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Abstract. We consider the mild solution uf(-,()) of a well-posed nonhomogeneous Cauchy
problem

u(t) = A@u(t)+f(@), t=0
u(0) = 0

on a Radon-Nikodym space X, where A(-) is a linear operator-valued function. Under certain
additional conditions we will prove that if the homogeneous system

u(t) =A(u(t), t>=0

is exponentially stable, then for each function f belonging to the Sobolev space W[(,)1 (R4+,X),
1 < p < oo, the solution uf(-,O) lies in the same space. The converse statement is more
subtle, but it certainly works in the autonomous case. Integral inequalities of Landau type for
the evolution semigroup associated with the system (A(7)) on the space W[(,)1 (R4, X) are also
derived.

1. Introduction

In what follows X will denote a Banach space and .£(X) will be the Banach
space of all bounded linear operators acting on X. The norms on X and .Z(X) will be
denoted by || - ||

Let T = {T(¢)};>0 beastrongly continuous semigroup of bounded linear operators
acting on X, with infinitesimal generator (G, D(G)) and uniformly growth bound

on() 1= g 2T,
>0

We will denote by p(G), R(z,G) and respectively o(G) the resolvent set, the
resolvent operator and the spectrum of G. It is well-known (see e.g. [11]) that the mild
solution of the well-posed abstract Cauchy problem

{u(t) =Gu), t=0
u(0)=xeX
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is a trajectory of the semigroup T.
We consider now the non-autonomous Cauchy problem

{ u(r) = A(tu(t) + 1 (1), t>s5>0,

u(s) =x

where A(f) are linear operators on X, x € X and f is a X -valued, locally Bochner
integrable function on R, . For suitable differential operators A(f), these equations
describe, for instance, diffusion processes with time dependent diffusion coefficients or
boundary conditions, as well as the evolution of quantum mechanical systems with time
varying potential. Further, important partial differential equations on non-cylindrical
domains can be formulated as non-autonomous Cauchy problems, see [4]. The mild
solutions of such well-posed Cauchy problems lead to a strongly continuous evolution
Sfamily % = {U(t,s)}i=s>0 of bounded linear operators on X, that is,
(i) U(t,s) =U(t,r)U(r,s) forall t = r > s > 0;
(ii) U(t,t)x =x forall + > 0 and all x € X;
(iii) forevery x € X, the map (¢,s) — U(t, s)x is continuous on the set

{(t;5) :1>5>0}.

For more details about the well-posedness of abstract differential equations, see
[17] and the references therein.

The evolution family %7 is called exponentially bounded if there exist w € R and
K > 1 such that

|U(1,s)|| < Ke®"™*) forevery t > s > 0. (EB)

If
U(t,s) =U(t—s,0) forallt > s > 0, (SC)
then the one-parameter family T := {U(#,0) : t+ > 0} is a strongly continuous

semigroups on X and the relation (EB) is automatically verified.
The following result is well-known, see [5] and [9]: If the Cauchy problem

{ a(t) = A@Qu(r) +f (1), 120

40)— 0 (A()£0))

has a bounded solution for every continuous and bounded function f : R, — X, then
the homogeneous system
i(t) = A(Du(t), 120 (A1)

is exponentially stable, that is, there exist the constants N > 0 and v > 0 such that
|U(2,5)|| < Ne="=%) forevery t > s > 0. Here % = {U(t,s) :t > s >0} C Z(X)
is the evolution family on X associated with the system (A(?)).

In order to define the evolution semigroup associated with a strongly continuous
and exponentially bounded evolution family on X, let us consider the following Banach
functions spaces:

P

{L”(R+,X), if 1<p<oo
COO(R+7X)7 if P = 0.
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Here I7(R.,X) denotes the Banach space of all Bochner measurable functions f :

R, — X, such that
o L/p
Il = ( / Ilf(S)I”dS) < oo.

Coo(R+, X) is the Banach space (endowed with the sup norm) of all continuous func-
tions f : Ry — X such that

£(0) = lim £ (1) = 0.

t—o0
The evolution semigroup
Ty =A{F(0) 1> 0} C Z(E))
associated with the family % on the space E,,, is defined by

Let G, be its infinitesimal generator of .7,. The following result on evolution families
and their associated evolution semigroups was established in [1]:

THEOREM 1. Let % = {U(t,s)}i>s>0 be a strongly continuous and exponentially
bounded evolution family on X, 1 < p < oo, and 9, the evolution semigroup
associated with U on the space E,. Then following four statements are equivalent:

(i) % is exponentially stable i.e., (EB) holds for some negative ;
(ii) wo(Jy) is negative;
(iii) o(G,) is a subset of C_:={z€ C: Rez < 0};
(iv) Given u € R and f € E,, the mild solution of the Cauchy problem

{dotu(t) =Gu(t) +eMf, t>0
u(0)=0

is bounded, that is,

< 00.
Ep

sup
>0

/ ' e W T (s)f ds
0

Clearly, (i) = (i) = (iii). The implication (iii) = (ii) is a consequence of the
spectral mapping theorem. See [10], Theorem 2.2, Corollary 2.4, for the case p = oo,
and [8], Theorem 2.2 and Corollary 2.3, for 1 < p < co. The implication (ii) = (i)
follows by [15] or [3] Theorem 2.2. Finally, the equivalence between (i) and (iv)
follows from the following result, which was proved in [1] and [14]:

THEOREM 2. A bounded strongly continuous semigroup T = {T(t)};>0 on a
Banach space X satisfies the condition

sup
120

t
/ ei“éT(g)xdéH = M(u,x) < oo forevery u € Randeveryx € X
0

if and only if the spectrum of its infinitesimal generator belongs to C_.
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2. Results

It is known, see for example [3], that us(-,0) belongs to E, for every f € E, if
and only if the evolution family % is exponentially stable. Related result is given in
the Theorem 3 below. For each ¢ > 0 we consider the function g, defined by:

- ([ a6y as) o

LEMMA 1. We suppose that the evolution family 7/ is uniformly stable, that is,
sup ||U(z,s)]| =M < . (2.1)

>5>

Let 1 < p < oo and f € IP(Ry,X). If the mild solution uy(-,0) of the Cauchy
problem (A(t),f,0) belongsto [P (R, ,X), then foreach t > 0 the function g; belongs
to I’(R4, X), and moreover,

sup||gth (2+Mp) llug (-, 0) ||, < 0.

Proof. An easy computation, based on [16], Lemma 2.2, yields

/tU(r,r—s)f(r—s)ds, if r>t
&(r) = Or
/U(r,r—s)f(r—s)a’s7 if 0<r<ut
0

In order to prove that g, is a L? -function we remark that ||g|, = I, + I, where

wem [0 [ vtr—sip - saslrar
b _/ ||/ ror— $)f (r — s)ds|Pdr.
ne (I vt =t =sasly) = ol

while for I; we have

W<l [ ot =sre st [T [ v st - sasipar
||/ (rr - s)f rfsdsn"fn/ ()|

< |UGrr—1) / Ur— 1. E)f (£)dE|P

and

Clearly,

an

<M”H/ Ulr— 1.E)f (E)dE|].
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Then
/foo I [ U(r,r = s)f (r — s)ds||Pdr
e8] P
gWAHAUMW@ﬁWwWWMm%

Finally we obtain:

sup gl < (2+ M) (-, 0] < oo
rz

The proof of Lemma 1 is complete. [

We make the following assumption about the family % :
Assumption 1

1
E||U(t+h,s+h)x— U(t,s)x|| — 0as h — 0+,

foreach t > s > 0 and each x € X.

If the evolution family % is a strongly continuous semigroup, that is, if the
condition (SC) holds (or, equivalently, if the map ¢ — A(r) is constant), then the
Assumption 1 is fulfilled.

If X=C and U(z,s) := i—i; forevery ¢ > s > 0, then the family % = {U(z,s) :
t > s > 0} is a strongly continuous and uniformly stable evolution family on C which
fails Assumption 1.

We remind that a X -valued function f on R, is called absolutely continuous if
for each positive real number a the restriction of f to the interval [0, a] is absolutely
continuous.

In the following we will suppose that X is a Radon-Nikodym space, that is,
every X -valued, absolutely continuous function is differentiable almost everywhere on
compact subintervals of R ;. Examples of such spaces are the reflexive Banach spaces
(particularly, the Hilbert spaces). If X is a Radon-Nikodym space and f is a X-
valued absolutely continuous function on R, then its derivative f’ is locally Bochner
integrable. See [6].

The Sobolev space W,91 (R4, X) consists of all X-valued, absolutely continuous
functions f on Ry such that f£(0) =0 and

I llps = I1f llp + 1"l < oo

LEMMA 2. Let X be a Radon-Nikodym space and let f be an X -valued, absolutely
continuous function on Ry such that f and its derivative f' are [P -functions. If %
is a uniformly stable evolution family on X, such that the Assumption 1 is fulfilled, then

(Fy(0)f) = Fp(t)f"  almost everywhere on R.. (2.2)

forevery t > 0.
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Proof. Using the relation (2.1), it follows that

fs+h—1t)—f(s—1)

U(s+h,s+h—1) .

—U(s+hs+h—0)f'(s—1)— 0,

as h — 0 and thus
fGHh—1)—f(s—1)
h
Due to Assumption 1 we conclude that
Uls+hs+h—0)f(s—1)—U(s,s —t)f (s —
h
Then (2.2) holds and the proof is complete. [

Uls+h,s+h—1) — U(s,s —t)f'(s —t)ash — 0.

t
)—>Oash—>0.

We remark that the argument in the proof of Lemma 2, works in the case of strongly
continuous semigroups, even if it is not uniformly stable.

PROPOSITION 1. Let % = {U(t,s)}i>s>0 be a strongly continuous, uniformly
stable evolution family on X such that Assumption 1 is fulfilled. For each t > 0,
some 1 < p < oo and each function f € [P(R;,X) we consider the map t +—
To(0)f := T (1)f . Then the linear operator f +— Fo(1)f acts on W9, (R, X) and the
Sfamily T = { (1) }i>0 is a strongly continuous semigroup which is called evolution
semigroup associated to % on the space ng (R4, X).

Proof. Based on the relation (2.1) it is easy to see that for every 7 > 0, the map
s (S (1)f )(s) is an absolutely continuous function. Using the fact that (% (¢)f )’ =
F,(t)f" almost everywhereon R and the fact that .7,(r) acts on LP (R, X) it follows
that .Z(¢) acts on W,91 (R4, X). Moreover, the maps

t— Z,0)f Ry - PR, X), t— ,0)f Ry — [P(Ry,X),
are continuous, see [2], [3] for details, and therefore
1% —=flpy = 1T =Fllp + 10" =f"ll, = 0
when ¢t — 0, thatis, the the semigroup % on ng(RJr, X), is strongly continuous. [J
THEOREM 3. Let % be an evolution family on X generated by the family of linear
operators {A(t)}>0. We suppose that % is strongly continuous, uniformly stable and

such that the Assumption 1 is fulfilled. Let % the evolution semigroup associated to
U on the space ng (R4, X) forsome 1 < p < oo, and Gy its infinitesimal generator.

If for each f in the space ng (R4, X) the mild solution of (A(t),f,0) lies in the same
space then for each real number u and each f € ng (R4, X) one has

sup
20

/Ote_i“syof (s)ds =Kup(f) < oo (2.3)

W;;)l (RJrvX)

or equivalently-conform to the above Theorem 2-the spectrum of Gy is a subset of
C_.
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Proof. First we prove that (2.3) holds for gt = 0. Let f € W9, (R, X) and 7 > 0.
For almost everywhere 7 € [0, ], one has:

4 /Z,(s)fds (1) :% /U(T,T*S)f(’[*s)ds

drt
0 0

T

U(7,0)f (0) + / i[U(*L', T—s)f (T —s)]ds

dt
0

- | [#6ras| @
0

where the result from the above Lemma 2 was used. Similar result holds for almost
everywhere 7 > t. Then using the above Lemma 1, we get:

t

F(s)f ds]| + sup | / Fy(s)fds]
=0 Jo

< (24 M) [ug (- 0) ]y + g (-, 0) ] < e

From the Principle of Uniform Boundedness it follows that there exists a positive
constant K, such that:

t
sup || | To(s)f dsllp; < supl|
=0 Jo =0 Jo

>0

t
sup /%(S)fds < Kpllf flws, . -
0 o

pl(R+vX)

Let u be a given real number. In order to obtain (2.3) put %, := {e " *(=9U(t,s) :
t > s > 0} instead of %/. Nothing that the evolution semigroup associated to %, is
givenby (1) = e M F(r). O

COROLLARY 1. Under the conditions in Theorem 3 we have:

tlim o(t)f =O0foreveryf € ng(R+,X).

If, in addition, % is analytic then 9 is exponentially stable. In this case if the family
T := {U(1,0) : t > 0} is a strongly continuous semigroup then it is exponentially
stable too.

Proof. The first part follows by Theorem 3 above and ( [13], Theorem 3). The
second part can be obtained as follows. Let us consider the function s — @(s) := se™*
on R, . Itis clear that ¢ belongs to Wl?l (R4, R) and for each x € X the map

s 0u(s) = 9(s)x 1 Ry — X
belongs to W,91 (R4, X). Let N and v be two positive constants such that

1200 2(wo, (k. x)) < Ne~ " forevery 1 > 0.
0 (R,
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Then an easy computation yields
IT@Il19llp = 7o) exllpy < Ne™ (19l I,
that is, T is exponentially stable. [

A recently result of van Neerven (see [12], Theorem 10), says that a strongly
continuous semigroup T = {T'(¢)},>0 on a Banach space X is uniformly exponentially
stable if for each f in C.((0, 00), X) -the space of continuous X -valued functions with
compact support in (0, 00)-and some 1 < p < 0o, one has:

p

/ / )f (t — s)ds|| dt < oo.
0

The following result can be stated:

COROLLARY 2. Let T = {T(t) : t > 0} be a strongly continuous semigroup on a
Radon-Nikodym space X and 1 < p < oo. Ifforeach f inthe space ng (Ry,X) the

map t— [T(s)f (t — s)ds lies in the same space then the semigroup T is uniformly

0
exponentially stable.

Proof. Let f € C.((0,00),X) C W), (Ry,X). According with the above Theorem
3 one has:

t t
00 > sup /%(s)fds > sup /Z,(s)fds
>0 >0
0 ng(RJrvX) 0 p
0o t p %
= sup / (/%(s)fds (7)|| dr
>0
0 0
t T p 117
> sup / /T(s)f(r —s)ds|| dt
>0
o Ilo
|| 7 r P
= / /T(s)f(’r —s)ds|| dt
o Ilo

Now apply the above result of van Neerven in order to complete the proof. [
The following result was inspired by [10]:

LEMMA 3. Let 9 be the evolution semigroup on ng (Ry,X), see Lemma 2
above, and let (Go, D(Gy)) be its infinitesimal generator. If the set {u,f} belongs to
ng (R4, X) then the following statements are equivalent:

(i) u E D(Go) and Gou =—f;
(ii) u(t fo s)ds forall t > 0.
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PROPOSITION 2. If the family 7% is exponentially stable and Assumption 1 is
fulfilled, then for each f belonging to ng (Ry,X) the mild solution us(-,0) of the
Cauchy problem (A(t),f,0), lies in the same space.

Proof. The evolution semigroup % associated with % on the space W,?1 (R4, X)
is exponentially stable, so its generator Gy is an invertible operator. Then apply Lemma
3 above. 0

The following result is known in literature as Kallman-Rota inequality:

THEOREM 4. Let T := {T()},>0 be a strongly continuous semigroup on a Banach
space Y, and (A, D(A)) its infinitesimal generator. If there exists a positive constant
M suchthat ||T(t)|| < M forevery t > 0 then

1AYI* < 42| A% ]| x |lyll,  for everyy € D(A).

See [7] for a proof. When T is the evolution semigroup % (on the Sobolev space
W9 (R4, X)), the discussion above yields the following result:

THEOREM 5. Assume that % is a strongly continuous uniformly stable evolution
family on the Radon-Nikodym space X, which verifies the Assumption 1 above. Consider
a function f € ng (R4, X) such that:

(i) the map [, U(-,s)f (s)ds liesin Wi (R, X);
(ii) themap [((- —s)U(- = 5)f (s)ds lies in W) (R, X).
Then the following inequality holds:

: 2 .
(1 [ vtor@asis ) <aisl < [ ¢=9ut.sr ol
Here M is the constant in (2.1).

COROLLARY 3. Let F be a X -valued function on R, such that F,F’' and F"
belongs to ng (R4, X). Then the following inequality holds:

" |y + 1" 11)* < 4" 1y + 1F 1) ULE" | + [1F]l5)-
Proof. Apply Theorem 5 above for U(z,s) = I and
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