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TYNYSBEK SHARIPOVICH KAL'MENOV
(to the 70th birthday)

On May 5, 2016 was the 70th birthday of Tynysbek Sharipovich
Kal’'menov, member of the Editorial Board of the Eurasian Math-
ematical Journal, general director of the Institute of Mathematics
and Mathematical Modeling of the Ministry of Education and Sci-
ence of the Republic of Kazakhstan, laureate of the Lenin Komsomol
Prize of the Kazakh SSR (1978), doctor of physical and mathemat-
ical sciences (1983), professor (1986), honoured worker of science
and technology of the Republic of Kazakhstan (1996), academician
of the National Academy of Sciences (2003), laureate of the State
Prize in the field of science and technology (2013).

T.Sh. Kal’'menov was born in the South-Kazakhstan region of
the Kazakh SSR. He graduated from the Novosibirsk State University (1969) and completed
his postgraduate studies there in 1972.

He obtained seminal scientific results in the theory of partial differential equations and
in the spectral theory of differential operators.

For the Lavrentiev-Bitsadze equation T.Sh. Kal’'menov proved the criterion of strong
solvability of the Tricomi problem in the L,-spaces. He described all well-posed boundary
value problems for the wave equation and equations of mixed type within the framework of
the general theory of boundary value problems.

He solved the problem of existence of an eigenvalue of the Tricomi problem for the
Lavrentiev-Bitsadze equation and the general Gellerstedt equation on the basis of the new
extremum principle formulated by him.

T.Sh. Kal’'menov proved the completeness of root vectors of main types of Bitsadze-
Samarskii problems for a general elliptic operator. Green’s function of the Dirichlet problem
for the polyharmonic equation was constructed. He established that the spectrum of general
differential operators, generated by regular boundary conditions, is either an empty or an
infinite set. The boundary conditions characterizing the volume Newton potential were
found. A new criterion of well-posedness of the mixed Cauchy problem for the Poisson
equation was found.

On the whole, the results obtained by T.Sh. Kal’'menov have laid the groundwork for
new perspective scientific directions in the theory of boundary value problems for hyperbolic
equations, equations of the mixed type, as well as in the spectral theory.

More than 50 candidate of sciences and 9 doctor of sciences dissertations have been
defended under his supervision. He has published more than 120 scientific papers. The list
of his basic publications can be viewed on the web-page

https : | /scholar.google.com/citations?user = ZaydfrkAAAAJ&Rl = ru&authuser = 1

The Editorial Board of the Furasian Mathematical Journal congratulates Tynysbek
Sharipovich Kal'menov on the occasion of his 70th birthday and wishes him good health
and new creative achievements!
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Abstract. We study a class of time-dependent linear second-order integro-differential equa-
tions with the evolution equation approach. These equations arise naturally in the study of
viscoelasticity. Existence theorems for strong solutions for three classes of complete integro-
differential second-order equations are obtained.

1 Introduction

The purpose of this paper is to study the Cauchy problem for the abstract linear Volterra
second-order integro-differential equation

2 t

% = A(t)z—z + B(t)u +/ G(t,s)u(s)ds + f(t), u(0)=u’, u'(0)=u (1.1)
0

in a Banach space E or in a Hilbert space H. Such Cauchy problems arise naturally in the

study of viscoelasticity (see [7], [12] and the references given there).

Operators A(t) and B(t) are compared by their domains of definition. We consider
such equations which have a unique so-called main operator; it has the narrowest domain
of definition compared with the other operators. Our purpose is to study three types of
equations.

This paper consists of Introduction, Sections 2 and 3. Introduction contains a brief
summary of the theory of evolutionary equations. In Section 2 we prove Theorem 2.1 on
strong solvability of the Cauchy problem for the abstract linear Volterra first-order integro-
differential equation (2.1). Such equations were studied, for example, in [6], [1], [5]. In [11]
problem (2.1) was studied under the assumption that the operator coefficient A(t) is a
generator of a holomorphic semigroup at any fixed time. Our Theorem 2.1 in Section 2 is
quite close to the one which follows from [6].

We mention also monograph [14] where Cauchy problems are investigated for integro-
differential and functional equations.

Section 3 is devoted to the study of Cauchy problem (1.1). Our method is based on
the following simple idea. We reduce the second-order integro-differential equation to the
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first-order one and then apply Theorem 2.1. This method is similar to the one which is used
in [9].

Now we introduce some notations and terminology. Let E be a Banach space and let
L(FE) denote the Banach space of all bounded linear operators acting in F.

The notation A € J(M,w) (M > 1, w € R) means that the operator A is a generator of
a strongly continuous (one-parameter) semigroup (or Cy-semigroup) U(t) (¢ > 0) of bounded
linear operators on a Banach space E. The family U(t) satisfies the following inequality:
WU cry < Me** for all t > 0.

Let A(t) be a generator of Cy-semigroup in E for all ¢ € [0,T]. The following definition
and the theorems are in agreement with [13].

Definition 1 (see [13], p. 93). A family of linear operators A(t) is called stable on [0, T]
if there exist real numbers M > 1 and w € R such that

| T (A -»~"

k=n\/1

L(E)

forall A >w,neN,and 0 <t; <ty <...<t, <T.

Remark 1. If A(t) € J(1,w) for each t € [0,T] then the family A(t) is clearly stable with
the stability constants M = 1 and w.

Theorem 1.1 (see [13], p. 94). Assume that A(t) is stable with the stability constants M
and w. If B(t) € L(E) for each t € [0,T] and || B(t)||zp) < K < 400, then A(t) + B(t) is
stable with the stability constants M and w + M K.

Theorem 1.2 (see [13], p. 102). Suppose that A(t) is stable, its domain D(A(t)) = D is
independent of t and A(t)u for each u € D is strongly continuously differentiable on [0,T].
Then there exists a unique function U(t,s) € L(E) such that

1) The operator U(t,s) s strongly continuous in t, s, U(s,s)=1 and
Ut leqe) < Mt (2> 5);

2)U(t,s) =U(t,r)U(r,s) (s <r<t);

3)U(t,s) maps D into D (U(t,s)D C D), U(t, s)u for each u € D is strongly continuously
differentiable in t, s and

0 0
aU(t, s)u= A(t)U(t, s)u, %U(t, s)u = —U(t,s)A(s)u.

Both sides of these equations are strongly continuous on 0 < s <t < T.

Remark 2. If there exists an inverse operator A7'(t) € L(F) for each ¢ € [0,T] then the
operator V (¢, s) := A(t)U(t, s)A~!(s) is bounded and strongly continuous on 0 < s < ¢t < 7.
This can be easily seen from Property 3 of Theorem 1.2, [10, p. 220, Lemma 1.5], and the
representation V (¢, s) = (A(t)U(t, s)A7(0)) (A(0)A7(s)).

Let us consider the initial-value problem

d
o= AU IO, w0 = (12)
in a Banach space E. For a fixed t € [0,T], A(t) is assumed to be a closed operator. The

domain D(A(t)) = D is independent of ¢ and is dense in E.
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Definition 2. We say that a function u is a strong solution to Cauchy problem (1.2) on
the interval [0, 7] if u(t) € D for all t € [0,T], Au € C([0,T]; E), u € C*([0,T); E), and u(t)
satisfies (1.2) for all ¢ € [0, T7.

Theorem 1.3 (see [13], p. 105). Let the assumptions of Theorem 1.2 be satisfied. Then
for any u® € D and f € C([0,T]; E) Cauchy problem (1.2) has a unique strong solution.
This solution has the following form

u(t) = U(t,0)u’ + /t U(t,s)f(s)ds, tel0,T].

Remark 3. For simplicity of the following notation we write A € SC3([0,T]; E) (D C E
neNU{0}) if Aue C™([0,T];E) for each ue€ D. Note that if A€ SCg([0,T]; )
]

then the Banach-Steinhaus Theorem implies that A(t) € L(E) for all t €[0,7] an
suPepo,r) 1A®) || c(z) < +o0.
2 First-order integro-differential equation in a Banach space
Let us consider the Cauchy problem for the abstract integro-differential equation
dz 0
dt_A z+ Qts (s)ds+ f(t), z(0)==z". (2.1)

For a fixed ¢ € [0, 7], A(t) is assumed to be a closed operator. The domain D(A(t)) = D is
independent of ¢ and is dense in a Banach space £. Let us also make the assumption that
D CD(G(t,s)) forallt,seTh :={0<s<t<T}.

Theorem 2.1. Let C be a closed operator such that D(C) =D, C~' € L(E). Let the following
conditions be satisfied:

1) D(A(t)) =D, A(t) € SCH([0,T];E) and is stable on [0,T);

2) G(t,s)C7L, (G(t,s)CY)! € SCe(Ta; ).

Then for any 2° € D and f € C'([0,T];E) Cauchy problem (2.1) has a unique strong
solution.

Proof. Our proof starts with the observation that one may suppose that A=*(t) € £L(€) for
all t € [0,7]. Otherwise we carry out the substitution z(t) = e®v(t) (¢ > w) in (2.1). The
function v satisfies the Cauchy problem

dv

W (A —ayo+ / e HIG(L, s)o(s) ds + e (1), v(0) = 2,

where (A(t) — a)_l € L(E) for all t € [0,T].
Let us suppose that Cauchy problem (2.1) has a strong solution z(¢). It follows that

A1) = tOz+/Uts {/gm dr+f()}

() + / [/ Ut 5)Gols, 7)C=(7 )ds] i, (2.2)

20(t) :==U(t,0)z +/ Ul(t,s)f(s)ds, Go(s,7):=G(s,7)C . (2.3)
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We transform the inner integral in (2.2). By the assumption, z(7) € D = D(C). It follows
that there exists the partial derivative (see Theorem 1.2, Property 3)

0

e —Ul(t,s) A (s)Go(s,7)C2(T )} =Ul(t,s)Go(s,7)Cz(T)+

U4 6) [ DA (ol 7)) — 5 Gl 1ICr)] . (24)

which is strongly continuous in s on [7,t]. Here we use the fact that if A(s)z for each z € D
is strongly continuously differentiable in s and A~!(s) € L(E) for all s, then the operator
A’(s)A~1(s) is strongly continuous in s (see [10, p. 220, Lemma 1.5]).

Define V(t,s) := A(t)U(t, s)A"!(s). Integrating (2.4) with respect to s leads to

/ U, 5)G(s,7)2(r) ds = / Ut 5)Go(s, 7)C(7) ds
= A7 O] = Golt, TIC2(7) + VIt 7)Go(m, TIC2(7)

- / tV(t, ) [A’(S)A-l(s)go(s,f)czm—%QO(S,T)CZ(T)}CZS}. (2.5)

From (2.2) and (2.5) we conclude that

/ AR, 7)Cx(T) dT, (2.6)
R(t, 1) == =Go(t, 7) + V(t,7)Go(T,7)—

/ V(t,s) .A’ “1(8)Go(s, T) — %QO(S,T) -ds. (2.7)
Here zp (see (2.3)) is a strong solution to Cauchy problem (2.1) without integral term.
Therefore 2o € C*([0,T];£), Az € C([0,T];E) (see Theorem 1.3). By the assumptions of
this theorem and Remark 2, the operator R(t, s) is strongly continuous on Th.

From the above it follows that a strong solution to Cauchy problem (2.1) is a solution of
Volterra integral equation (2.6). Let us show that equation (2.6) has a unique solution and
this solution is a strong solution to Cauchy problem (2.1).

We define £(C) to be D(C) endowed with the norm | z||gc) := [|Cz||. We conclude
from (2.7) and [10, p 220, Lemma 1.5] that the function

ATL)R(t,5)Cz = CH(CAT(0)) (A0) A (1)) R(t, 5)Cz

for each z € £(C) is strongly continuous in ¢, s € Ta. Therefore equation (2.6) is a Volterra
integral equation in the Banach space £(C) and its kernel is strongly continuous.

From Az € C([0,T];E) we see that zo € C([0,7];E(C)). Hence equation (2.6) has a
unique solution z € C([0,T];E(C) = D). Let us show that the function z is a unique strong
solution to Cauchy problem (2.1).

By (2.6), z € C([0,T];E(C) = D), and A(t)zo(t) = 2{(t) — f(t) we obtain

A(t)z(t) = z(t) — f(1) +/O R(t, 7)Cz(r)dr € C([0,T];E).
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From R(t,t) =0, (2.6), and 2o € C*([0,T}]; £) we have
t
2 (t) = z(t) —l—/ (R(t,7) + Go(t,7))Cz(1) dT € C([0,T]; ).
0

From the above and (2.3) it follows that the function z is a unique strong solution to
Cauchy problem (2.1). O

Remark 4. If A(t) = A is a generator of a holomorphic semigroup, then it suffices to
assume that f € C*([0,T]; F) (0 < a < 1). This notation means that there exists a real
number K > 0 such that

1F(#) = f()lle < K|t —s]* ¥V 0<s,t<T

In this case we need to use [4, p. 130, Theorem 1.4 instead of Theorem 1.3.

3 Second-order integro-differential equation

In this section we study complete second-order integro-differential equation (1.1) in a Banach
space or in a Hilbert space. We suppose that this equation has a unique so-called main
operator; it has the narrowest domain compared with the other operators.

3.1 Second-order integro-differential equation in a Banach space.
The main operator acts on a function

Let us consider the Cauchy problem for the integro-differential equation

d*u du ¢ o L

o A(t)E + B(t)u+ [ G(t,s)u(s)ds+ f(t), u(0)=u", u'(0)=u", (3.1)
0

where B(t) := B2(t) + Qo(t). For a fixed t € [0,T], By(t) is assumed to be a closed operator.

The domain D(By(t)) = D is independent of ¢ and is dense in a Banach space E, A(t) € L(F).

The operators Qy(t) and G(t,s) are relatively bounded with respect to the operators By(t)

and B2(t).

Definition 3. We say that a function w is a strong solution to Cauchy problem (3.1)
on the interval [0, 7] if u € C*([0,T); E), u(t) € D(B2(t)), v/(t) € D for all t € [0,T], Biu,
Bou' € C([0,T]; E), and u(t) satisfies (3.1) for all ¢ € [0, 7.

Theorem 3.1. Let the following conditions be satisfied:

1) D(By(t)) = D, £Bo(t) € SCH([0,T]; E) and are stable on [0, T] with the stability con-
stants My, w4;

2) QoBy', A, B!B;'e€SCg([0,T];E)nSCL([0,T);E), where Mo >w, and
Bl(t) = Bg(t) )\0,

%) G(t, $)By '(s)B; 1 (0), (G, s)Br'(s)Br 1 (0)); € SC(Ta; E).

Then for any u® € D(B (0)), u' € D, and f € C*([0,T); E) Cauchy problem (3.1) has a

unique strong solution.



80 D.A. Zakora

Proof. Step 1. Fix \g > w, and rewrite the operator B(t) in the following way

B(t) = By(t) + Qo(t) = (Bu(t) + 2Mol + \JBr ' (t) + Qo(t) By (1)) Bu(t)
=t (Bi(t) + Qi(t)) Bi(t),  Bu(t) := Bo(t) = Xo, (3.2)
where By (t) € L(E) for all t € [0,T], Q, € SCg([0,T); E) N SCH([0,T]; E).

Let us suppose that Cauchy problem (3.1) has a strong solution u (see Definition 3). Set
v(t) :=u'(t), w(t) := By(t)u(t). Definition 3 and the assumptions of the theorem imply that
v, w e CY[0,T]; E). From (3.1), (3.2) we conclude that the functions v and w satisfy the
system of equations

dv = A(t)v + Bi(t)w + Q4 (t w—i—/Gts (s w(s) ds + f(t),
dt (3.3)
dt = Bi(tyv + By(t) B (Hw,  v(0) =u', w(0) = Bi(0)u’
We rewrite system of equations (3.3) as the following Cauchy problem
t
% =B(t)z+ Q(t)z +/ G(t,8)z(s)ds + F(t), =2(0)=2z" (3.4)
0

in the Banach space £ := E'x E = {z = (v;w)"| v,w € E} (the symbol 7 means the trans-
position operation). The following notation is used in (3.4):

B(t) = ( 0 Bt) ) . D(B(t) =D x D, DBI) =&,
o) i ( Aty Qu(t) | ) o) € £(£),

) , D(G(t,s)) = E xD>DDB{)),

F(t) = (f(1):0)7, 2°:= (u'; Ba(0)u’)".

The proof of the theorem is based on applying Theorem 2.1 to Cauchy problem (3.4).
Step 2. Let us prove that the family of operators B(t) is stable on [0,7]. Note first that
the following factorization of the operator B(t) takes place:

B(t):T-(Blo(t) —Bol(t))'T_l’ T::%<§ _]]):T‘l. (3.5)

From factorization (3.5) we see that the densely defined operator B(t) is closed and

| IT (st =27

k=n\ 1 £
— |7 dgieg( TT (B =N IT (- Bitt) =2 ) -7
k=n\,1 k=n\,1 £()
<7l max{|| TT (Bott) = A+ o)) H Bt - =2) 7
k=n\/1 k= n\l £(B)
9 My M- ”THi(g) max { M, M_}
< ||T||£(5)max{()\—l—/\0—w+)”7()\—)\O—w_) } S (A — wp)"
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forall A > wy := max{w,; — Ag,w_ + Ao}, n € Nyand 0 <3 <t < ... <t, <T. Hence B(t)
is stable on [0, 7] (see Definition 1).

Step 3. The assumptions of the theorem imply that Q(t) € L(E), [|Q(t)|lze) < K < +o00
for all t € [0, T], where K > 0 is independent of ¢. By Theorem 1.1, the family of operators
B(t) + Q(t) is stable on [0, T]. Moreover, it follows that B + Q € SC}, ([0, T7]; £).

Let C := diag(B1(0), B1(0)), D(C) =D x D, then C* € L(£). The assumptions of the
theorem imply that G(¢,s)C™ 1, (Q(t,s)C‘l); € SCe(Ta; €).

The assumptions on the initial conditions and the function f imply also that

22 = (u'; B1(0)u’)” € D x D =D(B(t) + Q(t)), F(t)=(f(t);0)" € C*([0,T];E).

By Theorem 2.1, Cauchy problem (3.4) has a unique strong solution. In other
words, there exists a function z such that z € C*([0,T];£), 2(t) € D x D for all ¢ € [0,T],
(B+ Q)z € C(]0,T);E), and z(t) satisfies (3.4) for all ¢ € [0,T].

Step 4. Let z(t) = (v(t);w(t))” be the unique strong solution to Cauchy problem (3.4).
Define u(t) := By ' (t)w(t).

From w(t) € D for all t € [0,T], Byw € C([0,T]; E) it follows that u(t) € D(B(t)) for
all t € [0,T], Biu e C([0,T); E).

The second equation in system (3.3) implies that

(1) = — B (6B} (1) By () + By (1) (1) =
=By (t)(— Bi(t)B (1)uw(t) +w' (1)) = v(t) € C*((0.T; B).

Hence u € C*([0,T]; ) and v/(t) € D for all t € [0,T], By’ € C([0,T]; E).
The first equation in system (3.3) and (3.2) imply that

u'(t) ='(t) = A@t)u'(t) + (Bi(t) + Qu(t)) Ba(t)u(t) + /0 G(t, s)u(s)ds + f(1)

du

= AWS 4 (B0 + Qult))u+ /0 G(t, s)u(s) ds + f(1),

i.e. the function u satisfies equation (3.1). It is easily seen that the function u satisfies also
the initial conditions in (3.1). By Definition 3, the function u is a strong solution to Cauchy
problem (3.1). O

3.2 Second-order integro-differential equation in a Hilbert space.
The main operator acts on a function

Let us consider the Cauchy problem for the integro-differential equation

d*u

B AOG +BOut [ G ds+ 0, w0 =i O =i (36

where B(t) := B2(t) + Qo(t). For a fixed ¢ € [0, T], By(t) is assumed to be a closed operator.
The domain D(By(t)) = D is independent of ¢ and is dense in a Hilbert space H. The
operators Qo(t), A(t), and G(t, s) are relatively bounded with respect to the operators By(t)
and B2(t).

Function w is a strong solution to Cauchy problem (3.6) if it satisfies Definition 3.
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Theorem 3.2. Let the following conditions be satisfied:

1) D(By(t)) = D, £By(t) € J(1,w4) for allt € [0,T], By € SCL([0,T); H);

2)  QoBy', BiB;'e€SCy([0,T);H)NSCH([0,T];H), where Mo >wy and
Bl(t) = Bo(t) — )\0,’

3) A(t) € T(1,wa) for allt €[0,T], A€ SCH([0,T]; H);

4) G(t,s) By (s)B1'(0), (G(t,s)By ' (5)By(0)), € SCu(Ta; H).

Assume that the operators A(t) and By(t) satisfy one of the following conditions:

5a) 3b = 0: ||At)ullg < ||Bo(t)ullg + bl|ul|ly Yu € D, t € [0,T];

5b) A(t)ByY(t) € 6o (H);

5¢) Bo(t) = —Bg(t), By'(t) € L(H) for allt € [0,T], A(t)By*(t) € L(H).

Then for any u® € D(B2(0)), u' € D, and f € C*([0,T); H) Cauchy problem (3.6) has a
unique strong solution.
Proof. Step 1. Let us suppose that Cauchy problem (3.6) has a strong solution u (see
Definition 3). Set v(t) := u/(t), w(t) := By (t)u(t). Definition 3 and the assumptions of the
theorem imply that v, w € C([0,T]; E).As in the proof of Theorem 3.1, equation (3.6) and
formulae (3.2) give that the functions v and w satisfy system of equations (3.3) (we set
Ao = 0 in (3.2) in the case 5c¢).

Let us consider the cases ba u 5b. Rewrite system (3.3) as a Cauchy problem

t
% =B(t)z+ A(t)z+ Q(t)z —{—/0 G(t,s)z(s)ds + F(t), z(0)=2z" (3.7)

in the Hilbert space H := H ® H = {z = (v;w)"| v,w € H}.

The following notation is used in (3.7):

5O = ( gy b )+ PB0) =D oD, DED) - A

A(t) = ( an 0 > . D(A(t)) = D(A(t) & H > D(B(t)), DIA)) = H,

Gt s) = ( 0 G(t,5)By(s) > . D(G(t,s)) = He D > DB(1)),

F(t) = (f(t);0)7, 2°:= (u'; Bi(0)u’)".

9]
=
|
VRS
o
O
=

The proof of the theorem is based on applying Theorem 2.1 to Cauchy problem (3.7).
Step 2. Let us prove that

B(t) e J(1,wp), wo:=max{wy — Ag,w_ + Ao}, A(t) € J(1,max{0,wu}) (3.8)

for all ¢t € [0, T7.
From factorization (3.5), T =7 ' =T*, |||z =1 we see that the densely defined
operator B(t) is closed and

1B® N o = 1T diag((B1(t) ~N) L (= But) - A)*1) T 2

< max {()\ F o —wi) L (A= Ao — w_)_l} <O —wp)
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for all A > wg and ¢ € [0,T]. Hence B(t) € J(1,wp) for all t € [0, T7.
Also the densely defined operator A(t) is closed and

||(.A(t) — /\)_1H5(H) - Hdiag((A(t) - /\)_17 >‘_ll> HC(H)
<max {(A = wa) A7} < (A= max{0,wa}) 7!

for all A > max{0,w4}, t € [0,7]. Hence A(t) € J(1, max{0,wa}) for all ¢t € [0,T].
Step 3. From (3.8) we conclude that B(t) — wp, A(t) — max{0,ws} € J(1,0). Let us
consider the case ba. For each z = (v;w)” € D(B(t)) = D & D we have

I(A() = max{0,wa})zlln < [[A)0]lg + max{0,wa}z]»
< [|Bo(t)ollm + bl|v][ar + max{0, wa}|z]l
< [[Ba(@)ollm + (0 + o])l[vllg + max{0, wa} 2]l
< IB(#)z[l# + (b + [Xo| + max{0, wa})| 2l
< I(B(t) — wo)zls + (b + [Ao| + [wo| + max{0, wa})[z[ln

for all ¢t € [0,7]. Hence the closure (B(t) — wp) + (A(t) — max{0,w}) is a generator of a
contractive Cp-semigroup (see [4, p. 65, Theorem 6.2]).

Let us prove that the operator (B(t) —wp) + (A(t) — max{0,ws}) with the domain
D@ D is closed. It is sufficient to show that the operator B(t) + .A(t) with the domain
D @ D is closed. From 5a we obtain A(t)B; ' (t) € L(H) for all t € [0,T]. Hence

Bl + A(t) = < A(t)f?fl(t) —01) ( Blo(t) _Bol(t) ) (3.9)

( A(t)t;ll(t) -1 )‘1 _ ( o " éll » ) e L(H).

From this it follows that the operator B(t) + A(t) with the domain D @ D is closed for all
t € [0,T]. Hence B(t) + A(t) € J(1,wy + max{0,w4}). Remark 1 implies that the family of
operators B(t) 4+ A(t) is stable on [0, T7.

The assumptions of the theorem imply that Q(t) € L(H), ||Q(t)|lzx) < K < +oo for all
t € [0,7]. By Theorem 1.1, the family of operators B(t) + A(t) + Q(t) is stable on [0, 7.
Moreover, it follows that B+ A+ Q € SCp.p([0,T]; H).

Let C := diag(B1(0), B1(0)), D(C) = D @ D, then C~* € L(H). The assumptions of the
theorem imply that G(t, s)C™*, (G(t, S)C_l); € SC(Ta; H).

The assumptions on the initial conditions and the function f imply also that

22 = (u'; B1(0)u’)T € DD =D(B(t) + At) + Q(t)), F(t) = (f(t);0)” € C([0,T]; H).

By Theorem 2.1, Cauchy problem (3.7) has a unique strong solution. In other
words, there exists a function z such that z € C'([0,T]; H), 2(t) € D& D for all ¢ € [0,T],
(B+ A+ Q)z € C([0,T];H), and z(¢) satisfies (3.7) for all ¢ € [0, 7.

Analysis similar to that in the proof of Theorem 3.1 (Step 4) completes the proof of
Theorem 3.2 in the case Ha.
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Step 4. Let us consider the case 5b. From [3, p. 179, Lemma 2.16| it follows that the
relative bound of the operator A(t), with respect to the operator By(t), is equal to 0. This
means that for any fix € > 0 there exists a constant b. > 0 such that

[A@)ullr < el Bi@)ulla + bellullm

for all w € D and t € [0, T].
Hence for each z = (v;w)” € D(B(t)) = D & D we have

I(A(t) — max{0, wa})z|ls < [[A@)v]|r + max{0, wa}|z[»
< el|Bu(t)vlla + bc[v]lm + max{0, wa}||zlln < €l B(t)z]l + (b + max{0,wa})l|z]lx
< l|(B(t) — wo)z[ln + (b + efwo| + max{0,wa})[| 2]l
for all t € [0, T].

Because we can choose € < 1, from the above it follows that (B(t) — wo) + (A(t) —
max{0,w,}) is a generator of a contractive Cy-semigroup (see [3, p. 173, Theorem 2.7]).
Hence B(t) + A(t) € J(1,wp + max{0,w4}). Remark 1 implies that the family of operators
B(t) + A(t) is stable on [0, T7.

The rest of the proof in the case 5b runs as in Step 3.

Step 5. Let us consider the case 5c. Rewrite system (3.3) as a Cauchy problem

dz
dt

in the Hilbert space H, where we use the notations

ctrr= (7 P20). ey -pap, DE@I -,
Bo(t) 0
0 Qo(t)By (1)
o(t) := ( v
= o mwsy
0 Gt s)B;!
Gt 5) = ( 0 Gle)Bi () > D(G(t,s)) = H&D > DC(L)),
F(t) = (f(t);0)7, 2°:= (u'; Bo(0)u’)".
If we show that C(t) € J (1, max{0,wa}) for all ¢ € [0,7T] then the rest of the proof will
run as in Step 3. Let us prove this fact.
From (3.9) (under the condition \g = 0) it follows that densely defined operator C(t) is
closed. For each z = (v;w)™ € D(C(t)) = D & D we have
Re(C(t)z,z)H = Re(A(t)v,v),, < wal|v||3 < max{0,wal}|z|3
for all ¢t€[0,7]. Hence C(t) —max{0,ws} is dissipative. = To prove the operator
C(t) —max{0,w,} is maximal dissipative we need to show that C(t) has a resolvent for
some A > max{0,w} and for all ¢ € [0, 7.
Let A > max{0,w4}. We have
I(7+ ABy (1) (A(t) = M) By (1) )w |z | w ||
> Re((I+ABy ' (t)(A(t) — N By ' () wy, wy)
= [Jwi [} — ARe((A(t) By (hws, By (t)wn) , + N[ By ()
> [lwilly + AN —wa)lIBy ' (willy > Jwillz,

C(t)z+ Q(t z—l—/gts s)ds+ F(t), =z(0)=2°

) o(1) € L(H),
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(1 +XBy (1) (A(t) = N By ' (1)) “wal| u[lws||
> Re((I+ABy (t)(A(t) — N By (1) wa, wa)
= |Jwol|3 + )\Re(((A(t) — )\)Bo’l(t))*(Bo’l(t))*wg, wg)H
= [lw2||} — ARe(By ' (H)wa, (A(t) — N) By ' (Hws) ,;
= [lw2||3 — ARe((A(t) By ' (t)wa, By ' (t)wa) ,, + N[ By ' (t)wal|;
> [lwa|F + AN — wa) | By (t)ws |7 = [Jwall

for all wy, wy € H and t € [0, T]. Here we used the property (B, '(t))* = (Bi(t))~" (see [8,
p. 214, Theorem 5.30]). From the above it follows that there exists an operator

R(t) == (I + By (1)(A(t) — N By ' (1)) ™' € L(H)

for all t € [0,T].
Let A > max{0,w} and t € [0,T]. Define

(B OROB(0 By (OR()
S G R S K

Let us show that R(t)D C D. Let w; € D and R(t)w; = wy. Then wy = R (t)w, =
wa + ABy 1 () (A(t) — A\) By ' (t)ws. Hence wy = wy — ABy ' (t)(A(t) — \) By ' (t)w, € D. From
the above it follows that N, (t)(D & D) C (D & D).

Direct calculations show that

Ct)=ANM(t)z=2 Vz=(nw) e H=H®H,
M@ (CEH) =N z=2 Vz=(v;w) € DC(t)) =D D.

Consequently, C(¢) has a resolvent (C(t)— )\)_1 = N, (t) for all A > max{0,ws} and
t €10, T]. Hence C(t) € J(1,max{0,wa}) for all t € [0, T]. O

3.3 Second-order integro-differential equation in a Banach space.
The main operator acts on the derivative of a function

Let us consider the Cauchy problem for the integro-differential equation

(271; = A(t)cfl—z; + B(t)u + /0 G(t,s)u(s)ds + f(t), u(0)=u’, u'(0)=u' (3.10)

in a Banach space E. For a fixed ¢t € [0,T], A(t) is assumed to be a closed operator. The
domain D(A(t)) = D is independent of ¢ and is dense in E. The operators B(t) and G(t, s)
are relatively bounded with respect to the operator A(t).

Definition 4. We say that a function w is a strong solution to Cauchy problem (3.10)
on the interval [0,7] if u € C*([0,T]; E), u(t) € D(B(t)), «'(t) € D for all t € [0,T], Bu,
Au' € C([0,T); E), and u(t) satisfies (3.10) for all ¢ € [0, T].
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Theorem 3.3. Let the following conditions be satisfied:

1) D(A(t)) = D, A(t) € SCL([0,T]; E) and is stable on [0, T with the constants M and
WAy

2) BA;1(0) € SOL([0,T); E), where \g > wa and Ag(t) :== A(t) — Xo ;

3) G(t,5)A5(0), (G(t,s)Ag'(0)), € SCr(Ta; E).

Then for anyu®,u' € D, and f € C*([0,T); E) Cauchy problem (3.10) has a unique strong
solution.

Proof. Step 1. Let us suppose that Cauchy problem (3.10) has a strong solution u (see
Definition 4). Set v(t) := /(t), w(t) := Ao(0)u(t). Definition 4 and the assumptions of the
theorem imply that v, w € C'([0,T]; E). From (3.10) we conclude that the functions v and
w satisfy the system of equations

% = Ao(t)v + Xov + B(t) Ayt (0)w + /Ot G(t,s) Ay (0)w(s)ds + f(1), 5.1
% = Ap(0)v, v(0) = u!, w(0) = Ay(0)u’.
We rewrite system of equations (3.11) as the following Cauchy problem
Z—j =A(t)z+ Q(t)z + /Otg(t, s)z(s)ds + F(t), =z(0)=2z" (3.12)

in the Banach space £ := E x E = {z = (v;w)"| v,w € E}. The following notation is used
in (3.12):

o(t) = ( AOO B()A57(0) ) Q(t) € L(E),
), G(t,5) € L(E),

F(t) = (f(£);0)7, 2= (u; Ao(0)u")".

The proof of the theorem is based on applying Theorem 2.1 to Cauchy problem (3.12).
Step 2. Let us proof that the family of operators A(t) is stable on [0,7]. Note that the
following factorization of the operator A(t) takes place:

A(t) = N(t) - ( A%(t) 8 ) NTHE), N(t) = ( AO(O)Qal(t) ? ) € L(E). (313

Factorization (3.13) and direct calculations show that

Do (B0 )
Ry:= [ (Ao(ts) - N7 Sh= > ()\_nl_)lil G I (Aote) - A7
k=n\1 =2 —I-1N1

Cy:= Ag(0) A (1) — Ag(0) A (t—1) (I =2,n)
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forall 0 <t; <ty <...<t, <T.

By the assumption, Ay(t)u for each u € D is strongly continuously differentiable on [0, 7.
Moreover, it follows that Ay'(t) € L(E) for all t € [0,T]. Consequently (see [10, p. 220,
Lemma 1.5]), Ag(s)Ay*(t) is norm-continuous in ¢, s on Ta. Moreover, there exist constants
L, Ly > 0 such that

140(0)Ag " (t) — Ao(0)Ag " (s)ll ey < LIt —s| Vt,s €[0,T],

[ A0(0) Ay~ ()| () < Lo Vtelo,T]. (3.15)

Note that the family of operators Ay(t) is stable on [0, 7] with the stability constants
My and wy — Ag. From this and (3.15) we obtain

IV L2y IV (@)l ey < max{y/1+2L8,V2} Vi€ (0,T],

HRA”E(E)IHICI;[\I(Ao(tk) N e <(A_(WA—/\0)) YAZ0 (Ao >wa),

n—l

n _1 .
||S/\||£(E):HZ()\TL)Z+1 G I (Aottr) =) 1”L(E)

k=l-1\,1

tl—tl )My LMy & LMAT
< < t—t1) < Y A>0.
Z A= l+1 WA _ )\0))5_1 \n ;( l 1 1) " >

From this and (3.14) it follows that

” H (A(tk)_/\)ilnc(s)

k=n\ 1

< max{1 + 2L2,2} - max {\/||RAH%(E) + 2/ISA 12 5y, V2A

M?2 2L2M2T2 /2
2 A A
< max{1+2LO,2}~maX{\/(>\_ (on — o) + o }

_ max{1 + 2L3,2} - max { Mav/1+2L?T?,/2}

~ An
forall A >0, neN,and 0 <t <ty <...<t, <T. Hence the family of operators A(t) is
stable on [0, 7] (see Definition 1).

Step 3. The assumptions of the theorem imply that Q(t) € L(E), || Q)| < K < 400
for all t € [0,T]. By Theorem 1.1 the family of operators A(t) + Q(t) is stable on [0, 7.
Moreover, it follows that A+ Q € SCh, ([0, T]; E).

Let C := diag(Ao(0),1), D(C) =D x E, then C~' € L(£). The assumptions of the theo-
rem imply that G(¢,s)C™*, (G(t, S)C_l); € SCe(Ta; €).

The assumptions on the initial conditions and the function f imply that

2% = (u'; Ap(0)u’)” € D x E =D(A(t) + Q(t)), F(t) = (f(t);0)" € C*([0,T);E).

By Theorem 2.1, Cauchy problem (3.12) has a unique strong solution. In other
words, there exists a function z such that z € C'([0,T];&), 2(t) € D x E for all t € [0,T),
(A4 Q)z € C([0,T};€), and z(t) satisfies (3.12) for all ¢ € [0, T].
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Step 4. Let z(t) = (v(t); w(t))™ be the unique strong solution of Cauchy problem (3.12).
Define u(t) := Ay (0)w(t).

From w € C([0,T]; E) it follows that u(t) € D = D(A(t)) C D(B(t)) for all ¢t € [0,T7,
Bu = BA;'(0)w € C([0,T); E).

The second equation in system (3.11) implies that

u'(t) = Ayt (H)w'(t) = v(t) € CH[0,T); E).

Hence u € C2([0,T]; E) and v/(t) € D for all ¢ € [0,T], Au' = (Ao + M)’ € C([0,T]; E).
The first equation in system (3.11) implies that

u"(t) ='(t) = AU (t) + B(t)u(t) + /0 G(t, s)u(s)ds + f(t),

i.e. the function u satisfies equation (3.10). It can be easily seen that the function u satisfies
also the initial condition in (3.10). By Definition 4, the function u is a strong solution to
Cauchy problem (3.10). O

3.4 Second-order integro-differential equation in a Banach space.
Parabolic case

Let us consider the Cauchy problem for the integro-differential equation

d2

dtQ—A UL B+ /Gts ) ds+ f(8), u(0) =, w(0) = u! (3.16)

in a Banach space E. A is assumed to be a closed and densely defined operator,
D(A) C D(By), A~ By' € L(E). The operator G(t,s) is relatively bounded with respect
to the operator By.

Definition 5. We say that a function u is a strong solution to Cauchy problem (3.16) on
the interval [0,7] if u € C*([0,T]; E), u(t) € D(BE), v/(t) € D(A) for all t € [0,T], Biu,
Au' € C([0,T]; E), and u(t) satisfies (3.16) for all t € [0, 7.

Assume that the operator A™' By is closable and C' := A~1By € L(E). Let us consider
the Cauchy problem

d*u A(du

T = Al T CBOU> /0 G(t,s)u(s)ds + f(t), u(0)=u’, u'(0)=u" (3.17)

Definition 6. We say that a function u is a strong solution to Cauchy problem (3.17) on
the interval [0,T] if u € C*([0,T); E), u(t),u/'(t) € D(By), u'(t) + CBou(t) € D(A) for all
t € 10,T], Bou, Bou!, A(v + CByu) € C([0,T); E), and u(t) satisfies (3.17) for all ¢ € [0, T].

Remark 5. If the function u is a strong solution to Cauchy problem (3.16) (see Definition 5),
then u is a strong solution to Cauchy problem (3.17) (see Definition 6). The inverse is not
true.

However, if u is a strong solution to Cauchy problem (3.17) and u(t) € D(B3) for all
t € [0,T], Bdu € C([0,T); E), then «'(t) € D(A), Au' € C([0,T]; E), and u is a strong solu-
tion to Cauchy problem (3.16).
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Theorem 3.4. Let the following conditions be satisfied:

1) A, By are closed operators, A~', Byt € L(E);

2) B()Ail, C=A"1B) e GOO(E),

3) A, —ByC are generators of holomorphic semigroups;

4) G(t,s)By", (G(t,5)By"), € SCp(Ta; E).

Then for any u°,u'e€ D(By), u'+ CByu’ e D(A) (in particular u°® € D(B2),
u' € D(A)), and f € C*([0,T); E) (0 < a < 1) (see Remark 4) Cauchy problem (3.17) has

a unique strong solution.

Proof. Step 1. Let us suppose that Cauchy problem (3.17) has a strong solution u (see
Definition 6). Set v(t) := u/(t), w(t) :== Bou(t). Definition 6 implies that v, w € C'([0,T); E).
From (3.17) we conclude that the functions v and w satisfy the system of equations

d t

d_qtj = A(v + Cw) —I—/ G(t,s) By tw(s)ds + f(t), (318)
0 3.18

d

B, w(0) =u!, w(0) = By’

dt

We rewrite system of equations (3.18) as the following Cauchy problem
dz ! 0
pri Az + | G(t,s)z(s)ds+ F(t), z(0)=z (3.19)
0

in the Banach space £ := E x E = {z = (v;w)"| v,w € E}. The following notation is used
in (3.19):

Az ( Ao + Ou) ) D(A) = {2 = (:w)| v € D(By), v+ Cwe DAY,

G(t,s) = < 8 G(t, B)Bo_l ) , Gt,s) € L(E), F(t):=(f(t);0)7, 2°:= (u'; Bu®)".

Step 2. Let us first show that A is a densely defined and closed operator. Set
Ao :=diag(A4, —ByC), D(Ay) = D(A) x D(—ByO). (3.20)

By the assumption, A, —ByC' are the generators of holomorphic semigroups in £. Hence
Ay is a generator of a holomorphic semigroup in £. Consequently, Aj is a densely defined

and closed operator.
Define

B:=(T+8)AZ+S), Si:= (Bogll 8) . Soi= (8 (5) : (3.21)

Since A is a densely defined operator and (Z + S)™! = (Z — S,) € L(E), the operator
B is densely defined. Since (Z + 8y), (Z+ 81) ' = (T — 81) € L(€) and the operator A, is
closed, the operator B with the domain

DB)={z= (;w)| (Z+ S2)z € D(Ay)} ={v+ Cw e D(A), we D(-B,C)} =
= {v+ Cw € D(A) C D(By), Cw € D(By)} = {v € D(By), v+ Cw € D(A)} = D(A)
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is closed. It is easy to check also that Bz = Az for all z € D(B) = D(A).

From the above it follows that the operator A is densely defined, closed and has the
Schur-Frobenius form: A = (Z + §1)Ao(Z + Ss).

Step 3. Taking into account (3.20), (3.21) we carry out the substitution
x(t) :== (Z 4+ S2)z(t) in (3.19). The function z satisfies the Cauchy problem

dx

= = T+ S)(T+S)Aow + /t(z +8)G(t, s)(Z — Sa)z(s) ds + (T + S2) F (1),

z(0) = (T + Sy)2". (3.22)

The assumptions of the theorem imply that (Z 4+ S)(Z + S1)Ap =: (Z + S).Ag, where
S €6,(E). From [3] (see [3, p. 180, Corollary 2.17|, see also [2]) we conclude that
(Z + 852)(Z + S1)Ap is a generator of a holomorphic semigroup in &.

The assumptions on the initial conditions imply that 2° = (u'; Byu®)™ € D(A). Hence
2(0) = (Z + &2)2° € D(Ap).

By the assumption f € C*([0,T]; E) (0 < a < 1). From this and the inequality

I(Z + &) F(t) = (T +82)F(s))lle <NT+ Sellellf(t) = f(9)lle, 0<s,t<T,

it follows that (Z 4+ S)F € C*([0,7];€) (0 < a < 1).

By Theorem 2.1 (see Remark 4), Cauchy problem (3.22) has a unique strong solution.
In other words, there exists a function z such that x € C1([0,T7; &), x(t) € D(Ap) for all
t €10,7T], Apx € C([0,T];E), and x(t) satisfies (3.22) for all ¢ € [0, 7.

Hence Cauchy problem (3.19) has a unique strong solution. In other words, there exists
a function z such that z € C'([0,T]; £), z(t) € D(A) for all t € [0,T], Az € C([0,T];£), and
z(t) satisfies (3.19) for all t € [0, 7.

Step 4. Let z(t) = (v(t);w(t))” be the unique strong solution of Cauchy problem (3.19).
Then we have

u(t) € CH[0,T]; E), w(t) € D(By), Bov(t) € C((0.T); ), (3.23)
w(t) € CY[0,T|; E), wv(t)+ Cw(t) € D(A), A(v(t) + Cw(t)) € C([0,T]; E). '
Define u(t) := By'w(t). From the above it follows that u(t) € D(By), Bou =

w € C([0,T); E). From (3.18) it follows that u/(t) = By'w'(t) = v(t). From (3.23)
we obtain u e C*([0,T]; E), ' (t) € D(By),u'(t) + CByu(t) € D(A) for all te0,T],
Bou', A(v' 4+ CByu) € C([0,T]; E). The first equation in (3.18) implies

u'(t) =v'(t) = A(W(t) + CBy)u(t) +/0 G(t, s)u(s)ds + f(t),

i.e. the function u satisfies equation (3.17). It is easily seen that the function u satisfies also

the initial condition in (3.17). By Definition 6, the function u is a strong solution to Cauchy
problem (3.17). O
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