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A STABILITY THEOREM FOR CONVERGENCE OF A
LYAPOUNOV FUNCTION ALONG TRAJECTORIES OF
NONEXPANSIVE SEMIGROUPS

RENU CHOUDHARY

ABSTRACT. It is known that a regularly Lyapounov function for a semigroup of
contractions on a Hilbert space converges to its minimum along the trajectories
of the semigroup. In this paper we show that this Lyapounov function nearly
converges to its minimum along trajectories of the semigroup generated by a
small bounded perturbation of the semigroup generator.

1. INTRODUCTION

Let K be a closed convex subset of a real Hilbert space H and let {S(¢)}:>0 be a
semigroup of contractions on K generated by a maximal monotone operator A on
H. The study of convergence of a trajectory S(t)x as t — oo has called the attention
of several mathematicians; see, for example, [4, [5 [6] [7, 8 10, 1T 13 14, [15]. In
general S(t)z does not converge strongly or even weakly as ¢t — oo, and convergence
requires additional conditions.

The fact that S(¢)x does not converge even weakly, in general, as t — oo, together
with the use of Lyapounov functions to determine the asymptotic behaviour of
semigroups, inspired us to consider a Lyapounov function f : H — R U {oo} and
then study convergence of f(S(t)z) as t — oo.

In [9], we show that, in general in infinite dimensional space, f(S(t)z) /4 min(f)
as t — oo, even if f strictly decreases along the trajectories of {S(¢)}¢>0. If for a
semigroup {S(t) }1>0, f decreases along the trajectories at a particular rate, then we
call f regularly Lyapounov for the semigroup {S(¢)}+>0, and we have f(S(t)x) —
min(f) as t — oo. Further, under some mild conditions on A and f, we construct a
complete metric space (A, d) of the bounded perturbations of the generator A such
that f is Lyapounov for all the semigroups generated by these perturbations. We
show that there is a very large subset ! of A! such that f is regularly Lyapounov
for all the semigroups generated by the maximal monotone operators in F'. In
particular, the Lyapounov function f for {S(t)}+>0, generated by A, converges along
the trajectories of a class of semigroups generated by most bounded perturbations
of Ain A
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Since a regularly Lyapounov function f for a nonexpansive semigroup on a
Hilbert space converges to its minimum along the trajectories of the semigroup
a natural question arises about the behaviour of f along the trajectories of the
semigroup {S'(¢)};>0 generated by a small bounded perturbation of the semi-
group generator, not assumed to be in A'. So the main question becomes: is
f(SY(t)x) — min(f) small for large ¢ if the perturbation is small? Theorem 1 and
2 of this paper give an answer to this question. The idea came from the work of
Reich and Zaslavski; in [I§] they investigated a similar problem for a continuous
convex function f on a Banach space along the trajectories given by an everywhere
defined bounded vector field on a Banach space. For more recent results on con-
tinuous descent methods see [1l 2, B]. In [I6] 17, 18] one considers the semigroup
generators to be bounded vector fields, whereas here and in [9] we consider them to
be maximal monotone operators. Hence we are not in a position to use [16] [17, [1§]
as their suppositions do not hold. On the other hand, you might hope that this
paper would generalise [I8]. However, it does not because in [I8] one considers
single trajectories and does not assume the semigroup to be nonexpansive or even
Lipschitz continuous. Moreover, because of the properties of maximal monotone
operators in Hilbert space, one needs less stringent conditions on f to obtain a
positive result.

Reich and Zaslavski, in [T7, [I8], considered a bounded below, convex, continuous
function f on a Banach space X. With f, they associated a complete metric space
of bounded vector fields V' : X — X such that the right hand directional derivative
of f at x in the direction of Vx is non-positive. In [16] and [I7], they considered
two gradient like iterative processes defined by these vector fields. Under some
assumptions on V and f, they showed that for most of the vector fields in this
complete metric space, both iterative processes generate a sequence (z,,)22; such
that f(x,) — inf(f) as n — oco. In [18], they gave the continuous version of the
same problem. They showed that if there are trajectories given by these vector fields
then f converges to its infimum along these trajectories for most vector fields. They
defined the notion of regular vector fields and showed that the function f converges
to its infimum along the sequences/trajectories given by these regular vector fields.
Under the assumptions that f is coercive and Lipschitz on bounded subsets of the
Banach space, they showed that for regular vector fields the function f remains
close to its infimum along finite horizon perturbed trajectories.

2. PRELIMINARIES AND NOTATION

Throughout this paper H stands for a real Hilbert space. Let A be a maximal
monotone operator on H such that A=1{0} # 0 and let {S(¢)}+>0 be the semigroup
of contractions generated by A on K = D(A). Usually —A is called the generator of
{S(t)}+>0 but we find it more convenient to say A is the generator of {S(¢)}>¢ in the
same sense as Pazy [I2]. Since in a Hilbert space there is one to one correspondence
between the maximal monotone operators and the semigroups of contractions [12]
we will switch frequently between semigroups and the maximal monotone operators

generating them.

Definition 2.1. Suppose A is a maximal monotone operator and {S(t)}:>0 the
semigroup it generates. Assume A~1{0} is nonempty. Let f be a proper ls.c.
function from H to R U {+o0} such that K = D(A) C Dom f) and suppose there
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exists zg € A71{0} such that f(zo) = min(f) := min{f(z) : z € H}. We say f is
Lyapounov for {S(¢)}¢>0 if

f(S)x) < f(z) VzeK, t>0,
and strictly Lyapounov if
f(St)x) < f(z) Vaoe DA\ A0}, t>0.

Definition 2.2. A Lyapounov function f for a semigroup {S(¢)};>o is called reg-
ularly Lyapounov for {S(t)};>¢ if for each positive integer n there exists a positive
number §(n) (depending on n) such that for every z in D,,, where D,, = {x €
D(A) : ||lz|| € n, f(z) > min(f) + L}, there exists a(z) > 0 such that

J(@) — f(S()x) > té(n) Vi€ [0,a(z)).

The idea of regularity that we use was essentially already given in [I8, page
4], and it had previously been given in [I7, page 1005], in the study of discrete
descent methods. In [I7] [I8], they considered a bounded below, convex, continuous
function f on a Banach space X, and with f they associated a bounded vector field
V : X — X. By a regular vector field they mean, for any natural number n there
exists a positive number §(n) such that for each z € X satisfying ||z| < n and
f(@) = inf(f) + 7,

fo(xa V$) S *6(71)7 (21)
where f°(z,Vz) denotes the right hand directional derivative of f at x in the
direction of Vz. That means if there are trajectories governed by a regular vector
field then the function f decreases along these trajectories at a particular rate.
In Definition 2, the function f need not be convex and continuous and we are
considering the decrease of f along trajectories of a semigroup generated by a
maximal monotone operator. In [9, Proposition 4] we assumed f to be convex and
continuous on D(A) and obtained an analogue of from Definition

Through out this paper, for any real r > 0 by D, we mean D, = {z € D(A) :
2| < r, f(z) > min(f) + 1}. Set De-1(zo) = {z € D(A) : |l — zol| < e, fz) >
min(f) + £).

3. STABILITY THEOREMS

We begin with a simple geometrical result that for a small perturbation of a
closed convex set the elements of minimal norm in perturbed and unperturbed sets
are not very far from each other.

Lemma 3.1. Let K be a closed convex subset of H and e be a given vector in H.
Let K' = K +e. Let y° and (y')° be the elements of minimal norm in K and K’
respectively. Then

1) = oIl < 2lell.

Proof. Let (y')° = y+e, for some y in K. We note that the nearest point projection
Py of origin and —e in K are y° and y. Since Pk is a contraction

1y° = yll = 1Pk (0) = P (=e)[| < lle] -

Hence
1) =yl = lly +e—v°ll < lly — vl + llell < 2[le]|.
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The following hypotheses will be assumed when specified.

(A1) A is a maximal monotone operator on H and A~1{0} is nonempty.

(A2) f: H — R is bounded below and Lipschitzian on bounded subsets of H,
o € A7H0} satisfies f(xg) = min{f(x) : z € H} = min(f), and f is
regularly Lyapounov for the semigroup {S(¢)}+>0 generated by A.

(A3) D(A) is a convex subset of H.

Our next result tells that, under the assumption (A1) and (A2), the function f

behaves almost like a regularly Lyapounov function for the semigroup {S*(t)}+>0
generated by a small perturbation of A. Note f is not even a Lyapounov function

for {S*(t) }+>o0.

Lemma 3.2. Let A and f satisfy (A1) and (A2). For all € > 0, there exist positive
numbers 0, § such that for all A" satisfying:

(1) A’ is single valued,

(2) D(A) € D(A),

(3) A’ is bounded on bounded subsets of D(A),
(4) A'mg =0,

(5) At = A+ A’ is maximal monotone,

(6) sup |4z < 5,

{zeD(A):|lz—zo[|<e~'}
and for every x € D.-1(xg), where recall D1 (x9) = {x € D(A) : ||z — 2] <
e !, f(x) > min(f) + §}, there exists & > 0 such that
fl@) = f(S')x) = t5 Vte0,@),
where {S1(t)};>0 is the semigroup generated by Al.

Proof. Let e > 0 be given, and set M to be a positive integer greater than max{e~1+
|lzoll,2¢71}. Since f is Lipschitzian on bounded subsets of H, there exists L > 0
such that

[f(@) = fW)l < Llz —yll Va,ye{reH: |z <M}. (3.1)

Since f is a regularly Lyapounov function for the semigroup {S(¢)}:>0, there exists
d1 > 0 such that for every @ € Dy there exists oy (x) > 0 such that

f(St)x) — f(x) < —tdy Vite[0,ai(x)). (3.2)

Let 5
0= 5 (3.3)

and 5
0= 3L (3.4)

Let A’ satisfy 1-5 and

sup |A' x| <6, (3.5)
{z€D(A):llz—zol|<e~1}

and let {S*(t)}+>0 be the semigroup generated by A'. Let x € D.-1(z¢) be given.
We note that ||S(¢)z|| is bounded for all ¢ > 0 as

IS@)zll < ISt)z = zoll + [|lzoll < [lz — 2ol + [lzol < €' + [lzoll < M, (3.6)

and similarly
[SY(t)x|| < M Vt>0,Ve € D1(xg). (3.7)
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Also, we note that x € Dj;. Therefore, by (3.2]) there exists aq(x) > 0 such that

fS@)z) — f(z) < —t6y Vte[0,a1(x)). (3.8)
Since lim; o4 S(t)f_w = —A°x, there exists as(z) > 0 such that
S(t)r —x R 01
Hf + A%z|| < 3L Vit e (0,az(x)). (3.9)
Similarly, since lim; g 5§ (te—z —(A1Y)°z, there exists az(x) > 0 such that
S(t)w — 61
150728 anyen < 2 v e (0, a5(a)) (3.10)

t 8L
Choose @ = min(ay (z), a2(x), az(x)). Then for ¢t € (0, @),
F(St(t)x) — f(x)
= f(S*(t)x) — f(S(t)z) + f(S(t)x) — f(x)

< L|ISH )z — S(t)z|| + f(S(t)z) — f(z) (by B.6), and )
< L||S*(t)x — S(t)z| —ts1  (by (B-8))
:Lt||w+(/ll) (Ao 4 A% — Acg - DT s

t
St(t S(t)r —
< ot (IS 4 (el a0y - ol + e+ 2222

) )
<tLor +tL|(AY e — A%x| +tLor —t6 (by (B9) and (B10))
LJ|(AN)or — A%|| — Zml
< tL2||A'x| — Ztél (by Lemma [3.1] )

< 126 — §t51 (by (35))

=125~ i (by @)

11

5 = —to (by (B.3)).

O

By using Lemma [3.2] in the next result, we show that the function f may not
converge along the perturbed trajectory S!(t)z but stays close to min(f) if the
perturbation is small, assuming = € D(A).

Lemma 3.3. Let A and f satisfy (A1) and (A2). For all € > 0, there exists § > 0
such that for all A’ satisfying:

(1) A’ is single valued,

(2) D(4) C D(A),

(3) A’ is bounded on bounded subsets of D(A),
(4) A'zg =0,

(5) At = A+ A’ is maximal monotone,

(6)

sup |A'z]| < 4,
{zeD(A):|lz—zo[|<e~'}
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and for every x € {x € D(A) : ||z — zo|| < €t} there exists T > 0 such that
F(S!(Ha) < min(f) + 5 Vt>T,
where {SY(t)}1>0 is the semigroup generated by A'.

Proof. Let € > 0 be given. For convenience we write M = €'+ ||zo||. By Lemma
there exist positive numbers J, ¢ such that for all A’ satisfying 1 - 5 and

sup |A' x| <6,
{zeD(A):||lz—=zol|<e~1}

and for every x € D.—1(xq) there exists @ > 0 such that
f(z) = f(SY(t)x) >t5 Vte[0,a), (3.11)

where {S*(¢)}+>0 is the semigroup generated by Al. Let z € {z € D(A) : ||z—=¢| <
e1}. Note || St (¢)z| is bounded, as

1S ()|l < (IS (D)2 — zol| + [|lzoll < [l — zoll + [lzoll < €™ +[|lzo] = M. (3.12)
Also,

181 (t) — woll < llz — woll < . (3.13)
Since f is Lipschitzian on bounded subsets of H, there exists L > 0 such that
|f@) = fW) < Lllz =yl Va,ye{zeH: | < Mj. (3.14)

We note that ¢t — f(S*(¢)z) is Lipschitz continuous on [0,00) as for every t1,tz €
[0,00) we have

1£(S'(t1)x) = f(S'(t2)x)| < L||S* (t1)x — S*(t2)z]|  (by (B12) and (B:14))
< Ll — tof|[(AY) x|
Firstly, we claim that there exists 7' > 0 such that

f(SHT)z) < min(f) + %

Assume the contrary. Then
F(S*(t)z) > min(f) + % Vi>0.

Therefore by (3.13), S'(t)z € De-1(x0) ¥t > 0. Let V = {T : f(z) — f(S*(r)z) >
76 V7 € [0,T]}. Then V is a nonempty subinterval of [0,00). We claim V is
open and closed in [0,00). To see V is open in [0,00) let T € V be given. Since
SY(T)x € D.-1(xp) there exists o/ > 0 such that

F(SYT)x) — fF(S*(t)SH(T)x) > t6 Vte[0,d]. (3.15)
Also T' € V implies

f(z) - $(S\(T)w) > T5. (3.16)

Adding the inequalities (3.15)) and (3.16) we get

flx) = f(SY(t+T)x) > (t+T)0 Vtelo,d].
Thus [0,7 + '] CV, and V is open. To see that V' is closed in [0, 00), let (£,)22
be a sequence in V and, let t,, /'t as n — oo, t > 0. Since t,, € V, for every n, we
have

fx) — F(SY(tp)z) > tn0.
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Since t — f(S*(t)z) is continuous on [0, 00), letting n go to infinity we get

fla) = f(S'(t)z) > 83
Hence t € V. Now V is a nonempty open and closed subinterval of [0,00), and
therefore V = [0, 00). Hence for every t € [0,00), f(x) — f(S(t)x) > t0. Therefore
by taking the limit as t — oo, we get lim;_,o. f(S'(t)x) = —oo, contradicting the
fact that f is bounded below. Hence our assumption is wrong, proving the claim.
Secondly, we show that for every t > T

f(S*(t)z) < min(f) + %

Assume, to obtain a contradiction that there exists 77 > T such that
F(SY(T1)z) > min(f) + % .
Since t — f(S*(t)z) is continuous on [0, 00) there exists Ty € (T,T}) such that
F(S' (o)) = min(f) + 3, (3.17)
and .
f(SY(T)x) > min(f) + 5 V1 € (Tz,Th]. (3.18)
Since t — f(S*(t)z) is Lipschitz continuous on [0, 00), it is differentiable a.e. and
T
1 d
£(8'(T1)a) = £(S' (Ta)a) + [ s
T
Let T3 € (T, Ty1) be such that f(S*(t)z) is differentiable at 73. By (3.13)) and
(3.18), SY(T3)x € D.-1(zg). Therefore by (3.11]) there exists az > 0 such that
F(SM(Ty)a) — F(SM(Ty +1)2) > 65 Vi€ (0,a5),

which in turn implies

(S*(t)x)dt . (3.19)

—f(SM(T3)z) < 6. (3.20)
Using in we get

f(SY(T)z) < f(SY(Ta)x) — §(Th — Tz) = min(f) + % —3(Th — T»),
which contradicts our assumption. O

Let us recall from [I2] that an operator A is maximal M (w) if and only if A+wTl
is a maximal monotone operator.

Remark 3.4. We note that if we assume f to be Lipschitzian on K, rather than on
bounded sets, and A to be a maximal M(w) operator, in (Al) and (A2), then the
conclusion of Lemma .21 holds. We are unable to extend the conclusion of Lemma
for a maximal M(w) operator even if we assume perturbed trajectories to be
bounded.

Finally we establish the first stability theorem, extending Lemma by not
assuming x € D(A).
Theorem 3.5. Let A and f satisfy (A1) and (A2). For all € > 0, there exists
6 > 0 such that for all A’ satisfying:

(1) A’ is single valued,
(2) D(4) € D(A),
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= A+ A’ is mazimal monotone,

sup |A'z|| < 4,
{z€D(A):[|lz—zol|[<e=1}

and for every x € {x € D(A) : ||z — zo|| < €1}, there exists T > 0 such that
f(S*(t)x) <min(f)+e Vt>T,
where {S1(t)}4>0 is the semigroup generated by A'.

Proof. Let € > 0 be given, and set M = e~ +||z¢||. Let z € {x € D(A) : ||z —x0|| <
€'} then there exists a sequence (zj)72, in {z € D(A) : ||z — zo| < e '} such
that ), — x as k — oo. Since f is Lipschitzian on bounded subsets of H, there
exists L > 0 such that

|f(@) = fW)l < Lllz —yl| Ve,ye{eeH: |z <M}, (3.21)
Since xp — x there exists a positive integer k' such that
1 €
;= —_—. 3.22
o = ol < =5 (3.22)

By Lemma noting z € D(A), and |Jzg — 20| < €71, there exists § > 0 such
that for all A’ satisfying 1-6 of this theorem, there exists T' > 0 such that

F(S () < min(f) + % Vt>T, (3.23)

where {S*(t)};>0 is the semigroup generated by Al. Note for every k, and all ¢t > 0,
||S*(t)zk|| and || S*(¢)z|| are bounded as

IS @)zxll < 18T (#)zr = zoll + 2ol < llzx — 2ol + [lzoll < €' +lzoll = M, (3.24)
and

1S ()|l < (IS (D)2 — xol| + [|lwoll < [l — @0l + [[zoll < €™ + [zl = M. (3.25)
Thus by (3.24)), (3.25), (3.21) and (3.22), for all ¢t > 0,

[f(S*(t)zw) = F(S'(t)2)| < L||S* (H)aw — S (t)z]|

< L|jzp — x| (as S* is a contraction)

L € (3.26)
SIt12
€
2
Combining and we get Vi > T
F(ST(t)z) <|f(S'()z) — f(ST ()| + f(ST (D))
< 5 + Inln(f) + 5
=min(f) +e€.
O

Instead of assuming A+ A’ to be maximal monotone, one can choose A’ satisfying
additional conditions such that A+ A’ is maximal monotone operator. In Theorem
2, we use our perturbation result of [9] to replace (5) of Theorem by some
suitable conditions.
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Theorem 3.6. Let A and f satisfy (A1)-(A3). Then for all ¢ > 0, there exists
6 > 0 such that for all A’ satisfying:

(1) A’ is single valued, hemicontinuous and monotone on D(A),

(2) D(A) € D(A),

(3) A’ is bounded on bounded subsets of D(A),
(4) Az =0,

(5) sup |4’z <5,

{z€D(A):||z—zol|<e '}
we have A' = A+ A" mazimal monotone, and the semigroup {S*(t)}+>0 generated

by A' has the property that for every = € {x € D(A) : ||z — xo|| < €'} there exists
T > 0 such that

f(S*(t)x) <min(f)+e Vt>T.

Proof. By [9, Proposition 4], 1,2,3 and (A3), imply that A + A’ is maximal mono-
tone. By Theorem [3.5] we have our conclusion. O
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