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Moment sequences and abstract Cauchy problems

CLAUS MULLER

Abstract. We give a new characterization of the solvability of an abstract Cauchy prob-
lems in terms of moment sequences, using the resolvent operator at only one point.

Keywords: abstract Cauchy problems, moment sequences

Classification: 44A10, 44A60, 47D03, 47D06

Introduction

One idea to solve abstract Cauchy problems is to apply the Laplace transform to
the equation Au(t)+ f(t) = u/(t), which leads to an equation where the unknown
function only appears once'. Now various characterizations of Laplace transforms
yield solvability conditions of the problem?.

In this paper the same aim is reached by using the concept of moment sequences
in Banach spaces.

We extend Widder’s condition on scalar moment sequences to the Banach
space case and give a characterization of finite Laplace transforms. Then we
apply moment sequences to the abstract Cauchy problem. We deal with (almost)
arbitrary inhomogenities, we only need the existence of the resolvent at one point
and do not assume that D(A) is dense in X.

It turns out that an abstract Cauchy problem has a “p-regular” solution if and
only if a special sequence is a p-moment sequence. The notation “p-regular” will
be precised in Theorems 2.2 and 2.4.

1. Finite Laplace transform and moment sequences

With g[k] we denote the k-th antiderivative of some integrable function g, and if
f:]0,00) — X is some Banach space valued locally integrable and exponentially
bounded function we let

f\) = / T x f@)dt (R large)

0

! see [ArBatNeu], [NeubrBaeum94].
2 see [Arendt87], [ArBatNeu], [ArMennKey94], [Cioranescu95], [Cio+Lumer94],
[Cio+Lumer95], [Hieber91], [NeubrBaeum94]|, [Phillips54].
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122 C. Miiller

be the Laplace transform of f.
A sequence (fin)n>0 in some Banach space X is called a p-moment sequence if
there is some function ¢ € V,([0, 1], X) of bounded p-variation such that

1
in :/ t" dip(t) for all n>0.
0

In this case v is called the representing function of (up)n.
We recall that if p < oo the p-variation of % is given by

(tgy1 — ti)P~L

) - vl
1¥lly, = sup (Z k+1) b ) ‘neN,0§t0<t1...tn§1 :

and the oo-variation of ¢ by

follv = sup { L2200 o < s <<}

A function ¢ is of bounded p-semi variation if z*¢ if of bounded p-variation for
all z* € X*.

The space (P)V,([0,1], X) consists of all functions ¢ of bounded p-(semi) vari-
ation with (0) = 0.

Widder [13] gave a characterization of scalar moment sequences. His conditions
are valid also in the Banach space case (see [9]).

Definition 1.1. Let (y,),>0 be a sequence in X.
(1) For k > m > 0 we define vectors Am DY

A= k—m
_ k—m r -
M =0 () S o (U
r=0
(2) For 1 < p < oo the Bp-norm of (py,)r is given by

1/p
(i)l = sup <<k+1p Ly |Akm|p) € 0,00,

m=0

(3) The Boo-norm of (pn )y is given by

[(n)nllBoe = sup (k+ 1)[[Armll € [0, 00].
k>m>0

If the Bp-norm of (i) is finite then it is called a Bp-sequence.
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Definition 1.2. Let I C R be a closed interval with finite left end point and non
empty interior, and let 1 < ¢ < oo and T': Ly(I,C) — X be a linear operator.

(1) The Dinculeanu-norm of T' is given by

n—1

T = sup D leg| - | Tq, bl € [0, 00]-
k=0

The supremum is taken over all functions f = Zz;é k * Ljgy by) with
[ fllL, <1, where n >0, ¢ € C and [ay, by) C 1.
(2) The order summing norm of T is given by

n
ITllos = sup > ITfll € 10,00].
flwnvfnkzl

The supremum is taken over all real valued, positive functions f1,... , fn :
I — R with szfk”L y < 1, where n > 0.

We always have ||| = [|T]los € [0,0¢], and the representing function? ¢ €
PVy(I,X) of T is of bounded p-variation if and only if ||| < co or ||T||os < 0.
In this case we have

lellv,ry = T = 11T [los-

Moreover, if [|T]|| < oo, there is some positive Lj-function g : I — R with
lgllz, = IIT||| such that

(1) 1T < /I F@®)]-g(t)dt forall f e Ly(I,C).

On the other hand, if there is some g € Ly(I,R) such that (1) holds, then |[|T]|| <
91l z,-
Definition 1.3. Let T : Y — X be a linear operator. T is called absolutely

summing, if there is some M > 0 such that for any choice of finitely many
Y1,.--,Yn € Y we have

n
2) D Tyl < M- sup Zly sl

b—1 ly* 1<

The infimum over all M > 0 that fulfill (2) is called the absolutely summing norm
|7 ||las of T

3ie. p(t) = T1[4,4, where a is the left end point of .
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A bounded operator T : Cy(I,C) — X is absolutely summing if and only if its
representing function ¢ € PVj(I, X™*) takes its values in X and is of bounded
variation. In this case we have

[T [las = ||90||v1(1)~

Moreover, if T : Cy(I,C) — X is absolutely summing, there is some normalized
function ¢ : I — R with 4|y, = ||T||as such that

3) ITf| < /I F(®)] di(t) for all f € Co(I,C).

On the other hand, if there is some ¢ € V1 (I, R) such that (3) holds, then ||T'||as <
[9llvs-

A proof of the previous assertions on order summing and absolutely summing
operators can be found in [7], [12] or [9].

After this preliminaries we can state the announced characterizations of
p-moment sequences and sketch the proofs.

Theorem 1.4. Let (un)n>0 be a sequence in X and 1 < p < oo. Then the
following assertions are equivalent:

(1) (n)n is a p-moment sequence;

(2) (ttn)n Is a Bp-sequence;

(3) there is a linear operator T' : L4([0,1],C) — X with bounded Dinculeanu-
norm such that

wn =T(t"") foralln>0.
In this case we have

(e )nll B, = IITIF = llellv 0,11

where ¢ is the representing function of (up )n.

PROOF: (2)=(1). With the same proof as in [13, Chapter III, Theorem 3| we see
that

1
L = lilgnf t" Ly ¢(pn) dt for all n,
0
and with [13, Chapter III, Theorem 5] we see that

k+1
HLk,-(N)HiP < ——lul s,
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An argument concerning X-valued Vj,-functions using the Banach Steinhaus The-
orem and the reflexivity of L,([0,1],C) shows that there is some V-function
¢ :]0,1] — X with

1
un:/ t" dp(t) for all n.
0

(1)=(3). It is not hard to see that the operator T': L4([0,1],C) — X given
by T1[g4) := ¢(t) has bounded Dinculeanu norm.

(3)=(2). The representing function ¢ € PV,([0,1], X) is of bounded p-varia-
tion, and with

Mg, (t) 1= (k > (1 — gk

m
we obtain L

Mo = [ Man(t) ot
Now the proof is the same as in [13, Chapter III, Theorem 5]. O

Theorem 1.5. Let (un)n>0 be a sequence in X. Then the following assertions
are equivalent:

(1) (n)n is a 1-moment sequence;
(2) (pn)n is a Bi-sequence;
(3) there is an absolutely summing operator T : C(|0,1],C) — X such that

un =T(t"") for all n>0.
In this case we have

[ )nll By = [Tllas = ll#llv 0,17,

where @ is the representing function of (up )n.

PROOF: (2)=(1). The only difference to the classical proof of Widder [13, Chap-
ter III, Theorem 26| is that now we need a vector valued version of the Theorem
of Helly ([13, Chapter I, Theorem 16.3]):

If oy, : [0,q] — X is some uniformly bounded sequence of functions of bounded
variation such that

1
lim/ t* deon (t)
nJo

exists for all k& € Ny, then there is some function ¢ : [0,1] — X of bounded
variation such that

1 1
hfrln/o f(t) dpn(t) :/0 f(t) dep(t)
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for all f € C([0,1],C).

This is proved with the Banach Steinhaus Theorem and the scalar version of
Helly’s Theorem.

(1)= (3). If pn, = [y t" dip(t), then it is not hard to see that Tf := [} f(t) dyo(t)
is absolutely summing.

(3)=(2) If p € V1(]0,1], X) is the representing function of T', then

k k 1
LTHEDS / Mo (8 dli] (1) < vy
m=0 m=0 0 0

Theorem 1.6. Let (jin),>0 be a sequence in X. Then the following assertions
are equivalent:

(1) (pn)n is a co-moment sequence;
(2) (pn)n is a Boo-sequence;
(3) there is a bounded linear operator T : L1([0, 1],C) — X such that

un =T(t") for all n>0.
In this case we have

[ )nll B = ITII = llellvicio s

where @ is the representing function of (fin)n.

PROOF: (2)= (3). From the classical Theorem [13, Chapter III, Theorem 6], it
follows that for all z* € X*

1
x*un:/ " (Sz*)(t) dt,
0

where S : X* — Lyo([0,1],C) is bounded.
Define T := S* ‘L1([0,1],<C) , the restriction of the dual S* to L.
(3)= (1). The function ¢(t) := Tl ;) is Lipschitz continuous, and

1
un:/o t" dp(t).

(1)=(2). If 2* € X* then ||z*u|p.. < ||¢llv,,, where ¢ is the representing
function of pu.
Thus ||pll B, = supjjz=|<1 2"l By < 0. O
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Proposition 1.7. Let U C C be open and connected, p € U, 1 < p <oo,7>0
and f : U — X be analytic, that is, f can be represented locally by its Taylor
series. Then the following assertions are equivalent:

(1) there is some ¢ € V([0, 7], X') such that
T
f\) = / e Mdp(t) forall \eUs;
0

(2) the sequence

—1)nfn)
Mn1:(1)7_+(ﬂ) (nzo)

is a Bp-sequence.

PrROOF: (1)=(2). We define ¢ : [0,1] — X by the Riemann-Stieltjes integral

_ [ KTt g .
(s) /0 e HT dyp(t7)
Then

—ptt 1-1
[y, < (Olgfgle h ) et Dllvy o, < lellvy o - 7747,

where 1/00 := 0.
Further on,

1 1
/0 s di(s) :/0 s"eTHTE dgp(sT)
= [y e - LW,

T T
Thus (ptn)n is a Bp-sequence by the previous theorems, depending on p.
(2)=(1). Let pp = fol t"™ di)(t) for all n > 0, where ¥ € V,([0, 1], X).
We define ¢ : [0,7] — X by

s/T
= HTE dab(t).
o(s) /0 T d ()
Then

T

Il 001 < & - /7 pf07) < =75 1 v, 0.

Let g(A\) = [y e~ dp(t). We show f = g. This is true since for n > 0 we have
T 1
9" () = (=1)" /J e M dp(t) = (-1)" /0 e dyp(ur)

1
= (c1)ne /0 W ETEATY () = £ ().

Since both functions f and g are analytic we obtain f = g by the uniqueness
theorem for analytic functions. O
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2. Moment sequences and Cauchy problems
If 1 <p<oo, peCandr >0 wesay a function u belongs to A, 5 (X)
d
if u € C1([0,7),X) and if the function t — e’ {— (e_“tu(t)) is of
dt t=7(1—e"?)

bounded p-variation on [0, c0).

Proposition 2.1. Let1 < p<oo,7 >0, A: D(A) — X be linear with . € p(A),
f€C(0,7),X)NLi([0,7],X) and g(t) := e Mt f(2).
We define

k! —k : —(k+1=3) [j+1]
Ck(y):m((A—M) y—> (A-p) g¥ (T)>-
=1

Then the following assertions are equivalent:

(1) the abstract Cauchy problem

{ Au(t)+ f(t) =d/(t) for 0<t<T
uw(0) =0, u e Ayp(X)
has a solution;
(2) there is somey € X and some v € C1(]0,00), X) such that v’ is of bounded
p-variation on [0, 00) and with

cp(y) =v(k+1) for all k € Ny;

(3) there is some y € X and some ¢ € Vp([0,00), X) such that

o
kK ep_1(y) — 7£(0) =/ e R dp(t) for all k> 1.
0

PrOOF: (1)= (2). Let w(t) := e Mu(t) if 0 < t < 7 and v(t) := w(r(l — e ?))
if + > 0. Then v/(t) = re~'w'(7(1 — 7)) is of bounded p-variation on [0, o),
therefore U(\) and 17’()\) exist if RA > 0.

If B := A — 1 we obtain

Buw(t) = —g(t)+w'(t) if 0<t<T

and
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Thus, if k > 2,
Bﬁw):x/ ﬁ—i/ e Fg(r(1 —e7t) dt
0 0
1 [ (k=11 . 1)/ e~ (k=Dty (1) gy
T 0

/0 (1—s/m)lg )T_S

(k-1 - o [ =9 g

-
k—1_ (k—1) 1
z—:ww—m——?er@y

This shows that
am:k_Hr%w_n_@—ﬁﬁ—[k)ﬁkzz
T T

Let y := 70(1). It follows by induction that cx(y) = v(k+ 1) if & > 0.
(2)=(1). We have, if k > 1,

k
k! _
Bi(k+1) = m< (k=1), Z Dgli+ll(r )>
k k!
= ;Ck—l(y) - mg[kﬂ} (7)

o0 |
=2 7 e - g
0 7'
_E _l —kt e = o —kt 1 k! [k+1]
_T[ke MM0+kA ¢ Uﬁ] g ()
SO [T et [F ety e tyar
0 0

Applying B~ to both sides of this equation and letting k tend to oo, we obtain
0

B_IM = 0 and therefore v(0) = 0. From
T

T

o0 1 [e.e] [e.e]
/ e Fety(t)dt = = / e *MB=L/(t) dt — / e Mt BT lg(r(1 — e 7)) dt
0 0 0
and the uniqueness theorem for Laplace transforms it follows that

B~/ (t)

e to(t) = =

— e !B lg(r(1 —e7t)) forall t >0,

129



130 C. Miiller
and, replacing ¢ by —In(1 — t/71),

(1 —t)Bu(=In(1 — t/7)) = /(= In(1 — t/7)) — (1 — t)g(t) for all t € [0,7).

1
T—1

Let w(t) := v(—In(1 — ¢/7)). Then w'(t) = v'(=In(1 — t/7)) and

Bw(t) = w'(t) — g(t) for all te0,7).
Thus u(t) := eMw(t) solves the abstract Cauchy problem. wu is in Ay p -(X)
since ¢ — e~ tw/(7(1 — et)) = v/(t)/7 is of bounded p-variation on [0, o).

(2)= (3) We already saw that v(0) = 0 and v'(0) = 7£(0). Let o(t) :=v/(t) —
v’(0). Then, if k > 1,

/OO e M dp(t) = k/oo e Fo(t) dt
0 0
= _7 —kt
= f(O)—i—k/O e "' (t) dt

=—7f(0)+k [e_ktv(t)’zo + k /OO e_ktv(t) dt]
0

= —7£(0) + k*0(k)

= —7f(0) + k?c_1(y).

(3)=(2). Let v( fo )+ 7f(0)ds. Then, if k > 0,
k+1) = —k—He_(k+1)tv(t)’zo + %—i—l OOO e~ ®HDE(o(8) + 7£(0)) dt
1 *© 7f(0
T (k+1)2 /0 el dp(t) + (k +( 1))2
= cx(y)-

O

If 1 <p<oo, e Candr >0 wesay a function u belongs to By p ~(X) if

u € C([0,7), X) and if the function t — ¢ - {i (e_“tu(t))} extends to a
dt t=r(1-1)
Vp-function on [0, 1].
We note that By p+(X) C Aypr(X), and if u € C1([0, 7], X) such that u’ is
of bounded p-variation on [0, 7] then u € B, p ~(X) for all € C.
The following theorem yields a connection to moment sequences, see Section 1.
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Theorem 2.2. Let 7> 0,1 <p<oo,let A: D(A) — X be linear with u € p(A)
and let f :[0,7] — X be continuous. Define ¢, as in Proposition 2.1.
Then the following assertions are equivalent:

(1) the abstract Cauchy problem

Au(t)+ f(t) =/ (t) for 0<t<T
{u(O)—O

has a solution u € By, p (X), i.e. it has a p-regular solution;
(2) there is some y € X and some 1 € V,([0,1], X) such that*

1
k2er_1(y) — 7£(0) = /0 t* dy(t) for all k>0,

that is, (k%cy_1(y) — 7£(0)), is a p-moment sequence.

PrOOF: (1)=(2). Since u € A p +(X), Proposition 2.1 shows that there is some
y € X such that

kK ep_1(y) — 7£(0) = /oo e dp(t) forall k> 1,
0
where () = Te "t/ (7(1 — 7)) — 7£(0) and w(t) = e"Hlu(t).

Let ¢(t) := —7tw'(7(1 — t)) = —p(—Int) — 7f(0), which is a Vp-function on
[0,1]. Then

00 1
/ e M dp(t) = / t* diyp(t) for all k> 1.
0 0

1
Moreover ¥ (1) = —7w'(0) = —7u/(0) = —7£(0), thus —7f(0) = /0 dip(t).
(2)=(1). Let ¢(t) := —¢p(e~?) +1(1). Then

o
k2ci_1(y) — T(0) = / e Fdp(t) for all k> 1.
0
Proposition 2.1 shows that
~In(1—t/7)
u(t) == e“t/ o(s) +7f(0)ds
0

solves the abstract Cauchy problem.

4 we define k2ck,1(y)‘k_0 = 0.
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Moreover
Ny . [e(=In(1 - t/7)) + 7/(0)
! [dt ( (t))L:Ta_t) ' { Tt t=r(1—t)
_ —(t) + ¥(1) + 7£(0)
=—¢(t)/T,
thus u € By pr(X). 0

If p € C and 7 > 0 we say a function u : [0,7) — X belongs to Aj, - (X) if u is

absolutely continuous on any interval [0,7'] C [0, 7), if u is differentiable almost
everywhere and if the function

d
tset. {— e Flu(t) ]
dt ( ) t=7(l—e"t)
coincides almost everywhere with a Vj-function on [0, 00).

Proposition 2.3. Let 7 > 0, A : D(A) — X be linear with u € p(A) and let
f:[0,7] — X be integrable. Define ¢, as in Proposition 2.1.
Then the following assertions are equivalent:

(1) the abstract Cauchy problem

{ Au(t) + f(t) = u/(t) for almost all 0 <t <T
u(0) =0, u € Aj, (X)

has a solution;

(2) there is some y € X and some v € C([0,00), X) which is locally absolutely
continuous and differentiable almost everywhere such that v’ coincides
almost everywhere with a Vi-function on [0, 00) and such that

cr(y) =0(k +1) for all k€ No;

(3) there is some y € X and some ¢ € V1([0,00), X) such that
o)
k2er_1(y) :/ e M dp(t) forall k> 1.
0
If f is continuous on [0, 7) then moreover we have the equivalence

(4) the abstract Cauchy problem

Au(t) + f(t) =u/(t) forall 0<t<T
{ u(0) =0, ue CY([0,7), X) N A% (X)

has a solution.
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PrOOF: (1)=(2). The function w(t) := e #u(t) is absolutely continuous on
any interval [0,7'] C [0,7), and the function v(t) := w(7(1 — e~?t)) is absolutely
continuous on any interval [0, R] C [0, o).

Moreover its derivative v'(t) = Te~w’(7(1—et)) coincides almost everywhere
with a Vj-function on [0, 00).

Especially we obtain, if £ > 1,

[e.e] [e.e]
/ e R (t) dt = k/ e Ry (t) dt.
0 0

Now the proof is the same as in Proposition 2.1.

(2)= (1). The proof is the same as in Proposition 2.1.
(2)=(3). Let ¢ :=v" € V1([0,00), X).

(3)=(2). Let v(t) := f(;’ o(s)ds

(4)= (1) is trivial.

(1)=(4). We already saw that

Bw(t) + g(t) = w'(t) for almost all t € [0,7),
where w(t) := e7H#u(t), g(t) := e f(t) and B := A — p. Thus
w(t) + B Yg(t) = B~1w/(t) almost everywhere on [0, 7).

The function A(t) := w(r(1 — e~?)) is differentiable almost everywhere on [0, c0),
and
B(t) = e 'w'(7(1 — e™?)) almost everywhere on [0, 00).

From the assumption it follows that there is some o : [0,00) — X of bounded
variation which is everywhere continuous from the right with ¢ = A’ almost
everywhere. The function ¢ — B~ 1o (t) is of bounded variation, continuous from
the right and coincides almost everywhere with the continuous function

t— e th(t) + Te ' BT g(r(1 — 7)),

therefore t — B~ lo(t) is continuous on [0, c0).
Since o is of bounded variation the limit o(t+) exists for all ¢ > 0, and we
showed that

B_l(o(t—i-)) = (B_lo) (t+) = (B_lo) t) = B_l(a(t)),

and in the same way for o(t—).
Since B! is injective we see that o is continuous.
From

e tw' (7(1 —e7Y)) = o(t) almost everywhere on [0, o0)

133
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it follows that w’ and therefore u’ coincides almost everywhere with a continuous
function on [0,7). Thus u is C1, and the assertion follows since A is closed. [

If o € Cand 7 > 0 we say a function u : [0,7) — X belongs to B}, .(X) if u
is absolutely continuous on any interval [0, 7] C [0,7), if u is differentiabe almost
everywhere and if the function

tt- [% (7" u(®) } t=r(1-t)

coincides almost everywhere with a Vj-function on [0, 1].

Theorem 2.4. Let 7 > 0, A : D(A) — X be linear with u € p(A) and let
f:[0,7] — X be integrable. Define c;, as in Proposition 2.1.
Then the following assertions are equivalent:

(1) the abstract Cauchy problem

Au(t) + f(t) = u/(t) for almost all 0 <t <T
{ u(0) =0

has a solution u € B}, -(X), i.e. it has a regular solution almost every-
where;
(2) there is some y € X and some v € V1([0,7], X) such that®

1
k2ck_1(y):/ t* dip(t) for all k> 0.
0

PROOF: (1)= (2). Since u € Aj, -(X) Proposition 2.3 shows that there is some
y € X and some ¢ € V1([0,00), X) such that

o
kzck_l(y) :/ ekt dp(t) for all k> 1,
0

where ¢ coincides almost everywhere with the function
—t d —ut
t et | = (e7Hu(t)) .
dt t=7(l—e"t)

Let 9(t) := —p(—1Int) if t € (0,1] and ¥(0) := 0. Then ¢ € V1([0,7], X), and

oo 1 1
/ e M dp(t) = / t* dip(t) = / R dip(t) for all k> 1.

0 0+ 0

5 again k2ck,1(y)‘kzo :=0.
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Moreover fol d(t) =
(2)=(1). Let go(t) = —(e™?). Then ¢ € V1(]0, ), X), and

o
k2cp_ 1(y / ekt dp(t) for all k> 1.
0

u(t) = it /—ln(l—t/T) (9)d
e A p(s)ds

solves the abstract Cauchy problem. The solution v € C([0,7), X) is absolutely
continuous on any interval [0,7'] C [0, 7), differentiable almost everywhere and

Thus

o, _ [e=1n(t —t/7))
' {dt( (t))L:Ta_t) t[ Tt t=r(1—t)
=—y(t)/T. 0
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