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Abstract. This article deals with some solvability results on the Cauchy problem for linear
differential equations with unbounded operators. The main result consists in the description
of the set of initial data for which the corresponding solutions are represented by means of
the classical exponential formula in the stationary case, and by means of the Peano matriciant
formula in the non-stationary case. In this connection a new generalization of Gelfand’s lemma
about analytic vectors of the generator of a strongly continuous group is proved.
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1. Introduction

Linear differential equations of the type

dz
and d
T
E = A(t):z: (2)

have been among the most important mathematical subjects of study for two centuries.
Contemporary methods of studying their solvability go back to the study of two methods
suggested for the construction of their solutions by Cauchy: the method of successive
approximations, and the method of series expansions; essentially different approaches
based on the use of integral transforms (first of all, Fourier and Laplace transforms),
were suggested by Heaviside.
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For the case when equations (1) and (2) are systems of linear equations with constant
or variable coefficients (in other words, A and A(t) are matrices, respectively, with
constant elements or elements that are continuous functions), elegant and exhaustive
results were obtained relatively soon. Here one can mention the classical theorem of
Picard on the convergence of successive approximations for equations (1) and (2), in
the form of exponential and matriciant series, and a number of others. Later, in this -
century, an elegant theory of linear differential ‘equations (1) for the case of a linear
continuous operator A in a certain Banach space, and of equations (2) for the case of a
continuous function A(?) in the space of linear continuous operators that act in a certain
Banach space was formulated. This theory is a simple and natural generalization of the
theory of finite linear systems of differential equations, although it also covers various
important infinite systems of differential equations, integro-differential equations, and
others. '

The history of the above methods was different for various (first of all, parabolic
and hyperbolic) types of autonomous and non-autonomous partial differential equa-
tions, which are also written in the form (1) and (2), but contain an operator A that is
unbounded in a certain Banach space, and a function A(t) that assumes values in the
set of unbounded linear operators in a certain Banach space. The same equations can
also be viewed as equations (1) and (2) with a continuous linear operator in some locally
convex space and a continuous function A(t) with values on the space of continuous lin-
ear operators in a locally convex linear space. Despite the importance of both cases for
applications, no general results were known for a long time, with the exception of the
classical theorem of Cauchy-Kovalevskaya on analytic solutions of partial differential
equations which, however, was not formulated as an abstract theorem. A consider-
able breakthrough in the analysis of differential equations of these types occurred with
the beginning of development of functional analysis; the first profound results here
were obtained using the methods of integral transforms based on the theory of semi-
groups which goes back to W. Feller and E. Hille (theorems of Hille-Phillips-Miyadera,
Solomiak-Yosida, and others, see, e.g., [13, 16]). Some time later other results were
obtained using the method of successive approximations; here one should mention, first
of all, the work of M. Nagumo and L. V. Ovsiannikov that, in fact, applied to equations
of type (1) and (2) with operators not in Banach spaces, but in a special kind of locally
convex spaces which were described as “fans” or scales of Banach spaces. Later on, in
the work of F. Treves, R. Nirenberg, T. Nishida, and others, the methods of Ovsiannikov
were further developed, and the abstract theory gained its complete and modern look.
More or less at the same time, numerous abstract results about the Cauchy method for
the analytic representation of solutions were obtained. We also mention the results by
Yu. A. Dubinskii (see, e.g., [7]) concerning spaces with operator exponent.

One should mention an essential difference between the cases of bounded and
unbounded operators A and A(t) in equations (1) and (2). Namely, the results for
bounded operators A and A(t) that are obtained using different methods (the method
of Cauchy expansions, the method of successive approximations, the method of integral
transforms) coincide. However, in the case of unbounded operators A and A(t) the
situation is quite different - the three methods lead, practically, to different types of
solutions. :
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This article is devoted, first of all, to the analysis of the Cauchy method of analytic
representations of solutions to equations (1) and (2) in the case that A is an unbounded
linear operator in a Banach space X, and in the case that A(t) is a function whose
values are unbounded linear operators in a Banach space X and which are continuous
in a suitable sense. (However, we need some results based on other approaches and
they will be presented.) The basic results of the article describe those initial data
for which the solutions to the corresponding Cauchy problems may be represented by
classical series of the theory of differential equations. More precisely, this refers to the
exponential series '

eA( — i Amn (3)

n!
n=0

in the stationary case, and to Peano’s matriciant

U(t,r):[-{-z / A(oy)--- A(on)doy, - - - doy (4)
n=lp ()

in the non-stationary case; here A,(7,t) is the set of points (oy,...,0,) € R" satisfying
the condition 7 < 0 < ... <0, <tfor r <t and the conditionT >0, > ... 20, > ¢t
for 7 > t. Furthermore, the article discusses some properties of evolutionary operators
(Cauchy functions), which are defined by the exponent series (3) and the matriciant (4).

It turns out that, in the stationary case, the complete description of the set of initial
data for which the corresponding solutions are represented in the form (3) can be done in
terms of so-called Roumieu spaces generated by the operator A and their inductive and
projective limits, the Gevrey and Beurling spaces. However, in some cases these spaces
can turn out to be trivial (in the “worst” cases equations (1) and (2) can not have non-
trivial solutions represented in the form (3) or (4)). As a result, in the general theory
some sufficient density conditions of the Roumieu, Gevrey and Beurling spaces in the
original Banach space X must play an important role. The authors could discover only
a few such results; the first of them is Gel’fand’s remarkable lemma on the density of
analytic vectors of the generator of a uniformly bounded group of operators; this lemma
was essentially strengthened by Yu. I. Ljubié and V. I. Matsaev. A new refinement in
a different direction of Gel'fand’s lemma is given in this article (Proposition 4). In
order that one can catch the situation with different density results they are gathered in
Section 2 (Propositions 1 - 6). The situation in the non-stationary case is more delicate;
we present only the simplest result.

2. Roumieu spaces and density results

First we consider the autonomous linear equation (1) with an unbounded operator A.
In this case formula (3) can not be considered as an equality in £(X); however, one can
study conditions for £ € X under which the equality

.eAté _ Z An Etn (5)

n!

n=0
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holds. In the case of a continuous operator A formula (5) defines a solution to equation
(1) satisfying the initial condition
z(0) = ¢. (6)

The main part of this article will be devoted to conditions under which formula (5)
defines a solution to the Cauchy problem (1)/(6), and to the analysis of properties of
the operator function defined by formula (5) in the case of an unbounded operator A.
In order to characterize the sets of elements £ € X under which formula (5) defines
a solution to the Cauchy problem (1)/(6), it is convenient to deal with the Roumieu
spaces generated by the closed operator A.

Let p be a sequence p = (My) with My =1, and let 0 < L < oo. Recall (see, e.g.,
(10, 11, 17]) that the Roumieu space R(A,u, L) is a space of elements z € X such that

sup L™ M7 || A z|| < o0
0<n<o0

equipped with the norm

- MNzllr(awLy = sup L™ M| A 2],
0<n<co )

This is a Banach space which is continuously embedded in the space X. Usually it'is
useful to consider the closed subspace R°(A, i, L) consisting of elements z € R(A, u, L)
such that :

nlirréo LM A z|f = 0.

Furthermore, we also need the Beurling and Gevrey spaces

B(Aw= (] RAmL) ad GAw= |J RAuI)
0<L<oo 0<L<oo

which are locally convex spaces equipped with the topologies of inductive and projective
limits, respectively.

Roumieu spaces (or special types of them) were considered by numerous authors.
However, a lot of problems in their theory is still open. In particular, it is very little
known about conditions under which a Roumieu (or Beurling, or Gevrey) space is
dense in the original space X. The well-known example of R. Phillips [13] shows that
the Roumieu space R(A, i, L) can be trivial.

It is easy to see (see Section 2 below) that initial data £ € G(A4, p) in the case p = (1)
correspond to exponential-like entire solutions of equation (1). Similarly, initial data
€ € B(A, i) in the case u = (n!) correspond to entire solutions of this equation. Finally,
initial data £ € G(A4,p), p = (n!), correspond to analytic solutions of this equation.
Because of this, elements of G(A, (1)) are usually called exponential vectors, elements of
B(A,(n!)) entire vectors; and elements of G(A4, (n!)) analytic vectors.

Let p = (1). In this case the Roumieu space R(A4, u, L) is the maximal A-invariant
subspace of X on which the operator A is defined and has spectral radius not exceeding L
(these spaces are not necessarily closed). The theory of these spaces is deeply connected
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with the theory of spectral operators and their functional calculus (see, e.g., [8]). The
latter allows us to formulate various conditions under which the spaces R(4, (1), L) are
dense in the original space X.

Below we formulate some basic results on the Roumieu spaces R(A, (1), L). These
results have been obtained in an equivalent form in the articles [18, 19}. More exactly,
the authors of [18, 19] proved that, under the conditions of either Proposition 1 or
Proposition 2, the corresponding operator A is an S-operator. In particular, by their
definition, this means that the union of all subspaces of X which are invariant for A
and on which A is bounded is dense in X. One can see that any subspace of X which is
invariant for A and on which A is bounded with norm L is included in R(A4,(1),L). As
a result; the union G(A4, (1)) of R(A4,(1),L) (0 < L < o0) is also dense in X.

Proposition 1. Let X be a Banach space and A a closed ope'rator satzsfymg the

Levmson condltwn
a

/loglog sup ||R(}, A)|ldf < oo )]
4 ReA>8

for some a > 0. Then the Gevrey space G(A,(1)) is dense in X.
Conversely, if a function M = M(0) satisfies the condition

/log log M(G) df = o (8)
0

for some a > 0, then there exists an operator A such that

sup [|[R(A, A)|| < M(6)
ReA>6

and G(A, (1)) = {0}.

Proposition 2. 'Let X be a Banach space and A an operator acting in X and being
a generator of a strongly continuous group of operators T(t) (—oo < t < oo) which
satisfy the Ostrovsky condition

og ||T
/ ———1 12 dt < oo. (9)

—00

Then the Gevrey space G(A,(1)) is dense in X.
Conversely, if a function w = w(t) satisfies the condition

log w(t)
/ o) de = (10)

-0
then there ezists an operator A such that

ITOI <w()  (teR)
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and G(A,(1)) = {0}.

Proposition 2 is an essential amplification of the classical Gel’fand result [9] on
the density of analytic vectors for a generator of a uniformly bounded and strongly
continuous group of operators in'two directions: First, it turns out that one can assume
the essentially weaker assumption (9) instead of the uniform boundedness of a group.
Second, even under this weak assumption the set of exponential (not only analytic)
vectors is dense in the original space.

Let us mention the articles [25 - 27], in which the space G(4,u),u = (1), is also
considered under the restrictive assumption that A is a generator of a uniformly bounded
and strongly continuous group of operators. The results obtained in these articles are
special cases of Proposition 2. We also mention the article [1] in which entire vectors of
strongly continuous and analytic semigroups are studied, and the article [14] in which
some refinement to the “converse” part of Proposition 2 is obtained (see also [6]).

Some conditions for the density of the Roumieu spaces R(A, y, L) in the case y =
(n!) in the space X are wellknown.

Proposition 3. Let X be a Banach space and A a generator of a strongly continuous
semigroup which is analytic in a sector S(A,0,h) = {) : ReA > h|ImA|?} (here 0 <
6 <1, h >0). Then the Beurling space B(A,(n!)) is dense in X.

In the case § = 1 this proposition was proved in [15] for Hilbert spaces and in
(12] for Banach spaces; the general case is studied in similar way. For another proof
see Corrollary 8.3 of [6] and results in [1]. The assumption of Proposition 3 that A is
a generator of an analytic semigroup implies the “good” solvability properties of the
Cauchy problem (1)/(6) for t > 0. It is a rather strange but the assertion of Proposition
3 means, among other things, that there exists a dense set of £ € X for which the Cauchy
problem (1)/(6) is solvable for (sufficiently small) ¢t < 0.

Now we are in a position to formulate and prove a new result. This result shows
that the statement of the classical Gel’fand result [9] on the density of analytic vectors
holds true for arbitrary strongly continuous groups.

Proposition 4. Let X be a Banach space and A a generator of a strongly continuous
group. Then the Gevrey space G(A,(n!)) is dense in X.

Proof. Let T(t) (—oo < t < +00) be a strongly continuous group of bounded linear
operators in a Banach space X, A its generator, and M and w constants satisfying the
condition

IT@E)| € Mcoshwt  (—o0 < t < +00). (11)

Denote by F the set of functions defined and integrable with the weight coshwt on R
together with their derivatives of all orders. Further, for each z € X let

+oo
H(f)z; /f(t)'lI‘(t)xdt (fer).
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It is easy to see that, according to (11), we have
T(h) -1 [
AH(f)z = Jim L,)l; / F(&)T(0)e dt

+oo
=;l,i_’.%/f(t)wzdt

+o00
—h)— (ferF).
<im0 g
+°°—°°
=~ / f'()T(t)z dt
=-H(f')s

Here passing to the limit under the integral sign is possible due to the integrability of
the function f’(t) with the weight cosh wt.

In a similar way, the equalities
AH(f)z = (-1)"H(f™) (n21; feF) (12)

are proved. These equalities imply that
+o00
JAH(f)z|| < M / |f(")(t)| coshwtdt ||z|| (n>1; feF)

From this we get the inclusion H(f)z € D(A™) for any z € X and any f € F (here,
as usual, D(A*°) = N3L,D(A™)). Moreover, H(f)z € G(A,p), where y = (n), if f
satisfies the inequalities

+o0 .
/ |f(")(t)|cosh wtdt < cL™n! (n2>0) (13)

- 00

for suitable L and c.

Denote by L., the space of functions f = f(t) which are integrable on R with weight
coshwt, equipped with the natural norm

+o0
lflic., = / | £(t)| cosh wt dt.
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Furthermore, denote by L., the set of functions f = f(t) satisfying inequalities (13). It
is evident that £, is a subset of the space L,,.

It is easy to see that the set
H(L,)={H(f)x: f € L, and z € X}

is dense in X. In fact, putting x, = 2nx-1 1 instead of f, one can easily prove that

+oo
lim / xn()T(t)zdt =z

and thus the closure of H{L,,) in X coincides with X.

Now, since H(L,) C G(4,n), u = (n!), it is sufficient to show that the set C,, is
dense in L, and thus the set H(L,) = {H(f)z: f € L, and z € X} is dense in X. To

this end, it suffices to remark that the functions

+oo
fe(t) = % / cosh™ t_Tsf(s)ds

where v = fj: cosh™! sds approximate an a.rBitra.ry function f € L, in the norm of
L.:

tim [1£:(8) - f(D)llz. =0,
and that all these functions f, belong to L.

The first of these statements is an evident consequence of the fact that the norms
of the linear integral operators

+o00
S f(t) = 71_5 / cosh™! t;éf(s)ds

are uniformly bounded in the space L,,, and their values on Lipschitzian functions with
compact supports (whose set is dense in L) tend to the identity operator as € — 0.
Both these facts are elementary corollaries of the evident equalities

limL / cosh_lt_sds=l (0 < § < )
e—00’y£ €
lt=3] 26

}i_f{(l) ||5e||/:(1,‘.,)~ =1

where (see, e.g., [8])

+oo :
~ S a.

—o0< 800

1 _
ISelleceo Loy = Te . sup cosh™tws / coshwt cosh™
v

—00
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In order to prove the second statement above it is necessary to obtain auxiliary estimates
for all derivatives of the function cosh™ 2.

Let
2w 1 1

w2+1=w+i+w—i'

&(2) =€’ and ¥(w) =
Then cosh™ z = ¥(®(z)). Since #(")(z) = e* (n > 0) and

R Gt O (="
¥ )(w) T (wnt T (w —g)ntH!

(n20)

_ ,,(w+i)"+’ +(w—i)"+’
=(-1) (w? + 1)n+1

then, due to Faa di Bruno’s formula for the n-th order derivative of the superposition
of two functions, we have

(cosh™! z)(™
n!

PR BRI Y O e ey

k142ka+...+nko=n
+kat..+kat1 + (Cz - i)k1+k2+n.+kn+l

X (—1)kithatFkn (e + 1)k
(e27 + 1)k +kat. FEnh1

X e(k|+k2+...+kn)z

(n 2 1). Therefore, the inequality

[(cosh™! z){™)|

< 2n!
" k42katnka=n krlka!- - kal (1)F1(20)%2 - - - (nl)kn
(e?* + l)i‘ﬁ#z—“"—ﬂ . elkitkat . tka)z
(e2* + l)kl+kz+...+kn+l
< - 2n!
 kyb2katbnka=n kilka!- - kal (1)52 (20)ka - .o (n!)kn
1 elkitkat . +kn)z

b .
(622 + 1)% (622 + 1)"‘ +t ;-...+kn

(n > 1) holds for z > 0. Consequently,

1 ’ h 2n!
cosh™! z)(™)| < —_— . '
It s (e?* +1)3 k1+2kz§+nkn=n R G (e
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(n > 1). Further, it is easy to see that

2n!
kitka! - kat ()R (20)k2 .- (n])kn

2n!

ky+2ka+...+nk,=n

<

bt o Fylkgl - knl (1D)F1 (20)F2 - (n1)Fn

n! !
s 22 > BTk k,,!(l!)]"l(2!)"2

J—l T kytkat.tka=

1\’
S2nlzﬁ(ﬁ+§+...+m)
Jj=1

< 2e I nl
(n 2 1). Finally,
2e— 1,1
|(cosh™! 2)(™]| < .(2_1_.*__;1)_ (n2>1;z>0).
Analogously,
2e¢~n!
|(cosh™ 2)(™)] < (e—_:—fi)— (n>1;2<0).
Consequently, the inequality
’ e—1.1 N
lcosh™ )™ < 25" ™ (551
(e|2‘| + 1)":'

holds for all z.

(nl)s

(14)

Now let f be an arbitrary function from L.,. We show that, for all functions f, (0 <

€ < o) inequalities (13) hold, i.e.

/ [f{™(t)| coshwtdt < ¢, L n! (n21)

(15)

for some ¢, and L,. In fact, the left-hand sides of these inequalities can be rewrittén in

the form
1 +oo| +o0 ’
/ () coshwtdt = — / / (cosh ™) 222 £(5) ds
—o00 |—o0

and therefore

+00 400

+o0
1 1
— (")(t)| cosh tdt<—/ /
[ @ s

—00 —00

(cosh™ )(")t

coshwt dt,
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Further, due to Fubini’s theorem,

+oo +oo / +oo
%/u,(")(mcoshwtd:g 75,1;“/ / (cosh_l)(")t—;—s coshwt dt | |f(s)| ds.
oo “o \-oo
Evidently, by virtue of (14),
o
/ (cosh—l)(")t:—s coshwt dt

—o0

+o0
< 2e*7In! /‘(eh-‘l‘—’I +1)7% coshwtdt

—oo
+o00
< 2et 7 Inl / e~ el gultl gy
—o00
+o0
< 2¢¢~ 11 / e—e'llt—alewlt—sH-wlaldt
—oo
+oo
< 2¢* 7 In! / (=™ +@lt=s| gy puwls|
—oo
4e°—ln! wls)
S €
w—¢g"!

for e < w™!, and hence
I

4ee—l

'

il (n) < -

o / |f. (t)lcoshwtdt_(w_e_l)7s
—o0

+o00
/ 1f(s)|e“!*l ds (") n!

for all n > 0. In other words, inequalities (15) hold for

gee—1 400

e wls -

o= gy [ FOIePds  and L=
— 00

Thus, Proposition 4 is proved U

Proposition 4 shows that, under the conditions of Gel’fand’s lemma, the assumption
about uniform boundedness of the group can be omitted.

The sequence p = (n!) seems to be a “limit case” in the problem of the density of
Roumieu spaces in the original space X, at least for generators of strongly continuous
semigroups on (0, 00). Using methods suggested in [9] and the theory of quasianalytic
function classes [20, 21, 24] one can repeat the proof of density in X of the set D(A>)
and show the validity of the following “folklore” statement.
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Proposition 5. Let X be a Banach space and A o generator of a strongly contin-
uous semigroup. Then the Gevrey space G(A, ) is dense in X if the sequence u is not
quasianalytic, i.e. if

iH;‘ < oo (16)

n=0
. 1/k
where Hy = infg>n M'" (n 20).

We recall that the quasianalyticity condition for a Roumieu space is equivalent to
the existence of non-trivial C*-smooth functions with compact support in this space;
numerous equivalent conditions can be found in [21]. Thus, the problem about density
of the Gevrey spaces G(A,u) in the original space X has a sense only in the case if
S o Hi! = oo. In the case of the classical Gevrey spaces p = ((n!)*) (0 < s < o),
this condition is valid for 0 < s < 1.

Below another condition about the density of Gevrey spaces is formulated (see [3 -
4]).

Proposition 6. Let X be a Banach space. Suppose that the resolvent R()\, A) ezists
and satisfies the inequality

IR(A, Al < M(1+ AN

in a domain Re )\ > max {a, h|ImA|?} for suitable a € R,0< 6 <1,h >0, M > 0 and
N > 0. Then the Gevrey space G(A, u) for u = ((n!)*) (s > 1) is dense in X.

3. Stationary linear differential equations

Now we are in a position to describe the solutions which can be represented by exponents
for the linear differential equation (1) with a closed unbounded linear operator 4 in a
Banach space X. The following simple result is basic.

Theorem 1. Let A be a closed linear operator in a Banach space X,y = (n!), and
£ € X. Then: :

a) Equality (5) defines a solution of the Cauchy problem (1)/(6) on some interval
(=h,h) (on any interval (—h,h)) if and only if £ € G(A,n) (£ € B(A,u)). More
precisely, in the case £ € R(A,u,h™") equality (5) defines the solution of the Cauchy
problem (1)/(6) on the interval (—h,h). Conversely, if the solution of the Cauchy prob-
lem (1)/(6) is defined on the interval [—h, h|, then £ € R°(A, u,h" ).

b) For L' < L" equation (3) defines, for t € ( — h(L', L"), h(L',L")) with
ML, LY) = (1) = (L) (1)
a continuous linear operator et from R(A,u,L') into R(A, p, L"), such that

- "
le* Nl ccriamLry meamLy < 57k ' (18)
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c) The semigroup identity

eAUFT) = At AT (19)

holds for T,t,t + 7 € (— h(L',L"),h(L',L")) and L' < L < L" where e**, AT and
eA*+7) are considered as operators from R(A,u, L') into R(A, p, L), from R(A,p,L)
into R(A,pn, L"), and from R(A,u,L') into R(A, u, L"), respectively.

Proof. Suppose that the series (5) with a fixed ¢ € X is absolutely convergent on
an interval [—h, h]. Then

limtAE=

n—oo n.

0 (=h<t<h)

and, consequently,
h™||A"
im MIATEL_

n—oo n!

This means that £ € R°(A4,u,h™ ) for 4 = (n!). Conversely, if £ € R(A,p,h™!), then
the series (5) is absolutely and uniformly convergent on every compact subset of the
interval (—h, h). Thus, the right-hand side of (5) defines, for each t € (—h, k), a linear
operator eA! on the set of all £ € R(A, u, h~!) with values in the space X. In general,
the sum of the series (5) is defined, at least for small ¢, for all £ from the space G(4, 1)
with p = (n!).

Further, let ¢ € G(A,u) (€ € B(A,u)), where u = (n!). Then equality (5) de-
fines a continuous function on an interval (the fixed interval) (—h, k). This function is
differentiable, because formal differentiation of (5) lead to the series

sl tn-1 A"{ el tn An+l£
W= oy =L T

n=0

which is absolutely convergent. Due to the classical theorem on the differentiability of
function series the sum Q(t) of this series is the derivative of the left-hand side of (5).
In addition, since the operator A4 is closed the identity

S S
n! n!
n=0 n=0

holds, and, as a result, the left-hand side of (5) is a solution of the Cauchy problem
(1)/(6)- :

Now, let L' < L" and £ € R(A,u,L'). Then for each n > 0 and |t| < (L', L") we
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have

le®*Ellrc A,
=, Sup (L")~ ()Ml Am e |
0<n

! Hy—n - = tk A"+k

0<n<oo k=0

R k¢ rn\k
€=, oj:pw(L")'"(n!)“(L’)n Z W

IA

IA

IIEIIR(A,p,LI) Sup (L") ()7L Z(ltlL P (k+1)-(k+n),
k=0

and after elementary calculations (z = [t|L')
lle**€llmcau,Lm)

< Welmanin, ssp_(E)7"(a) ™ (L)" (—) Sy

s=0
H n - nn " 1
= lllmcanry sup (L7)77(n)) L (6—.:) =
!
= lelreansn s9p (L)) (L) =yt

"

- "f“'R(A,u,L’)-

Now, let L' < L < L". By what has been proved above, the operator eA" is defined for
I7| < (L')~! — L' and acts from R(A, u, L') into R(A, 4, L), while the operator eA
is defined for |t| < L™ — (L")~! and acts from R(A, u, L) into R(A, g, L"). Therefore
the operator eA! - €47 is defined and acts from R(A, g, L') into R(A, u, L"). It remains
to check the equality eA("+7)¢ = At . eAT¢ for all € € R(A,u,L'), i.e. the equality

oo ngn oo i ©o kAk
2, R 2, i (,;, = 6) (€ ERAmID.
n= )= = :

.Since the operator A is closed and the series Z?:—.o % (7 > 0) are absolutely
convergent for |r| < (L')™' —.L~!, the right-hand side of the above equality can be
rewritten in the form

el . e kAkf ad el I kAj-Ht{
Y5 (L) = n (X )

Jj=0 k=0 : 7=0 “k=0

Therefore, it is sufficient to prove the equality

o (E+T)"ARE X (™ tiTh AR
> (X )

J=0 “k=0
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The right-hand side of this equality, in virtue of absolute convergence for |7| < (L')~! —
L7 and |t] < L~! — (L")™!, can be rewritten in the form

o~ (o= tITk ATHEE =1 /= n' 0\ ..
(%) = D (o )
J=0 “k=0 n=0 k=n

and thus the equality e#(**+7) = eA!. eA" holds. Theorem 1 is proved Wl

Theorem 2. Let A be a closed linear operator in a Banach space X, u = (n!)* for
0 < s < 1. Then the operator eA, defined by the right-hand side of equation (5) for all
t € (—00,00), 1s a continuous linear operator from R(A,u,L') into R(A,u,L") (L' <

L"), and
||eA‘||cfn(A,u,L'),n(A,p,L'f)) < i(k')ll — ((5"):[2,!;',) ) (20)
Moreover, the semigroup identity
eAlt+T) _ LAt AT (21)

holds for 7,t,t + 1 € (—00,00) and L' < L < L" where eA!, eA7 and eA**7) are consid-
ered as operators from R(A,p,L') into R(A,pn, L), from R(A,pu,L) into R(A,u,L"),
and from R(A, p, L") into R(A, u, L"), respectively.

Proof. It is evident that, for each { € R(A,u,L’) and each t € (—o0,0), the
estimate

lle**€llra,p L)
= sup (L") "(n!)~°||A"e?¢]|

0<n<oo
n+k
S sup (Lu)—n( |)— Z Itl ”A + 6”
k=0
(AY S n e
S Néllweaney sup (L)L) Z b (L(zz!g(-’; =
k=0

HL)H((n + k)Y’
(n!)* (KNY2 (k1)1 -2
(n+ k)!) (It|L')*

Hy—n n
=||£||nu,,,.u>ossggm@) (L) kgo( Akl ) (ki

= lelecanen | sup_(E")"(E) Z |

holds. Further, the elementary inequality

nlk! z -

Ms.z"( zl)k (1< z<o0)
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for z = L"(L')~! implies '
(LM NP (L)
lle**€llmamemy < ||€||R(A L") Z(L" L’) Elk!l),_),

k=0

oo LII .!th k
"f"‘R(A L") Z (k')l P (((Lu)_Lfl).lq) '

The latter proves the basic statement of Theorem 2. The proof of the semigroup property
repeats literally the corresponding reasoning in the proof of Theorem 1 B

The estimate (20) for s = 1 is rather rough in comparison with the estimate (18).

The statements of Theorems 1 and 2 can be extended to the case of a sequence
u# = (M) which satisfies the condition

o(u) = limsup (n!)"' M, < oo. (22)
In this case the operator e“* defined by the right-hand side of equation (5) is defined on

the space R(A4, i, L') and takes its values in the space R(4,, L") (0 < L' < L" < o0)
for t € (— h(L',L"),h(L',L")), where

!
h(L',L") = (L')"! sup {h (I)(Ilj”,h) < oo}

Moreover, this operator satisfies the estimate

le* Hecrean, L) ReamLm) q)(L:,,L Itl)

. )
n Mn k
(CRRNCRCOI -l

In fact, for each £ € R(A,p,L') and each t € (—oo, oo0) we have
lle?*€llreamin = sup (L")7"M7'||Ame ]|

where

0<n<oo

ti*l AR
< sup (L")™"M, E l——
—0<n£oo( ) k!

k=0

ad k¢ rinvk
ny=—n/srin |t| (L) Mn+k
||5||‘R(A,,;,L') 0<Srll1P°°(L ) (L") E __A’L.T_
sn< k=0

IA

Ll
= IIEII'R(A,;‘,L’) ® —,ﬁLlltl .
L

As a matter of fact, Theorems 1 and 2 reduce the problem of the exponential representa-
tion of solutions to the Cauchy problem for equation (5) to the analysis of the Roumieu
spaces generated by the corresponding operator A for sequences p = (M, ) with factorial
growth. Propositions 1 - 6 allow us to give effective sufficient conditions under which
the set of initial data of solutions which may be represented by an exponential series
is sufficiently “rich” (dense in the original Banach space). In the well-known example
of R. Phillips (see [13]) the statements of Theorems 1 and 2 are applicable only to the
zero vector and, therefore, useless.
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4. Non-stationary linear differential equations

In this section the linear equation (2) is considered, where A(t) is a family of closed
linear operators with a dense domains in X. It is clear that in this case equation (4) can
not be considered as an equation in the space £(X). However, one can study conditions
for £ € X under which the equation

U(t,r)§=§+z / A(gy)- -+ A(on) doy, - doy (23)

"=1A,.(‘r,t)

defines (as in the case of continuity of the operators A(t)) solutions of equation (2)
satisfymg the Cauchy initial condition

z(r) =¢. (24)

The analysis of the representations (23) of solutions to the Cauchy problem (2)/(24) is
deeply related with the verfication of rather subtle convergence conditions for the series
(23), and, up to present, nobody can say that such an analysis is complete. We restrict
ourselves only to a new simple result which is formulated in terms of some auxiliary
operator C.

Let I be an infinite matrix with non-negative elements vx; (7,k > 0); in usual cases
in applications the equalities
k=0 (G>k+lL,k>0) :
are supposed for some [. The smallest [ with this property can'be considered as the
“order” of the right-hand side of equation (2) with respect to C.

Let C be a closed linear operator in a Banach space X with dense domain, u a
sequence, and [ an interval from R. We say that an operator function A(t) satisfies a
[-condition with respect to I' and u on the interval [, if :

IC*A®EN < D mijlicie] (t eLée () D(C)), k> 0) : (25)

=0 Jj=0
We need some notation. Let, forn > 1,
6.(L', L") = gnf{9(LO,LI),'_.9(L,,_1,L,,); L'=Ly<Li<...<Ln= L,,} (26)

where

oL = sup {(L")-*M:‘ kaj(L'>fMj} (27)

1< <oo. j=0

and

6n(L) = lim 0a(L,A)  (n21). (28)
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Further, let

w(p, L', L" h) = 1 + i (n))~! 6a(L', L")h" (29)
Wl LK) =143 (a1)~ 6u(L)A" (30)

and (L', L"), h(L) be the radii of convergence of these series.

Theorem 3. Let C be a closed linear operator in a Banach space X with dense
domain, p a sequence, and I an interval from R. Suppose that each operator A(t) (¢t € ]I)
13 a closed linear operator on the Banach space X, the functions

A(oy) ... A(on )€ (eD(C™),n>21)

are continuous on I, and the operator function A(t) satisfies a I'-condition with respect
to I’ and u on the interval [. Then:

a) Equation (23) defines, for £ € R(C,u,L), on the interval (1 — (L), + h(L))
the solution to the Cauchy problem (2)/(24) and this solution satisfies the inequality

le®llric.pLmy € Wl Lt = D€l R(aumey (BT EL [t —7] <A(L)).  (31)

b) For L' < L" equation (23) defines, for t,7 € [ with |t — 7| < h(L',L"), e
continuous linear operator U(t,7) from R(C,pu,L') into R(C,u, L") such that

WU, T ericmen R w Ly < wlp, L', LY, |t = 7)). (32)
¢) The equalities
Ul(t,r) = AQU(t,7)  and  Ul(t,7) = =U(t,7)A(r) (33)
hold for t,7 € 1 with [t — 7| < (L', L"), and the formula

Ult,s) - U(s,7) = U(t, 1) (34)
holds for t, 7,0 € T with |t—o| < h(L',L) and |o—7| < h(L, L") were U(t,s), U(s,T) and
U(t,7) are considered as operators from R(C,u, L) into R(C,u, L"), from R(C,u,L")

into R(C, u, L), and from R(C, u,L') into R(C, u, L"), respectively.

Proof. First we note that, by virtue of inequality (25), each operator A(o) acts
from the Roumieu space R(C,p, L") into the Roumieu space R(C, u, L") for L' < L",
and by (27)

4@ < sup{ (L*ME S s M, Helincene

Jj=0
=0(L', L") |l r(c\p,L1)-
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This inequality and (26) imply that

1A(e1) ... A(on)ellr(Cn,L7y < Ba(L', L") ll€llR(Cury  (n21). (35)
Further, by (28),

lA(or) - - A(on )6l < 6n(L) éllR(Conty  (m21). (36)

The last inequality implies that the series in the right-hand side of (23) for £ € R(C, u, L)

is absolutely and uniformly convergent in the norm of the space X on each interval

(r —h,7+h) (h < h(L)) where h(L) is the radius of convrgence of the series (30).

Thus, equation (23) for |t — 7| < h(L) defines a function z(t) = U(¢, 7)€. Repeating the

reasoning in the proof of Theorem 1 one can see that z(t) = U(¢, 7)¢ is a solution of the

Cauchy problem (2)/(24) on the interval (7' - h(L),‘r + h(L)) Moreover, the estimate
(31) is proved.

Let L' < L" and £ € R(C,u,L"). Then statement b) and inequality (32) follow
from the chain of inequalities

WU, 7Nl rec,u L7y

oo
< ”E”R(C,p,L") + Z / ”A(U])'"A(O’,,)EHR(C’“'L,,) do, ---doy
n=0
An(r,t)

o
< [l€llrcury + D ()7 0a(L', L")R™ €l R(C o, 1)

n=0
S‘ 'U)(}L, LI: L”a h) ||€”R(C,[A,LI)

for |t — 7| < h, with h < h(L',L"). In order to prove the semigroup property U(t,s) -
U(s,7) = U(t,7) one can see that the left-hand and right-hand sides of this equality are
operators which act from R(C, g, L') into R(C, p, L") under the hypotheses of Theorem
3. Moreover, the formal composition of series

[ed
Ut,s) =1+ Z / A(p1) - A(pj)dp; - - - dp,
7=05;(s,)

Uy =1+Y. [ A AW dvs - by

k=oAk(rr")

can be written (a.fter an evident substitution) in the form

i / A1) Alp) A1) - A(¥x)E di; - - - dipy dipy - - - diy

HE=04,(5,t) Aa(r,9)

=3 / A0y)- - A(0n)E don -+ doy
=0an(t,7)
=U(t, 7).
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To justify the formal composition it is sufficient to verify absolute convergence of the
left-hand side of the latter equation; however, this is a consequence of the evident chain
of inequalities

oo

Z / / |A(1) -+ Alp;) A(1) - - A(¥r)Ell d; - - - dpy dipi - - - dipy

TE=04(s,0) Ax(r.0)

s (Z (J'!)"(k!)”f’j(L',L)Gk(L,L")h(L’,L)’h(L,L")") €l =(cn,L)

3,k=0

j=0 k=0

= w(/"" LI7 L,k )w(}‘, L, L", h2)) “é"'R(C,u,L’)

= (Z(ﬂ)’"’j(fa’,E)h(L',L)’) (E(k!)"f"‘(hL”)h(L,L")"> I¢llR(c,m L

for |t —s| < hy and |t — s| < ks, with by < R(L',L) and hy < h(L,L")). Thus, the
statement of Theorem 3 is proved il

One can see that the application of Theorem 3 can give non-trivial results only if
the Roumieu spaces R(C,u,L) (0 < L < o0) are sufficiently “rich”, at least, dense in
the original space X. Thus, we need different density results for the Roumieu spaces
as well as for the Gevrey and Beurling spaces. In particular, in applying Theorem 3
Propositions 1 - 6 are useful.

The conditions of Theorem 3 are rather cumbersome and tedious to verify. However,
simple examples of linear partial differential equations show that they are sufficiently
natural. Moreover, one can see that the calculation of the values h(L), h(L', L") and
w(y, L', L", k) is standard; in particular, one can consxder the special cases from(2, 22,

23].

The case considered in (5] is more difficult. Condition (25) in this case can be
written in the form

k+1 k! k+1 )
Iic* Ayl <Z( A" TIcel tel,ée ) D(C’), k>0]).

i=1

Simple calculations show that 8(L', L") = oo for L < 1; in the case L" > L > 1 the
inequality
(L)
@ - (T
holds. Applying Theorem 3 in this case allows us not only to get existence of solutions

to the Cauchy problem on the corresponding interval, but also to define the Roumieu
space in which the corresponding solutions lie. -

a(LI, LII) S
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