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Abstract For a bounded Cp-semigroup on a Banach space X, we prove the following state-
ment: the rate of decay of the semigroup on the domain of its generator is bounded by some
decreasing function if and only if the spectrum of the semigroup does not contain any pure
imaginary points. Our approach is based on the analysis of a special semigroup on the space
of bounded linear operators .2 (X, X).
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1 Introduction
We begin with recalling the following remarkable result ! on asymptotic stability.

Theorem 1 Let A be the generator of a bounded Coy-semigroup {eA’}tzo on a Banach
space X and let intersection of the spectrum o (A) with the imaginary axis o (A) N (iR)
be at most countable. Then the semigroup {e! }i=0 is strongly asymptotically stable (i.e.,
lim, ;o €A x| = O for all x € X) if and only if the adjoint operator A* has no pure
imaginary eigenvalues.

This fact was proved by Sklyar and Shirman in 1982 [11] for the case of bounded oper-
ator A. The method of treating of this problem given in [11] was picked up by Lyubich and

'We give an equivalent formulation of the result.
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Vu Phong [9] who extended in 1988 the result to the general case. Independently, in 1988,
Theorem 1 was obtained by Arendt and Batty [1] who used some different approach.

Let us note that the norm of the semigroup from Theorem 1 may not tend to zero (this
occurs if the uniform growth bound wg = lim,_, 4. log |e4’||/¢ = 0). In this case, one can
see that among the solutions of the abstract Cauchy problem

ey

x=Ax@®), t=>0,
x(0) =x09, x9€X,

given by x(1) = e’xg, t > 0, xg € X, there are some tending to zero arbitrarily slow. At
the same time, Batty [2, 3] and Vu Phong [10] proved the following result (formulation is
taken from [5]).

Theorem 2 Let {e?! }i=0 be a bounded Cy-semigroup on a Banach space X with generator
A and

o (A)N({IR) = 0. (@)
Then
HeAtA” H — 0, t — +o00.

In other words, all the classical solutions of problem (1) (i.e., those for xg € Z(A)) tend
to zero no slower than a certain decreasing function g(¢) = || THAY, ie.,

x(t) = eMxg = O(g(1)), t— o0, xo € Z(A).

The proof of Theorem 2 given in [2, 3] is based on the application of some results and
methods from [7, 8]. In 2008, Batty and Duyckaerts considered [4] a question of necessity of
condition (2) in Theorem 2 for the decay of the norm of the semigroup on the domain Z(A).
Their proof is based on careful estimations of some special characteristics of semigroup
norm. The main result of [4] in equivalent form is as follows.

Theorem 3 A bounded Cy-semigroup {eA’}tzo on a Banach space X with generator A
satisfies the relation

HeA’(A —an~! H 0,  1— 400, A ¢a(A),
if and only if condition (2) holds.

The main goal of the present note is to present another perspective on the subject
discussed above, namely we show that Theorem 3 can be proved as a straightforward con-
clusion of Theorem 1 if we introduce a special semigroup on a space of bounded linear
operators, and apply Theorem 1 to this semigroup. Moreover, we observe that our proof of
“only if” part of Theorem 3 does not exploit the assumption of boundedness of the semi-
group (see Remark 1). Further development of the ideas of this approach will be the topic
of a forthcoming paper.

2 The Space and the Semigroup

Let A be an infinitesimal operator in a Banach space X and {e¢4’},>0 be the semigroup
generated by A. Let us consider the space .Z (X, X) of linear-bounded operators from X to
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X and its subspace Y C .Z(X, X) defined by
Y ={DR;(A), D € L(X, X)}, A ¢ o(A),

where Ry (A) = (A—AI1)" ! and 'O denotes the closure of the linear set Q taken with respect
to the norm of ¥ (X, X). It is clear that ¥ does not depend on A. Next, we introduce an
operator semigroup {7 (t)};>0 on the space Y given by the formula

T(t)B=BeM, Bev.
Proposition 1 {T(t)},zo is a Co-semigroup.

Proof Let By € Y. For any ¢ > 0, we choose an operator B = DR; (A), D € Z(X, X)
such that | B — By|| < % Then we get the following estimate for ¢ € [0, 7p]:

T At At €
|7 Bo — Bo| = HBo(e - I)H < HB(e - I)H + 51+ Mo). 3)
where My is max;c[o,1,] lleAr]. Using the form of B we obtain
| B = 1| < ID1 | Rure = Ru)]

For any x € X we have

(R,\(A)eA’ _ R,\(A)) x= /

t
170 (AT £ AR (A) ) xd 4)
0

and hence

IRA(A)eAt - RA(A)H < M,

where M| = max; r[o,z] |e*=D)|||eAT + AR;.(A)|l. Then from (3) we infer
[ 7080 — Bo| < IDIMito + 5(1 + Mo).

Now choosing 79 > 0 such a small number that

IDIMit <5, Mo <1

we get
IT@)Bo— Bo| <&

that means the strong continuity of the semigroup T(t). O

Denote by A the generator of the semigroup {T(r)},zo. Let Y1 C Y be the set
Yi ={BRy(A), BeY}, Ar¢o(A).

One can see that Y| does not depend on the choice of A.

Proposition 2 Operator Ais defined on the set Y| and given there by the formula
A(BRy(A)) = B(I +AR;,(4)), BeY.

Proof We need to prove the relation

111%; [T(t)(BR.(A)) — BRy(A)] = BU + R;.(A)), BeY, ®)
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where limit on the left hand side of (5) is regarded in the sense of the space Y. First, we
recall that _
TO(BR.(A) = BRA(A) = BRu(A) (¥~ 1). ©)

Using (4) for any x € X, we have

t
BR,.(A) (eA’ - 1) X = B/ D) (eAf + ARA(A)) xdt
0

t
= / M7 (T (1)B + ABRy,(A)) xd-.
0
Since the function f(t)B is continuous in the norm of .Z (X, X) (see Proposition 1) then

t t
/ AOT (1)Bxdt = / SO T(t)Bdrx, x € X,
0 0

and hence we obtain the following operator equality
t
BR;(A) (eA’ — 1) = / e’ (T (1)B + ABR;(A)) dT. )
0

From (6), (7) we get
At

~ t
% [T(1)(BR.(A)) — BR,(A)] — BU + AR,(A)) = 67/ F(t)dt + (" — 1) B(I + AR;.(A)),
0

where ~

F(t) = e " (T(t)B + ABR;(A)) — B(I + AR3(A)).
The function F(t) is continuous in the norm of Z(X, X) and F(0) = 0. Hence
IIfJF(r)drII < t - Cs, where C; = max.¢p, |F(r) — 0, ¢t — 0, this yields
etif(;F(l’)d‘[ — 0, t — 0, what implies (5). The proof is complete. O

3 Spectral Properties
We prove two lemmas on the spectrum of the operator A defined in the previous section.

Lemma 1 The domain 9 (Z) of Ais exactly the set Y1 and the spectrum U(Z) verifies the
inclusion -
o(A) Co(A).

Proof We already proved Proposition 2 that Y1 C Z(A). So we need to show the
implication:

if 2 ¢ Y then Z ¢ Z(A).
To this end, we consider an arbitrary A ¢ o (A) and the operator A — AI. We observe that
this operator sets a one-to-one correspondence between Y7 and Y. In fact, if B € Y or, what
is the same, BR; (A) € Y, then (Proposition 2)

(A —AI) BRi(A) = B(I + AR:(A)) — ABR;(A) = B.
So the mapping

BR,(A) 4 B

is one-to one. Besides, this operator has a bounded inverse given by

(A—21)"'B=BR,(A), BevY.
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This means that
L hga(A);
2. 2(A)=A—-rD"'Yy =v,.

The lemma is proved O

Lemma 2 Let @ € C be a boundary point of the spectrum o (A). Then u € U(.Z) and
moreover | is an eingenvalue of the adjoint operator A*.

Proof For simplicity let us put & = 0. Then from the theorem of boundary point of
spectrum ([6, 12]), there exists a sequence {x,} C Z(A) such that

L fxll=1, neN,
2. ||Ax,|| = 0, n — oc.

Let & ¢ 0(A). Then AR, (A)x, = Ry (A)Ax, — 0, n — oo. This yields

1
- —, n— oo. (8)

1
[ R (A)xn |l = H)L(ARA(A) — Dx, ]

Let Y> be the image of A:
Y, = AZ(A) = AY).
If D € Y, then (see Proposition 2)
D = B(I + AR, (A)) = BAR,(A).

Hence
Dx, = BR,(A)Ax, > 0, n — oo. )
Relations (8), (9) imply that

1
inf |R,(A)— D| > — > 0.
Dlr€1Y2|| 2 (A) (= W >

This means that Ry (A) ¢ Y> and there exists a nonzero functional f € Y* such that
f(D) =0, DeYs,.

This means that
A*f=0

and the lemma is proved. O

4 Proof of Theorem 3

Let us assume now that the semigroup {e”’},;~¢ with generator A is bounded. Let us prove
Theorem 3.

Proof Sufficiency. First, we observe that the semigroup, given by the law
T(1)B=Be", Bev,
is obviously also bounded. Due to Lemma 1, we have

o(A) N (R) C o (A) N (R),
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where A is the generator of {T(t)}[zo. So if condition (2) holds, then the set U(X) N (iR) is
empty. Applying now Theorem 1 for operator A and semigroup 7 (¢), we obtain

T&)B—0, BeY.

In particular, if B = R, (A) we obtain the sufficiency.

Necessity. Assume that condition (2) does not hold, then there exists a boundary point [t
of o (A) with Repl > 0. Due to Lemma 2, we conclude that [l is an eigenvalue of A*, i.e.,
there exists f € Y*, f # 0, such that

T*(t)f = e f.

Let Dy € Y be such that f(Dg) # 0. It is clear that Dy can be chosen in the form Dy =
BR; (A). Then we have

(T*(1) ) (Do) = £ (T (t)Do) = e f(Do).
Since || > 1 and f(Dg) # O this implies that
T(t)Dy = Be™ R, (A) A 0, t— 400

and therefore

M R,(A) H 50, - +oo.
This completes the proof. (]

Remark 1 Let us observe that the proof of necessity in Theorem 3 does not use the
boundedness of semigroup e”’. That means that the following statement holds.

If Co-semigroup {eA’}tZ() (not necessarily bounded) on a Banach space X with
generator A satisfies the relation

HeA’(A — AI)_IH 0, - 400, A ¢a(A),

then
o(A) C {r:Rer <0}
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