Nollgi-e@) + A Ig L@ Y (0,9) € Vi x Ok.

O

For 1 < s < 2, we define a second family of mesh-dependent norms || - [Is.« by
duality:

B((v,q), (w,r)
(v, @lls.k = sup Q V(v,q) € Vi x Q. (4.12)
0.00£w.nevixo, 1w, Mll2—sx

It follows immediately from (4.4), (4.5) and (4.12) that
l, e =~ vl g @) + gl = 10, Pl V©,9) € Vi x Q. (4.13)
Note also that (4.12) implies

B((v’ 5]), (wv r)) S |||(v7 q)”'s,k”(w’ r)||27x,k V(v9 Q), (wv r)EVk X Qk’ 1 E SEZ
(4.14)
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5 Convergence analysis for the W-cycle algorithm

We follow the classical approach in [3] for the analysis of the W-cycle algorithm,
which is based on the smoothing and approximation properties.

5.1 Smoothing property

We have a standard smoothing property for Ry since the damping factor 6 = C h%
(cf. Remark 3.3) satisfies condition (3.12).

Lemma 5.1 The following estimate holds for the operator Ry :
IR (v, )k S by m™ (0, lh—ex V(0. 9) € Vi x Ok, 0<7 < 1. (5.1)

Proof Let (v, g) € Vi x Qg be arbitrary. It follows from (3.12), (3.14), (4.1) and the
spectral theorem that

IRY (v, @I ; = [BkSkBr (Idx — 8 BrSkB)™ (v, q). (Idy — 8BSk Bo)™ (v, @)k
= 8, T [(BrSkBY) T (8kBeSkBi) " (Idi — 8BSk B)™ (v, @), (I — 8Bk SkBr)™ (v, ¢) 1
< h% max [(1— 02" xT[BeSkB ' ™ (v, 9), (v, e
0<x<lI

-2 — 2
ShEm T, Iy

]

Remark 5.2 In the special case where T = 0, the arguments in the proof of Lemma 5.1
lead to the following estimate:

IR . Pk <N, Dk Y(v,q) € Vi x Ok. (5.2)

Remark 5.3 The smoothing property (5.1) for Ry implies a corresponding smoothing
property for the operator Sy through duality. But we will only need the estimate

1Sc, Dllix ST, PDllhie Y@, q) € Vi x O (5.3)

that follows immediately from (3.16), (4.12), (4.13) and (5.2).

5.2 Approximation property

Recall o € (%, 1] is the index of elliptic regularity in (2.7).

Lemma 5.4 We have, fork > 1,

IUde — [ PEDY @, ek SEEN@. Ok Y (. q) € Vi x O
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Proof Let (v,q) € Vi x Qy be arbitrary and (¢, n) = (Idy — I,f_lP,f*])(v, g). In
view of (4.9), it suffices to show that

11 gi-a(y + A IllLy@) S BT, @Ik

The estimate for u follows immediately from (4.4), (4.7) and (4.8):

lllzs@) S I, e = IUde — IF PEDY@, llik S 1@, @) k-

We will prove the estimate for ¢ by a duality argument.
Let x € [H~** ()] be arbitrary, (§,0) € [H} ()¢ x L(RQ) satisfy

B((€,0), w,r) = (x,w) V(w,r)e[H )] x LY, (5.4)
and (§;_1,6k—1) € Vk—1 x Qj—1 satisfy
B((&r_1.6k—1), (w,r)) = (x,w) V(w,r)e Vi1 x Qr_1. (5.5

It follows from (2.1), (3.20), (4.4), (5.4) and (5.5) that

= B((&.0), (. )

(€.0), Udy — If_, Pf ) (v, 9))

((6.0) — (&4_1, Ok—1). Udx — IE_ PEH (. )
((6,0) — &1, O-1), (v, 9))

1€ — &1l + 110 = -1l @)1V, @)1 ks

B
B
B((
SN

which together with the discretization error estimate (2.14) yields

(X, 8) ShEx I g-rra@ll@. @k ¥ x € [H @)1 (5.6)

The estimate for ¢ follows from (5.6) and duality. O

5.3 Convergence of the W-cycle algorithm

We begin with the two-grid algorithm where the coarse grid residual equation is solved
exactly. In view of (3.17), the error propagation operator for the two-grid algorithm
is given by R}">(Idi — If | PF=")S"". We will divide the analysis of the two-grid
algorithm into three cases.

In the first case we assume m1 = 0 and my = m, i.e., we have a one-sided algorithm
with only post-smoothing. It follows from Lemmas 5.1 and 5.4 that
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IR (Tdy — IF_ PEY @, )l S g “m™ )Ty — 1F_ PEY @, @) ek

S U m™ R (0, @)k

— mfa/2||

. Plhe V(,q) € Vi x Ok.
(5.7)

In the second case we assume my = 0 and m| = m, i.e., we have a one-sided

algorithm with only pre-smoothing. From (3.16), (3.18), (4.12), (4.14) and (5.7) we
find

I(Tdx — If_ PEHSE (v, @)k

_ B ATHS .9 )
(0,0)#£(w,r)e Vi x Ok [(w, )1,k

= sup B((”’Q)’ercn(]dk_Ilf—lplffl)(w’r))
(0,0)£(w.r)€Vix Ok l(w, )1k

- I, kIR (i — I P, ).k
T 0.0)£w.eVix Ok ll(w, )1k

<Sm~ |, Ok Y (©,q) € Vi X Ok. (5.8)

In the last case we assume m, mo> > 1. From (3.18), (3.19), (4.13), (5.7) and (5.8)
we have

IRY>(Td — If_, PEHS (0, @)1k
_ my k k—1 k k—1 mi
= ||Rk (Idk_lk_lpk )(Idk_lk_lPk )Sk (v, Pk
—a/2 _
<my Pl de — 1E_ PEYS! @, ) ik
—a/2 _
~my PN Ide — IE_ PEYST (0, )l

—a/2 —a/2 _
<myPm TP, Dl ~ mima) 2w, )l Y (0.q) € Vi x Oy
5.9

Combining (4.13) and (5.7), (5.8), (5.9), we have the following estimate for the
two-grid algorithm:

IR (Tdi — IE_ PEHS (0. ) 11k

—a/2
< C,(max(1, my) max(1, m2)) ™)@, q) 1.4 (5.10)
for all (v, g) € Vi x Qp, where the positive constant C is independent of k.
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We can now use the two-grid estimate (5.10) and a perturbation argument to analyze
the W-cycle algorithm.

Theorem 5.5 Let Ej be the error propagation operator for the kth level W-cycle
algorithm. For any Cy > Cy (the constant in (5.10)), there exists a positive number
my (independent of k) such that

I1Ex (v, )l x < C(max(1, mp) max(1, m2) " *"I1(v, @) ll1 4 (5.11)

forall (v,q) € Vi x Qr and k > 0, provided max(1, m1) max(1, mp) > m.

Proof We will derive (5.11) by mathematical induction. The estimate (5.11) is trivially
true for k = 0 since Eg = 0.

Let m = max(1, m) max(l, m3). Suppose (5.11) is valid for k = j — 1. From
(4.7), (4.8), (5.2), (5.3) and the induction hypothesis, we have

| o _
IRT2 1 E2 P/ (gl j < CoCom ™ |0, )1

for all (v,q) € V; x Qj, where the positive constant Cy is independent of j. The
relation (3.17) for p = 2 and the estimate (5.10) imply

A . -
IEj(w, ;= ||R72(1dj—1;,1pf )ST (v, Q)+R?2I;,1E12-71Pj] NCIIN
< [C*m_‘)‘/2 + CﬁC%m_a]”(U, Dl j-

Let m, > 0 satisfy
C:CIm " < G — Cu.
Then, for m > m,., we have
Com™ % 4 C,CHm™ < m™*2(Cy + C:CIm*?) < Crm /2,

which completes the proof. O

Remark 5.6 The constant C, in (5.10) depends only on the shape regularity of the
triangulation 7y and the constants in (1.6), (1.7), (2.2), (2.7), (2.9) and (3.9). This
also holds for the constants Cy and m, in Theorem 5.5 if for example we take C+
to be 2C,. For the two dimensional Lamé problem, Proposition 2.1 implies that the
estimates (5.10) and (5.11) are robust with respect to the Lamé constant A.

We can draw the following conclusion from (4.4) and (5.11). If max(1, m) max
(1, m7) (independent of k) is sufficiently large, then the W-cycle algorithm for the
saddle point problem (1.3) is uniformly convergent with respect to the energy norm,
i.e., the W-cycle algorithm is a contraction with respect to the energy norm and the
contraction number is bounded away from 1 for all k. In particular this result holds
for the Stokes problem (1.1) and the Lamé problem (1.2) discretized by the P»-P;
Taylor—Hood element.
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Remark 5.7 With a slight modification of the smoothing precess we can also estab-
lish O (1/m%) contraction number estimates for one-sided algorithms with respect to
appropriate mesh-dependent norms.

If in the one-sided algorithm with only pre-smoothing we apply m smoothing steps
defined by (3.11) followed by m smoothing steps defined by (3.13), then for the
corresponding two-grid algorithm we have the estimate

I(Tdk — & PEDSERY (v, @)l 1—ak
= IUdx — IE_ PE DY Udk — I PEDSP R (0, )1 —ak
SN dk — IE PE Y SERY (v, @)k
~ W Idx — I PEYSPRY (0, @)k
S hEm ™ PRy (v, @)k
ShEm ™R (v, @) 1.k
SmT N, @) 1—ak V(v,q) € Vi x Ok (5.12)

that follows from (3.19), (4.13), Lemmas 5.1, 5.4 and (5.8).

If in the one-sided algorithm with only post-smoothing we apply m smoothing steps
defined by (3.13) followed by m smoothing steps defined by (3.11), then the estimate
for the corresponding two-grid algorithm is given by

IRY SE U di — I PED @, ek Sm™ @, @llivak  Y(0,9) € Vi x O,
(5.13)
which follows from (3.16), (3.18), (4.12), (4.14) and (5.12).
Uniform convergence of the W-cycle in the norm || - ||1—g.x (resp. || - [l14«.x) for
the one-sided algorithm with only pre-smoothing (resp. post-smoothing) follows from
(5.12) (resp. (5.13)) and arguments similar to the ones in the proof of Theorem 5.5.

6 Numerical results

In this section we report numerical results for the proposed W-cycle and V-cycle
multigrid methods for the Stokes problem and the Lamé problem on two dimensional
domains. In these tests we use the P»-P; Taylor—Hood finite element in the discretiza-
tion. The operator Ly is generated by the multigrid V(2,2) algorithm for the Laplace
operator.

We first test the W-cycle algorithm for the Stokes problem on the unit square. Note
that in this case we can take the index of elliptic regularity « to be 1. The initial
triangulation 7y consists of eight triangles of the same size (Fig. 1). For k > 1, the kth
level triangulation 7y is obtained from 7;_; by a uniform refinement.

The contraction numbers of the W-cycle algorithm are listed in Table 1. The
contraction numbers are computed as the largest eigenvalue of the error propaga-
tion operator Ej. The leftmost column displays the numbers (1, m3) of smoothing
steps in the algorithm, whereas contraction numbers associated with the kth level
triangulation are displayed in the other columns for various k. This table clearly
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Fig. 1 The initial triangulation
of the unit square (left); the
initial triangulation of the
L-shaped domain (right)

Table 1 Contraction numbers
of the W-cycle algorithm for the
Stokes problem on the unit

mi.m)\k k=1 k=2 k=3 k=4 k=5 k=6

square 1,1 082 08 086 086 086  0.86
,2) 076 078 078 078 078 078
(4, 4) 066 068 069 069 069 069
3, 8) 055 056 056 056 056  0.56
(16, 16) 038 039 039 039 039 039
(32,32) 019 019 019 019 019 0.9

Table 2 Contraction numbers
of the V-cycle algorithm for the
Stokes problem on the unit

(mi.my\k k=1 k=2 k=3 k=4 k=5 k=6

square a,1) 087 090 090 090 090 090
2,2) 076 076 079 080 080 080
4, 4) 066 070 070 070 070 070
(8, 8) 055 057 057 058 058 058
(16, 16) 038 040 040 040 040 040
(32,32) 019 019 020 020 020 020

shows that with our new smoothers, the proposed W-cycle iterations are contrac-
tions, with contraction numbers independent of the grid level k. Furthermore, the
asymptotic rate of decrease (mym2)~'/? for the contraction numbers is observed
in these tests when the number of smoothing steps increases, which agrees with
Theorem 5.5.

The contraction numbers of the V-cycle algorithm for the same problem are pre-
sented in Table 2. It can be observed that, similar to the W-cycle iterations, the multi-
grid V-cycle iterations converge uniformly on all grid levels for the Stokes problem.
The contraction numbers in Table 2 exhibit a similar asymptotic rate of decrease as
mimy increases, but they are in general larger than the corresponding numbers in
Table 1.

We also test the W-cycle algorithm on an L-shaped domain, where the kth level
triangulation 7y (k > 1) is obtained by k successive uniform refinements of the initial
triangulation 7y with six triangles (Fig. 1). From the contraction numbers in Table 3 it
is clear that, as predicted by Theorem 5.5, the W-cycle iterations converge uniformly,
independent of the grid level k. It is also observed that the convergence rate is worse
than the rate for the unit square, reflecting the fact that the index of elliptic regularity
« is strictly less than 1 for the L-shaped domain.
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Table 3 Contraction numbers
of the W-cycle algorithm for the
Stokes problem on the L-shaped
domain

Table 4 Contraction numbers
of the W-cycle algorithm for the
Lamé problem on the unit square
with © = 1 and A = 500

Table 5 Contraction numbers
of the V-cycle algorithm for the
Lamé problem on the unit square
with © = 1 and A = 500

Table 6 Contraction numbers
of the W-cycle algorithm for the
Lamé problem on the L-shaped
domain with 4 = 1 and 2 = 500

mi.m)\k k=1 k=2 k=3 k=4 k=5 k=6
) 0.88 090 090 090 090 0.0
2,2) 081 083 084 084 084 084
) 073 075 075 075 075 075
(8,8) 063 065 065 065 065 065
(16, 16) 048 049 049 049 049 049
(32,32) 028 029 029 029 029 029
mi.m)\k k=1 k=2 k=3 k=4 k=5 k=6
) 092 093 093 093 093 093
2,2) 093 093 093 093 093 093
4,4 0.88 089 090 090 090  0.90
(8,8) 081 083 083 08 083 083
(16, 16) 070 072 072 072 072 072
(32,32) 053 054 054 054 054 054
(64, 64) 031 032 032 032 032 032
mi.m)\k k=1 k=2 k=3 k=4 k=5 k=6
) 092 094 094 094 094 094
2,2) 093 094 094 094 094 093
4,4 0.88 090 090 090 090  0.90
(8,8) 081 083 084 084 084 084
(16, 16) 070 073 073 073 073 073
(32,32) 053 055 054 055 055 055
(64, 64) 031 032 032 032 032 032
my,m\k k=1 k=2 k=3 k=4 k=5 k=6
) 094 095 095 095 095 095
2,2) 094 095 095 095 095 095
@, 4 091 092 092 092 092 092
(8, 8) 085 087 087 087 087 087
(16, 16) 076 079 079 079 079 079
(32,32) 062 064 064 064 064 064

In addition we also list in Tables 4, 5 and 6 the contraction numbers of the multigrid
W-cycle and V-cycle algorithms for the Lamé problem on both the unit square and
the L-shaped domain. We take 4 = 1 and A = 500 to be the Lamé constants. It is
clear that the proposed multigrid iterations converge uniformly independent of the
grid level on both domains and the contraction numbers decrease when we increase
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Table 7 Contraction numbers

— 100 — 10! — 102 —103
of the W-cycle algorithm for the (m, ma)\A A=10 A=10 A=10 A=10
Lamé problem on the unit square
withpy =1landk =5 1,1 0.96 0.95 0.92 0.93

2,2) 0.93 0.93 0.92 0.93
4,4 0.87 0.87 0.88 0.90
(8,8) 0.76 0.79 0.81 0.83
(16, 16) 0.62 0.67 0.68 0.72
(32,32) 0.48 0.47 0.49 0.55

the number of smoothing steps. The rate of decrease for the contraction numbers is
also approaching the asymptotic rate of (m1my)~/2.

Finally in Table 7 we present the contraction numbers of the W-cycle algorithm
for the Lamé problem on the unit square for k = 5 and various values of A and
m(= m1 = my). The robustness of the performance with respect to A is clearly
visible.

7 Concluding remarks

In this paper we develop new multigrid methods for a class of saddle point problems
that include the Stokes system in fluid flow and the Lamé system in linear elasticity
as special cases. The crucial ingredients are two new smoothers that take advantage
of the discrete inf-sup condition and duality, which allows the convergence analysis
of the W-cycle algorithm to be carried out by techniques originally invented for SPD
problems.

We have established the uniform convergence of the W-cycle algorithm for a suf-
ficiently large number of smoothing steps. But numerical results indicate that the
W-cycle and V -cycle algorithms are uniformly convergent with only one smoothing
step. Since our new multigrid methods can be analyzed through the connection of
the saddle point problem to an equivalent SPD problem, we expect that the multi-
plicative convergence theory for the V-cycle algorithm with one smoothing step (cf.
[10,45,46] and the references therein) can be extended to our V-cycle method, and
that the decrease of the contraction number as the number of smoothing steps increases
can be established by extending the additive convergence theory in [14,15].

Our approach can also be applied to other saddle point problems arising from the
discretizations of boundary value problems by mixed finite element methods [31].
The key is to exploit the inf-sup condition and the multigrid theory for SPD problems
associated with the relevant function spaces.

As mentioned in Remark 1.3, there are many preconditioned iterative methods for
saddle point problems. For example one can apply the preconditioned MINRES [22]
algorithm with Sy, as the preconditioner. It turns out that the preconditioned MINRES is
about twice as fast as our multigrid method, but it also requires about twice the amount
of memory as the multigrid method, if no matrix is formed in the implementation of
the two algorithms. Note that our multigrid method can be applied to certain related
nonsymmetric saddle point problems, such as those arising from mixed finite element
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methods for the Oseen equation, with similar performance and identical memory
requirement (cf. [8] for the case of convection—diffusion equation). On the other hand,
if the preconditioned MINRES is replaced by the (restarted) preconditioned GMRES
for such problems, then even more memory would be required and the performance
would also suffer from the many matrix-vector products that must be carried out in
each iteration. It would be interesting to compare the performance of our new multigrid
methods with other methods for symmetric and nonsymmetric saddle point problems
related to the Stokes and Lamé systems. We note that some numerical comparisons
for iterative methods for the Stokes problem have been carried out in [30,35].

8 Appendix: Proof of Proposition 2.1

Since the case where «; = 1 is already covered by the results in [2,17], we will focus
on the case where «; < 1. We will use C to denote a generic positive constant that
only depends on €2, wo, (1 and Ag.

According to [1, Theorem 3.1], there exists a functionw € [H I+a (Q)]d N [H& ()17
such that

V-w=V-u and [w]gi+eq) < CIV - ullpmee)- 8.1)

Letz =u—wandr = —(u+A)(V-u). Then (z,r) € [HH ()¢ x LY(Q) is the
solution of the following Stokes problem:

M/VZ:Vvdx—/(v.v)rdxz (f + nAw,v)  Voel[H ()] (8.2a)
Q Q

—/(v.z)q dx =0 VqelLYQ). (8.2b)
Q

Remark 8.1 In the derivation of (8.2) we have used the fact that an alternative weak
formulation for the Lamé problem is to find u € [HOl ()19 such that

M/Vu :Vodx + (M+k)/(V-u)(V -v)dx =/f cvdx Vv e[Hi ()%
Q Q Q
(8.3)
Since 0 < o < o} < ag, the estimate (2.4) for the Stokes problem (8.2) yields
Izl g1+e (@) + Irllae @) < CULf | g-14e @) + mIAW] g-14a(q)),
which together with (8.1) and the definitions of z and r implies

lull give() + (0 + DIV - ullne@) = CULfllg-1+e(q) + A+ IV - ull (o).
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We conclude from the last estimate that

Il gve (@) + AV - wllge@) < Clflg-1+e(q) (8.4)

provided A > A1, where A is a large number depending only on €2, 1o and p.

The estimate (2.6) follows from (2.5) and (8.4) since p = —A(V - u).
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