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Feedback law to stabilize linear infinite-dimensional systems*
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Abstract

We design a new feedback law to stabilize the linear infinite-dimensional control system, where
the state operator generates a Co-group and the control operator is unbounded. Our feedback law
is based on the integration of a mutated Gramian operator-valued function. In the structure of the
aforementioned mutated Gramian operator, we utilize the weak observability inequality in [21, 14]
and borrow some idea used to construct generalized Gramian operators in [11, 23, 24]. Unlike most
related works where the exact controllability is required, we only assume the above-mentioned weak
observability inequality which is equivalent to the stabilizability of the system.
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1 Introduction

1.1 Notation

Let Rt := [0, +00), N := {0,1,...} and NT := {1,2,...}. Given a Hilbert space X, we use X', | - ||x
and (-,-)x to denote its dual space, norm and inner product respectively; write (-,-)x x+ for the dual
product between X and X'; identify X" (the dual space of X’) with X; denote by C'(R™; X) the space
of all continuous functions from R™ to X; write I for the identity operator on X. When L is a densely
defined and closed linear operator on a Hilbert space X, we let D(L) := {z € X : Lz € X} and
lzllpey = (lzl% + |Lz||%)2 (z € D(L)), which are the domain of L and the graph norm on D(L)
respectively; use L* to denote its adjoint operator, i.e., (Lz, y)x x = (@, L*y) x x+ (x € D(L),y € D(L*))
(see [15, Chapter 1, Section 1.10]); use p(L) to denote its resolvent set. When X; and X5 are two Hilbert
spaces, we write £(X7; X2) for the space of all linear and bounded operators from X; to X5, and further
write £(X1) := L(X1;X1). Given F € L(X1; X2), we use ||F||z(x,;x,) and F* € L(X3; X]) to denote its
operator norm and adjoint operator respectively. We use C(---) to denote a constant that depends on
what is enclosed in the brackets.

1.2 Motivation

Stabilization is one of the most important objectives in control theory. There are two important sub-
jects on stabilization for linear control systems: The first one is to find sufficient conditions/equivalent
conditions on stabilizability, such as resolvent conditions (see, for instance, [7, 8, 13, 16]) and weak ob-
servability inequalities (see [14, 21, 26]). The second one is to design feedback laws (see, for instance,
[6,10, 11,12, 18, 19, 23, 24, 27]). For the latter, we would like to mention two usual methods: using Riccati
equations (see, for instance, [6, 12, 27]); using Gramian operators (see, for instance, [10, 11, 18, 19, 23, 24]).
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They all have their own advantages and disadvantages. We aim to design feedback laws by the way using
Gramian operators.

It is well known that when matrices A € R"™" and B € R™*™ (n,m € NT) satisfy the Kalman
controllability condition, the matrix K = —BTGL' (where G := fOT e ABBTe=A"tqt, with T > 0,
is called a Gramian operator) is a feedback law stabilizing the system: y'(t) = Ay(t) + Bu(t), t > 0.
(See, for instance, [20, Chapter 5, Section 5.7].) Such idea has been extended to the infinite-dimensional
settings (see, for instance, [3, 4, 11, 13, 17, 19, 23, 24]). To our best knowledge, all existing papers, which
use Gramian operators to design feedback laws, need the following hypothesis (which is mainly used to
ensure the invertibility of Gramian operators):

(/H\) The system is exactly controllable at some time 7" > 0.

However, when researching how to design feedback laws, it is more natural to use stabilizability instead
of controllability as an assumption. Indeed, there are many systems which are not controllable but are
stabilizable, even completely stabilizable (see examples in [20, Chapters 5] for finite-dimensional settings
and in [9, 14, 21] for infinite-dimensional settings). On the other hand, the stabilizability of a linear
control system is equivalent to some weak observability inequality for its dual system (see [14, 21]).
These motivate us to design feedback laws via modified Gramian operators, under assumption that the
aforementioned weak observability inequality holds.

1.3 System, hypotheses and definitions
System and hypotheses. Let H and U be two Hilbert spaces. Consider the control system:

2/ (t) = Ax(t) + Bu(t), t>0, (1.1)
where u € L?(RT;U) and the pair (A, B) verifies the following hypotheses:
(Hy) The linear operator A : D(A) C H — H is the generator of a Cyp-group S(-) on H;
(H3) The operator B belongs to the space L(U; D(A*)");

(Hs) For any T > 0, there is a constant C'(T') > 0 such that
T
| 188" @t < CDply tor any o € D(AY). (12)
0

Remark 1.1. Several notes on the above hypotheses and the system are given.

(i) In general, the method by using Gramian operators to design feedback laws works only for the linear
control systems where the state operators generate Cy-groups. That is why we make the assumption

(Hy).

(ii) The assumption (Hz) has appeared in many literature, where some specific examples were given.
(See, for instance, [11, 12, 22]). From this assumption, we have B* € L(D(A*);U’). (Here, we
identify D(A*)"” with D(A*).) The latter is equivalent to the existence of A € C and E € L(U; H)
such that B* = E*(A + A)* (see, for instance, [22, 2/]). Indeed, we can choose A € p(—A) and set
E = (B*(M+A)~Y)*)*. From now on, we fit (\, E) € Cx L(U; H) satisfying B* = E*(A + A)*.

(#it) The assumption (Hs) is called a regularity property in [4, 12] or an admissibility condition in [22].
With respect to this assumption, we have the following facts:

(tii1) The condition (Hs) is equivalent to the existence of T > 0 and C(T) > 0 so that (1.2) holds
(see [4, Chapter 2, Section 2.3]);



(tii2) If (Hy)-(Hs) are true, then for any T > 0, there is C(T) > 0 so that

T

[ 185" @lpude < C@llply for any o € D) (1.3)

-7
Consequently, the mapping (¢ € D(A*)) — (t — B*S*(t)p) € L .(R;U’) can be extended, in
a unique way, to a continuous operator, denoted by B*S*(-), from H' to L} (R;U’) (see [22,
Chapter 4, Section 4.3]). Here, LZQOC(R; U’) is regarded as a Fréchet space with the seminorms:
{H . ||L2(7n,n;U’) ne N+}

(1v) The solutions of (1.1) will be defined in the sense of transposition: a function x(-) € C(RT; H) is

called a solution of (1.1), with uw € L*(R*;U) and x(0) =z € H, if

t
(x(t), ©)m,m = (@0, S™ (L)) 17 —|—/0 (u(s), B*S*(t — s)p)v,urds for any ¢ € D(A*), t € RT.

It deserves mentioning that under (Hy)-(Hs), for any xo € H and u € L*(R™;U), the system (1.1),
with ingtial condition x(0) = xg, has a unique solution (see, for instance, [11, Lemma 2.1]). We
denote it by x(-; xg,u).

Stabilizability and weak observability inequality. We first recall that the operator A has a unique
extension A € L(H; D(A*)") (see [22, Proposition 2.10.4] or [24, Lemma 3.4]), which is defined by

(0, A*) i = (Ap, ) pasy . piary, ¢ € H,pp € D(A). (1.4)
We now give the definition on the stabilizability for the system (1.1) which is quoted from [14].

Definition 1.2. The system (1.1) is said to be exponentially stabilizable (stabilizable, for simplicity), if
there is a constant w > 0, a Cy-semigroup S(-) on H (with the generator A : D(A) C H — H) and an
operator K € L(D(A);U) so that

(i) there is a constant C1 > 1 such that ||S(t)||z(my < Cre™*" for all t € RT;
(ii) for any x € D(A), Az = (A + BK)z, with A given by (1.4);
(iii) there is a constant Cy > 0 so that | KS(-)x||p2m+,0y < Collz||g for any x € D(A).

The above K and w are called respectively a feedback law and a stabilization decay rate (a decay rate,
for simplicity). When the above w, S(-) and K exist, we also say that K is a feedback law stabilizing the
system (1.1) with the decay rate w.

Remark 1.3. Several notes on Definition 1.2 are as follows:

(1) The above definition comes originally from [6] which shows that the finite cost condition of the
LQ problem: inf e+ [o la(t;zo, w13 + |lu(t)|3]dt implies the stabilizability in the sense of
Definition 1.2. It deserves mentioning that the above stabilizability is equivalent to the above finite
cost condition (see [1], Proposition 3.9]).

(i4) In general, A + BK is not the generator of the semigroup S(+), except for the case B € L(U; H).
This operator is only a densely defined restriction of such a generator (see [5, 6, 11, 12, 25]). The
detailed explanation is given in the proof of our main theorem.

(#3t) It was proved in [21, Section 3.3] (see also [14, Theorem 3.4] for the complete stabilizability) that
the stabilizability of the system (1.1) is equivalent to the following weak observability inequality for
the dual system of (1.1):



There exists § € (0,1), T >0 and C(6,T) > 0 such that

T
IS*(T)ellz < C(6, T)/ 1B*S* (s)¢llErds + 8|l oIl for any o € D(A™). (1.5)
0

On the other hand, (1.5) is equivalent to what follows (see Proposition 5.1 in Section 5.1):
There exists a > 0, Cy(«) > 0 and Ca(«) > 1 such that

t
15" (el < Cl(a)/ 1B*S*(s)¢lltds + Ca(a)e™ ol for any t >0, ¢ € D(A%), (1.6)
0

which is also called a weak observability inequality.
Inspired by the note (éi7) in Remark 1.3, we further make the following hypothesis:
(Hy) There exists a > 0, Cy(«) > 0 and C(a) > 1 such that (1.6) holds.

1.4 Main result

To state our main result, we need to introduce some operators. First of all, we let J; : U’ — U and
Jy : H' — H be the canonical isomorphisms given by Riesz-Fréchet representation theorem (see, for
instance, [2, Chapter 5, Section 5.2]). It should be noticed that J; and Jy are conjugate-linear operators.
Next, we let o > 0, C1(a) > 0 and Ca(a) > 1 be given in (Hy). Now, for any € € [0,«), T > 0 and
t € [0,T], we define an operator A, . r(t) : H — H by

t —_ —_
Aacr®e, V) mm = Ci(a)eT / e~ (=) B*§*(—s)p, B*S* (—s)i)u.vrds
0
+Co(a)e™ @ T S* (—t)p, S*(—t)Y) . for any @, b € H',  (1.7)

where E*\S/*() is given in (4ii2) of Remark 1.1, and then define another operator I, . 7 : H — H via

T
<Hoz,a,T90aw>H,H’ ::/ <Aa,5,T(t)90aw>H,H’ dt for any (Pal/] € H/- (18)
0

It is clear that both Ay . 7 (t) and I, o 7 are conjugate-linear. Moreover, we can show that Aq . 7 (t) and
I, 7 are bounded, and H;}&T exists (see Lemma 2.1). Finally, for each T' satisfying

T €I, := (o' In[Cy(a)], +0), (1.9)
we write £ := T~ In[Cy(«)], and then define an operator Kr : I, z7[D(A*)] — U via

Kp:=-TCy(a)e*T J,B* I L (1.10)

a,e,T"
The main result of this paper is as follows:
Theorem 1.4. Assume that (Hy)-(Hy) are true. Then for each T satisfying (1.9), the operator Kr,
defined by (1.10), is a feedback law stabilizing the system (1.1) with the decay rate & (a — T~ In[Ca()]).
Remark 1.5. Some notes on Theorem 1.4 are given.

(1) Theorem 1.4 gives a family of feedback laws {Kr}rez, stabilizing the system (1.1), and the decay
rate corresponding to each K1 has an explicit expression. All coefficients in the weak observability
inequality (1.6) appear in the expression of Kr.

(#9) In (1.10), we only need H;}&T with € :== T~ 1n[Ca(v)], but in the proof of the main theorem, we
will use the family {H;}Q,T}EE[O,Q)'



(7it) We now explain our design of the feedback law Kt as follows: First, based on the weak observability
inequality in (Hya), we define an operator Ao 1(t) (given by (1.7)), which can be treated as a
kind of mutated Gramian operator. Thus, when € is fized, t — Ao 7(t), t € [0,T], is a mutated
Gramian operator-valued function. Second, the operator g1 (given by (1.8)) can be viewed as
the integration of the aforementioned function. Thus, each My 1(t) can be treated as a slice of
Iy, r. Third, the feedback Kt (given by (1.10)) is built up with the aid of Iy . 7.

1t deserves mentioning the following two points: First, our structure is based on the assumption (Hy)
quantitatively. However, the feedback laws given in [11, 18, 19, 23, 24] depend on the assumption
of the exact controllability of (1.1) qualitatively. (The latter will be explained in more detail in the
next subsection.) Second, unlike works [11, 18, 19, 23, 2], we are not able to design a feedback
law by only one slice Ao . 7(t). The main reason is that our assumption (Hy) is weaker than the
assumption of the observability used in [11, 18, 19, 23, 24].

(iv) By the proof of Theorem 1.4, we would obtain a more general result (see Theorem 3.1).

(v) The family {Kr}rez, gives an approximate decay rate /2, where o has been fized in (Hy). Thus,
it seems that our way to design feedback law can only give a fized decay rate. Fortunately, this is
not true. Indeed, we will show, in Section 4, what follows: For each p € (0,w*), where

*

w* 1= sup{w € R : the system (1.1) is stabilizable with decay rate w}, (1.11)

we can use our way to design a feedback law stabilizing the system (1.1) with the decay rate p (see
Theorem 4.2).

1.5 Novelty and comparison with related works

For the studies relevant to our current work, we recall the main results in [11, 23, 24]. The papers [11, 24]
build up, for each w > 0, a generalized Gramian operator G, : H — H' (with T' > 0) via

Tw —_— —_—
(Grwe, V) u 1 ::/ ew(8)(J1B*S*(—s)p, B*S*(—s)¢)yurds for any ¢, € H', (1.12)
0
where T, := T + (2w)~! and
=25, if selo,T],
ew(s) = —2wT .
2we 2T(T, —5), if se|[T,T,],

and prove that K := —JlB*Gilw is a feedback law stabilizing the system (1.1) with the decay rate w,
where G, satisfies a Riccati equation. The paper [23] designs, for each w > 0 large enough, a generalized
Gramian operator (which is originally from [18] for some finite-dimensional systems):

Gt i= [ 2 (NES (-s)p, B (~)uands for any .0 € H' (1.13)
0
and shows that K := —JiB*G_! is a feedback law stabilizing the system (1.1) with the decay rate

(2w — g(—A)) (where g(—A) := infyo + In || S(—t)| z(mr)), where G, satisfies a Lyapunov equation.

In the above-mentioned papers [11, 23, 24], the assumption (H) (i.e., the system (1.1) is exactly con-
trollable at some time T > 0) is necessary to ensure the invertibility of the above generalized Gramian
operators, while the corresponding observability inequality is not fully utilized, more precisely, the coef-
ficients in the observability inequality does not appear in the design of the feedback laws. Besides, either
Gr or G, corresponds to a slice Aq - 7(t).

The novelties of this paper are as follows:



e Our assumption (Hy) is more natural and weaker than the above-mentioned (/H\) Since (Hy)
cannot ensure the invertibility of the Gramian operators Gr,, and G, (given by (1.12) and (1.13)
respectively), the method to design feedback laws in [11, 23, 24] does not work for our case.

e Our method to design feedback laws seems to be new from two perspective as follows: First, we
replace the generalized Gramian operator (in [11, 23, 24]) with the integration of a mutated Gramian
operator-valued function. It deserves mentioning that though each slice Ay o 7 () is invertible (see
Lemma 2.1), it does not work to replace Il . 7 by one slice Ay o 7(¢) in (1.10). Second, we use all
information of the weak observability inequality.

e From perspective of stability, our design for feedback laws is reasonable in the sense: When S(-) is
stable, i.e., for some w > 0 and C(w) > 0, ||S(t)||z(m) < C(w)e™ " for all t € RT, the feedback law
should be 0. This is consistent with our design. Indeed, in this case, we have (Hy) with o = 2w,

Ci(a) = 0 and Cy(e) = (C(w))?), which, along with (1.10), gives K7 = 0.
1.6 Plan of this paper

The rest of the paper is organized as follows: Section 2 shows some preliminaries; Section 3 proves the
main result; Section 4 presents further studies; Section 5 is appendix.

2 Preliminaries

In this section, we suppose that (H;)-(Hy) hold and let @ > 0, Cy(«) > 0 and C2(a) > 1 be given in
(Ha).

Lemma 2.1. Given T > 0 and ¢ € [0,«). Let the operators Ag e r(t) (with t € [0,T]) and Iy 7, be
defined by (1.7) and (1.8) respectively. Then, the following statements hold:

(i) There is Co(T) > 0 so that ||Ac 7 (t)|| zcarmy < Co(T) for all t € [0,T7;
(i) The operator Iy ¢ 1 is bounded;
(i1i) Both Ager(t) and I, o v are invertible. Moreover,

(Naer)o, o) 2 el and (Maere, o) 2 Tlelfy for all ¢ € H'. (2.1)

Proof. Arbitrarily fix T > 0 and € € [0, «). We begin with proving (¢). Arbitrarily fix ¢, € D(A*) and
€ [0,T]. Since B*S*(-) = B*S*(:) on D(A*) (see the note (7ii2) in Remark 1.1), it follows from (1.7)
and (1.3) that

(Ao (), ) mr |

T 1 T 1
Crla)e™ ([ 158" o)) ([ 1875 (—ulids)” + Cota)lS* (<0plarllS* (~t)l

IN

IN

2
(Cr(@eTem) + Cat)( sup 115" (=) leqarsa ) ) Il
s€[0,7)

This, along with the density of D(A*) in H’, leads to (i) with
@ * 2
Co(T) = Ci(a)e* " C(T) + Ca(a)( sup 18* (=)l e arsmry) ™
se|0,
To show (47), we arbitrarily fix ¢, € H'. It follows from (1.7) that the function ¢t — (Aq o 7(t) 0, V) .17,
t € [0,T1], is continuous, so is integrable. This, along with (1.8) and the property (i) in this lemma, yields

[(Mae.r0, ) 10| < TCo(T)l el |1 a7



which leads to (i7).
We now prove (#ii). Because S(-) is a group (see (H;)), the inequality (1.6) (which is true by (Hy))
is equivalent to

¢
lellZ < 01(04)/ 1B*S* (=s)¢llzds + Ca(a)e™||S*(=t)¢||h for any t € RT, ¢ € D(A).
0
It follows that when € € [0, «) and ¢ € [0, 77,
t
el < Cl(oé)eaT/ e~ B S (—s)¢lfnds + Ca(a)e™ @I S* (~t)lly for any o € D(AY),
0

which, together with (1.7), yields the first estimate in (2.1) with ¢ € D(A*). This, along with the density
of D(A*) in H', shows the first estimate in (2.1) with ¢ € H’. Next, the second estimate in (2.1) follows
from the first one and (1.8). Finally, it follows from (2.1), the claims (i) and (¢7), and the Lax-Milgram
theorem that both A, 7(t) and I, . 7 are invertible.

Hence, we complete the proof of Lemma 2.1. O

Proposition 2.2. Let T > 0 and € € [0,«). Then the following conclusions are true:

(1) Let the operator I, o 7 be given by (1.8). If let X := 11, . 1, then X is a solution of the following
Lyapunov equation:

(XA* o, D) i + (Xp, A*) i — TCOL()e™T (JyB*p, B*Y)p.
= —(a—e)(Xo,V)un — (Qaere, V) u for any ¢, € D(AY), (2.2)

where the bounded operator Qu .1 is defined by

Qaer =MAaer(T) — Co(a)Ja, with A7 (T) given by (1.7). (2.3)

(ii) When (g,T) verifies

{5 €(0,a) and T > n[Cs(a)], if Co(a) > 1, 2.4

€[0,a) and T >0, if Co(a) =1,
the operator Qu.er, gwen by (2.3), is non-negative in the sense of (Qa.e. 7P, )mm > 0 for any
peH.
Proof. We begin with showing (7). Let

o~

~ 1
Agei= A%+ 5(& —¢e)I, with D(A,.) = D(A"). (2.5)

)

Write §a,8(-) for the Cp-group generated by g@@. Two observations are given in order: First, since
B*S*(-) = B*S*(-) on D(A*) (see the note (idiz) in Remark 1.1), it follows by (1.7) that

~

t
Ao, V)ar = C1(Oé)€aT/<J1B*Sa,s(*5)%B*Sa,s(*S)WU,U'
0
+C2(Q) (T2 Sae (—t)p, Sae (V) .17, @, € D(AY). (2.6)

Second, by the note (ii) of Remark 1.1 and the first observation above, we see that when ¢, 1 € D((A*)?)
and s € [0,T7,

~ o~

(J1B*Sa,c(—8)0, B*Sac(—8)0) i = (J1E* Sae(—8) (M + A)* @, E* Sy o (—5) (A + A) ) 11,



o~ o~

from which, it follows that for any ¢, 1 € D((A*)?), the function s — (J1 B*Sa.c(—8)p, B*Sa.c(—8)%¥) m. 1
is continuously differentiable over [0, 7.
We now arbitrarily fix ¢, € D((A4*)?). On the one hand, by the second observation above, we find

t
d ~ ~
Crl@)e [ 2 (B Bac-9)0. B Suc-s0)uiwr) ds
O S
= Ci(@)e" ((11B"Sa ()9, B Sac(~t0)uwr — (W B9, B')uwr ) , t € 0,1
On the other hand, it follows from (2.6) that for each ¢ € [0, T],

d

t
Cl (a)eaT/ % (<J1B*Say€(75)905 B*Sa,s(is)i/»U,U’) ds
0

t
= —Cl(a)eaT /(JlB*Sa,g(—s)Aa,ggo,B*Sa,g(—s)z/})Uﬂ/ds
0

VR

)

t
+ / <JlB*Soz,8(_S)(pa B*Sa,a(_S)Aa,8w>U,U’d3)
0

= ~(Aaer®Aaco V)i — Naert)p, Aact)mm
+C3(@) ({2 A S (~0)2, Sae (~00) 1,117 + (J28ae ()0, A e S (1))t 117)

= —Aaer(t)Aaco, W i — (Maer(t)0, Ag.cth) 5 b

d

~Cale) | 3o (25108510 )|

s=t

The above two equalities imply that for each ¢t € [0, 7],

Cy(a)e™” (<JlB*§a,£(_t)‘paB*goz,a(_t)w>U,U’ — <J1B*90,B*¢>U,U')
= (AW Aacp, Vi — Naer ()@, Aa )i

—Cs(a) {d% ((28uc(=5)e, §a’8(_s)¢>H’H')]

s=t

Integrating the above equality with respect to ¢ over [0, 7] and using (1.8), we obtain
(MoerAaeo, V)i + Maer @, At i — TCH@)eT (1B o, B*$) v
T
— _Ci(a)eT / (1B S e (1), BB e (— )t
0

d

02(a)/0 % (<J2§a,€(*t)507 §a,s(7t)w>H,H’) dt. (27>

Meanwhile, it follows from (2.6) that

d

Cafo) | (B0, Bt )

C2()(J2Sa,e(~T)p, Sae(~T)0) i1,117 — Ca(@)(Jop, V) 11,11

~

T
= (Aaer(T)o, V) H — C’l(Oé)SO‘T/ (J1B*Sec(—t)p, B*Su o (—t)) 0 dt — Cola) (J2p, ) i -
0

Replacing the above equality to (2.7), we get

(Ha,a,Tga,e% Vaa + Mae e, A\a,almH,H’ — TC1()e*T (J1B*p, B*{) .



= Cola)(Jap, V)i — (Nae v (D)o, VY1 1,

which, together with (2.5) and (2.3), shows that Il . 7 verifies the equation (2.2), with o, € D((A*)?).
This, along with the density of D((A*)?) in D(A*), shows that X :=Il, . r is a solution of the equation
(2.2).

We next show (i¢). Indeed, in the case that Ca(c) > 1, we see from (2.1) that for any € € (0, ) and
T > e tn[Cq ()],

(Qaer O = Naex(T)E ) — Ca(a)|ElF = (7 — Ca(a))llEl7y 20, €€ H,
while in the case that Ca(a) = 1, we use (2.1) to get that for any € € [0,a) and T > 0,

<QO{,8,T§)€>H,H’ - <Aoz,8,T(T)€a§>H,H’ - Hg”%{/ Z 0; 6 S HI-

These imply that Qq.. 1, with (¢,T) satisfying (2.4), is non-negative.
Thus we finish the proof of Proposition 2.2. O

Remark 2.3. First, in the proof of Proposition 2.2, we used the weak observability inequality in (Hy).
Second, in the proof of Theorem 1.4, Proposition 2.2 plays an important role. Third, in the proof of
Theorem 1.4, we also borrowed another idea, which was widely used in the related works (see, for instance,
[6, 5, 24]) and can be explained as follows: By Proposition 2.2, Il . satisfies the Laypunov equation
(2.2), which can be written formally as

ml, (A - Tcl(a)e“TBJlB*H;}T) Ho.r = —A* — Paor,

where
PGHE»T = (a - E)I + H;ﬁlgyTQa,s,T' (28)

(The existence ofH;,l&T is ensured by (iii) of Lemma 2.1.) In this sense, the operators —A* — P, . 7 and
A-TC(«, T)BJlB*H;lT are “conjugated” each other. Thus one can obtain a Cy-group on H generated
by A — TCl(a)eO‘TBJlB*H;}T formally, through using the Cy-group on H' generated by —A* — P, . 1.

Now back to our case. Write Vo o 1(-) for the Co-group on H', generated by Ay.ep := —A* — Po e 1,
with its domain D(Ag. 1) which is the same as D(A*). Here, we notice that Py .1 € L(H'). Then by
the constant variation formula, we have

t
Vea,e,7(t)p = S*(—t)p — / S*(s = t)Poc7Vaer(s)pds for any t €R, p € H'. (2.9)
0

The next two lemmas will be used in the proof Theorem 1.4. For the first one, we did not find any
exact version in published papers, while for the second one, a similar result was given in [24, Lemma
3.3], however, in its proof, there are some places that we do not understand. So we give their proofs in
Section 5.

Lemma 2.4. Given v > 0, M € L(H') and ¢ € D(A*), let w(t;p) = fot S*(s — t)MVa. e 17(s)pds,
t € [=v,7]. Then the following conclusions are true:

(i) For any t € [=7y,7], w(t; ) € D(A");
(i) There is a constant C(y) > 0 (independent of M and ¢ but depending on ) so that

vy v
[ Bt ol < con(iateliy + [ (1MVacr®elfy + 1MV @Bacroliy) ).
- -

(2.10)
Lemma 2.5. For any p,v € D(A*) and t € R,
<Ha,€,T90; 1/}>H,H’ == <Ha,e,TVa,s,T(t><Pa S*(ft)i/»H,H’
t
+TCl(a)eo‘T/ (1B Vy.e,1(8)p, B*S™(—s)¢)uurds. (2.11)
0



3 Proof of main theorem

This section is devoted to prove Theorem 1.4.

Proof of Theorem 1.4. Arbitrarily fix (¢,7) € [0,a) x (0,+00) satisfying (2.4). Let Vo r(-) be the
Co-group on H' generated by —A* — P, . 1, where P, . 1 is given by (2.8). Define

Soer(t) =T crVaer I} teR. (3.1)

a,e, T

(The invertibility of I, . 7 is ensured by (ii7) of Lemma 2.1.) The rest of the proof is organized in several
steps.

Step 1. We have the following conclusions:
(a1) The family {Saer(t)}ier, given by (3.1), is a Co-group on H;

ag) The generator of Sq c.7(+) 18 as: Aaer := g er(—A*—Py e !t , with its domain D(Aq.c1) =
€5 €y €y €5 a,e, T €5
IIoz,a,T[D (11*)];

(a3) For anyt € RT, x € D(Aq.1) and ¢ € D(A*),
t
<Sa1€7T(t>:C, <P>H,H’ = <:L', S* (t)Sﬁ>H,H/ - TCl (Oz)eaT / <J1B*H;11€7T8a751T(S>:C, B*S* (t - 5)1/)>U7U/d8.
0

These can be proved by very similar methods used in the proof of [24, Theorem 3.2]. We omit the
proofs.

Step 2. We have
(A—TCy(a)e*T BJ B IIL )& = Ag ez for all z € D(Axcr),

a,e, T

where A € L(H; D(A*)) is the unique extension of A, defined by (1.4).
The very similar result has been proved in [24, Theorem 3.3] by using the conclusions in Step 1. Thus,
we omit its proof.

Step 3. We prove that for any ¢,v € D(A*) and t € R,
t
(Haere,V)un = TCl(Oé)eaT/ (J1BVae(s)p, B Vaer(s)¥)uu ds (3.2)
0
t
+<Ha,a,TVa,5,T(t)90aVa,a,T(t)w>H,H’ +/ <Va75,T(S)(‘0’Qa,g7TVa7g,T(S)w>H’,HdS,
0

where Q/QE\T is defined by
Qa,E,T = Ha,E,TPa,E,T- (33)

First of all, it follows from (2.9), the assumption (H3) and Lemma 2.4 that the first term on the right
hand of (3.2) makes sense.
We now arbitrarily fix ¢,1 € D(A*) and ¢ € R. Then by Lemma 2.5 and (2.9), we have

<Ha,5,T905 1/}>H,H’ == <Ha,5,TVa,5,T(t)507 Va,E,T(t)"/)>H,H/
t
+TC (a)e™™ / (1B Va.er(8)p, B* Vo e (8)) v ds + Wi(t) + Wa(t),(3.4)
0
where

Wi (t) = <Ha,s,TVa,s,T(t>90a fOt 5" (S - t)P‘LE’TVO"E’T(S)i/}dS>H o’

WQ(t) = Tcl(a)eaT f(f <JlB*Va,8,T(S)90a B* f(; S* (U - S)Pa,a,TVa,a,T(U)de>U,U/ ds.
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(It follows by the assumption (H3), Lemma 2.4 and (2.9) that the term Ws(t) makes sense.)
Next, we will show

t
Wi(t) = /0 Va,e,7(8)0, Qe 7V e 7(8) ) Hr mHdSs — Wa(t). (3.5)

When this is done, (3.2) follows from (3.4) and (3.5) at once.
To show (3.5), we let n* € NT so that when n > n*, nl — A* is invertible. We define, for each n > n*,

Ry :=n(nl — A*)~! (3.6)
and .
Ka(t) i= (Mo e Vo e (D), /0 S*(s —t)RnPa@,TVa,&T(s)wds>H1H/. (3.7)
By [15, Chapter 1, Theorem 6.3], we can find two positive numbers ¢; and c¢o such that
1Rullzcary < nnfl 5 for each n > n", (3.8)
while by [15, Chapter 1, Lemma 3.2], we see that when a € H’,
Rnx € D(A*) and Rp,z — z in H as n — +oo. (3.9)
Then by (3.8) and (3.9), we can apply the dominated convergence theorem in (3.7) to get
lim [C,(t) = Wi(t). (3.10)

n—-+oo

(Here, we used the definition of W (t).) Meanwhile, by (2.11) in Lemma 2.5 (where we replace ¢ and 1
by Va.e.r(s)p and Ry, Po e 7 Va e, ()1, respectively), we have

t
K:n(t) = /0 <Hoz,8,TVOz,8,T(t - S)Va,a,T(S)SDa S* (5 - t)RnPoz,a,TVoz,a,T(5)1/1>H,H’ds
= Knat) + Kn (1), (3.11)

where

Icn,l(t) = fot <Ha,E,TVa,E,T(5)(P; RnPa,a,TVa,E,T(5)1/1>H,H’dsa
Kna(t) := —TC1(a)e®T [3 [0~ (1B Va,er (0 + 8)¢, B*S*(—0) Ry Po e, 7V, 7(8)0) 0,0 dords.

With respect to I, 1(¢), we obtain, from (3.8), (3.9), (3.3) and the dominated convergence theorem, that

t
lim /Cnﬁl(t):/ <Va,s,T(5)<P;Qa,s,TVa,s,T(S)"/)>H’,Hd5' (312)
0

With respect to Ky, 2(t), we will claim

lim K:mg(t) = —Wg(t). (313)

To this end, it suffices to show
t t—s
/ / (J1B*Vaer(o+ s)p, B*S* (—0)RpPae 7 Va7 (8)0)u,vrdods
o Jo

t vy
= / <JIB*V0¢,5,T('Y)90’ B* / S*(S - V)Rnpa,a,TVa,a,T(s)wd‘S)U,U’d'% (314)
0 0
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and

[t]
lim
n—-+4o0o —t|

2
dy = 0. (3.15)
U/

Yy
B / S%(5 = 7)(R — 1) Pae 1V e 7 (s)ibds
0

When these have been done, (3.13) follows from (3.14), (3.15) and the definitions of Ky, 2(¢) and Wa(t)
at once.
To show (3.14), we first notice that by the note (i7) in Remark 1.1,

B*R,, = E*(A+ \)*(n(nl — A*)™) = nE* + (n® + n\)E*(nl — A*)™', when n > n*,
(Here X is the conjugate of \.) which leads to
B*R,, € L(H') for all n>n". (3.16)

Next, since R, =n fOJrOO e~ " S*(t)dt (see the proof Theorem 3.1 in [15, Chapter 1])), we have R, S*(-) =
S*(-)Rp. From this, (3.16), Lemma 2.4 and [1, Lemma 11.45], we find

t t—s
/ / (J1B*Vaer(o + s)p, B*S*(—0)Rp Pae 7V e,r(8)0)u,vrdods
0o Jo

t t
/ / (J1B*Va,e,r(V)p, B*S™(5 = V)R Puv,e, 7 Vav,e. 7 (8)0) v,v dryds
0 s

t oy
- / / (B Ve (7). B RS (5 — 7) Pore Voo ()06} v dsdy
0 0

t v
/ (J1B"Va,e,r(7)e, B*Rn/ S*(s = V) Pa,e,7Va,e,7(8)0ds)u,ur dy
0 0

t vy
= / <J1B*Va,€,T('Y)% B* / S*(S - V)RnPa,s,TVa,e,T(5)1/}d5>U,U’d’)’a
0 0

which leads to (3.14).
To show (3.15), we let z,(v) :== [ S*(s —=¥)(Rn — I)Pa,e,7Va,c,7(s)0ds, then, by Lemma 2.4, we can
find C(|t|) > 0 such that

Il

Il
/ IB*zn(MlErdy < C(|t|)<||(73nI)Pa,s,Ti/fl?er/ [(Ri = 1) PaerVae r(s)¢ 7 ds

Il — [t

[t]
+ / | ||(Rn - I)Pa,s,TVa,s,T(S)Aa,s,Tw|%ﬁ)d‘s'
—|t

This, together with (3.8), (3.9) and the dominated convergence theorem, leads to (3.15).
Finally, (3.5) follows from (3.13), (3.10), (3.11) and (3.12) at once. This ends the proof of Step 3.

Step 4. We show that when x,y € D(Aqcr) and t € R,
<ZL', H;7%5,Ty>H,H’

t
= <5a,s,T(t)$aH;,ls,TSa,s,T(t)wH,H'+/ (3L 7Sa,e,7(8)%, Qae, 711, L 1 Sae,r(8)y) e mrds
0

t
+TC’1(a)eaT/<J1B*H_1 Sover(8)2, BT L . Soc7(8)y)vvrds. (3.17)
0

a,e,T e, T

First of all, the third term on the right hand of (3.17) makes sense. The reason is as: it follows by
(a2) in Step 1 that when z € D(Aq 1), we have IT L .2 € D(A*). Thus, it follows from (3.1), (2.9) and

€5

Lemma 2.4 that B*IIL .Spc7(-)2 = B Vo o r(OI L 12 € L2 (R;U).

a,e, T a,e, T loc
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Next, we arbltrarily fix z,y € D(Aqer) and t € R. Then by the conclusion (ag) in Step 1, we
find 11" e 11 Ty € D(A*). This, along with (3.2) (where ¢,% are replaced by II* . HaaTy,
respectlvely) and (3.1), yields (3.17).

Step 5. Let
S() 1= 8acr(’) and K := =TCi(a)e*" 1B, . (3.18)

We show that K is a feedback law stabilizing (1.1) with the decay rate (o — ¢).
First of all, by the conclusions (a;) and (az) in Step 1, we see that S(-) is a Cp-group with the
generator:

A= Aaer =Taer(—A = Poor)I;L 4, with its domain D(A) = I . 7[D(A")]. (3.19)

It follows by (3.19), (i¢) in Remark 1.1 and the conclusion (as) in Step 1 that for each x € D(A),
H_‘E 72 € D(A*) and that

||B Ha e, T:C”U/ = HE*(A* + Pa € T)Ha e, I + E*(/_\I - Pa,s,T)H;,187T1'|‘U’
= [|ET_L Az 4+ E*(AI = Pae )L, L p||or

(1B T ey + BT = Paer )L 2l ) el by

IN

These, along with (3.18) and the conjugate-linearity of J; and I, . 7, yields K € L(D(A);U).
Next, we will show that S(-) (as well as A) and K verify the conditions (), (i7) and (z4¢) in Definition

1.2 (with w = £ (a — £)) one by one.

Sub-step 5.1. We prove (i) in Definition 1.2 with w = %(a —e).
We first claim

(S(t)x, 11,

a,e, T

St)x) g < e g, Ha crx)yu e forall x € D(A), t € RY. (3.20)

To this end, we arbitrarily fix z € D(A), t and o with ¢ > ¢ > 0. Then by (3.17), we have

(S(o)a, N, L pS(0) 2y = (St)a, 1L ;1 S(t)a) +/ (L 1 S(8)2, Qaer Il L 1S (8)2) i rds

g

t
+TC’1(oz)eo‘T/ (LB p8(s)x, BISL 1 8(s)z)v,0ds. (3.21)

Meanwhile, by (2.8) and (3.3) (the definitions of P, . 7 and CZE\T), we see

QG‘ETH;ET (O‘*E)IJFQasTHasTv (3.22)

where Qq ¢ 1 is given by (2.3) and is non-negative (which follows from (i7) in Proposition 2.2, since (g, 7T")
verifies (2.4)). Now, by (3.22) and the non-negativity of Qq.c 7, we find

[ L 28000, Qe 17 (502 mds
t

= (a-— E)/ (S(s)x, H;‘ETS(S):L»H’H/dS +/ <Qa1€7TH;,187TS( s)x, H;ETS(s)x>H7H/ds

> (ozfs)/ (S(s)x,H;I&TS(S)@H,H/ds. (3.23)

From (3.23) and (3.21), it follows that
t

(S(o)z, 10, L 7 S(0)2) g > (St)w, 1L 7 S(8)2) mr + (o — 5)/ (S(s)a, T L 1 S(5)x) v ds.

g
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Since 2z € D(A) and ¢t > o > 0 were arbitrarily taken, we can apply the Gronwall inequality (see [11,
Lemma 3.2]) in the above inequality to get (3.20).
We next claim that there exists C'(«,e,T) > 0 such that

T(Cla,e, 7)) ?llyllE < (w10, L p) s < Tyl for any y € H. (3.24)

Indeed, according to the second inequality in (2.1) and the boundedness of II,, . 7 (see Lemma 2.1), there
exists C(a,e,T) > 0 such that for all p € H’,

Tlelh < (Maere,9)mn and [aerelln < Cloe, T)lglnr-

These lead to (3.24).
Now it follows from (3.24) and (3.20) that

2
ISt)z||r < <M) et 2]|%, for any t € R, = € D(A).

This, together with the density of D(A) in H, shows

c T
IS e < X8I e 409 o any ¢ e B,
i.e., (i) in Definition 1.2 with w = £ (a — ¢) is true.

Sub-step 5.2. We prove (i) in Definition 1.2 with w = %(Oz —e).

This follows from (3.18) and the conclusion in Step 2 at once.

Sub-step 5.3. We prove (iii) in Definition 1.2 with w = 3 (o — €).
In the case that C;(«) = 0, we see from (3.18) that K = 0, thus (¢i7) holds for this case.
In the case that Cy(«) # 0, it follows by (3.21), (3.23) (with ¢ = 0) and (3.18) that when z € D(A),

a,e, T

t
(J:,H;}E,T@Hﬂ/ > (St)z, I L S(t)a)umr + (TCl(a)eo‘T)fl/ | KS(s)x||#.ds for each t € RY.
0
Letting ¢t — 400 in the above, using (i) and (3.24), we see
“+oo
/ | KS(s)x||?ds < Cy(a)eT||x||% for any = € D(A),
0

which leads to (ii7) for this case.

In summary, S(-) (as well as A) and K verify the conditions (i), (é¢) and (ié¢) in Definition 1.2 with
w=1a-e).
Step 6. We finish the proof.

Arbitrarily fix T satisfying (1.9). Let £ := T~ !'In[Ca(«)]. Then one can easily check that (,7)
satisfies (2.4). Thus by the conclusions in Step 5, we complete the proof of Theorem 1.4. O

Our proof of Theorem 1.4 shows, indeed, the following more general result:

Theorem 3.1. Assume that (Hy)-(Hy) are true. Then for each pair (£,T) € [0,a) x (0,4+00) verifying
(2.4), the following operator (from g e 7[D(A*)] to U) is a feedback law stabilizing the system (1.1) with
the decay rate (o — €):

K.7:=—TCi(a)e*T ], BT

a,e, T

where g e 1 is defined by (1.8).
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Remark 3.2. (i) Several facts are given. First, it follows from (3.17) that the operator HQET, with
(e,T) € [0,c) x (0,+00), satisfies the following Riccati equation:
<A*7)l‘ ?J)H’ o+ <$ A*Py>H H — TCl(a)eo‘T<JB*7)x, B*Py)H,H/
= 7<(( )HasT asTQaETHasT) z’y>H, H, z,y € Hll,&T[D(A*)]v (325)

where Quer := Nae,7(T)— Cao(a)J2 is a conjugate-linear and bounded operator from H' to H. Second, if
Qa7 15 non-negative, then the solvability of the equation (5.25) is equivalent to the finite cost condition
of the infinite-horizon LQ) problem corresponding to (3.25) (see [6, Theorem 2.2]). Third, the finite cost
condition of the aforementioned LQ problem is equivalent to the stabilizability of the system (1.1) (see
[14, Proposition 3.9]). Finally, we can only show that when (¢,T) satisfies (2.4), the above Qq 1 iS
non-negative. These facts explain why the pair (e, T) needs to satisfy (2.4) in Theorem 3.1.

(i4) From the discussions in the note (i), we see that our method is to construct directly an operator
which satisfies a Riccati equation (related to an infinite-horizon LQ problem) instead of solving a Riccati
equation (the latter needs to prove the existence of solutions for the corresponding Riccati equation).

4 Further studies

The quantity w* defined in (1.11) is called as the best stabilization decay rate for the system (1.1). It is
the same as that defined by [21, (4)]. When the system (1.1) is stabilizable, we have w* € (0, +oc]. In
particular, when w* = 400, the system (1.1) is completely stabilizable. Before stating the main result of
this section, we give the next proposition.

Proposition 4.1. Suppose that (Hy)-(Hz) hold and the system (1.1) is stabilizable. Let w* € (0,+o0]
be given by (1.11). Then for each 6 6 (0, w ) there is C1(0) > 0 and C2(0) > 1 so that (1.6) holds for
a=0,Ci(a) =C1(0) and Cz(a) = C2(h), i.e

t
IS* ()¢l < 01(9)/ 1B*S*(s)plltrds + Ca(0)e™*"lll7yr, t >0, ¢ € D(AY). (4.1)
0

Proof. First of all, it follows by (1.11) and Definition 1.2 that for any 6 € (0, w*), there is a Cp-semigroup
Sp(-) on H (with the generator Ag : D(Ap) C H — H) and an operator Ky € L(D(Ap); U) so that

(b) there exists C1(0) > 1 such that [|Sy(t)]| z(z) < Ci(0)e™? for any t € RT;
(by) for any = € D(Ag), Agz = (A + BKj)z;
(bs) there exists Cy(6) > 0 such that | KoSo ()| L2 rtyoy < Ca(0)||z|| i for any = € D(Ay).
Arbitrarily fix € D(Ay), ¢ € D(A*) and t > 0. Then it follows by (b2) and (1.4) that
& (Sals)a, 5"t — )
= < So(s)x, S*(t — 8)p) i, — (So(s)z, A*S™(t — 8)¢) m, 1

= ((A+ BKy)Sy(s)z, S*(t — 8)P) D(A*y,D(A+) — (So(s)x, A"S™(t — 8)p)m, o
= (BKypSp(s)x, S™(t — 5)0) p(a+y,p(a=) = (KoSo(s)x, B*S™(t — s)p)uv,ur, s € (0,1).

By integrating the above equality with respect to s over [0, t], we get

(Sot)r. oy p — (. 5™ () 0) 110 = / (KoSa(s)z, BS*(t — 8)@)uvrds.
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This, together with (by) and (b3), yields

1
2

t
(2, S*(O)p) b, m| < Co(0) ||| </O 1B*S™(t - S)wll?de) +Cu(0)e " 1zl lloll 7

Since t > 0, ¢ € D(A*) and = € D(Ap) were arbitrarily taken, the above, along with the density of
D(Ap) in H, gives

t
1S (®)ellzr < 2(02(9))2/0 1B*S* (s)elltrds + 2(CL(0)*e > ollf, ¢ >0, ¢ € D(AY),

which leads to (4.1) with Cy(8) = 2(C5(6))? and Ca(f) = 2(C1(6))2. Thus, we complete the proof of
Proposition 4.1. O

Theorem 4.2. Assume that (H1)-(Hs) are true and the system (1.1) is stabilizable. Let w* € (0, +o0]
be given by (1.11). Let C1(6) > 0 and C2(0) > 1, with 6 € (0,w™), be given by Proposition 4.1. Then for
each p € (0,w*), the following conclusions are true:

(i) If w* € (0,400), then for each T satisfying
— — 1
(W =) 'In [Cs (0)] < T < +o0, with 0:= §(w* + p), (4.2)

the following operator (from g - 1 [D(A*)] to U) is a feedback law stabilizing the system (1.1) with
the decay rate pi: B

Kyur:=-TCy (0) e*" B I, (4.3)
where 0 is given in (4.2), €:=T " 'In[C3 (0)] and Wy 2 ¢ is defined by (1.8) with

a=20; e =%, C1(a) =C (g)a Ca(a) =0, (5)

(i) If w* = 400, then for each T satisfying

_ 3
p'In[Cy (0%)] < T < +oo, with % := 7”, (4.4)

the following operator (from Ilag« o« 7[D(A*)] to U) is a feedback law stabilizing the system (1.1)
with the decay rate p: o
K, = —TCy (0%) e "B 1Ly, . 1, (4.5)

where 0% is given in (4.4), * ;=T In [C2 (6*)] and Hap+ o+ 1 is defined by (1.8) with

a=20" e=¢" Ci(a) = C1(6%);Ca(a) = C2 (67).

Proof. Arbitrarily fix p € (0,w*). To show the conclusion (i), we arbitrarily fix 7" satisfying (4.2) and
write 6 := 1(w* 4+ ). Two observations are given in order. First, it follows from Proposition 4.1 that

(Hy) holds for a = 26, Cy(a) = C (0) and C2(a) = C5 (). Second, by (4.2), one can easily check that
5 (@8- T W [Ty (8)]) > r and (20) [0 (B)] < T < +ox.

From the above two observations and Theorem 1.4, we see that the operator K, 7 : L5 - ,[D(A*)] = U
defined by (4.3) is a feedback law stabilizing the system (1.1) with the decay rate p. This completes the
proof of (7).
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To show (ii), we arbitrarily fix T satisfying (4.4) and write 6* := 32, Two facts are given in order:

2 —
First, it follows from Proposition 4.1 that (Hy) holds for a = 26*, Cy(a) = C1 (6*) and Ca(a) = Co (6*).
Second, by (4.4), one can directly verify that

(20 =T 'In [C2 (6")]) = p and (20%) ' In[C (0%)] < T < +o0.

DN | =

From these two facts and Theorem 1.4, we see that the operator K|, 1 : Hag« o« 7[D(A*)] — U defined
by (4.5) is a feedback law stabilizing the system (1.1) with the decay rate y, i.e., (i4) holds.
Hence, we complete the proof of Theorem 4.2. O

5 Appendices
5.1 Appendix A

In this subsection, we present a direct proof for the equivalence of the inequalities (1.5) and (1.6).
Proposition 5.1. The inequalities (1.5) and (1.6) are equivalent.

Proof. We divide the proof by two steps.
Step 1. We first prove (1.6) = (1.5).

Let @ > 0, Ci(a) > 0 and Cs(a) > 1 be given in (1.6). Then there is " > 0 such that ¢ :=
Co(a)e= T < 1. Thus, by taking t = T in (1.6), we get (1.5) with T =T, C(a,T) = C1(a) and § = 4.

Step 2. We prove (1.5) = (1.6).
Let T > 0,6 € (0,1) and C(4,T) > 0 be given in (1.5). We first claim that for any n € N*,

n—1

nT
IS*(nT)ell < C(&T)Z(W/O 1B*S (s)ll7rds + 6™ |- (5.1)

Jj=0

Indeed, (1.5) gives (5.1) with n = 1. Suppose that (5.1), with n = k, is true. Then, by (1.5) and the
time-invariance of the system (1.1), we have

k=1 (k+1)T
1S*((k + DDl F < C(é,T)Z(W/T IB*S*(s)lltrds + 6 [[S*(T) e e
j=0

IN

ko pk+1)T
C(o, T)Z‘W/ 1B*S* (s)ellErds + 6l ollF
=0 70

which leads to (5.1) with n = k + 1. So by the induction, (5.1) holds for all n € N*.
Next, we let & = —7~1In§ (which implies @ > 0 and § = e~ *T). Then by (5.1), we have that for any
n € NT,

18*(nT)el 7

IN

nT
(1*5)’10(57T)/0 1B*S*(s)ellErvds + 6" [l 7
nT
= (- o ) [ 1B S Gelds + el (52)
0

We now arbitrarily fix ¢ € RT. Then there is m € N such that

mT <t < (m+1)T. (5.3)
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In the case that m =0 (i.e., t € [0,7')), we have

* ~ —a . -~ * 2 o
15l Fr < Cole, T)e™gl|7r, with Ca(a,T) = ( Sl[éPT]HS (@)l eean) e (5.4)
oe|0,

In the case that m € N, it follows by (5.2) and (5.3) that

* * * * 2 *
IS*®)ellzr = 1St —mT)S*(mT)ell7 < ( s 1S (@)lle(zr) 118 (Tl 7
t
< C1(oz,T)/ IB*S*(s)¢llds + Ca(er, T)e™ |lll3, (5.5)
0

where Cy(av, T) is given in (5.4) and

Ci(a,T) = ( e 15*(@)| ) (1 = e@T) 71Oy (€707, 7).
og|0,

Finally, (5.4) and (5.5) leads to (1.6) with Cy (@) = Ci(a,T) and Ca(a) = Co(a, T).
Hence, we finish the proof of Proposition 5.1. O

5.2 Appendix B

The proof of Lemma 2.4. Arbitrarily fix v > 0, M € L(H') and ¢ € D(A*). The proof is divided into
two steps.

Step 1. We show that for each t € [—7,7], w(t; ) € D(A*) and

t
A"w(t;p) = MV r(t)p — S*(—t) My — / S*(s =) MVae1(5)Aac,rpds. (5.6)
0

(Recall that Vo e () and A7 are given in Remark 2.3.)
To this end, we arbitrarily fix ¢ € [—v,~]. By the definition of w(-; ¢), we have that for each h € (0, ho)
(ho > 0 is fixed arbitrarily),

%w(ﬁ; p) = % (/0 S*(s+h—t)MVqy . 1(s)pds — /0 S*(s — t)MVa,&T(s)gods)
= TLi(h) + I2(h) + Zs(h), (5.7)
where
Il(h) = Mva € T(S - h)wdsv

1
R

Iy(h) == —+ fh S (s - t)MVa 1(s — h)pds,

Zs(h) = + f —t)MVa e 7(5) Va,e,7(—h) — I)epds.

With respect to Z; (h), we claim

lim Zi(h) = MVac7(t)p. :
Jim Ty (h) = MVa,er(t)e (5-8)

Indeed, we have the following facts: First, it is obvious that

t+h t+h
L) =7 / §° (s — )M (Vaserr(s — ) ~ Veoerr ()pds + 1 / S*(s — ) MVaor(t)pds.  (5.9)
t t

Second, it follows from the strong continuity of S*(-) that

t+h
lim ~ / S* (5 — )MV o 1(E)pds = MV o 2(t)p. (5.10)
t
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Third, direct computations show

1 t+h
i [ 8- OMWacials = W)~ Vaca(®)pds
t .
1 t+h t
= —/ S*(s —t)M Va.er(0)Ag e 7pdods
h t s—h H
< hosup [[S*(0)lcan) M Iley sup (Vae,r(0) e | Baerellm — 0 as h— 07(5.11)

O’E[O,ho] G'E[t—ho,t]

(Here, we used that sup,cp ;45 [t — s+ h| = h.) Now, (5.8) follows by (5.9), (5.10) and (5.11) at once.
With respect to Zy(h), we can use a very similar way to that used in the proof of (5.8) to find

lim Zo(h) = —S*(—t) M. 5.12
Jim Zo(h) (=t)M¢e (5.12)
With respect to Zz(h), we claim
t
lim Zs(h) = —/ S*(s = )MV e 7(8)Ag e, 7pds. (5.13)
h—0+ 0

For this purpose, several facts are given in order: First, since A, . 7 is the generator of the Cy-group
Va.e,r(r) and ¢ € D(A*)(= D(Auc1)), we have

t 0

1

I3(h) = 7/ S*(s —t)MVq.er(s) (ﬁ/ VaysﬁT(J)Aaﬁgchde) ds. (5.14)
0 —h

Second, direct computations show that for each s € [—|¢], |¢]],

1 O
HS* (s —t)MVq.1(s) (E / Va75,T(U)Aa,87T<pda) H
_h H/

< sup  |[S™ ()| e 1M ey sup Ve ()l el Aae el (5.15)
oe[-2[t],2[t]] oe[=2[t|=ho,2[t[]
Third, the strong continuity of V, . r(-) leads to
1 /0
hli}ng+ wl. Ve, 1(0) A e rpdo = Ag o 1. (5.16)

Now, by (5.15) and (5.16), we can apply the dominated convergence theorem in (5.14) to get (5.13).
Finally, it follows from (5.7), (5.8), (5.12) and (5.13) that

lim S =1 (h) =1
h—07+ h
(see [15, Chapter 1, Section 1.1]) and that (5.6) holds.

Step 2. We prove (2.10).
By the note (i) in Remark 1.1 and Step 1, we have

w(t; p) exists, ie., w(t;p) € D(A¥)

Y v _
/ | B*w(t; @)||2U/dt:/ IE* (M + A% )w(t; ) ||7 dt
—y -

Y

< 16HE*||2L(H’;U/)/ <|Al2|w(t;<ﬁ)|§{/+||MVa,e,T(t)sDII?q/+||5*(t)MWII?q/
-
2

t
+ ‘ / S* (s = t)MVpe1(8)Aq e 70ds )dt. (5.17)
O H/
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(Here, A is the conjugate of A.) Since

Bty (@) 1 < 59Dy 15°(0) ey [ (M Ve (s)ilrds,
SUPye(—y 4 1S (=) M@l 1 < supye oy ) 1S Ol 2oy | M| 17,
SUD;e [y 4] Hfot S*(s — t)MVa,87T(s)Aa,g7Tg0dsHH/
< SUPge iy 157 ey J2, 1M Va,er(s)Da e rll i ds,
applying the Holder inequality in (5.17) leads to (2.10).
By Steps 1 and Step 2, we finish the proof of Lemma 2.4. O

5.3 Appendix C
The proof of Lemma 2.5. Arbitrarily fix t € R and ¢, € D(A*). The proof is divided into two steps.
Step 1. We prove

<Ha,€,T9051/}>H,H’ - S(t)
(Tl Voo (80, S* (=) i1 + TCi ()T /O (J1 BV o 1(8) 0, B*S* (—8) 1) .0 ds (5.18)
where E(t) = E1(t) + Ea2(t) + E3(t) + Ea(t) with
Ei(t) = f < ae, TS (s — I L Qe Va1 (8)p, 5*( ) m,mds,
SQ(t) aT fo <JlB* (fo S* )H ; TQOLETVQET( )Sﬁd’y) ,B*S*(*S>’l/)> dS,
(t) =
(t) =

u,u’
&s(t 7f0 QasTVasT( )‘PaS ( )"/)>H,H/d5;
54 t - fO <Qa e, T (fo S* ) a EﬁTQa,E,TVa,s,T('”(Pd'Y) 75*(75>1/}> ds.

H,H'

(Here Q/QE\T is defined by (3.3).)
First of all, it is obvious that & (t), E3(t) and E4(t) are well defined since HaETQQET € L(H)
and ¢, € D(A*). Second, by Lemma 2.4 and the assumption (Hs) that & (t) is well defined since

@, ¢ € D(AY).
Next, it follows from Proposition 2.2 that for any s € R,

(Ma,erA"S*(=5)p, S™ (=8)V) a,mr + (Hae 7 S™(—8)p, A*S™ (—s)V) o, 17
= TCi(a)e*" (J1B*S*(—s)p, B*S* (—s)¥)u.ur — <Q/a;"5*(_5)90a5*(_5)w>H,H’- (5.19)

Then, since

(Hae,r A"S*(=8)p, S™ (=) m,mr + (Ha e 78" (—5)0, A"S™(=8)¥) 1

d * *
S Pl N G A St P RS
y=s

we get, by integrating (5.19) with respect to s over (0,t), that
<Ha,a,T(Pa 1/1>H,H’

t
= <Ha,e,TS*(*t)%S*(*t)@H,H/+T01(04)6“T/ (N1B*S*(=s)p, B*S" (=s)d)uuds
0

—/ (QaerS™ (=)0, S* (—5)0) 11,11 ds. (5.20)
0
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Finally, (5.18) follows from (5.20) and (2.9).

Step 2. We show
Et)=0. (5.21)

When this is done, (2.11) follows from (5.21) and (5.18) at once.
The remainder is to show (5.21). Let n* € NT be such that nI — A* is invertible for all n > n*. We
define, for each n > n*,

t
Fult) == /O (Ha,e,7S™(s —t)Rn H_ TQa e Va,e,7(8)p, S*(s = 1)S™(—8)¢) 1 ds,

where {Ry, }n>n+ are given by (3.6). By (5.20), we find
Fn(t) = Fua(t) + Fno(t) + Frs(t), n>n", (5.22)
where

1(t) = [ MTR H—ETQQETVQET( 8)¢: 8™ (=8)¥) .10 ds,
]:n2(t) = —TCl T fO JlB S*( ) O(ETC)ousTVozET( )%B*S*(—(V‘f‘5))1/1>U,U’d7d5a
3(t) fO QQETS*( Y)Rn HalgTQasTVasT( )5075*(7(7+5))1/)>H7H’d7d5'

Several facts are given in order: First, since {R, }n>n~ is uniformly bounded (see (3.8)), we can use (3.9)
and the dominated convergence theorem to find

lim fn(t) = 51(t) and lim .7:” 1( ) = —53(t). (523)

n—-+o0o n—-+oo

Second, direct computations show that when n > n*,

fn,3(t) QETQasTvasT( )SDvS*(*O—)in,H’dO—dS

Il I
\\
\\
;0 §>
by 'ﬂ
?Q %
c,; CIJ
| \
Q 3

RIS 1 Qove Ve, (8)0, 8™ (—0) ) i1, dsdo.

This, along with (3.9) and the dominated convergence theorem, yields

nBToo Fs(t) = —Ea(t). (5.24)
‘We now claim
nll)rfoo Fr2(t) = —E(t). (5.25)

To this end, we define, for each n > n*,

t s
Ho(t) ;:/0 <J1B* (/0 S*('yS)RHHQ}E’TQ&@TVQE,T('y)gpd*y),B*S*(s)z/;> ds. (5.26)

uu’

Then we have two observations: First, since R,,S*(-) = S*(-)R,, and B*R,, € L(H’) (see (3.16)), we have

t s
Ha(t) = / / (LB*S* (7 — 8)Rallz Qe Varerr (V), B*S* (—8)) vy drds, n > n*.
0 0

(See [1, Lemma 11.45].) By using some simple integral transformations in the above, we find
t t—ry
— [ [ B S o Ry Qam Vi (), B (<0 + ) uandod, n
0
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which implies
Fno(t) = —TCi(a)e*H,(t) for each n > n*. (5.27)

Second, if we let, for each n > n*,

wy(s) == / S (7 = 8)(Rn = DI 1 QuctVaer(7)pd, (5.28)

then, similar to the proof of (3.15), we can show
Il
lim | B*w,(s)||%/ds = 0. (5.29)
—ltl

n—-+o0o

Now, it follows by the assumption (Hs), (5.26), (5.28) and (5.29) that

t s
lim Hn(t):/ <J1B* (/ S*(ys)H;,187TQa7€,Tva,€7T(y)cpdy),B*S*(s)¢> ds,  (5.30)
0 0

n—-+oo U

which, along with the definition of £5(t), (5.27) and (5.30), yields (5.25). Finally, (5.21) follows by (5.22),
(5.23), (5.24) and (5.25).
Thus, we finish the proof of Lemma 2.5. O
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