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Abstract. We consider a system of differential equation on a Banach space X
given by: z/(¢t) = Az(t) + u(t)f(t,z(t)), =x(0) = xo, where A is an infinitesimal
generator of a Cg-semigroup, f : Ra’ X X — X is a locally Lipschitz function,
and u € LP([0,T],R) is a control defined on [0,T] with 1 < p < oco. Using the
Compactness Principle and the generalization of Gronwalls Lemma, the system is
shown to be controllable for a y-bounded function f. Another result of this study
is the local existence and the uniqueness of the solution of the system for locally
bounded function f through weighted w-norm.
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1. INTRODUCTION

We consider a control problem described as an Abstract Cauchy Problem
(ACP) on a Banach space X given by:
a'(t) = Ax(t) +u(t)f(t,=(t), t>0 1)
33(0) =x9 € X.
where A : D(A) C X — X is an infinitesimal generator of an m-dissipative
operator, f : Rf x X — X describes the external factor of the system, and
u € LP([0,T],R) is the control term defined on [0,7] with 1 < p < co. A par-

ticular model described by this ACP is a control problem of heat distribution on a
rod with the presence of heat source f and Dirichlet boundary conditions
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Ow = Ogaw + u(z,t) f(x, w), t>0,z€l=[0,L]CR
w(z,0) = wo(x),
w(0,t) = w(L,t) = 0.

The m-dissipativity of A ensures the well-posedness of the ACP (1) with mild
solution

(t) = eMao + / et =) Au(s) f (s, 2(s)) ds. (2)

0

Here (e“);>¢ denotes the semigroup generated by A.

Many studies related to the control problem (1) has been developed by re-
searchers in recent years, both in the development of its controllability and its
application to some specific equations such as Schrédinger equation and Gross-
Pitaevskii equation, see J. M. Ball et al. [1], Nabile Boussaid. et al. [2, 3], Thomas
Chambrion and Laurent Thomann [4], Gunther Dirr [5], and Jonas Lampart [6].

Our particular interest is the results of Gunther Dirr [5] in 2021 on the con-
trollability of (1) with linearly bounded source f. He showed that the reachable
set as the set of all the final states that can be obtained from the initial state is
compact on the interval [0, 7] for 1 < p < oo. His study was motivated by Boussaid
et al. [2] who proved that the reachable set of (1) is contained in a countable union
of compact subsets of X for a control u € L}, .([0,00),R) and a bounded source
f. They also obtained other results in the form of fixed point iterations for solv-
ing (2). Analyzing those results, Gunther Dirr [5] then raised the idea using the
compactness principle of fixed point maps to prove the controllability of (1) under
certain assumptions as follows:

Al. Let X be a Banach space and f : Rf x X — X be Lipschitz on a bounded
sets of X with L9 -Lipschitz rate, i.e. for all bounded sets B C X there exist

loc

L € L2 (RE,RY) such that
£, &) = f(tn)ll < LE)]IE =l
forall ¢,me Bandt ¢ Rg‘.
A2. Let X be a Banach space and f : Rg X X — X be linearly bounded, i.e. there
exist o, B € LS (RS, Ry) such that
1f (& Ol < a@)lsl + B(2)
for all ¢ € X and t € R.

The purpose of this study is to examine the controllability of control system
(1) for y-bounded source f and its local regularity for locally bounded source f.
First, we will review some of the main results of Gunther Dirr [5] and L. Younes
et al. [7] in Section 2 that is instrumentals in this study. In Section 3, we will
show that every mild solution of (1) for f which is Lipschitz on bounded sets is
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also a mild solution of (1) with a globally Lipschitz f. These results then lead
us to the controllability of (1) for a y-bounded source term f that refers to the
compactness of the reachable set of the system. Next, the local regularity of (1)
with a locally bounded source f will be proved in Section 4. Here, regularity refers
to the temporal continuity of the solution of a PDE. In proving regularity, we will
prove the local existence and the uniqueness of the solution using weighted norms
and Banach Fixed Point Theorem. Furthermore, the results in Section 4 will be
simulated through some particular cases in Section 5.

2. PRELIMINARIES

The semigroup that will be used in this study is a strongly continuous one,
(eAt)tZO. Here, A generates an m-dissipative operator that is a linear operator on
a Banach space that satisfies a certain dissipativity condition, which ensures that
the solutions to the associated system are exponentially bounded. One important
result in this area is the Hille-Yosida theorem, which states that a densely defined,
closed linear operator on a Banach space generates a strongly continuous semigroup
of contractions if and only if it is m-dissipative for some m > 0. Moreover, if the
linear operator A generating the strongly continuous semigroup is m-dissipative,
then the semigroup, (e?*);>, satisfies a bound of the form

le?]| < Mer,
for some M, p > 0 and for all t > 0.

Let X, P, and Z be metric spaces and F': X x P — Z be an arbitrary map.
For x € X and u € P, define the partial maps F, and F, as follows:

F,:P—Z, uw F,(u)=F(z,u)=F(z,-),
F,:X—=Z, aw F,(z)=F(z,u) =F(,u).

Gunther Dirr [5] proved the controllability of a differential system through
the Compactness Principle Theorem (Theorem 2.4 [5]) which is one of the useful
tools for the application in the area of ODE or PDE. There are several corollaries
of the theorem but the necessary one that is used to prove the controllability of the
system (1) for 1 < p < oo is Corollary 2.9 [5] which will be stated as Theorem 2.1
as follow:

Theorem 2.1. Let X and P be complete metric spaces and F' : X x P — X satisfy
the following conditions:

(a) For every bounded set B C P there exists a strongly equivalent metric dg on
X and a constant 0 < C < 1 such that

dp(Fu(z), Fu(y)) < Cdp(z,y)
forallz,y € X andu € B.
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(b) Fp: P — X is continuous and compact for all x € X.
Then ® : P — X which assigns each u € P to the unique fized point of F,(-)
is continuous and compact. If additionally

(¢) F: P — X is Lipschitz in u locally uniformly in x then ® : P — X is also
locally Lipschitz in u.

Using this theorem, Gunther Dirr proved the controllability of the system
(1) under continuous vector field f; : Rf x X — X and u = (u1,u2,...,Upy) €
L?([0,T],R™) for ¢« = 1,2,...,m and p > 1, by proving the compactness of the
reachable set of the system through a solution operator which is also a fixed point
operator. Furthermore, the main results of Gunther Dirr’s can be seen in the
Theorem 2.2 below.

Theorem 2.2. Let X be a Banach space, A be the infinitesimal generator of
a Cy-semigroup (etA)tzo of bounded operator on X, and p > 1. Moreover, let
fi RExX = X, i=1,...,m be continuous vector field which satisfy (A1) and
(A2). Then for all T > 0, & € X, and u = (uy,ug,...,uy) € LP([0,T],R™) the
equation

?(0) = Axt) + > w( it a(t), 2(0) =&

has unique mild solution and the solution operator ® : LP([0,T],R™) — C([0,T], X)
is compact and locally Lipschitz continuous.

The following generalization of Gronwalls Lemma is proved by L. Younes et
al. [7].

Theorem 2.3. Let u(t) be a positive differentiable function on some interval
I = [a,b] which satisfies

u(t) < c+/ S (s (s) ds, tel=lab)

for some nonnegative constant C and some continuous function f;(t) on I, for
i=1,2,...,n. Then
Cela fi(s)ds
(1—(n—1) [I 30, Ci-Lfi(s)eld(=D1i(0) do gg)ta
for allt,s € I provided

t n
1—(n—1) / N fi(s)els (D@ de g g,
@ =2

u(t) <
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3. CONDITIONS FOR CONTROLLABILITY OF A SYSTEM OF
DIFFERENTIAL EQUATION

In this section, we prove one of our main results that is finding a mild solution
of the system (1) by solving its corresponding auxiliary problem. In this case, the
assumptions (A1) and (A2) will be replaced by (A3) and (A4) below:

A3. f:R{ x X — X be Lipschitz on a bounded sets of X with L7 -Lipschitz rate,

i.e. for all bounded sets B C X there exist v > 1 and L € L2, (RJ,RY) such
that

1 (£,8) = f(E,m)

< L)€ = nllCllEl™ +lnl™)

for all ¢,m € B and t € R].
A4, f:Rf x X — X be a y-bounded function, i.e. there exist v > 1 such that for
all t € RY exist an a € L2 (RY,RY) so that

loc

17O < a®)lle]”

for all € € X.

This theorem is needed to obtain the uniqueness property of the solutions of
system (1) through Banach Fixed Point Theorem.

Theorem 3.1. Let p > 1 and f : Rf x X — X satisfies (A3) and (A4). Then
for all bounded sets B C LP([0,T],R) and & € X, there exists a Lipschitz function
fiRy x X — X in & with LS -Lipschitz rate so that, every mild solution of

foc
' (t) = Ax(t) + u(s)f(t,2(t)), x(0) =&o,t €0, T], 3)
is also a mild solution of
2 () = Ax(t) + u(s)f(t, x(t), 2(0) =&t € [0,T), (4)
and vice versa.

PROOF. Let z : [0,7] — X be the mild solution of (3) and B C LP([0,T],R) is
bounded. For p > 0, define ¢(t) = e~ #t||x(t) — eA*&|| on X. Then for every u € B,
we have
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P(t) = e M /O A=y (s) f(s,2(s)) ds

<M / e u(s)]a(s) (s || ds
<K / () ()| (S) 7~ + Mus) [1€ll|(s) |7~ dis

= K/o [u(s)|6* (s)e" | ()% + Mlu(s)[é(s)e" | €ollllx(s) "+
Mlu(s)|g(s)e"[|ollll(s) |72 + MZe €0 lo(s)]|"~2ds

o0 < C+ K [ S ()6 ()i,

where K = M||a|| s and C = Kfat M7e0=Drs||& |7~ 1ds. Application of Theorem
2.3 yields

o(t) < Cela f1(s)ds =P
T A=) [, O ()l D A gy

Thus, [[2(t) - €oll < e#TP + (MetT + 1) = Q.
Next, for every N > Q, define fx(t,n) = pn(n — &) f(t,n), where pn : X — [0, 1]
is a Lipschitz cut-off function given by

L In—&ll <N
pn(n=%) =40, In =&l = N +1
N+1—|nl, N<|n—¢&|<N+1.
Then for every ¢ € [0,T] and n,{ € X, one has

£ (tn) = It ON < lov(n = &I (En) — F(E QI+
lpn (1 —&o) — P (€= &)l f (£ Ol
< lpon(m = &) LANC = nll I + [Inll")+
lon (1 —&o) — P (€ = &o)lla(D)]I[C]]™-

Therefore,

I fn(tm) = fn(t Q)|

LS = nllCICI + [Inll), n—&ll,[IC — &l <N
<40, =&l IC =&l > N +1
(L@YN +1) +a@)lln = <N +1nl7), N <|n—"E&ll, I =&l < N +1.
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Choosing f(t,n) = limy fx(t,n) yields z(t) is also the mild solution of (4). Con-
versely, since || f (¢, Co)|| < a(t)]|€o]|”, then similarly, Z(¢) is the mild solution of (3).
|

This theorem leads us to the controllability of system (1), that is a version
of Theorem 2.2 for a distinct condition of a source f i.e. (A3) and (A4).

Corollary 3.2. Let X be a Banach space, p > 1, A be the infinitesimal generator
of a Cy-semigroup (e'*);>9. Moreover, let f; : Rf x X — X, i = 1,...,m be
continuous vector field which satisfy (A83) and (A4). Then for allT >0, all &y € X,
and all u = (ug, ua, ..., uy) € LP([0,T],R™) the equation

2'(t) = Az(t) + Zui(s)fi(t, z(t),  x(0) = &,

has a unique mild solution. The solution operator ® : LP([0,T],R™) — C([0,T], X)
is compact and locally Lipschitz continuous.

4. CONDITIONS FOR LOCAL REGULARITY OF A SYSTEM OF
DIFFERENTIAL EQUATION

Our other result is related to the regularity of (1). We use weighted w-norms
defined by
|lw = max e | -
Il = mase =] .
which are equivalent to the standard maximum norm on C([0,T], X). We establish
the continuity of the solution (2). In particular, we prove that the system has a

local unique solution for a locally bounded function f.

Theorem 4.1. Suppose that X is a Banach space and xq € X. For some a,p > 0,
let I, = [0,a] C R, and J = B,(x9) C X. Moreover, let f : Rj x X — X be
Lipschitz and locally bounded function. Then there exists 8 € (0,«) such that the
integral equation given by

z(t) = ey +/0 e A (s) f (s, 2(s)) ds,

has a unique local solution on C'(Ig, X), where Ig = [0, 5].

PROOF. As a priori assumption, let 8 € (0,«). For w > 0, define the weighted
w-norms by:

-l = maxe™ - |lx.

Moreover, let F': C(Ig,J) x LP(Ig,R) — C(Is,J) be a partial map given by

F(x,u)(t) = etz + /o e A (s) f (s, 2(s)) ds.
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Then for any (z,u) € C(Ig,J) x LP(I3,R) and t € Ig, we have

t
e F(z,u)(t) — xol| = e |leM a0 + / ey (s) f(s,x(s)) ds — xo
0

IN

t
e vt <M||$0||6t” + MNet“/ e Mlu(s)] ds)
0

1 q 1
— Mo 4 MNE= |y, H 1 cmoth,
qu

where N = maxcy, || f(t,2(t))]|.
Taking the maximum value of the both side of the last inequality on I yields

1
1]« 1
1P (e u) )z < max <M|330||€(“w)t # a2 - 1) .
clp qu
Case 1: w=p

1
1] 1
F — < M MN — 1—e 9*)q
1P ()0 xonw_gg;;{( ool + My | ] 11— }q>

1 a 1
< Mol + MN|ull, [W] L em9m3,

1
If Mijwoll + MN|ully | 4] [1 = e=#]3 < p, then
1 p=Nlzol, 1]\
o< o] - it ]) ]
” N, @)

1
1149
1P (e, u) )=z < max <M|$0||€(”w)t #aregal, |- eqtﬂi) .
Elp

Case 2: w>p

qu

1
Assume M|z e~ + MNeH=<)t |y, [i} - e*‘m‘]% attains its maximum

value at v € Ig, then for § = p —w
-
1F (s w)(8) — woll < Mlzolle®™ + MNeM [ull, H 1 —
qu

1

1 q

< Mxolle® + MNe |ul], H
qu

Q=

If M||zo||e?” + M Ned||ull, {i} < p and in particular for =+

52 [ L] [j} <M|xo|| + Nl | )] -
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Case 3: w<

1
11«
7 (e 0)(D) = o]l < max (Mnxonem—“)t a2 o - ])
5 qp

Q=

1
< Mo |8 4 MNe#=8 [y, M

1
If M||zo|je=)8 + MNeW=<)8 |y, [ﬁ] “ < pand § =y — w, then

B [; (Mnxon + 0Nl | ] )] .

From the three cases above we can conclude that for sufficiently large w, there is
B € (0, a) such that the solution exists in B,(zo), for sufficiently small p. Next, we
will show that for w > u, F(x,u) is a contraction map.

| ) s5) = 1(5.0(s))) ds

0

[P, u)(6) = Py )(0)] = e

t
< e‘“t{jg Ale“‘s”ﬂU(SMlﬁwse_wsHx(S)—'y(sﬂ|ds]

1
glw—pt _ 1774
< el | < e -l
q(w —p)
MLl | >F Iz - gl
< U T = Yllw-
Ple(w—p
Taking the maximum value of the both side of the last inequality on interval I
then we have
1 — et(u—w)t i

e I EE

Hence F'(x,u) is a contraction map by choosing w > w +p. B

P00 = Flo.)Oll < max Ml |

5. SIMULATIONS

In Section 4, we have proved that the control system (1) has a unique local
solution near the given initial state by choosing sufficiently large weight of the norm.
In this section, we give some illustrations to our main results. Let let X = R and
consider an operator f :[0,7] — R as

1
1]« 1
F8) = Naolle=) + NMelr=)u]], m 1 ot

where g is the growth bound of the semigroup, w is the weight of the norm, z is
the initial state of (1) in R, N, M, p, q are positive constants.
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Set N=M=p=qg=x0=1 and |lulj; = 10.

Case 1: w=p

A. H. ZUHRI, Y. SOEHARYADI, J. WIDJAJA

F) =14 00 e

The graphs of f for w =2, w =10, and w = 100 are the following

@&/

(a)

Case 2: For w > p let p =10 then
f(t) _ e(lofw)t + e(lofw)t[l _ eflOt]

FIGURE 1. (a) w =2, (b) w

The graphs of f for w =11, w = 30, and w = 100 are the following

f@®

(@)

Case 3: For w < p let g =10 then
F(t) = (0=t | o(10-w)t[] _ =10

FIGURE 2. (a) w

f(®

(b)

11, (b) w

f(®)

©

30, (¢) w =100
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The graphs of f for w =9, w =4, and w = 0.5 are the following

f(©)
f@®)
f@®

(@ (b) (©

FIGURE 3. (a) w=19, (b) w=4, (¢) w=105

If we consider f(t) as the distance between the solution of the system and the
given initial state, then for case 1, the solution exists only within certain distance
from the initial state. For case 2, the solution exists near the initial state. It means
that for sufficiently small neighbourhood of the initial state, we can always find the
solution of the system. For case 3, by choosing w smaller than p, the solution will
grow indefinitely, so the solution stays near the initial state in a fairly short time.

6. CONCLUSIONS

We have considered a system of differential equation on a Banach space X
given by z'(¢t) = Az(t) +u(t) f (¢, z(¢)), x(0) = xo. For some y-bounded source f,
we prove that the system is controllable as a corollary of Theorem 3.1 in conjunction
to the results in [5]. For a locally bounded function f and I, = [0, o], there exists
B € (0,a) such that the system has a unique local solution on C'(Ig, X). Further-
more, by choosing w > u, the solution exists in sufficiently small neighbourhood of
the initial state.
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