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Perturbation theorems for local integrated semigroups
and their applications

by

SHENG WANG WANG, MEI YING WANG and YAN SHEN (Nanjing)

Abstract. Motivated by a great deal of interest in operators that may not be densely
defined and do not generate global integrated semigroups, we establish general perturba-
tion theorems for local integrated semigroups and describe their applications to local
complete second order abstract differential equations.

1. Introduction. Let X be a complex Banach space, and consider the
following local complete second order abstract differential equation on X:

(1.1) u'(t) = Au(t) + Bu'(t), te€[0,7); u(0)=z u'(0)=y,

where 0 < 7 < oo is fixed, and A and B are closed linear operators
on X which are not necessarily densely defined. As shown in [8, Chapter
VIII] equation (1.1) may have solutions which are either not exponentially
bounded or not defined on [0, c0) for dense sets of initial data. We deal with
these two cases, in this paper, from the following point of view: we first
establish several perturbation theorems for local integrated semigroups in
Sections 2 and 3; then, in Section 4, we reduce (1.1) to two kinds of systems
of first order differential equations and apply the results obtained in Sec-
tions 2 and 3 to prove the wellposedness of these two systems in a certain
sense.

The methods employed in this paper seem to be natural and direct, and
the results obtained are more general than the perturbation theorems for
strongly continuous semigroups and integrated semigroups appearing in [6,
7, 9, 10, 16]. In fact, to reach our target, we follow a quite different path
from these references.

As regards the theory of strongly continuous semigroups, cosine operator
families and their applications to partial differential equations, the reader
will find the books [9, 12] by J. Goldstein and A. Pazy, respectively, to be of
importance. As regards the theory of integrated semigroups and regularized
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semigroups and their applications to partial differential equations, the book
[4] by R. deLaubenfels is of importance.

Throughout, L(X) is the algebra of all bounded linear operators on X.
For a closed linear operator A on X, D(A) and Im(A) denote its domain
and image, respectively, while o(A) and o(A) stand for the resolvent set
and spectrum of A. For A € g(A), set R(\, A) = (A — A)~L. The set D(A),
equipped with the graph norm, is denoted by [D(A)] and is a Banach space.
If B € L(X) satisfies: Bz € D(A) and BAx = ABz for all x € D(A) then
we write BA C AB and say that A and B commute.

DEFINITION 1.1. Let n € Nand 0 < 7 < 0o be given. A strongly contin-
uous family of operators {S(t)}¢cjo,r) C L(X) is a local n-times integrated
semigroup if:

(i) S(0) = 0.

(ii) For every x € X, one has

- S } (s+t—r)""1S(r)xdr
0

w
ﬁL’ﬁ—"—
~~

whenever 0 < s,t,s+1t < 7.

The n-times integrated semigroup {S(t)}+c[o,r) is nondegenerate if S(t)x
= 0 for all ¢t € [0,7) implies that = 0. The generator of a nondegenerate
{S(t)}tepo,r) is the following operator:

D(A) := {:U € X : Jy € X such that

t n
Stz =\ S(r)ydr+ %x Vit e [0,7)};
] !
Az =y Vax e D(A).

The generator A is well defined by nondegeneracy.

Throughout, the word “local” will be omitted from all our statements
for simplicity.

DEFINITION 1.2. A function u(-,z) : [0,7) — X is a strong solution of
the abstract differential equation

(1.2) u'(t) = Au(t), tel0,7); wu(0)==z, z€lX,

if u(-,z) € C1([0,7), X) N C([0,7),[D(A)]) and satisfies (1.2).
Let n € N. A function v(-,x) : [0,7) — X is an n-times integrated mild

solution of (1.2) if v(0,z) = 0, v(-,x) € C([0,7),X), ng(s,x) ds € D(A)
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and
t

(1.3) v(t,z) = A\ (s, z)ds +
0
In [2], (1.3) is written as Cp41(7) and if for every x € X, (1.3) has a
unique solution then C),41(7) is said to be well-posed (see [2, Section 1]).
Some basic properties of integrated semigroups stated in the following
theorem and proposition can be found in [5] for the global case. But all these
properties remain valid for our local case (see also [2]).

tn

il re X, tel0,r).

THEOREM 1.3. Assume A is a closed linear operator on X and {S(t) }+c(o,7)
C L(X) is a strongly continuous family of bounded linear operators. Then
the following conditions (i)—(iii) are equivalent:
(i) {S(t)}iep0,r) s an n-times integrated semigroup generated by A.

(ii) (a) For every xz € X andt € [0,7), Sg S(r)xdr € D(A) and

(b) Either S(t)A C AS(t) or the solutions of (1.2) are unique.
(iii) (1.2) has a unique n-times integrated mild solution for every x € X.
If the equivalent conditions (i)—(iil) hold, then
(iv) (1.2) has a unique strong solution for every x € D(A"1) given by
u(t,z) == SM(t)x.
The fact that u(t,2) = S (t)x is the unique strong solution of (1.2) for
r € D(A"1) is stated in

PROPOSITION 1.4. If {S(t)}iepo,r) is an n-times integrated semigroup
generated by A then:
(i) For k € N and x € D(A*), we have S*~V(t)x € D(A) (t € [0,7))
and

tn—k‘
AS* V(e =SSP (e — ———a2 Vte[0,7), 1<k<n,

(n —k)!
ASE V() = SH(yx Ve 0,7), k> n.

The first relation, together with S(0) = 0, implies S (0)xz = 0 for

all x € D(A*),1 <k <n—1, and S (0)x = = for x € D(A™).
(ii) o(A) is nonempty and there exist o, 3 > 0 such that ([2])

E(a,B) :=={A € C:ReX > f,[Im)\| < e*ReA} C p(A).

(iii) Every operator B € L(X) commuting with A also commutes with

S(t) for allt € [0, 7).
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Proof. We only have to show (iii). [2, Proposition 3.1(c)] gives S(t)A C
AS(t). Let x € X. From

n

t
S(s)Bxds = S(t)Bx — ﬁBx,

A

t’VL

A S(s)xds = BS(t)x — — Ba
n!

oo
|

BS(s)xds = BA

O ey

and the uniqueness of solutions of (1.2), it follows that S(t)B = BS(t). m

We now define the concept and state some basic properties of n-times
integrated cosine operator families.

DEFINITION 1.5. Let n € N and 0 < 7 < oo be fixed. A strongly con-
tinuous family of operators {C(t)}cpo,r) C L(X) is an n-times integrated
cosine operator family if:

(i) C(0) = 0.

(ii) For every = € X, we have

-
20(5)C(t)z = ﬁ{(—m [ (Is =t — )" le)wdr
0
s+t s t
+ { S —S—H(s%—t—r)"‘lar)xdr
0 0 0

t s
+ S (s —t+r)""C(r)zdr + S (t—s+r)""1C(r)x dr}
0 0
whenever 0 < s,t,s+1t < 7.
{C(t)}tepo,r) is nondegenerate if C(t)x = 0 for all ¢ € [0, 7) implies z = 0.
The generator of a nondegenerate {C(t)}:c[o,r) is the following operator:

D(A) := {x € X : Jy € X such that

{ (¢t —rcrydr=c(t)r - gx Vt e [0,7)};
0
Az =y Vx e D(A).

It is also easy to see that A is well defined by nondegeneracy.

DEFINITION 1.6. A function u(-,z,y) : [0,7) — X is a strong solution of
the second order abstract differential equation

(1.4)  u"(t) = Au(t), te[0,7); w(0)==z, 4(0)=y, zyelX,
if u(-,z,y) € C?([0,7),X)NC([0,7),[D(A)]) and satisfies (1.4).
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Let n € N. A function v(-, z,y) : [0,7) — X is an n-times integrated mild
solution of (1.4) if v(0,z,y) =0, v(-, z,y) € C([0,7), X), Sg(t—s)v(s,x, y) ds
€ D(A) for t € [0,7) and

t
(1.5) v(t,z,y) = A\ (t = s)v(s,z,y) ds

0

" tn+1 X 0

— ————— € t e .

+n|m+(n+1)|y7 x7y ) [77_)

As usual, for a nonnegative real number o we denote by [a] the greatest
nonnegative integer not greater than «.

THEOREM 1.7. Assume A is a closed linear operator on X and {C(t) }+cjo,r)
C L(X) is a strongly continuous family of operators. Then the following
conditions (1)—(iii) are equivalent:
(i) {C(t)}refo,) is an n-times integrated cosine operator family gener-
ated by A.
(a) C(t)A C AC(t).

(b) Forxz € X andt € 0,71), Sé (t—7r)C(r)xdr € D(A) and

AS (t—r)C(r)zdr=C(t)x — i—r:x

iii) (1.4) has a unique n-times integrated mild solution for every pair
g Y
z,y € X.

If the equivalent conditions (1)—(iii) hold, then

(iv) (1.4) has a unique strong solution for all x,y € D(A*+(P+1)/2]),

To prove the theorem we need the following lemma.

LEMMA 1.8. If A satisfies (ii) of Theorem 1.7 then there exists wg > 0
such that (w,00) C o(A).

Proof. Define

t s
Ry(t)x := Se*AS HC(T’)x dr} ds VreX,te(0,7)and A > 0.
0 0
Apply A to both sides and use integration by parts twice to find

(1.6) AR)(t)r = A S e*’\sds (s —r)C(r)zdr
0 0
=e M [C(t)a: - %n' x] +A S e N |:C(S):L’ - Z—T a:} ds
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n t
=e M [C(t):c - % x} +de M S C(s)zds

0
t s t n
+)\2Se_)‘SHC(s)xdr} ds — )\Se_)‘s %xds
0 0 0 ’

Sn—l

t
+ eiktC(t)ZL‘ — S ef’\s m xr dS.

t

Set Cx(t)x := §,C(s)zds + A~'C(t)z. Then (1.6) implies that

0
(1.7) (A2 — A)Ry(t)z = Ne M [ga(t)z — Cx(t)],
where
t
1 sn—1
1 t) ==\t d
( 8) g/\() )\(X)e (Tl—].)' S
_ e)\t 1 t t2 tn—l
D X T (n— 1)\

From (1.7), (1.8) and the definition of Cy(t)x, together with an argument
similar to that of [2, Proposition 2.5], we can prove that there exists wy > 0
such that (w3, 00) C (A). This implies that A2 — A has bounded inverse for
A>wp. =

A more precise result than Lemma 1.8 was stated in [13] without proof.
In the following we write R(\, A) := (A2 — A)~! for A > wy.

Proof of Theorem 1.7. [15, Theorem 1.5 and Proposition 1.8] implies
that (i), (ii) and (iii) of Theorem 1.7 are equivalent for a not necessarily ex-
ponentially bounded global n-times regularized cosine operator family with
A as a subgenerator (see [15, Definition 1.3]); it is easy to see that the proof
there is valid for our local case. Therefore it remains to show that A is the
generator of {C(t)};c[o,r) under the equivalent conditions (i)-(iii). To do this
it suffices to prove that if z,z € X satisfy

(1.9) {(t—s)C(s)zds = C(t)a —
0

then x € D(A) and Ax = z. Now (ii)(a) implies C(t)R(\, A) = R(A, A)C(t)

for all A2 € o(A). Hence

t’n

Sy
n!
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| (t = 5)C(s)R(N, A)zds = R(N, A) | (t — 5)C(s)zds

n

— RO\, A)C(1)a — % RO\, Az = C(OR(, Az — g RO\, A)z

= At —s)C(s)R(N, A)zds = | (t — 5)C(s) AR(N, A)z ds.
0 0

Differentiate both sides with respect to t twice to find C(t)R(X\, A)z =
C(t)AR(A, A)z. Since {C(t) }+¢[o,r) is nondegenerate, it follows that R(A A)z
= AR(\, A)z. This gives AR(\, A)x € D(A) and hence R(\, A)x € D(A?).
Consequently, 7 = (A2 — A)R(\, A)z € D(A) and Ax = 2.

When the equivalent conditions (i)—(iii) of Theorem 1.7 hold, we may
apply the method used in [11, Theorems 4.2 and 7.6] or [17, Theorem 5.2]
to show that (iv) is true. Here we mention that (iv) is not necessary in what
follows. We include it only for completeness. m

2. Bounded perturbations. In this section, we study bounded per-
turbations for n-times integrated semigroups. Let f(-) be a given function
and define

tty tk—1

JEHE =\ | fe) dtdtpy - dty

o
o
o

t
1
= V(= tu)E =t £ (1) dt.
"0
LEMMA 2.1. For B € L(X) andn € N,

n tnfl n
k k 7k+1| tB _
E Ci(—B)"J [e (n—l)!]x_n!m Vo e X,

where CF = ﬁlk),
Proof. We first show the following relation for 0 < k <n — 1:
tn_l
2.1) BEJktL|tB
2.1) ‘ (n—1)! .
k
=) (1]t [&B
§=0

i o€ X
— € X.
(n=J- 1)!} o
(2.1) is true for k = 0. Assume that it is true for 0 < & < n — 1. Applying
integration by parts and making use of C{ +CJ ' = C .1 and the convention

C’,;l = 0 we find that
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t’nfl t’nfl
k+1 7k+2 | tB _ k ph+1| tB
(2.2) B"J [e (n—l)!}x_BJ{B J [e (n—l)!]ﬁ}
- S A
— _1 I g
_BJ{ JEO( 1)CLJ [e (n—j—l)!}r}

|

(—1)jCij+lBJ[etB T }x
k

2 (n—7 1)
k . .
L tnfjfl tnf]fQ
DN e R ] Gt =
jz::()( VG (n—7—1)! (n—7-—2)!

. it IR A
= —1)?[CL +CI P [6 7}x

B

tn—k—Q
+ (_1)k+ljk+2 |:etB )':|:L‘

(n—Fk—2
k+1 ) tn,j,I
- —1)icd . gitt [etB : }E?
JZO( ) k+1 (Tl —j— 1)|

and (2.1) follows. Next we show that

t’nfl
2. Bn n+1| tB
(2.3) J [e e 1)!}3:

n

tn_‘j_l N

n—1
=) (-1)/¢ci it [etB —
;( ) (n—j—1)!

Consider the left side of (2.1) for K = n — 1. Make use of (2.2) and apply
integration by parts to find

tn—l tn_l
Ban+1 |:etB :|JJ:BJ{Bn1Jn|:€tB )|:|.ZU}

(n—1)! (n—1
n—1 o 1[5 tnfjfl
=By (1) e L

— (_l)nle[JnJrletB]x

n—2

o ) tnfjf2
+ ~1)7c? gttt [etB —— —Jet }x
JZ:;( ) ! (n—j—1)! (n—j—2)!

tnfjfl
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n—1 :
S . ) tn—i—1
=) (—1[C)_ + i) e CErES (=)™
Jj=0 '

n—1 R tn—j—l A
- _1)ica gi 1)
]E:O( Y CLT [e (n—j—l)!}x+( ) i

50 (2.3) is true. Here we make use of C? | + Y~ = CJ and the convention
ct=o.
From (2.1), (2.3) and the relations

n—j
S(-1)FCE =0 Yo<j<n-1, Ckcj=cick_,
k=0
we have, for all x € X,
ch )k Jh+1tB ! .
(n—1)!
S ) - +1,tB ¢l
= ]C]J] S —
kz=0 JZO (n—j—1)
(1) gitign T t"
D AT
= — . . tnfjfl mn
R {[E oo L
= (n—j7—1)! n!
n—1 ) n—j o Pl tnfjfl mn o
_ j . j ot oo
= jzocn{[l;]( D Ch_;1J [6 (n—j—l)!}x}+n!x_ ..

The following lemma is an immediate consequence of (ii) of Theorem 1.3
and integration by parts.

LEMMA 2.2. Assume B € L(X) and A is the generator of {S(t)}iejo,7)-
If BAC AB then Sg e’BS(s)xds € D(A) and

t n
ASGSBS(S)x ds = e'B [S(t)x = t—' m}
n!
0
—BSeSB [S(s) - %}xds Vee X, te€l0,7).
3 !
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THEOREM 2.3. Assume that {S(t)}.cpo,r) is an n-times integrated semi-
group generated by A and that B € L(X) with BA C AB. Then A+ B
generates an n-times integrated semigroup given by

t
Sp(t)r := eBlS(t)x + S P(t — 5)e*BS(s)x ds,
0

=Y CK-B)rJ*e'PS(t)z Yz e X, te(0,7),
k=0
)k k—1

where P(t) = Y ) _ 0( =] CkBk (see also [2, 16] for the exponentially
bounded case).

Proof. Let x € X. From Lemma 2.2,

(24)  A|Sp(s)zds = Zn: CF(—B)F AT LetBS ()
k=0

0
= ZCk S e*BS(s)x ds
0
— ch Yk JketB [S(t) ;ﬂx

+ ZC]:(—B)'““J’““etB [S(t) tn}x

= Sp(t)x — B Sp(s)xds — ¥ (t)x — Uy(t)a,
0

—_ ick(—B)ka etB ﬁ
pors " n!|’
— Zn: Cﬁ(—B)k+1Jk+1 [etB t_ﬁ}
n!
k=0

where

(2.4) gives us
(2.5) (A+ B) § Sp(s)rds = Sp(t)r — Wi (t)x — Wa(t)x.
0
Apply integration by parts to ¥ (t) and then use Lemma 2.1 to find
¢2( ) :_Wl x+zck Jk+1|: tB
k=0

n

gt ¢
:|£L' = -0 (t)r + ks

(n—1)!
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This, together with (2.5), gives
t
t'fL
(2.6) (A+B)|Sp(s)zds = Sp(t)r — = Vee X, t€[0,7).
n!
0
It is easy to see from (2.6) that {Sp(t)}cp0,r) is nondegenerate. Its expres-
sion and the relation BA C AB, together with Proposition 1.4(iii), imply
that Sp(t)(A+ B) C (A+ B)Sp(t). By Theorem 1.3, {Sp(t)}icjo,-) is an
n-times integrated semigroup generated by A+ B. m

By the expression of {Sp(t)}tcjo,r) in Theorem 2.3, if 7 = oo and
{S(t) }+ej0,00) s exponentially bounded then so is {SB (%) }e[0,00)-

Before proving the following theorem, we first note that if B € L(X)
satisfies Im(B) C D(A™) then the equality

n—1 ,r
t
S™(t)Bx = S(t)A"Bz + Y o A*Bx  Vxe X, te€|0,7)
k=0

is an easy consequence of Proposition 1.4 and hence S (t)B is bounded
for every t € [0,7) and strongly continuous on [0, 7).

THEOREM 2.4. Let {S(t)}icjo,r) be an n-times integrated semigroup gen-
erated by A and let B € L(X) be such that Im(B) C D(A™). Then, for all
x € X, the following equation has a unique strongly continuous solution:

t
(2.7) V(t)e = S(t)z+ | S™(t - 5)BV(s)zds  Vte[0,7).
0

Proof. Set Vy(t) = S(t) and assume inductively that V;,,_1(t) € L(X) is
well defined for ¢ € [0,7) and that V,,—1(-)x € C([0,7), X) for every z € X.
We now define V,,,(t) by

t
(2.8) V() = | S (t — ) BV 1 (s)2 ds.
0
Then it is easy to verify that V,,(t) € L(X) for every ¢t € [0,7) and V,,(-)z €
C([0,7), X) for every z € X.
For given t € [0, 7) define

M(t) = Oiggt{l\s(”)(S)BH, 1S ()1}

Then M (t) > 0 is finite for every ¢ € [0, 7) and increasing on [0, 7). We now
claim that

(2.9) W)l < ———

vm e NU {0}, t € [0,7).
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Indeed, (2.9) is true for m = 0. Assume it is true for m replaced by m — 1.
From (2.8) we have

i _ m m—1 m—+1ym
Vil < | AEZ AT MO

0
Hence (2.9) is true for all m € NU {0} and ¢ € [0, 7). Define

= Z Vin (t)
=0

Then (2.9) implies that the series converges uniformly on every closed subin-
terval [0,b] C [0,7) in the uniform operator topology. Since

S(") BZV s)xds

S (t — s)BSp(s)xds,

Sp(-) satisfies (2.7) and is strongly continuous on [0, 7).
To prove the uniqueness, it suffices to show that a continuous X-valued

function v(-) vanishes if it satisfies

t

v(t) =S (t - s)Bu(s)ds Vte[0,7).

0

For given t € [0,7), set N(t) := supg<,<; ||v(s)]|. Then
t

|o(t) § (t — s)|jv(s)||ds < N(t)M(¢)t.

Repeating the above process, we show that

lo(8)]] < N(b) W vt [0,7), m € N.

Let m — oo to find v(t) =0 for all t € [0,7). m

THEOREM 2.5. The strongly continuous family of operators {Sp(t)}icio,r),
defined in Theorem 2.4, is an n-times integrated semigroup generated by A+ B.

Proof. From Proposition 1.4(i),

AHS(")(S —r)BSp(r)xds| dr

T

A§ [§S(")(s - T’)BSB(T‘)SL'd’I":| ds =
00

A[S™=V(t — r)BSp(r)z] dr

Ot o+ O e
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[S(") (t —r)BSp(r)x — BSg(r)x|dr

t
S™(t —rYBSp(r)zdr — B S Sp(r)zdr.
0

Ot O e

This implies that
t

(A—i—B)SSB(s)xds
0
= ASS(s)de —I—AS [§S(”)(s - T)BSB(T)xdr] ds
0 00
— S(t)z - %n'a: + {80t — 1) BSp(r)a dr = Sp(t)r — n—n'x
! 0 !

and hence {SB(f)}c(0,) is nondegenerate.
In the following we show that the solutions of the following local first
order abstract differential equation are unique:

(2.10) u'(t) = (A+ B)u(t), te€[0,7); u(0)=uz.
Let u(-) be a solution of (2.10) with «(0) = 0. Define

t

1

(t) == — | (t—9)"u(s)ds vt e [0,7).
n!
0

Then v(-) is (n+1)-times continuously differentiable and satisfies (2.10) with
v(0) = 0. If we can show that v(¢) = 0 then the same is true for u(t) and
hence the solutions of (2.10) are unique. It is easily seen that v(t) € D(A™ 1)
for all ¢ € [0, 7). Thus we have, by Proposition 1.4(i),

SS(”)(t — s)Bu(s)ds = SS(") (t—s)v'(s)ds — S S (t — s)Av(s) ds
0 0 0
= SS(”)(t — s)dv(s) — SAS(")(t — s)v(s)ds
0 0
=v(t) + | SUTV (& = s)v(s)ds — | STV (t — s)u(s) ds = v(t).
0 0

From the last part of the proof of Theorem 2.4, v(t) = 0 for all ¢t € [0, 7).
Therefore the solutions of (2.10) are unique. An application of Theorem 1.3
shows that {SB(t)}ie[o,r) is the n-times integrated semigroup generated by
A+ B. u
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COROLLARY 2.6. Under the conditions of Theorem 2.4, if the n-times
integrated semigroup {S(t)}icjo,00) 15 exponentially bounded then so is

{95() }Hejo,00)-
Proof. From Theorem 2.4 and [16, Theorem 2.3], the following is true:

Sp( )+ Z (St (t) Z Vil B(t).
From [16, Theorem 2.3] again, {Sg(t)}+c[o,00) is exponentially bounded. m

It follows from Theorems 2.3, 2.5 and Corollary 2.6 that if A+ B generates
an (exponentially bounded) n-times integrated semigroup then so does A.

3. Unbounded perturbations. This section is devoted to the study
of unbounded perturbations for n-times integrated semigroups. Two cases
will be considered.

THEOREM 3.1. Assume {S(t)}icjo,r) i an n-times integrated semigroup
generated by A, and let B € L([D(A)]) with Im(B) C D(A™Y). If ABx =
BAz for all x € D(A?), then A+ B generates an n-times integrated semi-
group {Sp(t)}icjo,r) on X that is the unique solution of the equation

(3.1) Sp(t)r=S(t)x
+ {8 (& = 5)(ho — A)BR(Xo, A)Sp(s)zds  Vz € X, te0,7),
0

for any Ao € o(A).

Proof. We first show that A+ B is closed on X. To do this, it suffices to
show that \g—(A+B) is closed. From the relation ABx = BAx (x € D(A?)),
we have R(Ao, A)Bx = BR(\o, A)x for all x € D(A). Let z,, € D(A) and
assume that z,, — = and y,, = [\ — (A4 + B)|z,, — y in X. Then the
following limit holds in [D(A)]:

Therefore x € D(A) and R(\g, A)y + BR(\g,A)x = z, or equivalently,
[Ao — (A+ B)]z =y, as desired. For x € X and ¢ € [0, 7), Proposition 1.4(i)
gives

SM (t)(Ag — A)YBR(Xo, Az

n—1 k:
= S(t)A" (Ao — A)BR(\g, A)z + Z AF(Ng — A)BR()o, A).
k= o '
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Since D(A¥(A\g — A)BR()\o, 4)) = X by induction on k, we may show that
A*(Ng — A)BR(\g, A) is closed for 0 < k < n and hence bounded. This and
the foregoing imply that

(3.2) S (t) (Ao — A)BR(\o, A) € L(X) Vte[0,7)
and that

(3.3) SM (Ao — A)BR(Xg, A)z € C([0,7),X) Ve X.
Define

Vo(t)z :=S(t)xr Vexe X, tel0,7),
t
Vi (t)z := | ST (t — 5)(Ao — A)BR(Xo, A)Vin_1(s)zds  VzeX, te[0,7),
0
where m € N. From (3.2) and (3.3), we have V,,(-)z € C([0,7),X) for all
xz € X and m € NU{0}. For t € [0,7), define

M(t) = sup {[S(s), 15 (s) (Ao = A)BR(Xo, A)]}.

Then we have the following inequality, similar to (2.9):

M ()™
m!

= Z Vin(t)
m=0

(3.4) implies that the series converges uniformly on every closed subinterval
[0,b] C [0,7) in the uniform operator topology. Since

(3.5) Sg(t ZV

(3.4) [Vin ()] <
Define

vm € NU{0}.

= S(t) + {8 (t — 5)(Ao — A)BR(Xo, A) > _ Vin(s
m=0

t
0
t
)+ 8™t — 5)(\o — A)BR(Xo, A)S5(s) ds,
0
3.

Sp(+) is a solution of (3.1). From (3.5) and Proposition 1.4(i),
t t

(3.6) AS Sp(s)rds = AS S(s)xds
0 0

t s
+A§HS<"> s—1)(Mo—A)BR(Xo, A)Sp(r)z dr| ds
0 0
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n t
— S(t)z — % 4+ A[ SV (= 1) (A — A)BR(Ao, A)Sp () dr
’ 0
t
= Sp(t)x + | S (t — r) (Ao — A)BR(Xo, A)Sp(r)x dr
0
t tn
— [ (Ao = A)BR(Xo, A)Sp(r)zdr - .
) !
The relations Sg Sp(s)xds € D(A) for every z € X and (A\g— A)BR(\g, A)z
= Bz for every x € D(A) imply that
t
| (Ao = A)BR(X, A)Sp(s)z ds
0
t t

= (Ao — A)BR(Xo, A) | Sp(s)xds = B|Sp(s)zds.
0 0
This, together with (3.6), gives
t n
(3.7) (A—I—B)SSB(Sst:SB(t)x—%x Vz e X.

0

The uniqueness of solutions of (3.1) may be proved in the same way
employed in Theorem 2.4. As regards the uniqueness of solutions of (2.10)
with A and B given in this theorem, we may prove it in the same way
employed in Theorem 2.5. Thus an application of Theorem 1.3 shows that
{SB(t)}iejo,r) is the n-times integrated semigroup generated by A+ B. =

Instead of the relation ABx = BAx for all z € D(A?) in Theorem 3.1,
in the following theorem, we assume directly that A+ B is closed. So far we
do not know if it is automatically true.

THEOREM 3.2. Assume {S(t)}icjo,r) is an n-times integrated semigroup
generated by A, and B € L([D(A)]) with Im(B) C D(A™™). If A+ B
is closed on X then A 4+ B generates an n-times integrated semigroup
{SB(t)}iepo,r) on X that is the unique solution of the equation

(3.8)  Sp(t)r = S(t)z+ B|Sp(s)xds
0

+ SS(”'H)(t— S)B[SSB(T)$dT} ds Vre X, tel0,7).
0 0
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Proof. First of all, we may show, by induction on k, that A¥ Be L([D(A)])
for 1 < k < n. On the other hand, it is routine to show that S(t)|pa)
is in L([D(A)]) for every t € [0,7) and that {S(t)|p(a)}tepo,r) is strongly
continuous in [D(A)]. Thus the relation

n—1 ,r
(39)  S™()Br = S(A"Br+ Y % ABz Wz e D(A), t € [0,7)
k=0

implies that S (-)Bx € C([0,7),[D(A)]) for every € D(A). Moreover, by
differentiating both sides of (3.9), we have St (¢t)Bx € L([D(A)], X) for
every t € [0,7) and STV ()Bx € C([0,7), X) for every x € D(A).

Define

Vo(t)x -

O e O e

S(s)xds Vre X, tel0,7),

Vin()z ==\ S™(t — $)BV,,_1(s)xds Vze X, tel0,7).

We show that for every x € X and m € N, V,,(\)z € C([0,7),[D(A)]).
The assertion is true for m = 0. Now assume it is true for m — 1. Then
BV,,,—1(-)z makes sense for every x € X, and BV,,,_1(-)z € C([0,7), [D(A4))]).
From Proposition 1.4(i), AS"™ (t—s)BV;,_1(s)x = STtV (t—s)BV,,_1(s)z.
This, combined with the properties of S"+1)(.)Bz, implies that V,,(-)z €
C([0,7),[D(A)]) by its definition, and hence the assertion is true for m € N.

For t € [0,7), define

Mi(t) := Osétigt{sup{H SS(T)mdrH{D(A” xe X, x| < 1}},
My (t) == sup {|[S"™(8)B|lpay}

0<s<t
and
M (t) := max{M(t), Ma(t)}.
Then we can show that
Mk+1(t)tk
Vel oy = =
and hence the series Sp(t) = S
closed subinterval [0,b] C [0,7) in L(X
t

(3.10)  Sp(t)r = SS(S):UCLH—S S (t—s)BSp(s)zds Vre X, tel0,7),
0 0

o Vim(t) converges ulliformly on every
,[D(A)]). Clearly, Sp(-) satisfies
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where the second integral converges in the norm topology of [D(A)]. More-
over, from

t ts t s
ASSB(S)xds = ASSS(r)xdrd5+ AS HS(”)(S — 7)BSg(r)zdr| ds
0 00 00

n+1 t

t . t’n+1
—\B d
s

the following relation holds:

(3.11) (A—i—B)SgB(s)xds:gB(t)x—%m Ve e X, te0,7).
0

Using the uniqueness argument employed in Theorems 2.4 and 2.5 we may
also show that the solutions of (2.10) are unique for the operators A and B
given in this theorem and hence {Sp (t) }tefo,r) is a nondegenerate (n + 1)-
times integrated semigroup generated by A + B by Theorem 1.3.
From (3.10), for every x € X, Sp(t)z is continuously differentiable with

respect to ¢t € [0,7) in X and

d ~ ~ ; ~

—5p(t)z = S(t)z + BSp(t)r + {5+ (& — 5)BSp(s)x ds.

0

Define Sp(t)z = %SVB (t)xr for = € X. Then Sp(t) satisfies (3.8) and
{SB(t)}ielo,r) is the n-times integrated semigroup generated by A+ B. =

We note that in Theorems 3.1 and 3.2, since both A and A + B are
closed, from the calculation
Izllip(atmy = llzll + (A + B)z|| < [lzfl + [|Az]| + | Bz[[p(a))
< A+ Blipalzlipay Yo e D(A),
it follows that the graph norms || - [[p(ay and || - [[[p(at+B)y on D(A) are
equivalent. Therefore if B € L([D(A)]) then B € L([D(A + B)]) and wvice

versa, hence it is routine to show that if Im(B) C D(A™*!) and A + B
generates an n-times integrated semigroup then so does A.

4. Local complete second order differential equations. Consider
the following local complete second order abstract differential equation (see
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Section 1):
u’(t) = Au(t) + Bu'(t)z, t€10,7);
u@0) =z, W(0)=y, =zyeX,
where 0 < 7 < 0o and A, B are closed on X throughout, but sometimes B
is bounded.

In this section we will apply the theorems produced in Sections 2 and 3
to establish several sufficient conditions for the existence and uniqueness of
strong solutions of (1.1) (see Definition 4.1) and several equivalent conditions

for the existence and uniqueness of integrated mild solutions of (1.1) (see
Definition 4.2).

DEFINITION 4.1. A function u(-,z,y) : [0,7) — X is a strong solution of
(1.1) ifu(-, z,y) € C*([0,7), X)NC([0,7), [D(A)]), B (-, z,y) € C([0,7), X)
and u(-, z,y) satisfies (1.1).

When B is bounded on X, define

(1.1)

0 I
N o= ( 0 B).
Then it is easy to see that A/ with domain D(A) x X is a closed linear
operator on X x X, endowed with the norm H(i)H = |lz|| + ||lyll, and

we may reduce (1.1) to the following local first order abstract differential
equation on X x X (see [10]):

(4.1) w'(t) = Nw(t), w(0)= <§> , tel0,7), z,y € X.

DEFINITION 4.2. Assume B is bounded and z,y € X are given. A func-
tion v(-,z,y) : [0,7) — X is an n-times integrated mild solution of (1.1)
if v(0,z,y) = 0, v(-,z,y) € C([0,7),X), Sé(t — s)u(s,z,y)ds € D(A) for
t €10,7) and

t t
(4.2) w(t,z,y) = AS (t —s)v(s,z,y)ds+ B S v(s,z,y)ds
0 0
tn+1 " tn+1
— — Br+ — —_— X.
a0 Tttt g MYE

If B =0 then (4.2) reduces to (1.5).
The following theorem is a slight generalization of [1, Theorem 3.14.7].

THEOREM 4.3. The following conditions (1)—(iii) are equivalent:

(i) (1.4) has a unique n-times integrated mild solution for every pair
z,y € X.
(ii) A generates an n-times integrated cosine family on X.
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(iii) A = (E‘ é) generates an (n + 1)-times integrated semigroup on

X x X.

If B is bounded and Im(B) C D(A+D/2) then (1)-(iii) are equivalent to
the following two statements:

(iv) N generates an (n + 1)-times integrated semigroup on X x X.
(v) (1.1) has a unique n-times integrated mild solution for every pair
x,y € X.

If the equivalent conditions (iv) and (v) hold, then

(vi) (1.1) has a unique strong solution for (z,y) € D(A'TI(+1)/2])
D(Al+[n/2])

Proof. The equivalence of (i) and (ii) was proved in Theorem 1.7.
(i)<(iii). Consider the following problem:

(49 (i) =4 () = (3)

If v(-,x,y) is an n-times integrated mild solution of (1.4) then

()

is an (n + 1)-times integrated mild solution of (4.3). In fact, from

t
n tn+1
v(t,z,y) = A(S)(t— s)v(s,z,y)ds + Ex"i' (n+1)! Y

it follows that

t s
d n+1
(So (s:nyds) AS( Txy)snr>d8+ t <m>
v(t,z,y) — Lo s\v(s,z,y) — Sy (n+1!'\y
Conversely, assume that w(-,x,y) = (Z;gzz;) is an (n + 1)-times inte-
grated mild solution of (4.3):

(o) :AS) (o) s ¢ 5 (3)

Then
t tn+1
(44) wl(t?m7y): §)w2(8,x,y)ds+7(n+l)!$7
t tn+1
(4.5) we(t,z,y) = Aswl(saxvy) ds + (n+1)! Y-

0
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(4.4) implies that wi(t,z,y) is continuously differentiable with respect to
€ [0,7). Set v(t,z,y) = wi(t,z,y) = wa(t,z,y) + %aj Then (4.4) and
(4.5) imply that v(-,z,y) is an n-times integrated mild solution of (1.4). An
application of Theorem 1.3 shows that (i) and (iii) are equivalent. Thus we
have proved that (i), (ii) and (iii) are equivalent.
(iii)<>(iv). Define B := ( 8 g ). Then the condition Im(B) C D(Al(+1)/2]),
together with the relations (see [3, 17])

Ak 0 0 AF
(4.6) A2’<=<0 Ak>’ A%“:(AkH 0) vk € NU {0},

implies that Im(B) C D(A™!). An application of Theorem 2.5 and the
remark following Corollary 2.6 show that (iii) and (iv) are equivalent.
(iv)<(v). Assume (iv) is true. From Theorem 1.3, for every (z) € XxX

there exists a unique continuous function (i;giz;) :[0,7) — X x X such
that wy(0,z,y) =0 = w2(0,z,y) and

()= (5 5) () e () weeon

The last relation is equivalent to

t
tn+1
(47) wl(svxvy) = [Ssz(S,fL‘,y) d5+ <n+ 1)‘ €,
t t tn+1
(4.8) wa (s, x,y) = ASwl(&x, y)ds + BSMQ(‘S?‘T; y)ds + Y
5 5 (n+1)!

(4.7) implies that wi (-, z,y) is continuously differentiable on [0, 7). Define
v(t,z,y) = wi(t,z,y) = wa(t,x,y) + %x Then v(0,z,y) = 0 and (4.7),
(4.8) give
t
v(t,z,y) = AS (t —s)v(s,z,y)ds

0
t tn+1 n tn+1
B ds — —— Bx + — —
+ (S)v(s,x,y) s CEw] x+n!x+(n+1)!y,

that is, v(-,z,y) is an n-times integrated mild solution of (1.1) by Defini-
tion 4.2. From the uniqueness of the solutions of (1.1) we may show that
v(-,x,y) is uniquely determined by z,y € X. Thus (v) is true.

Conversely, assume that (1.1) has a unique n-times integrated mild so-

t

lution v (-, x,y) for x,y € X. Then ( Jo v(s:2.7) gs ) is the unique (n+1)-
U(t, Z, y) —

times integrated mild solution of (4.1). Theorem 1.3 implies that (iv) is true.
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To prove (vi), from N' = A+B and Im(B) C D(AlTD/2]) we can imme-
diately show that D(N™+2) = D(AM(+1/2]) 5 D(AFI/2]) (see (i) < (iv)
and [3, 17]). Thus (vi) is a direct consequence of (iv) of Theorem 1.3. m

It is worthwhile to mention that the condition Im(B) C D(AP*+1/2]) is
not necessary for the equivalence of (iv) and (v) in Theorem 4.3.

COROLLARY 4.4. Assume T = oo and wg > 0. Then the following con-
ditions (1)—(iii) are equivalent:

(i) (1.4) has a unique n-times integrated mild solution u(-,x,y) satisfy-
mng
lu(t, z, )] = O(e*")
for every pair x,y € X.
(ii) A generates an n-times z'ntegmted cosine family {C(t) }+>0 satisfying
e = O(e=").
(iii) A generates an (n + 1)-times mtegmted semigroup {S(t)}1>0 satis-
fying
IS@) = O(e=").
If the equivalent conditions (i)—(iii) hold, and B is bounded with Im(B)
C D(AIHD/2N then
(iv) N generates an (n + 1)-times integrated semigroup {g(t)}tzo on
X x X satisfying

||§(t)|] — O(e(wo-&-HB”)t)'

COROLLARY 4.5 ([3, 16]). Assume T = oo and wy > 0. Then the follow-
ing conditions (i)—(iil) are equivalent.

(i) A generates an n-times integrated cosine family {C(t)}1>o satisfying
1
lim — ||C(t + k) — C(t)|| < Mye“"*
Tim e+ B) — C(1) ]| < Moe”,
where My > 0 is a constant.
(H) (w07 ) C Q(A)7 and
(A — wo)* A2 R(AZ, A)| P || < Mok!  Vk € NU{0}.
(iii) A generates an (n+ 1)-times integrated semigroup {S(t)}+>0 satis-
fying ,
hhm+ — ISt +h) — S(t)|| < Mye“*t.

If the equivalent conditions (1)—(iil) hold, and B is bounded with Im(B) C
D(AH+D/2]) “then
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(iv) N generates an (n+1)-times integrated semigroup {§(t)}t20 satis-
fying
1~ ~
lim = |S(t + h) — S(t)|| < Mye(@otlIBIE,
hi%l+h|| ( + ) ()H_ 2€

In (iii) and (iv), My, Ms > 0 are also constants.

Our Theorem 4.3 and its corollaries improve [10, Theorems 4.1 and 4.7].

If closed linear operators A and B are both unbounded then we reduce
(1.1) to (see [10])

W (1) = Muw(t), M= (i é) t € [0,7);

Y w(o):< v ) 2,y € X.

y — Bz
The operator M with domain (D(A) N D(B)) x X is closed on X x X.

THEOREM 4.6. Assume B € L([D(A)]) and Im(B) C D(Al»+1/2]),
Then the conditions (i), (ii) and (iii) in Theorem 4.3 are equivalent to the
following:

(iv') M generates an (n + 1)-times integrated semigroup.
If (iv') holds, then
(v') (1.1) has a unique strong solution for all (z,y) € D(A'T(+1D/2l)
D<A1+[n/2})_

Proof. (iii) of Theorem 4.3 < (iv’). Recall that A = (2 é) and B =

(8 g) Then B c L([D(.A)]) and HBH[D(.A)} S HBH[D(A)} From the equiv—

alence of (iii) and (iv) in Theorem 4.3 under the condition on B, we have
Im(B) € D(A™*1). Thus (iii) and (iv’) are equivalent by Theorem 3.2 and
the remark following it.

(v’) can be proved in the same way as (vi) of Theorem 4.3. m

There are also two corollaries of Theorem 4.6 similar to Corollaries 4.4
and 4.5. We leave the details to the reader.

To end this section, we consider two examples.

Following [8, Chapter VIII], let X = I? be the space of all sequences
z = {&, &, ...} satisfying ||z]|? = Y pey|&k]? < oo and let A, B be the
operators

(4.10) A&k} = {arli},  B{&} = {béx},

where {ay}, {br} are sequences of complex numbers. It is easy to see that A
and B are closed and densely defined.
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EXAMPLE 4.7. From [8, Section VIII.2, Example 2.1], for any function
2(-) on [0,00), bounded on every compact subset, there exist A, B as in
(4.10) such that (1.1) has a unique strong solution wu(-,z,y) satisfying
u(0,z,y) =z, u'(0,2,y) =y for (x,y) in a dense subset of X x X and

lu@Il = 2@) ], W' @l = 2]yl
This implies that (1.1) has solutions which are not exponentially bounded.

In the following example, we assume that X = ¢g, the space of all se-
quences x = {&;} satisfying limy_, {& = 0. Endowed with the sup norm,
X is a Banach space.

EXAMPLE 4.8. Assume 0 < 7 < oo and A = 0 in (1.1). Then there
exists B as in (4.10) such that equation (1.1) has a unique strong solution
u(0) = 0, v/(0) = y for y in a dense subset of X, but (1.1) with the given
initial data has no strong solution on the interval [0, 7') for any 7/ > .

Proof. From the given initial data, equation (1.1) is equivalent to
(4.11)  wjl(t) = bguy(t), te€0,7); wr(0)=0, u,(0)=mn VkeN,

where by, is the kth entry of B in (4.10) and y := {nx} € X. Without loss
of generality we may assume 0 # |ni| < 1 for all & € N. The roots of the
characteristic equation of (4.11) are A\g = 0, Ay = by and the solution of
(4.11) is

wi(t) = Z—Z (Mt —1) VkeN.

Hence u(-) := {ug(t)} is the unique strong solution of (1.1) with A =0 and
the initial data w(0) = 0, v/(0) = y.

We now show that u(-) cannot be extended to [0,7') for any 7" > 7.
Define (i := 1/|nk|; then (; > 1 and limg_, o (x = 0o. Choose

1 i .
A= ~log G+ — | 2V (log (p)?Y2 VEk €N,

This implies
‘e)\kt‘ -1 e(t/7)log 1
Gldel Gl Cr| Ak
T 14+1/+/lo . 14+1/+/1o
(GG YRR = (G YR

(4.12) luk(t)] >

_ 762/7*1*1/\/10ng _ T/(C;Jrl/leng)‘

If we note that
V0og (¢, — 0o and C;H/”logc’“ — 00
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then, for fixed ¢ > 7, (4.12) implies that ui(t) — oo as k — oo. Hence
{ur(t)} is not in X whenever ¢ > 7, that is, as an X-valued function of ¢,
it cannot be extended to the interval [0,7’) for any 7/ > 7, or equivalently,
(1.1) has no strong solution with [0, 7) replaced by [0,7/). =
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