1 Constrained Optimization

Let B be an M x N matrix, a linear operator from the space RY to R
with adjoint B”. For (column vectors) x € IR and y € IR™ we have
x- By = Bx-y. This vanishes for all y € RM exactly when x € Ker(B),
and this is equivalent to having x perpendicular to Rg(B7), the range of
BT. But this is the column space of BT which is the row space of B, and
x perpendicular to the rows of B is equivalent to Bx = 0. Thus we have
Ker(B) = Rg(B*)*, the orthogonal complement of the range of BT, and
it follows that Ker(B)* = Rg(B?) and Ker(BT)* = Rg(B). We begin
by characterizing those linear operators on more general spaces with this
property.

Let V and W be Hilbert spaces, and let B : V' — W’ be continuous and
linear. Define the adjoint operator B’ : W — V' by B'w(v) = Bv(w), Yv €
V, w € W. Then B’ is continuous, and its adjoint is given by B” = B.

NOTE: We do not identify V' and V' by the Riesz map, since this map
is frequently equivalent to a boundary-value problem. However, We will
identify V and V", since this involves the composition of the Riesz map
followed by its inverse.

Let U be a subset of W. The annihilator of U is the set of functionals
given by
U'={feW: fw)=0vYweU}.

Then it follows that U is a closed subspace of W'.

The Inf-Sup Condition

Let the continuous and linear operator B : V' — W’ be given as above. A
direct computation shows that

(KerB) = {feW': f(w)=0Vwe€ Ker B}
= {fewW: flw)=0Vw: Bwk)=0VveV}
= {feW': flw)=0Vw: Bv(w)=0VveV}
D B(V)=Rgh.



so, we have (Ker B')? D RgB. Suppose fy € W’ but f, ¢ RgB. Then the
separation theorem gives a w* € W and a € IR such that fo(w*) > a and
Bu(w*) < a Vv € V, hence a > 0 and Bv(w*) = 0 Vv € V. These show
that fo(w*) # 0 and B'(w*) =0, so fy & (Ker B')".

Theorem 1.1. If B : V — W' is continuous and linear, then the closure
of the range of B is the annihilator of the kernel of B, that is,

B(V) = (Ker B')".
Corollary 1.2. There exists a 3 > 0 such that
IB(W)llw = Bllvlly Vv eV, (1)
if and only if B is an isomorphism of V onto (Ker B')".
In this case, we say that B is bounding.

Proof. From (1), we see that B is injective and B~! is continuous, hence,
that the range of B is closed. ]

Remark 1.1. The condition (1) is equivalent to

Bu(w)
sup
wew ||wllw

> Bllvlly Yo eV,

and this is precisely the inf-sup condition

inf sup Bu(w)

> (3> 0. 2
ol Sup ool 2)

Also, it follows easily that when additionally the adjoint B’ is injective,
the operator B is an isomorphism onto W’.

Corollary 1.3. The linear B : V. — W' is an isomorphism if and only if
it satisfies

o B is bounded: there is a constant Cg such that

[Bu(w)| < Cplvllvilwllw, veV, weW, (3)

e BB is bounding: (1) holds for some 5 > 0, and
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o for every w € W, w # 0, there is a v € V with Bv(w) # 0.

Proof. The last condition implies that Ker B’ = {0} so B(V) = W’ by
Theorem 1.1, and Corollary 1.2 shows B is an isomorphism. The reverse
implication is clear. [

Finally, we apply Corollary 1.2 to B’ to obtain the equivalence of the
first two parts of the following.

Theorem 1.4. Assume B : V. — W' is continuous and linear. The fol-
lowing are equivalent:

o The adjoint B': W — (Ker B) is an isomorphism.

e 3’ is bounding:

B'w(v)
inf sup > (3> 0. 4
weW vev [[olv[lw([w ¥

o The restriction to the orthogonal complement B : (Ker B)t — W’ is
an isomorphism, and

1Bullw: > Bllvllv, v € (KerB)™. (5)

o B:V — W' is a surjection.
Proof. If the first condition holds, then for some 3 > 0 we have
|Bwllv: = Bllwllw, weW. (6)

Thus, for each v € (Ker B)* we pick w € W with Bw(z) = (v,2)y, z € V.
From (6) we get ||v||y = [|B'wl||y: > B||w||w. Setting z = v above we obtain
the equality in
B B

Ly Bo)  Bulw) _ (ol

wew [lullw = flwlw [lwllw
This shows B : (Ker B)* — W’ satisfies the conditions of Corollary 1.2, so
it is an isomorphism.

Assume B : (Ker B)* — W’ is an isomorphism and (5) holds. Then we
have

> fllollv. (7)

o] } B'w(v) < Bu(w)
wlly = sup < sup .
veKer B+ HBUHW’ veKer B+ 6”@”‘/

(8)
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This shows that (4) is satisfied, so the first three items are equivalent.
Finally, note that each v € V' can be written v = vg+v, with vy € Ker B

and v, € (KerB)* and |lv) ||y = inf{||v + z||v : 2 € Ker B}. Thus, the

third and fourth parts are equivalent by the open mapping theorem. [

Remark 1.2. In this case, the estimate
[Bollw = 6 inf flv+zlly, veV, (9)
z€Ker B
holds, and (9) can be written in terms of the norm

[9llv/ers = _inf o+ 2]y

on the quotient space V = V/KerB.

The Closed Range Theorem

Lemma 1.5. If B : V. — W' has closed range, Rg B, then its adjoint
B W — V' has closed range, RgB'.

Proof. Suppose B is just B regarded as an operator from V' to the Hilbert
(sub)space Rg B = RgB. To compute the adjoint (B,) : (RgB) — V',
let g1 € (RgB)" and note that it can be extended to a g € W" = W.
Then for each v € V' we have (B1)'g1(v) = (Byv,g1) = (Bv,g) = B'g(v),
so (B1)'(g1) = B'(g), and we have shown that RgB; = RgB’. Hence, it
suffices to assume Rg B = W’. But if B is a surjection, then B’ is bounding
and has a closed range. [l

This applies as well to B’, so we obtain the following summary.
Theorem 1.6. The following are equivalent:
o B:V — W’ has closed range
e B(V) = (KerB')"
Bo ()

® SUDyecw W Z ﬁinfzeKerB HU + ZHV; v e ‘/7

e the adjoint B' : W — V' has closed range
o B'(W) = (Ker B)"



B .
® SUPyev ﬁ > Binf.eken W+ 2|y, weW,

A very special but important case of Corollary 1.3 is the following.

Corollary 1.7. Assume that the linear operator A : V. — V' is continuous
and V-coercive: there is an o > 0 such that

Av(v) = allvlly,, veV. (10)

Then A : V. — V' is an isomorphism: for each f € V' there is a unique
u €V for which Au = f, and moreover ||ully < o™t f]lv:.

This shows the equation Au = f, i.e.,
ueV: Au(v)= f(v)VveV, (11)

is well-posed: for each f € V' (11) has a unique solution that depends
continuously on f.

The Mixed Formulation

Let V and W be Hilbert spaces, and let A:V — V' and B:V — W’ be
continuous and linear. Let f € V' and g € B(V) C W' be given.

Suppose that A is symmetric and non-negative. Then the equation (11)
characterizes the solution of the minimization problem

ueV: LAu(u)— f(u) < 3A0(v) — f(v) Yo €V, (12)
If we minimize subject to a constraint, Bv = g, then this becomes
ueV, Bu=g:
sAu(u) — f(u) < LAv(v) — f(v) Yo € V with Bv = g. (13)

We shall assume g € Rg(B). The set {v € V : Bv = g} is convex, in fact,
a translate of Ker B, so the constrained minimum is characterized by

weV: Bu=gand Au— f € (KerB)". (14)

Consider the problem (14) without assuming A is symmetric. If A is
V-coercive on Ker B, then there exists a unique solution. To see this, let
ugy € V with Bu, = g. Then we seek ug = u — u, for which

up € Ker B: Aug + Au, — f € (Ker B)".
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But Corollary 1.7 applied to the restriction of A to Ker B shows there is
exactly one such ug. Thus, there is a unique solution to the constrained
equation

uweV: Bu=gand Au(v) = f(v) Vv € Ker B. (15)

Note that the addition of the constraint equation for B corresponds to a
relaxation of the equation for A.

If additionally B’ is bounding, then Au — f belongs to the range of ',
so there exists a unique solution of the mixed formulation, a pair

[u,p] e VxW: Bu=gand Au+Bp=f.

The vector p € W realizes the relaxation of the equation in V', and we
shall see that it is the Lagrange multiplier for the constraint, Bu = g.

Theorem 1.8. Assume that the linear operators A:V — V', B:V — W'
are continuous from the indicated Hilbert spaces V, W to their duals, and

e A is non-negative and it is V -coercive on Ker B: there is an a > 0
such that
Av(v) > a|v||¥, v e KerB. (16)

e 3/ is bounding, i.e., it is injective and

B
inf supM > (3 >0.
oW ey [[vlvlallw

Then for every f € V' and g € W' the mixed system
ueV,peW: Au+Bp=feV,

17
Bu=geW, (17)

has a unique solution in V x W, and it satisfies the estimate
[ullv + llpllw < K[ fllv: + [lglln)- (18)

Proof. We have shown above that the system (17) has a unique solution.
Let’s obtain the precise form of the estimate (18). First, u, can be cho-
sen from (Ker B')* with |luy|ly < %Hg”wu Then wuy is obtained with
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the estimate |lug|ly < é(Hva/ + |[Aug|lv/). Finally, p satisfies ||p|lw <
%(HfHV/ + || Aul|y7). Combining these, we find

1 1
lully < —(Lf I + B(HAHE(V,V') +a)llgllw) (19)
1
Ipllw < B(Hfl\w + Al cevvnlullv) (20)
[]

Here’s the result from [1] with an additional operator.

Theorem 1.9. Assume that the linear operators A:V — V', B:V —
W', C: W — W' are continuous from the indicated Hilbert spaces V, W
to their duals, and

o A is non-negative and V -coercive on Ker B: there is an a > 0 such
that

Av(v) > a|v||¥, v € KerB. (21)
e C is non-negative, symmetric, and

e 3’ is bounding, i.e., it is injective and

B
inf SUPM > 3> 0.
W ey [|vllvllgllw

Then for every f € V' and g € W' the system
vweV,peW: Au+Bp=feV,

: (22)
—Bu+Cp=gecW,
has a unique solution in V. x W, and it satisfies the estimate
[allv + [lpllw < K[ fllv + llgllw). (23)

Here’s the more general case from [2].

Theorem 1.10. Assume that the linear operators A,B,C are continuous
as indicated from the Hilbert spaces V, W to their duals, and



o A is non-negative and invertible on Ker B, i.e.,

. Au(v)

inf sup ————
ucKer B ycKer B HUHVHVHV
veKer B ycKer B HU—HVHVHV

> ¢y > 0,
(24)

Co

e C is non-negative, symmetric, W -coercive on Ker B, i.e.,

Calq) > collalliv, ¢ € Ker B’ (25)

e BB has closed range, i.e.,

|Bv(q)]

veV ||VHV

> collqllw)ker 85

Then for every f € V' and g € RgB the system (22) has a solution which
is unique in V x W/(Ker B'NKerC), and it satisfies the estimate

[ully + [[pllw/ ks < K llve + lgllw)- (26)

Saddle-point and Lagrangian

In this section we shall assume that A : V — V', B : V — W’ are
continuous and linear and that A is symmetric and non-negative: A =
A > 0. Also f € V' and g € W' are given. Define the energy functional
J:V — 1R by
J(v) = 3Av(v) — f(v), veEV,
and the Lagrangian L :V X W — IR as
L(v,q) = J(v) +Bo(q) —g(q), [v,q] eV xW.

Note that the derivatives of L(v,q) with respect to v and ¢ are given
by Ly(v,q) = Av — f + B'q and L,(v,q) = Bv — g, respectively, and
these vanish at [u,p] when the system (17) is satisfied. This relates the
constrained minimization problem to an extremum over a linear space,
namely, the saddle-point problem

[u,pl e VxW: L(u,q) < L(u,p) < L(v,p) Vv eV, geW. (27)

That is, a solution of the saddle-point problem is a critical point of the
Lagrange function.



Theorem 1.11. The pair [u,p| € V X W is a solution of the saddle-point
problem (27) if and only if it is a solution of the mized system (17).

Proof. For each g € W the functional v — L(v, q) is convex, so it takes a
minimum at u exactly when Au+ B'q = f. The second inequality of (27)
is equivalent to the first equation of (17), and the first inequality of (27)
is equivalent to (Bu — g)(q¢ — p) <0 for all ¢ € W, that is, Bu = g. ]

If A is Ker B-coercive and B’ is bounding, then there is exactly one
such solution pair.

We shall denote the infimum over a set by the minimum ‘min’ when it
is attained by at least one element of that set. Similarly we denote the
supremum by maximum ‘max’ when it is realized on that set.

Theorem 1.12. The pair [u,p| is a solution of the saddle-point problem
(27) if and only if

min (§§££(U’Q>) = max (inf £(v,9)), (28)

and this quantity is equal to L(u,p).

Proof. Denote the upper and lower extrema by

P(v) = sup L(v,q),  »(q) = inf L(v,q).
qgeW veV
(These can take the values +00 and —oo, respectively.)

Suppose (28) and that the minimum of @ is attained at u, the maximum
of ¢ is attained at p, and we have @(u) = ¢(p). The definitions of 7 and
o show that ¢(p) < L(u,p) < B(u), so p(u) = L(u,p) = ¢(p) and [u,p] is
a saddle-point. B

Note that since L(v,q) < P(v) for all v € V,q € W, we have ¢(q) <
inf,cy ®(v) and hence the inequality B

sup p(q) < inf B(v) (29)
qEW veV

always holds. If [u, p] is a saddle-point, then p(u) = L(u, p) = ¢(p), so we
have

inf $(v) < B(u) = p(p) < sup p(q).
vE qeW

Ne)



Combining this with (29), we obtain

35@(”) =p(uw) = L(u,p) = ¢(p) = sup »(q),

and this yields (28). O

Note that the upper extrema above is given by

J(v) if Bv =g,

qeEW +oo if Bv # g,

?(v) = sup L(v,q) = {

so it follows that

inf ( sup L(v, = inf J(v).
UEV'(qega ( Q)) Buv=g ( )

If [u, p] is a saddle-point, the inf-sup equality

L(u,p) = min ( sup L(v,
(u, p) vev(q€£ (v,9))

shows that
J(u) = min J(v),

Bv=g
that is, the first component u of a saddle point is characterized as a solution
of the constrained minimization problem (13). This is the primal problem
where we began.
Let’s consider the sup-inf equation

L(u,p) = p(p) = max (inf L(v,q)). (30)

In order to characterize this equality, we assume in addition that A is
V-coercive. Then for each ¢ € W there is a unique solution v, of

v, €V Av,+ Blq=f,
that is, v, is the solution of the minimization problem

p(q) = L(vg, q) = inf L(v,q), g €W.

Since v, = u, we have L(v,,p) = maxgew L(vy,q). The definitions of £
and v, show that

L(vg,q) = %Avq@q) — flvg) + Bvy(q) — g(q) = _%Avq(%) —g(q),
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so we see that the function defined by
K(q) = 3Avy(vg) + 9(a), g €W,
is convex (since ¢ — v, is affine) and it is minimized at p, that is,

peW: K(p)zggivrvlff(q)- (31)

This is the dual problem.
In order to characterize a solution of the dual problem (31), we compute
the derivative K'(p) from the expansion

K(q)=35(f —=Bq) A ((f - Bq)+9(q)
=1fATN ()= FAT B+ 3B'qAT' B'q + g(q)
and then use the definition of v, to obtain in turn

K'(p)(q) = (g — fA'B)(q) + BpA'B'q
= —Au(p)A'B'q+ g(q) = —=B'q(u(p)) + 9(q).

Thus we have
K'(p) = —=Bu(p) + g = -BA'(f = B'p) + ¢,
and the solution p of the dual problem (31) is characterized by the equation
peW: BA'Bp—f)=—gin W. (32)

(Of course, we could obtain this directly from (17) since A is invertible.)

In summary, [u,p] is a solution of the saddle-point problem (27), and
this is equivalent to the mixed system (17), u is a solution of the primal
problem (13) with constraint, and p is a solution of the dual problem
(31). Also, u and p can be obtained from each other by means of the
first equation of the mixed system (17) when A is V-coercive and B’ is
bounding.
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