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1. Introduction

In the present literature, the abstract formulation and analysis for saddle point systems is based on the main properties of
the operators B and B* associated with a continuous bilinear form b(-, -) defined on a pair of Hilbert spaces and satisfying the
compatibility Ladyshenskaya-BabuSca-Brezzi (LBB) condition. The properties of the two operators are described in terms
of subspaces of dual spaces and polar sets, making the analysis less transparent than that in the finite dimensional case, see
e.g., [9,10,15,17,19,24]. In this paper, we compose B* and B with corresponding Riesz-canonical isometries 4~ and ¢~! to
get natural bounded operators 4~ !B* and ¢~ 'B acting between the original Hilbert spaces, (see Section 2). The operators
A71B* and ¢~ 'B are dual to each other as operators between Hilbert spaces, and the compositions (¢~'B)(+4~'B*) and
(A~1B*)(C~'B) define symmetric and non-negative operators on Hilbert spaces.

In the particular case when » and B are matrices with + an invertible matrix, the standard saddle point system,

AU+ B*p =f,
Bu=g,

can be reduced to solving a problem in the p variable, by eliminating u from the first equation. Solving for p reduces to
inverting the Schur complement B4 ~'B*. In the infinite dimensional case, we have in general that f and g belong to dual
spaces. Using the representation operators 4~ ' and € ~!, the above system can be rewritten

u+ A Bp=ua"f,
€ 'Bu=cg,
where now 4~ !B* and ¢~ 'B are operators between standard Hilbert spaces. The Schur complement of the above system

is exactly (G~ 'B)(4~'B*). In light of the spectral properties emphasized in the next section, we will refer to both
(C7'B)(A~'B*) and (A~'B*)(C~'B) as Schur complement type operators.
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We bound the spectrum of the Schur complements only in terms of the compatibility and continuity constants of the
form b. Our approach for analyzing saddle point problems is based on the Schur complements and the properties of the
two operators 4~ 'B* and C~'B. By using these tools, new stability estimates for the solutions of saddle point problems
can be found, and convergence results for Uzawa and Arrow-Hurwicz type algorithms can be improved. Convergence
results for such algorithms at the continuous level, combined with standard techniques of discretization and a posteriori
error estimates lead to adaptive algorithms for solving saddle point systems, see [3,4,12]. The main advantage of the new
algorithms is that the LBB discrete condition is not needed.

The paper is organized as follows. In Section 2, we introduce the notation and the natural Schur operators for the general
abstract case, and prove the main properties of the Schur complements and the connecting operators 4~ 'B* and ¢~ 'B. In
Section 3 and Appendix A, we reconsider the classical LBB theory in the light of Section 2 and find sharp stability estimates for
the solution of a general saddle point system. In Section 4, we analyze the Inexact Uzawa Method (IUM) as introduced in [8,
13]. We consider the symmetric saddle point systems on abstract Hilbert spaces and generalize a finite dimensional result
of Cheng, Hu and Zou from [11,16]. We prove that for any symmetric saddle point problem, the inexact Uzawa algorithm
converges provided that the inexact process for inverting the residual at each step has the relative error smaller than a

2 . . . . L
threshold 6o = ;;z%z , Where « is the relaxation parameter of the algorithm and M is the continuity constant of the form b.

In particular, for the choice o« = % the threshold 8y becomes the universal constant 1/3. As a consequence, in Section 4.1,
we indicate a way that the inexact Uzawa algorithm can be combined with standard a posteriori error theory to discretize
saddle point problems, without requiring discrete stability conditions.

2. Schur complements on Hilbert spaces

In this section, we start with a review of the notation of the classical LBB theory and introduce natural operators and
norms for the general abstract case.

We let Vand Q be two Hilbert spaces with inner products aq (-, -) and (-, -) respectively, with the corresponding induced
norms |- ly = |- | = ap(-,)Y?and || - [l = || - || = (-, -)"/2. The dual parings on V* x Vand Q* x Q are denoted by (-, -).
Here, V* and Q* denote the duals of V and Q, respectively. With the inner products aq(-, -) and (-, -), we associate operators
A:V — V*and € : Q — Q™ defined by

(Au,v) = ap(u,v) forallu,veV
and
(Cp.q) = (p.q) forall p,qeQ.
The operators A~ ! : V¥ — Vand ™' : Q* — Q are called the Riesz-canonical isometries and satisfy
ap(A ", v) = (u*,v), AWy = [[ut]lys, ut e VE v eV, (2.1)
e 0 =0a), le”pl=Ip*les,p* €Q*q€Q. (22)

Next, we consider that b(-, -) is a continuous bilinear form on V x Q, satisfying the inf-sup condition. More precisely, we
assume that

bv.p) _ 2o (23)
PeQ vev |pllIvI
and
b L]
sup sup v, p) (2.4)

beo vev DIV
Here, and throughout this paper, the “inf” and “sup” are taken over nonzero vectors. With the form b, we associate the linear
operators B: V — Q* and B* : Q — V* defined by

(Bv, q) = b(v, q) = (B*q,v) forallveV, qeQ.
Let V be the kernel of Bor ¢ 'B, i.e.,

Vo =Ker(B) = {veV|Bu=0}={veV| c 'Bv=0}.

Due to (2.4), Vy is a closed subspace of V. Before we present the main result of this section, we review a few useful functional
analysis results.

For a bounded linear operator T : X — Y between two Hilbert spaces X and Y, we denote by T* the Hilbert transpose of
T.IfX = Y, we say that T is symmetric if T = T*. For a bounded linear operator T : X — X, we denote the spectrum of the
operator T by o (T). The following Proposition can be found in [18], Section 31.1.
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Proposition 2.1. The spectrum o (T) of a bounded symmetric operator T on a Hilbert space H, lies in the closed interval [a, b]
on the real axis, where
. (Tx, %) (Tx, x)
a = inf , b = sup .
(*,%) (*,%)

Moreover, a, b € o (T) and consequently,

p(T) == max{[A|, A € o(T)} = |IT|| = max{lal, |bl}.
Here, (-, -) is the inner product on H.

The next result (see [21], Theorem 12.12), gives a characterization of the spectrum of normal operators in general and
will be used in Section 4 for describing the spectrum of symmetric Schur operators.

Proposition 2.2. Let T be a normal operator on a Hilbert space H. Then, T is invertible if and only if there exists § > 0 such that
ITx|| > §||x]|| for all x € H. Consequently, .. € o (T) if and only if there exists a sequence {x,} C H, such that ||x,|| = 1 foralln,
and || (T — M)x,|| = 0asn — oc.

The following lemma provides important properties of norms and operators to be used in this paper.
Lemma 2.3 (Schur Complements). Let 4, C, B, and B* be the operators associated with the spaces V, Q and the connecting form
b(-, -). Assume that (2.3) and (2.4) are satisfied.
(i) The operators C~'B:V — Q and A~ 'B* : Q — V are symmetric to each other, i.c.,
(C7'Bv,q) = ao(v, A" 'B*q), veV,qeQ, (2.5)
consequently,
(7'B) = AT'B* and (A 'BY)' =cC7'B.

(ii) The Schur complement on Q is the operator Sy = C~'BA~'B* : Q — Q. The operator Sy is symmetric and positive
definite on Q, satisfying

b
(Sop, p) = sup 5—- (2.6)
v V|

Consequently, m*, M? € o (Sy) and
o (So) C [m?, M?]. (2.7)
(iii) An orthogonal decomposition of V. The following estimate holds
Ipllsy == (Sop, p)"/* = |A"B*ply = mllp|| forall p € Q. (2.8)

Consequently, A~'B* : Q — V has closed range, V; := A~ 'B*(Q) is a closed subspace of V.and A~'B* : Q — V; isan
isomorphism. Moreover, Vo = Ker(C~'B) = 4~ 'B*(Q)* and

V =Ker(C™'B) ® 4 'B*(Q) =V, ® V.

(iv) The Schur complement on V is defined as the operator S := A~ 'B*C~'B : V — V. The operator S is symmetric and
non-negative definite on V, with Ker(S) = Vo, S(V) = V4, and satisfies

ao(Su,v) = (C7'Bu, ¢~ 'Bv), u,veV. (2.9)

(v) The Schur complement onV, = Vé is the restriction of S to Vy, i.e., S; := A~ 'B*C~'B : V; — V. The operator S; is
symmetric and positive definite on V1, satisfying

a(S1) = 0 (So) C [m?, M?]. (2.10)
(vi) ¢~ 'Bis a double isometry. The following statements hold
e~ Bu|| = ag(S1ur, uy)? == wls, > m|uy|, w; €V, (2.11)
and
||@’1Bu1||50_1 = (S ' 'Buy, ¢ 'Buy) 2 = |uy|, u; €V (2.12)

Consequently, @~ 'B is an isometry from (Vy, | - s,) to Q, and fromV; to (Q, || - ||551).
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(vii) A~ 'B* is a double isometry. The following identity holds
|A7'B*pls1 = ao(S; AT 'B'p. AT'BD)? = |pll. peQ. (2.13)
Consequently, A~ 1B* is an isometry from Q to (Vy, | - |s*1)' and from (Q, || - |Is,) to V;.
1

Proof. The proof follows by using standard functional analysis tools. For completeness, we include the main steps.
(i) Foranyv € V, g € Q, we have

(C7'Bv, q) = (Bv, q) = (B*q, V) = ag(4'B*q, V) = ap(v, A~ 'B*q),

which proves (2.5).
(ii) The symmetry of S follows by using (i). Indeed,

St = ((€'B)(A'BY) = (AT'BH ('B) = (€7 'B)(A'BY) =S.

To prove (2.6), we let p € Q be fixed and consider the following problem:
Find u € V such that

ap(u,v) = b(v,p) forallveV. (2.14)

Since the functional v — b(v, p) is continuous on V, by the Riesz representation theorem (see e.g., [25]), we have that the
unique solution u of (2.14) satisfies

b(v, p)?
dg(u, u) = [[v — b(V, p) |l = sup ——=—.
veV |V|

(2.15)
On the other hand, from (2.14), we have
Au=PBp or u=uA 'Bp,
and
do(u, u) = ag(A~'B*p, A 'B*p) = (A" 'B") A 'B*p, p)
= (C7'BAT'B*p, p) = (Sop, P)- (2.16)

Thus, (2.6) follows from (2.15) and (2.16). The inclusion (2.7) follows immediately from (2.6), (2.3), and (2.4).
(iii) From (2.16) and (2.7), we get

(Sop, p) = dg(u, u) = [A~'B*plg = m*||p||*.
For part (iv), we notice that
ao(Su, v) = ag((4~'B)(C™'B)u,v) = (¢ 'Bu, ¢ 'Bv) u,veV.

Thus, (2.9) holds and S is symmetric and non-negative definite. The relations Ker(S) = V, and S(V) = V; follow from (iii).
(v) By using (ii) and (iv), part (v) reduces to proving that ¢ (S;) = o (Sp). This holds, because Sy = (€~!B)(A~'B*) and
S1 = (A~ 'B*)(C~'B), where (4~ 'B*) and (¢~ 'B) are isomorphisms.
(vi) First, we have that (2.11) is a direct consequence of (2.9) and (2.10). Next, the identity

Sy '@ 'Buy, € 'Buy) = ((€7'BA'B*) '@ 'Buy, ¢ 'Buy)
= ((47'BH7'(e7'B) (¢ 'B)uy, ¢~ 'Buy)
= ((47'B")'uy, €7 'Buy)
= (A7 'B) (A7 'BY) up w) = Juy

proves (2.12). O
(vii) The identity (2.13) follows in a similar way with (2.12).

The splitting V = V, + V; of Lemma 2.3 (iii) can be viewed as an abstract Helmholtz decomposition.

Lemma 2.4 (Abstract Helmholtz Decomposition). Let b : V. x Q — R be a bilinear form satisfying (2.3) and (2.4). Then, any
u € V has a unique orthogonal decomposition

u=uy+uy,

where Bug = 0, and u; = A~ 'B*p, for some p € Q. In addition, we have

luils, = |¢™'Bul| = ||Bullgx and |uily = ||@7]BU|I50—1- (2.17)

Proof. According to Lemma 2.3, we only have to justify (2.17). Let u € V be fixed and let u = uy + u; with Bug = 0, and
u; = A~ 'B*p for some p € Q. Then, Bu = Buy, and by using (2.11) and (2.12), we obtain (2.17).
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3. Schur complements and stability estimates

In this section, we present the notation and some of the classical theory for saddle point systems in light of the spectral
results of the Schur complements (the results of Lemma 2.3). We recover standard estimates and find sharp new stability
estimates for the solutions of general case of a saddle point problem.

Next, we consider the general abstract saddle point problem. Assume that a bilinear form a(-, -) is defined on V x V and
satisfies

a(u,u) > mpapg(u,u), forallueV,, and (3.1)
a(u, v)

sup sup = My < 0. (3.2)
uev vev Ul |v]

With the form a, we associate the linear operator A : V — V* defined by
(Au,v) = a(u,v) forallu,veV.

Letbh : V x Q — R be a bilinear form satisfying (2.3) and (2.4). For f € V¥, g € Q*, we consider the following variational
problem:
Find (u, p) € V x Q such that

a(u,v) + b(v,p) = (f,v) forallveV,

33
b(u,q) = (g,q) forallqe Q. 63
The problem (3.3) is equivalent to the following reformulation:
Find (u, p) € V x Q such that
Au+ B*p =T,
P (3.4)
Bu=g.

It is known that the above variational problem or system has a unique solution for any f € V*, g € Q* (see [9,10,15,17]).
Next we present stability estimates for the isomorphism (f, g) — (u, p).

Theorem 3.1. Assume that the bilinear form b satisfies (2.3) and (2.4), and the bilinear form a satisfies (3.1) and (3.2). Then, for
any (f, g) € (V*, Q*), the problem (3.3) has a unique solution (u, p) € (V, Q). Let u = uy + u; withuy € Vg and u; € V, be
the unique decomposition of w. Then, the following estimates hold:

wi| = fle”'gll;1. and (w5, = ligllos (3.5)
1

lug| < — [If — Auylyz, (36)
mo

Iplls, = If — Aullys < [Ifllv: + Molul, (3.7)

and
1 Mo\ 1
lul < —|lfllvs +{ 1+ — ) —lgllo~,
my mg/ m

1 My 1 Mo Mo
Ipll = ——Ifllve + —[Ifllvs + — (1 + —) lglq*-
m mg m m mg

To the best of the author’s knowledge, the estimates (3.5) and (3.7) are new and interesting for theoretical analysis. More
precise estimates are deduced for the symmetric case in Appendix. The estimate (3.8) can be found in e.g., [9,10,15,17]. For
completeness, we include in Appendix a proof of the above theorem together with other sharp results and a more complete
version of the BabuSca lemma. The proofs avoid working with subspaces of dual spaces.

4. Schur complements and the inexact Uzawa algorithm the exact amount of inexactness we can afford

Besides the pure theoretical contribution to the classical stability theory for saddle point problems, the use of Schur
complements turns out to be of practical interest in designing and analyzing Arrow-Hurwicz-Uzawa type algorithms
for saddle point systems. In this section, we further motivate the efficiency of using Schur complements in finding the
convergence factors of two algorithms.

We assume that the form a(-, -) coincides with the form ay(-, -) which gives the inner product on V. Consequently, we
have myp = My = 1, and A = +. The Uzawa algorithm for solving the Stokes system was introduced in [1]. It can be easily
generalized to solve the general problem (3.3), provided that the form a is coercive on the whole space V, see e.g., [7,13,3].
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First, we review the Uzawa algorithm for the symmetric saddle point problem, and present a sharp convergence result for
the inexact Uzawa algorithm.

Given a parameter o > 0, called the relaxation parameter, the Uzawa algorithm for approximating the solution (u, p) of
(3.3) can be described as follows.

Algorithm 4.1 (Uzawa Method (UM)). Let py be any approximation for p, and for k = 1, 2, ..., construct (uy, py) by

w=A""(f—B*pr_1),

i (4.1)
Pk = Pk—1 +aC” (Buy — g).

The convergence of the UM is discussed for particular cases in many publications, see e.g., [5,9,14,15,22]. Included below
is a theorem taken from [3] that describes the convergence of the Uzawa algorithm. We will compare the result with our
main theorem about the inexact Uzawa algorithm.

Theorem 4.2. Let (u, p) be the solution of (3.3) and let (uy, py) be the sequence of approximations built by the UM (4.1). Then,
the following holds.
(i) The sequences u — uy, and p — py satisfy
lu —wly < M|[lp — pr-1ll,
P — pell < Il —aSollllp — pr—1ll-
(ii) For a < % the UM is convergent and

Il — aSoll = max{|1 — am?|, |1 —aM?|} < 1.

2

(iii) For o = # the convergence factoris ||I — aSo|| = 1 — %
(iv) The optimal convergence factor is achieved for
) 2 p M? —m?
Qopt = m an 11 _aoptSOH = m

Next, following the ideas in [8,13], we will investigate the convergence of an abstract inexact Uzawa algorithm where
the exact solution of the elliptic problem (the action of A=!) is replaced by an approximation process.

We describe the approximate process as a map ¥ defined on a subset of V*, which for ¢ € V*, returns an approximation
of &, the solution of A4 = ¢. If V and Q are finite dimensional spaces, then ¥ can be considered as a linear or non-
linear preconditioner for A (see e.g., [8]). One example of nonlinear process ¥ can be taken as the approximate inverse
associated with the preconditioned conjugate gradient algorithm. If V and Q are not finite dimensional spaces, then ¥ (¢)
can be considered as a discrete Galerkin approximation of the elliptic problem A = ¢. The inexact Uzawa algorithm for
approximating the solution (u, p) of (3.3) is as follows.

Algorithm 4.3 (Inexact Uzawa Method (IUM)). Let (ug, po) be any approximation for (u, p), and fork = 1, 2, ..., construct
(ug, pr) by

w =W + ¥ — Awy — B*pr_1),
Pk = Pkt + aC~ ' (Bug — g).

Fork=0,1,...lete} :=u—uwy, e} :=p—py e = f—Aug — B*py, e = el + A~'B*e} = A~ 'ry.. Next, we present the main
result of the paper.

Theorem 4.4. Let 0 < a < 2/M? and assume that ¥ satisfies

W) —A"n|, <8[An|,. k=0.1,..., (4.2)
with
2 —aM?
e —— (4.3)
2+ aM?

Then, the IUM converges. There exists p = p(«, 8, m, M) € (0, 1) such that

Glefl2 + I€I2) " < p* Bleblz + ehIZ ) k=1.2,.... (4.4)
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For the particular case when V, Q are finite dimensional spaces,« = 1,and M = 1, by using singular value decomposition
of matrix type operators, a similar result was obtained in [11,16]. The above Algorithm (and Theorem) applies to any
symmetric and positive definite saddle point problem no matter the dimension. Theorem 4 4 also improves a similar result

presented in [3], where threshold o depends on the constant m. In our case now, §o = is mdependent of m. If we

2+ M2
choose « to be the practical choice @ = # then 8y = 1/3 is a universal constant. Thus, if « = — and the relative error
of the approximate process (the amount of inexactness) at each step is smaller than any fixed number smaller than 1/3,
then the algorithm converges. The value p in (4.4) can be taken exactly the spectral radius of the error operator as can be
seen from the proof below. The convergence result for the algorithm for the general infinite dimensional case can be used in
building new algorithms for solving saddle point systems with no discrete LBB condition assumption for the discrete spaces
(see Section 4.1).

Proof. From the first equation of (3.4) and the first equation of Algorithm 4.3 we have
e = ey — Y(Ae_, +Be_,)
= A" —¥)(Ae_, + B*eﬁq) —A7'B*el_,. (4.5)
From the second equation of (3.4) and the second equation of Algorithm 4.3, we get
el =el , +aC 'Bel. (4.6)
If we substitute e} from (4.5) in (4.6), then

el =aC T 'B(I — WA) (e}, +A B¢ )+ (I —aC 'BAT'B*)el_,, (4.7)
and

A'B*el = aA"'B*CT'B(I — WA)(e}_, +A"'B*e¢}_,) + (I —aA 'B*C 'B)AT'B*e_,. (4.8)
Thus,

el +A'B*el = (I +aA 'B*C'B)(I — WA)(e}_, +A 'B*e¢}_,) —aA 'B*C 'B(A"'B")el_,. (4.9)

With the notation of Section 2, since A = 4, we have A~'B*€~'B = S, V; = A"'B*(Q), and that S; : V; — Vj is the
restriction of S to V;. Here, we introduce two other closely related operators.

Let 512 Vi =V, 512\/1 = SV] and 521 V>V, SZ]V = Sv.

Then, from (4.9) and (4.8), we obtain

ef +AT'B'e) _ (I+aS  —aSy (I —wA) (e}, +A 'B*e}_))
A'B*el aSy; LT —a$; AT'BYe}

where [, is the identity on V4. Using just elementary manipulation, we get

812 ek _ (3 +as) 82q 515 87121 — wAye_,
AT'B%el §"%aS,;  —L +as; —A"'B%el_,
Let V x V; be the Hilbert space with the standard product inner product with ag (-, -) as inner product on each component.
Then,

7 (30 +as) 8¢ 15
- 61/20[ Sz] —11 +OlS1

is a symmetric operator onV x Vq,
1/2 r
and, using the assumption (4.2),

5721 —waye N\ |
—A” lB*ek—l

VxVq
~152 2 2
< 8718 ek yly + lleky 15,
2 2
= dlef_qly + ||eif1||so~

= 8lefly + AT 'B eIy = Slefly + lI}ll3,

VxVq

=81 —wAYe_ Iy + |ATBYel_ Iy

Thus,
(8lefly + IIeﬁllﬁo)”2 < p(T) Slef_, I3 + lleh_; |I§0)”2,
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where p(T) is the spectral radius of T. To complete the proof, we have to show that p(T) < 1 provided that 0 < o < 2/M?
and (4.3) holds. First we will prove that any eigenvalue p € o (T) corresponds to a value . € [m?, M?] and a relation
between p and A holds, see (4.11). Then, we will prove that the relation remains valid in the general case when p € o (T)
and p is not necessarily an eigenvalue.

Let p € o(T) be an eigenvalue and let (;) € V x V; be a corresponding eigenvector. Then,

r(5)=+():

which leads to
8 + aS)x + 8V%aSy = px,
8Y2aSx 4+ (—I + aS)y = py.

Equivalently,

SGax +ay) =82 (p — 8)x,

4.10
S@V2ax + ay) = (p + 1y. (4.10)

One can easily see from the above system that, if x € Vg, x # 0, then (g) is an eigenvector for T corresponding to p = §.

Thus, § € o(T).If p # §, then from (4.10), we have that

812 1 -6 1

p—35 ap@+1)
From Lemma 2.3 (v), we deduce that
-4 1
_=89kr+D e [m2, M2, (4.11)
ap(d+1)
or,
PP — @B+ +8—1)p—8=0, withx e[m? M?]. (4.12)

Now let p € o (T), p # § be any spectral value.
According to Proposition 2.2, there exists a sequence (;:) € V x Vy, such that

)l =1 and |T(* —-p Xn — 0, asn— oo.
Yn Yn Yn

This leads to

S+ aS)x, + 81/2aSyn —px, — 0,
Sl/zann + (=l 4+ aS)yn — pyn — 0.

Equivalently,

S8 axy + ayy) — 87 (p — 8)xa — 0,

1/2 (4.13)
S “axy + ayy) — (0 + Dyn — 0,
which gives the following convergence on V,
§7V2(p = )% — (0 + Dya = 0, (4.14)

Since || (Xq, Yn)' 1> = |xa]? + |yal> = 1,and p — & # 0, from (4.14) we can claim that there exists a subsequence of (x,, yn)",
for convenience still denoted by (x,, y,)¢, for which

Val* > @ > 0. (4.15)

Let {z,} C V be defined by

ad(p+1)

Zy = a8 ?x, —
p—25

V. (4.16)
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From (4.14) we have that z, — 0. Substituting «8'/?x, from (4.16) in the second part of (4.13), leads to

(=9 +1
ap(d+1)

Here we used the fact that z, — 0 and Sy,, = S1y,. Due to the estimate (4.15), in light of Proposition 2.2, we have that

_(p=8(+1
ap(d+1)

From Lemma 2.3(v), we conclude that (4.11) and consequently (4.12) hold for any p € o(T), p # §. Next, based on the
spectral informations we have, we will compute p(T).

Introducing the real functions f (x) = %(x + /%2 +48)and g(x) = %(x — /X2 4+ 48), the roots of (4.12) are
p1A) =fler(@+1D+5-1), pA)=g@rA@+1)+35-1),

and we have

S1Yn Yn— 0.

S O’(S]).

p(T) <max (48, sup |[p1(A)], sup [o2(M)]¢ - (4.17)
re[m2,M2] re[m?,M2]

Since f is an increasing and positive function on R, and g is an increasing and negative function on R, we have that

sup  [p1(W)| =f@M*@+ 1) +8— 1),
re[m?,M2]

and

sup o (W)| = —glam*(§ +1) +5 — 1).

re[m2,M2]
Elementary calculations show that
0<8<f@M*(@E+1)+8—1).
Moreover, for any A € o (S;) we have that p;(}), p2(4), the roots of (4.12), belong to o (T). Indeed, if A € o (S;) then, by

Proposition 2.2, there exists a sequence (y,) C Vy, such that ||y,|| = 1foralln,and S; y, — Ay, — 0asn — oo.If we
define
812(p+ 1)
n— " < Jn
p—295

with p = p1(X) or p = pp(1), then it is easy to check that

()] =m0 e )=+ ()

In particular, since m? and M? € o (S;), we obtain that p;(M?) = f(aM?(§+1)+8—1) and po(m?) = g(am?(§+1)+5—1)
belong to o (T). Therefore,

‘—)O, asn — oo.

p(T) = max {f(@M*(8 + 1) +8 — 1), —glam*(§ + 1) + 6 — D)} . (4.18)
Using the monotonicity of the two functions f and g, it is easy to verify the following:

0<—glam?*@E+1D+8—1) <1, foralla >0,

0<f@M@G+1)+5—1) <1, iffs < 2—aM?
2 + aM?
p(T) () is optimal (minimal) for
1-8 2
Qopt = mmz M2

o(T) = —g(@m*(+ 1) +8 —1), for0 <o < dop,

and
9 2
p(T) =f(O[M (8 —+ 1) —+ 5 — 1), fOr(XOp[ <ua< W

This completes the proof of the theorem. O
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Remark 4.5. For § — 0, we “recover” the convergence results of UM.

(i) Fora = 1/M? and § — 0, we have that p(T)(8) — 1 — ,"\;—i (see part (iii) of Theorem 4.2).

%, (see part (iv) of Theorem 4.2).

1-8 2

(i) Foro = atope = 175 Y

and 6 — 0, we have that p(T)(§) —

The IUM can be applied in particular when V and Q are finite dimensional spaces. In this case, ¥ can be taken to be a
preconditioner for 4, and € can also be replaced with any symmetric and positive definite operator on Q. In particular, @
can be associated with a preconditioner on Q. In this way, by the above theorem we can recover or improve convergence
results presented in [8,5,11,16].

4.1. A bridge to adaptive methods

The value of the above theorem resides also in the possibility of solving a saddle point problem by combining the [UM
algorithm at the continuous level with standard adaptive methods. The main idea is to build an iterative process of inexact
Uzawa type, where the u variable is updated by solving adaptively (on larger and larger subspaces of V) a simple elliptic,
symmetric and positive definite problem, while the second variable p is updated according to the standard Uzawa algorithm.
The main advantage of such a process is that only discrete subspaces of V play a major role in the algorithm and compatibility
conditions for discrete subspaces of V and Q are not required. To be more precise, we consider that (3.3) is the variational
formulation of a boundary value problem on a fixed domain §2. The Algorithm 4.3 can be used in the following adaptive way
to approximate the solution (u, p) € V x Q.

2—aM?

First, for a fix « € (0, 2/M?) we choose a positive number § strictly smaller than the computable value o and let
Vo C V be a finite dimensional space, e.g., the space of continuous piecewise polynomials of certain degree with respect to
a given coarse partition 7 of £2. Take ug € Vj be any approximation of u and take po = 0.

Next, for k = 1, 2, ..., assuming that (uy_1, py_1) is determined such that u;,_; € V,_; C V, to determine (uy, py) as
defined in Algorithm 4.3, we find first ¥ (f — Auy_{ — B*py_1) = ¥ (r_1) := Wy as the discrete solution of the following
elliptic, symmetric and positive definite problem:

a(wy, v) = (r,_q1,v) forallv € V. (4.19)

The space V, will be chosen by using an adaptive process such that V,_; C V, C V, and

Wi — A" ly < 8lretlve- (4.20)

More precisely, we let 1, be a computable a posteriori error estimator for the problem (4.19), i.e,

W — A" ly < e (4.21)

We assume that 7, is a sum of local error estimators associated with the mesh which defines the space V. Since the form
a(-, -) in (4.19) gives the inner product on V, and Vy is a subspace of V, we have

[Wily < [ri—1lv=. (4.22)

Thus, to satisfy the sufficient condition (4.20), would be enough to verify that n, < &|wy|y, where both 7, and |w|y are
computable quantities. Consequently, at the kth iteration of the algorithm we start by taking V;, = V,_; and by solving
(4.19) with Vy, = Vi_1. If n, < §|wy |y, then we compute u; = up_q + Wy, px = pr—1 + «C~'(Buy — g),and letk — k+ 1
(move to the next iteration). If , > &|wy|y, then we refine 7;_; according to the information provided by the local error
estimators defining 7, and obtain a new space V. Then, we solve again (4.19) and verify the validity of n;, < §|wy|y. The
process of refining and solving on a larger space repeats until V, is large enough to assure that the sufficient condition
Nk < 8|wy|y is satisfied. Under a minimal regularity assumption for the problem of solving or approximating A~1r._;, we
can prove that the process at each step ends, because r,_1 in (4.19) is fixed and the spaces V|'s are allowed to become better
and better approximation spaces for V. We can stop the algorithm after a fixed number of iterations given by the rate of
convergence of IUM or after |wy|y is smaller than a fixed tolerance €.

Let us note that if the update of the p variable (py = pr_1 + @C~!(Bu; — g)) can be done at the continuous level, in
particular if € is the identity operator (which is the case for Q = L?), then a sequence of spaces for the p variable is not even
needed to be defined in implementing the above algorithm. In any case a discrete LBB condition is not required.

Similar approaches on combining Uzawa algorithms at the continuous level with standard techniques of discretization
and a posteriori error estimates can be found in [3,4,12]. Bansch, Morin and Nochetto (see [4]) used a similar adaptive inexact
Uzawa algorithm for the Stokes problem and proved a convergence result. Nevertheless, estimates (in terms of the constants
o, m, M of the Stokes system) for the amount of inexactness of the approximate inverse or for the convergence factor of the
algorithm are not provided in their paper. The precise convergence analysis of the IUM algorithm at the continuous level
brings more clarity in implementing, and analyzing such combined algorithms.
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5. Conclusion

Based on Schur operators on Hilbert spaces, the paper provides new tools in analyzing saddle-point problems. In the
author’s opinion, the use of the Schur complements in the infinite dimensional case can recover powerful results proved in
the finite dimensional setting by means of spectral properties of matrices. As an example, the Inexact Uzawa algorithm at
the abstract general level was efficiently analyzed. We proved that for any symmetric saddle point problem, the algorithm
converges provided that the inexact process for inverting the residual at each step has the relative error smaller than
any fixed number smaller than a computable threshold. The result was known for particular cases and only in the finite
dimensional setting. The convergence result for the algorithm at the continuous level, combined with standard techniques
of discretization and a posteriori error estimates [4,20,23], could lead to new and efficient algorithms for solving saddle
point systems. New applications of the Schur complements, including sharp estimates for Arrow-Hurwicz algorithms for
non-symmetric saddle point systems are the focus of the author’s work in progress.
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Appendix

In this appendix, we present more of the classical theory for saddle point systems in light of the spectral results of the
Schur complements (Lemma 2.3). The first application is the BabuSca Lemma (as described in [2]) enriched with Schur
stability estimates.

Lemma A.1 (Babusca). Let b : V x Q — R be a bilinear form satisfying (2.3) and (2.4), and let F € V*.
(i) The problem: Find p € Q such that

b(v,p) = (F,v), forallveV (A.1)
has a unique solution if and only if
(F,v)y =0, forallve V. (A.2)

If (A.2) holds and p is the solution of (A.1), then
mllpll < [Iplls, = IFllvs = [IFllv: = Mllpll, and |pll = Ief\w‘lFIs]—l- (A3)

(ii) Let F € V7. The problem: Find p € Q such that

b(v,p) = (F,v), ve V, (A4)
has a unique solution p, and
Ipllsy = IIF llvs- (A5)
(iii) Assume that the form b, in addition, satisfies the condition
b(v,p) =0 forallp € Q impliesv = 0. (A.6)

Then, the problem (A.1) has a unique solution p which satisfies (A.3).

This is a classical result. The improvement brought by the Schur complement approach is the isometric correspondence
between the functionals in the subspace V7 of V* and the solutions space Q described by (A.3).

Proof. (i) The problem (A.1) reduces to finding p € Q such thatB*p = F or 4~ 'B*p = A~ !F.By Lemma 2.3, this is equivalent
toA™'F eV = Vy,ie,

ap(A7'F,v) =0, forallv e Vy,
which is exactly the condition (A.2). By part (iii) of Lemma 2.3, we have
mllp|l < lIplls, = [A~'B*ply = [A~'Fly = [|Fllv+ = [IFllv:.

The second part of (A.3) follows from (2.13).

(ii) If F is defined on V; only, we can extend F to the entire V. = Vy + V; by defining F to be zero on V,. The extension
has the same norm, and we can apply part (i).

(iii) The condition (A.6) implies Vo = {0}. Thus, (A.2) holds trivially. The result follows from part (i). O
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Remark A.2. Many boundary value problems can be written in the form presented in Lemma A.1 (i). In [6], Bramble and
Pasciak introduced a new method for solving the general problem presented in Lemma A.1 (i) based on Riesz representation
operators and on reduction to elliptic problems. In light of Lemma 2.3, the Bramble-Pasciak method can be described as
follows.

From part (iii) of Lemma 2.3, we have that V; = 4~ 'B*(Q) = Vj. Thus, under the assumption (A.2), the problem: Find
p € Q such that (A.1) holds, is equivalent to: Find p € Q such that

b(v,p) = (F,v) forallveV; = A"'B*(Q).
or to: Find p € Q such that
(Sop. q) = b(A~'B*q,p) = (F, A”'B*q) forallq € Q. (A7)

Since Sy is a symmetric and positive definite operator, once the action of 4~! is available, (A.7) becomes a symmetric
and positive definite problem. More details about discretizing (A.7) in general and for solving concrete div—curl systems
in particular, can be found in [6].

The proof of Theorem 3.1. First, let us assume the existence of a solution (u, p) of (3.3), and let us consider the unique
decomposition u = uy + u; with uy € Vo and u; € Vy. Then, u; = 4~ 'B*p; with p; € Q and (uy, p;) satisfies

AUy + B*(—p1) =0,

Bu, = g. (A.8)
or equivalently,

ap(uy,v) — b(v,p;) =0, forallveV, (orVy), (A9)

b(uy,q) = (g, q) forallqg e Q.
From (3.3), we have that ug satisfies

a(ug, v) = (f,v) —a(uy,v) forallv € Vy, (A.10)
which is equivalent to

(f—Au,v) =0 forallve V. (A.11)
Now, the system (A.8) is equivalent to

A =Ep, (A12)

e BATIB*p, = 7 lg.

Since Sy : Q — Q and A~ 'B* : Q — V; are isomorphisms (by part (ii) and (iii) of Lemma 2.3), (A.12) has a unique
solution depending only on g. Hence, u; is unique. Also, by Lax-Milgram lemma, we have that uq solving (A.10) is unique,
and consequently, u is unique. From the first equation of (3.4), we have that B*p = f — Au. Using that (A.11) holds, from
Lemma A.1, we get that p is also unique. To prove the existence, we just notice that if we define (uy, p;) as the unique
solution of (A.9), and ug as the unique solution of (A.10), then (u, p) is a solution for (3.3), where u := uy + u; and p is
uniquely defined via Lemma A.1, by B*p = f — Au. Next, we estimate the norm of the unique solution (u, p) in terms of
(f, g). From (2.8) and (A.12), we have

- _ 1
lwi| = |A7'B*p1| = lIp1lls, = IIC 1gllso—l < Ellgllq*, (A13)

which proves the first part of (3.5). The second part of (3.5) follows immediately from the second equation of (2.11) and
(A.8). Using the Lax-Milgram for (A.10), we obtain

1

1 1 Mo
lugl = — |If — Auqlvy = — (lIfllvy +Mo|w|) = — <||f||v;; + 7||g||Q*> . (A.14)
mo mo mo m

To obtain (3.7), we notice that B*p = f — Au and by Lemma A.1 we have
mllpll < lIplls, = If — Aully: < [If[lys + Molu]. (A.15)

Combining (A.13)-(A.15), and using |u| < |ug| + |uq|, we arrive at (3.8). The estimates can be improved if we use that
lul? = |uo” + [w . O
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Remark A.3. Special case: When the form a(-, -) coincides with the form ay(-, -) which gives the inner product on V, we
have mg = My = 1, and A = «. Thus, the estimates (3.8) can be made more precise by using Schur norms. Indeed, in this
case, (A.10) becomes

ap(ug,v) = (f,v) forallv e Vj. (A.16)
Thus,

luo| = [Ifllvz- (A17)
On the other hand,

Iplls, = If — Aullys = [If — Auyllyz = I = B*psllvz = IIf — B*Sy '~ "glvs.

Then, the solution (u, p) satisfies

) —1412 2 2 12 2
lul” = lIflly, + 1€ gllso_l, [uol” + [wifs, = [Iflly: + lIglig- A18)
Ipllsy = If = Awilly: = If = B*Sg ' e~ "gllvs-
1 1
By using the spectral properties of Sy and the estimate
If — Awllvs < [l + ],
we get
uf? < 6, + — gl
= Vi ' om2 &llg=
(A.19)

1
Ipllsy =< lIfllve + E”g”Q*-

Remark A.4. Letb : VxQ — Rbeabilinear form satisfying (2.3) and (2.4). Givenu € V, according to the abstract Helmholtz
decomposition of Lemma 2.4, there exists up, u; € Vand p € Q such thatu = uy +u;, Buy = 0, and u; = A~ 'B*p. We can
effectively find ug, u; and p by first solving for (u;, —p) the solution of the symmetric saddle point problem

ap(uy,v) + b(v, —p) =0, forallveV,
b(uy, q) = b(u,q), forallg € Q,

and then, take uy = u — u;.
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