PERTURBATION THEORY FOR SEMI-GROUPS
OF LINEAR OPERATORS

BY
R. S. PHILLIPS

1. Introduction. Perturbation theory has long been a very useful tool in
the hands of both the analyst and the physicist. A considerable amount of
research has been done on the perturbation of self-adjoint linear operators on
a Hilbert space, principally by F. Rellich [4](}). J. D. Newburgh [3] and
F. Wolf [7] have investigated a perturbation theory for general closed linear
operators on a Banach space to itself and it appears that much of the self-
adjoint theory does not carry over to the general situation. In this paper we
are concerned with a different aspect of perturbation theory, namely, the
effect on a semi-group of linear bounded operators (see Hille [2]) of adding a
bounded linear operator to the infinitesimal generator of the semi-group. The
insistence that the perturbing operator be bounded is an unpleasant restric-
tion. However, the simplicity and wealth of detail of the results for the linear
bounded perturbation to some extent atone for this lack of generality; and
since the methods do not seem to be adequate for a more general type of
perturbation, we feel justified in limiting this paper to the bounded case.

Those properties of a semi-group which persist under a linear bounded
perturbation of the infinitesimal generator we shall call stable properties. In
practical applications one would expect that the infinitesimal generator it-
self is known only to within certain limits of error and hence that a physical
significance could be attached only to the stable properties of the associ-
ated semi-group of transformations. Mathematically one would expect that the
stable properties of a semi-group are more basic than the others and that the
significant theorems in the subject should evolve about these properties. In
this paper we have made a start at cataloguing the stable and unstable
semi-group properties.

We first obtain a necessary and sufficient condition that a closed linear
operator on a Banach space ¥ to itself generate a semi-group (or group) of
bounded linear transformations strongly convergent to the identity at the
origin. By means of this result we are able to show in section three that if 4
generates a semi-group (or group) of this type, then so does A+ B where B
is any bounded linear transformation on ¥ to itself. Thus the property of
being a semi-group or group of transformations is itself stable. If 4 generates
T(s) and A+ B generates S(s), then the latter semi-group can be represented
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by an absolutely and uniformly (in every finite interval) convergent series
S(s) = D w0 Sa(s) where So(s)=T(s) and S.(s)=[3T(s—0)BSn_s(0o)do. If
l T(s)|| satisfies an inequality of the type | 7(s)|| Sexp (ws), then so does
S(s)”. Moreover if T(s) is uniformly continuous for s>0, then so is S(s).
However the property of being eventually uniformly continuous is not stable
(see §5). If T(z) is holomorphic in a sector $;<p <P, (—7/2=5P, <0< P,
<w/2) and bounded near the origin in every subsector ®;+e<¢p<P;—e¢
(¢>0), then the same is true of S(2). In §4 we consider the resolvent of 4
to be either completely continuous or weakly completely continuous. These
are likewise stable semi-group properties. Further if 4 is any closed linear
operator with completely continuous resolvent, then 4 has a pure point
spectrum consisting only of isolated points and it is possible to develop a
simple “finite” elementary divisor theory for 4.

§5 is devoted to showing that certain semi-group properties are not
stable. The property that the elements of the semi-group are generalized
nilpotent is not stable nor is the property that the eigen-spaces(?) span the
space.

The semi-group of operators T'(s) (s€ [0, »)) is a strongly continuous
one-parameter family of bounded linear operators on ¥ to itself which solves
the differential equation d7T°(s)x/ds=AT(s)x for x in the domain D(4) of 4
with the initial condition T°(0) =1. In §6 we consider a natural generalization
of this, namely, the case where 4 varies with s. We have supposed that A4 (s)
=A 4+ B(s) where 4 is the infinitesimal generator of a semi-group of operators
and B(s) is a strongly continuously differentiable one-parameter family of
bounded linear operators. In this case there exists a unique strongly con-
tinuous one-parameter family of bounded linear operators U(s) such that
dU(s)x/ds=A(s)U(s)x for all x&D(4) and such that U(0)=I. We also
treat the nonhomogeneous differential equation.

2. On the generation of groups and semi-groups of operators. Let X
be a complex Banach space and let E(%X) be the Banach algebra of all bounded
linear transformations on % to itself. We shall be concerned with a semi-group
of operators (see [2]) on a semi-module & to €(¥) satisfying the following
hypothesis.

Hypothesis H.

@ T(s1 + s2) = T(s1)T(s2), s, 52 €S,
i
T) = 1.
(ii) T'(s) is strongly continuous on &.
At various times & will be the half-line [0, »); or the whole line (— «, «»);
or a sector in the complex plane ®; <arg s<®,;, —7/2=5$, <0< P, =7/2; or

(2) The eigenspace associated with \Aq is the set of all vectors x such that (Aol —A4)*x =0 for
some k.
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the whole complex plane. For the present we suppose S to be [0, ©). Then
it is readily seen that w(s) =log || T'(s)|| is a lower semi-continuous subadditive
function and hence that

(1) wo = inf w(s)/s = lim w(s)/s.

>0 $—
Further given €>0, there exists an M,.>0 such that
(2) 7G| = M. exp [(wo + o)s].

Let A be the infinitesimal generator of the semi-group T'(s). Then 4 will
be a closed linear operator, in general unbounded, with domain ©(4) dense
in X. The resolvent R(\; 4) of 4 belongs to €(%X) and is defined and holo-
morphic on the resolvent set for 4, namely p(4). For X and ¢ in this set, the
resolvent satisfies the first resolvent equation

3) R(\;4) — R(§54) = (£ — MR\ A)R(¢; 4)
as well as the defining relations

(N — A)R(\; 4) = 1,

@ RN\ AN — A)x = « for x € D(4).
For Re (A\) >w,, we have
(5) R(\; A)x = fwexp (=Ns)T(s) xds.

The spectrum of 4, denoted by Z(4), is by definition the complementary set
to p(4).

Our first theorem is a generalization of a result due to both E. Hille [2,
Theorem 12.2.1] and to K. Yosida [8] on the generation of semi-groups.

THEOREM 2.1. A necessary and sufficient condition that a closed linear oper-
ator A with dense domain generate a semi-group satisfying hypothesis (H) on
[0, ©) s that there exist real numbers M >0 and w such that

(6) RO A)7| = M\ — @)= Jor x> .

The necessity readily follows from the relations (2) and (5). In fact, mak-
ing use of the operational calculus [2, p. 304], we see that for A>w>w, we
have

R\ A)rx= [(n — 1)!]—1fwexp (—=Ns)s™ 1T (s) xds

0
and hence that

IR )| < [(n - 1)!]—1Lwexp (-—ks)s"““T(s)”ds SMAN—ow)™
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Both the method of Hille [2] and that of Yosida [8] will yield the sufficiency
argument. For the sake of completeness we include a proof modelled after
the Yosida proof. Let By= —A[I—AR(\; 4)]. Then

exp (sBy) = exp (—\s) 2 (A\%)*R(\; 4)"/n!
n=0
so that

- lexp 5B < exp (=he) 3 )[4 8 = @)/

< M exp [soA(A — )] £ M exp (s¢)

for \ sufficiently large (depending on our choice of w’'>w,). We show next
that limy.., Bxx=A4x for x€9D(4). By (4),

INRON; A)x — 4| = ||R(\; 4)44]| < M|[4a||(x — 0)1—>0 as A\ — o,

Since |[AR(\; 4)|| K for A>2w and since D(4) is dense in ¥%, it follows by
the Banach-Steinhaus theorem [1, p. 79] that limy., AR(\; 4)x=x for all
xE€X. Thus in particular for x€D(4), Baxx=AR(\; A)Ax—Ax as A—> . We
next set S\(s) =exp (sBy). Then for x&D(A4) we have

' d
S\(s)% — Su(s)x = f — [5us = Su(@)s]s

0
- f " 5u(s — 0)Sx(0) (Bax — Bya)do.

Making use of (7) we obtain
ISa(s)x — Su(s)a]| £ M?s exp (so’)|| Bax — Bua|.

Thus Sx(s)x converges uniformly in every finite interval to a limit which we
designate by T'(s)x. Since D(4) is dense in %, it follows again by the Banach-
Steinhaus theorem (and by (7)) that S\(s)x converges uniformly in every
finite interval to a limit for all x&X. Further since S\(s) is a semi-group of
bounded operators strongly continuous on [0, =), the same is true of T'(s).
Finally, taking the limit on both sides of Si(s)x —x=[§S\(¢)Bixdo, we see
that for x&D(4)

) T(s)x — x = fo " T(0) A ndo.

Thus if B is the infinitesimal generator of T'(s), the differentiating of (8) gives
us Bx=A4x on D(A) CD(B). Now for A\>w, R(\; B) is an inverse and R(\; 4)
is a right inverse for (\/ — B). Hence R(\; B) =R(\; 4) and 4 =B.
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COROLLARY 2.2. A necessary and sufficient condition that a closed linear
operator A with dense domain generate a semi-group T(s) satisfying (H) on
[0, ©) and such that ||T(s)|| Sexp (ws) is that

(9) IRO; )] £ (A — o) Jor x> .

The necessity follows directly from (5). It is clear that (9) implies (6)
with M=1. Again since M=1 in (7), the same proof as in Theorem 2.1
will yield T'(s) with ”T(s)” <exp (w's) for all o’ >w and hence for o' =w.

Corollary 2.2 is a slightly sharpened statement of the Hille-Yosida theo-
rem. It is worth noting that the condition ||T(s)” <exp (ws) is a stronger
condition than lim |] T(s)” =1. For example if we define a(s) =(2s—s?)"2 for
0=<s5=2 and equal to zero elsewhere, then it is easy to see that a(s) is sub-
additive and continuous on [0, «). Hence by a theorem due to Hille [2,
Theorem 16.3.1] there exists a semi-group of transformations satisfying (H)
on [0, =) such that || 7(s)|| =exp [a(s)]. It is clear in this case that ||T%(s)||
is not dominated by exp (ws) for any w.

THEOREM 2.3. A necessary and sufficient condition that a closed linear oper-
ator A with dense domain generate a group satisfying (H) on (— », ) is that
there exist real numbers M >0 and w=0 such that

(10) HR()\; A)"H = M(I )\l — @) for N> wand N\ < — w.

The necessity follows as in the proof on Theorem 2.1. Further since
R(\; —A)=—R(—N\; A4), it follows from Theorem 2.1 that both 4 and —4
generate semi-groups, say T (s) and T_(s) respectively. It is clear from the
proof that the approximating semi-groups commute and hence that T, (s)
and T_(s) likewise commute. Thus S(s) =T,(s)T_(s) is also a semi-group
satisfying (H) on [0, »). For x€D(4), it is easy to see that d.S(s)x/ds=0.
Thus S(s)x=x for x€D(4) and all s=0, and since D(4) is dense in %X the
same is true for all xE¥%, that is, T_(s) =T4(s)~. Therefore T'(s)=T5(s)
for s=0 and T_(s) for s 20 defines a group of linear operators satisfying (H)
on (— o, ») with infinitesimal generator 4.

3. Stable properties. We now make use of the foregoing results to develop
a perturbation theory for semi-groups of operators. We intend to perturb
the infinitesimal generator by adding to it a linear bounded operator. This
section will deal with those properties of a semi-group which persist under
such a perturbation.

LeEmMA 3.1. Let A be a closed linear operator on X to X and suppose BE E(%)
is such that ||BR(\o; A)|| =7 <1 for some No€p(A). Then A+B is a closed
linear operator with domain D(A) and R(\o; A+ B) exists and

(11) R(\;4A + B) = i‘ R(ho; A)[BR(No; 4)]™

ne=0
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Further ||[R(\o; 4) —R(\o; A+B)|| =[|RMo; 4)||v(1 —7)

It is clear that A+ B is a closed linear operator with domain D(4). We
note that

R=3 R(i 4)[BROw; 4)]" = R(o; A)[I — BROw; 4]

n=0
and hence that
[\l — (4 + B)]R = [I — BR(\o; A)][I — BR(o; 4)]"* = I

Further the range of R is precisely D(4) since the range of [IT—BR(\o; 4) ]!
is X. Thus given x ED(4) there exists a y such that x=Ry. Therefore

RN — (A4 B)z=R[N — (A+ B)JRy=Ry=x

so that R is both a left and a right inverse. The bound on ”R()\o; A)
—R(\o; 4 +B)” comes directly from the expansion.

THEOREM 3.2. If A is the infinitesimal generator of a semi-group of linear
operators satisfying (H) on [0, ») and if BEG(X), then A+B on D(4) s
Likewise the infinitesimal generator of a semi-group of linear operators satisfying
(H) on [0, »).

By Theorem 2.1, R(\; A) satisfies the inequalities (6). Hence for A >w,
=w+M||B]||,||BRQ; 4)|| < M||B|| /A —w) <1;and by Lemma 3.1, R(\; 4 +B)
exists and is equal to > 5o R(\; 4) [BR(\; 4) ] which converges absolutely.
We now regroup the terms of [ > o R(\; 4)[BR(\; 4)]7]* according to
powers of B. Any term containing & of the B’s will possess n+k R(\; 4)’s
since each B introduces another R(\; 4). Further the R(\; 4)’s will be in
k+1 nonempty groups separated from each other by the % B’s. In other words
it will be of the form

R(\; A)"BR(\; A)7B - - - R(\; A)™*BR(A; A)7++,

1l y;,=n+k and r;>0. In norm this term will be less than or equal to

MO\ — o)~7| B[ MO — )| B|| - - - MO\ — &)=¥{| B[ M(\ — )=

= Mk+1”B”kO\ — @)~ R,
The number of terms containing k of the B’s is precisely the coefficient of x*
in (1—x)—"= > 5, Cix*. Hence

k+1 —(nt+k)

1RO 4 + B = 3 ™| B x — )
k=0
= MO\ — o)~"[1 — M||B||(\ — &)1t £ MO\ — w))~"

for A\>w;. The result now follows from Theorem 2.1.
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THEOREM 3.3. Let A be the infinitesimal generator of a semi-group of linear
operators T(s) satisfying (H) on [0, ©) and such that H T(s)” Sexp (ws). If
BEG(X), then A+B on D(A) is likewise the infinitesimal generator of a semi-
group of linear operators S(s) satisfying (H) on [0, ) and such that ”S(s)”
<exp (wis) where wy=w+| B||.

In the proof of Theorem 3.2 we have merely to replace M by 1 to obtain
the inequality ||R(\, 4+B)|| (A —wi)~! for A>w;. The result now follows
from Corollary 2.2.

TuEOREM 3.4. If A 1is the infinitesimal generator of a group of linear
operators satisfying (H) on (— =, «) and if BEE(X), then A+B on D(A4)
is likewise the infinitesimal generator of a group of linear operators satisfying
(H) on (= =, ).

The proof follows the same argument as that of Theorem 3.2, depending
now on Theorem 2.3.

THEOREM 3.5. If A is the infinitesimal generator of a semi-group of linear
operators T(s) satisfying (H) on [0, ©) and if BEE(X), then the semi-group of
linear operators S(s) generated by A+ B (defined on D(A)) can be represented
by the series expansion

(12) S() = 3 5a(5)

where So(s) =T(s) and S.(s)x=_[¢T (s —0)BSs1(0)xdo.

It is clear that So(s) is strongly continuous on [0, «) and that ”So(s)”
< M exp (ws) by (2). Suppose S,(s) is likewise strongly continuous on [0, )
and that

(13) ISa(s)|| = M (M| B||)»s» exp (ws)/n!.
Then T'(s —o)BS,(s) will be strongly continuous on [0, s] so that the integral
defining S,;1(s) exists in the strong topology. Further

ISwa(o)]| = M| Bl fo “exp [o(s — 0)]|Sa(0)||do
< M(M|| Bl)+1sm+ exp (ws)/(n + DL

Finally for s;<s.

“Sn+1(32)x — Sn+l($1)x” =< f‘l” [T(s2 — 0) — T(s1 — ")]BSn(a)x”da
(14) 0 )
+f'”®-ﬂMMM&@ma.
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As s1, 53—, the integrand in the first term on the right converges to zero
boundedly and the integrand of the second term is bounded. It follows that
Sn11(s) is strongly continuous on [0, «). By induction, S.(s) is well defined,
strongly continuous, and satisfies (13) for all integers #. Thus the series (12)
is majorized by the series expansion of M exp (ws) where wy=w-+ M| ”B”
For A>w;, we can therefore write

f”exp (—)\s)l: i S,.(s)x] ds = i wexp (—Ns)Sa(s) xds.

n'=0 n=0¢ 0

Now if x*E X * it is a consequence of the strong convergence of the integral and
of the Fubini theorem that

x*[ j; °°exp (—)\s)Sn(S)xds]

= f”exp (=Xs)2*[Sa(s)x]ds
= fwexp (—)ss)f‘x*[T(s — 0)BSn_1(0)x]dods
= fwexp (—)\a)fwexp [=X(s = @) ]2*[T(s — ¢)BSa1(0)x]dsde

a fwexp (=No)2*[R(\; 4)BS,_1(0)x]do
0

= g* [R()\; A)B { fo wexp (—)\a)S,._l(a)xda}].

Hence by induction
f exp (—\s)Sa(s)xds = R(\; A)[BR(\; A) ]*x.
0
From the proof of Theorem 3.2 it is known that

R(N\; 4 4+ B)x = fwexp (—Ns)S(s)xds = i R(\; A)[BR(\; 4) ]x.

0 n=0

Thus for A>w;, the Laplace transforms of both S(s) and Y ., Sa(s) are
equal and hence by the uniqueness theorem [2, Theorem 10.2.3] these two
functions are equal.

The formal expansion (12) is familiar to the physicist for groups of uni-
tary operators on a Hilbert space. By means of the inequalities (13) we are
also able to estimate the remainder term if we use only a finite number of
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terms in the expansion (12).

COROLLARY 3.6. Under the hypothesis of the preceding theorem
S(s) — 2 S(s) | < M(M||B||)*+1s™*! exp (w,5)/(n + 1)!
k=0

where M depends on the choice of w>wo and wy=w+M||B||. In particular
|S(s) =T (s)|| = M| B|s exp (w, s).

CoROLLARY 3.7. If A is the infinitesimal generator of a semi-group of linear
operators T(s) satisfying (H) on [0, ©) and if B(z) EC(X) is holomorphic in
some domain ® of the complex plane, then the semi-group of linear operators
S(z, s) generated by A+ B(z2) is likewise holomorphic in & for each s=0.

It follows from (13) that the expansion D .o Sa(2, 5) converges uniformly
in every closed bounded subdomain of @. It is therefore sufficient to show
that each S,(z, s) is holomorphic in &. This is clearly true of Sy(z, s) =T(s).
Suppose it is likewise true for S.(z, s). Then for 2, 2,E©,

Spi1(z2, ) — Sayi1(z1, §) f (s — B(Zz) B(z1)

s — 21

n(z2r 0') dd’

Z9 — 21
n(z2y 0') - Sn(zh 6)
do

22— 2

+ f T(s — o)B(z)

This converges to a limit in the uniform topology as z;—#2; since this is true of
the incremental ratios on the right and since [S.(2z;, s)—Sa(31, 5)]/(22—21)
converges uniformly in s& [0, L] to its limit (because of the fact that S,(z, )
with s€[0, L] is uniformly bounded in every closed bounded subdomain of

©).

THEOREM 3.8. Let A be the infinitesimal generator of a semi-group of linear
transformations T(s) satisfying (H) on [0, ) and uniformly continuous for
s>0. Then for BEG(X), the semi-group of linear operators S(s) generated by
A+B on D(A) is likewise uniformly continuous for s>0.

Here again we make use of the series representation (12) for S(s). Because
of (13) the expansion converges in the uniform operator topology uniformly
in every finite interval. Thus it is sufficient to show that S,(s) is uniformly
continuous for s>0. This is true by hypothesis for »=0. Again using an
inductive argument we assume it to be true for S.(s). Then for s;=s0<s2

”Sn+l($2) - Sn+1($1)“
= (M“BH)"‘“(%!)“‘fo lIIT(sz —0) — T(s: — a’)“cr" exp (wo)do

n+l n

+ | 52— 51| M(M||B||)"" sz exp (wse)/nl.
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Finally since ” T(s;—0a) — T(s1—0)|| £2M exp (ws,), the integrand on the right
converges boundedly to zero for all o <s;. Hence ]IS,,+1(52) —Sn+1(sl)||—>0 as
51, Sa—sp for all 5,=0.

Thus we see that being uniformly continuous for s >0 is a stable property
for a semi-group. However, as we shall show by Example 5.2, being ulti-
mately uniformly continuous is not a stable semi-group property.

THEOREM 3.9. Let © be the open section 1 <arg <P, where —n/2 =%, <0
<P =w/2. Let T(2) be a semi-group of linear operators holomorphic in S and
such that

(15) (T[r exp (i9) ]| = K(a), 0<r=1,

where K(P) 1is bounded in every interval ®,+e<¢p <Py—e (e>0). Further sup-
pose that T[r exp (i¢)] converges strongly to I as r—0 for each ¢ < (P, ;).
Finally let A be the infinitesimal generator of T(z) and let BEE(X). Then the
semi-group of linear operators S(z) generated by A+ B on D(A4) is likewise holo-
morphic in &, satisfies an inequality of the type (15), and S[r exp (ip)] con-
verges strongly to I as r—0 for each ¢ <& (P,, P,).

Let ® be the closed convex extension of Z(4), the spectrum of 4, and let
o(¢) be its function of support. Then o(¢)+6 for &1+e<p <P,—e€ is the
function of support for the closed convex set D(§, €). Under the hypothesis
of our theorem Hille [2, Theorem 13.5.2] has shown that for each positive &
and e there exists an M (9, €) such that ||R()\; A)” < M(5, ¢)/d(\) for each A
exterior to D(3, €) where d(A) is the distance from X to ®. Thus for || B|| M (3, €)
<d(\) it follows from Lemma 3.1 that R(\, 4 +B) exists and satisfies the
inequality

IR\ A + B|| < MG, € [dN) — || B[ MG, ]

If we now adjoin to D(0, €) all points a distance less than or equal
to ”B M(8, €) from D(0, ¢), the result is again a convex body D! contained
in O( B”M (8, €), €). Further set d’(\) equal to the distance from \ to D..
Then d’(\) Sd(\) —|| B|| M (3, €). Hence ||R(\; A+B)|| <M (3, €)/d’(\) for all
points exterior to .. Here we suppose § < M (9, e)||B | If we now employ an
argument used by Hille [2, Theorem 13.5.3] we find that S(z) is a semi-group
of operators holomorphic in the sector ®;+¢<¢ <P, —e and satisfying an in-
equality of the type (15). Since € >0 is arbitrary, it follows that S(z) is actually
a holomorphic semi-group in all of &. As Hille shows, S(s) converges strongly
to I as s—0. From this it follows that for x€D(4)

.wm=x+f3@u+mwr

and hence that S[r exp (ip) ]x—x for each ¢ € (®;, ®s). Since S(z) also satisfies
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an inequality of the type (15), this remains true for all x&X.

We remark that if 7°(z) is holomorphic in the entire plane, this is equiva-
lent to T(z) having a bounded linear infinitesimal generator 4. Hence if
BcG(%), then A4+BcG(%) and therefore S(z) is also holomorphic in the
entire plane. Thus being holomorphic in the entire plane is again a stable
semi-group property.

4. Completely continuous and weakly completely continuous resolvents.
In the semi-groups which occur in the nonsingular problems of mathematical
physics, the resolvent of the infinitesimal generator turns out to be com-
pletely continuous. It is therefore of interest to study closed linear operators
with either completely continuous (c.c.) or weakly completely continuous
(w.c.c.) resolvents. We show first of all that both of these are stable properties
for the infinitesimal generators of semi-groups of linear bounded operators.
In case the resolvent of a closed linear operator is completely continuous,
the operator has a pure point spectrum and the eigen-spaces are finite-dimen-
sional. This fact permits us to obtain a simple elementary divisor theory for
such operators.

THEOREM 4.1. If A s a closed linear operator on X to tself and if for some
MEp(4), R(\o; A) 15 c.c. (or w.c.c.), then R(\; 4A) is c.c. (or w.c.c.) for all
AEp(4).

This is an immediate consequence of the first resolvent equation (3)
since the product of a bounded linear operator and c.c. (or w.c.c.) operator
is c.c. (or w.c.c.) and since the sum of two c.c. (or w.c.c.) operators is again
c.c. (or w.c.c.).

LeEMMA 4.2. If A and B are closed linear operators on % to itself with non-
vacuous resolvent sets, if D(A)DD(B), and if R(\; 4) is c.c. (or w.c.c.), then
R(u; B) 1s also c.c. (or w.c.c.).

Let N&p(4) and uEp(B) be fixed. Then (A\I—A) is a closed linear
operator on D(A) and hence W=AI—A)R(u; B) is closed and linear on X.
By the closed graph theorem due to Banach [1, p. 41], W is bounded.
Finally R(u; B)=R(\; A)W is c.c. (or w.c.c.) since it is the product of two
linear bounded transformations, one of which is c.c. (or w.c.c.).

THEOREM 4.3. If A is the infinitesimal generator of a semi-group of operators
satisfying (H) on [0, ©) and if R(\; A) is c.c. (or w.c.c.), then A+B on D(4)
where BEE(X) also has a c.c. (or w.c.c.) resolvent.

This is an immediate consequence of the above lemma since both 4 and
A+ B are closed linear operators on ©(4) with nonempty resolvent sets (see
Lemma 3.1). The result also follows directly from the representation of
R(\; A+ B) given in Lemma 3.1.

Another result similar in character to Lemma 4.2 is given in the following
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theorem which was suggested by a result due to F. Rellich on self-adjoint
operators [4, vol. 118].

THEOREM 4.4. If U and V are linear bounded transformations on X to 9,
if the range of U contains that of V, and if U is c.c. (or w.c.c.), then V is likewise
c.c. (or w.c.c.).

Let M= [x| Ux=0]. Then M is a closed linear subspace of ¥ and defines the
quotient space /M of cosets £ If we define a norm ||%|| =inf [||x|||xEz],
then ¥/ is again a Banach space. We define U%= Ux for x&%. Then U
is well defined and linear and possesses an algebraic inverse. Further

11l = sup [|Ta]| |4l < 1] = sup [[[Ua] ||+l < 1] = [l7],

so that U is bounded and hence U-!is closed. Finally U is c.c. (or w.c.c.).
For if || £ <1, then there exist x;E & such that ||x|| £2 and hence a subse-
quence of U#:= Ux; converges (or converges weakly) in 9. Now W=U-1V
is closed and linear on ¥ to ¥/ and hence by the closed graph theorem
[1, p. 41] W is bounded. Finally V=UW is c.c. (or w.c.c.) since it is the
product of two bounded linear operators one of which is c.c. (or w.c.c.).

We remark that Lemma 4.2 is an immediate consequence of Theorem 4.4
if we set U=R(\; A) and V=R(u; B).

THEOREM 4.5. If A is a closed linear operator on X to itself possessing a
completely continuous resolvent, then A has a pure point spectrum consisting
of isolated points.

By the F. Riesz theory for completely continuous operators (see [1,
chap. 10]), it is known that [T+ —X¢)R(N\o; 4) ]! exists and belongs to
@(%) for all but an at most denumerable set of isolated points {\,}. Cor-
responding to each M\, there is one or more nonzero vectors x, such that
An—No)RMNo; A)xn=—x,. Thus x,ED(4) and x,=NI—A)RNo; A)xn
=MNol—A)x./No—N\,). In other words, Ax, =\,x, so that \,&EP—2Z(4). On
the other hand if )\GE{)\,.}, then [IT+M\—=No)RMo; A)]-! exists. RQ\)
=RNo; A) [T+ A —=No)R(M\o; A) ] clearly has D(4) for its range and is the
right inverse of W[ —A)=QA—No)I+NoI—4). Hence R(\; A)=R(\) for
ME{N.}. Thus Z(4) = {\.}.

We next obtain an elementary divisor theory for 4, again supposing
R(\; 4) to be completely continuous. Let C, be a circle about the point Ao
€Z(4) containing no other point of the spectrum. Then

(16) Ey = (27i)! R(\; A)aN
Co

defines a projection operator (see Hille [2, Theorem 5.14.2]). We shall define
the range My of E, to be the eigen-space associated with A,.
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THEOREM 4.6. Let A be a closed linear operator on X to itself with a com-
pletely continuous resolvent. For \g&Z(A) let My, be the null space of the operator
(NoI —A)*. Then for k>0, My s always of positive finite dimension and there
exists an n>0 such that My=M, for k=n whereas M, is a proper subset of
ED?;, for k § n.

Since R(\; A) is holomorphic for N&p(4), the integral in (16) will be the
limit in the uniform operator topology of the approximating sums. By hy-
pothesis'R(\; 4) is completely continuous and therefore the same is true of
the approximating sums. Therefore E, is the uniform limit of completely
continuous operators and is itself completely continuous (see Banach [1, p.
96]). Thus any bounded subset of the range space M, must be compact and
hence M, is finite-dimensional (see Banach [1, p. 84]). It is easy to show
that A E, x exists for all x and that AE,=E,4 on D(A4) (see Hille [2, p. 111]).
Thus D(A) DMo. We now set Ag=AEy and Ry(A\) =ER(A\; A)=R(\; 4A)E,.
Then AEo—A4o)Ro(A) =RiA)(MNE;—Ay) =E, Thus relative to Mo, Ro(N) is
the resolvent of 4,. Further it can be shown that A, is the only nonremovable
singularity of Ro(\) (see Hille [2, Theorem 5.14.2]). Since M, is finite-dimen-
sional we have merely to appeal to the algebraic case to see that the theorem
is valid for 4, on M,. Suppose for some x,ED(A) that (Nl —A)xo=1y,E M.
Then R(\; A)yo=R(\; A)Eoyo=ER(\; A)yo belongs to M,. Further since
xo=RM\; A)YAN[—A)xo=A—N)R(\; A)xo+R(\; A)yo, we have

X0 = (27['1:)_1 ()\ b )\o)_ld)\ = ono + (27!'1:)—1 ()\ et )\o)—l.R()\; A)yod)\.

Cy Co

The integral on the right lies in 9%, since this is true of the integrand. Hence
%o can be represented as the sum of two elements in I and is itself in M.
Consequently if (Ao — A)*xy=0 €Ny, then (N\ol —A)*~x, E Mo and by induc-
tion xo&M,. Hence all of the spaces My (for 2>0) are contained in M.
Since the theorem was valid for subspaces of My, this concludes the proof of
the theorem.

Theorem 4.6 is analogous to the results of F. Riesz [5, p. 79] for completely
continuous operators 4. It is also closely connected with the work of A. E.
Taylor [6, p. 660] on poles of R(A; 4).

5. Unstable properties. In this section we show by means of examples
that the following semi-group properties are nof stable under a linear bounded
perturbation of the infinitesimal generator: (1) that the semi-group operators
(s>0) be generalized nilpotent; (2) that for s sufficiently large the semi-group
of operators be uniformly continuous; and (3) that for completely continuous
resolvent, the eigen-spaces span X.

5.1. If T(s) is a semi-group of linear operators satisfying (H) on [0, =)
and such that T'(s) is generalized nilpotent for s>0, then wy=— and
R(\; A) is an entire function. If x,ED(A4), then it is clear that there exist
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linear bounded transformations B such that Bxo=A\¢xo—Ax. For such a B,
(4 +B)xo=Aexo so that Ay belongs to the point spectrum of 4-+B. Thus
R(\; A+ B) has a singularity at Ao and elements of the semi-group generated
by A+ B are no longer generalized nilpotent for s>0.

THEOREM 5.2. The property that a semi-group of linear bounded operators
satisfying (H) on [0, =) be eventually continuous in the uniform topology is not
a stable property.

Suppose the contrary were true and that 4 is the infinitesimal generator
of a semi-group of linear bounded transformations T'(s) satisfying (H) on
[0, ) where T(s) is continuous in the uniform topology for s sufficiently
large. Let B be a bounded linear transformation. Then for each complex
number z the semi-group S(z, s) generated by 4 +2B is uniformly continuous
for s=L(z). By the usual second category argument there exists a circle C
in the z-plane and an L, such that L(z) <L, for a set of points D dense in C.
By Corollary 3.6, S(z, s) is bounded if the range of s and z is likewise bounded.
Further, by Corollary 3.7, S(z, s) is an entire function of z for each s =0. Hence
by the theorem of Vitali as extended by Hille [2, Theorem 3.13.1] it follows
that S(z, s) is continuous in the uniform topology when s= L, for each z in
the plane. In the present instance, the expansion (12) takes the form

S(z, 5) = 2 2"Sa(s)
n=0

where as before So(s)=T(s) and S,(s)=[3T(s— a)BS,._l(a)dcr Thus S.(s)
= (2m1)~1f1.S(z, s)z=*+Ddz where I' is a circle about the origin. Finally since
”S(z, s+A) —S(z, s)” converges to zero uniformly for 2&T' as A—0 where
s> L, (by the Vitali theorem), it follows that S.(s) is likewise continuous in
the uniform topology for s> L,. Therefore in order to prove the theorem it is
sufficient to exhibit a semi-group T'(s) satisfying (H) on [0, =) and eventually
uniformly continuous, along with a bounded linear transformation B such
that for any L, there exists an S,(s) which is not continuous in the uniform
topology for some s> L,.

To this end we set ¥=2(0, 1) and define (T'(s)f) (&) =f(¢+s5) for E<1—s
and equal to zero otherwise. Then T'(s) satisfies (H) on [0, =). It is clear
that T(s)=0 for s=1 so that T'(s) is certainly continuous in the uniform
topology for s=1. We set (Bf)(§) =f(¢—1/2) for £=1/2 and equal to zero
otherwise. It is now convenient to introduce the auxiliary function ¢(£) de-
fined on (— ©, =) to be zero if £<0 and if £>1 and to be one for 0={=1.
Then considering f(£) €(0, 1) to be extended to the entire line with f(§) =
for £ [0, 1], we see that we may also write (T'(s)f) (§) =f(&+5)¢(£) and (Bf) (%)
=f(—1/2)¢(¢). Thus

T(s — o)BT(0)f = f(+ s — 1/2)¢(E + s — 0 — 1/2)¢(E + s — 0)b()



1953] PERTURBATION THEORY 213

and hence

Si9)f = S+ 5 — 1/2)6(8) f S+ s —o— 1/DeE+ s — o)do.

In general we have
(17 Sa(s)f = f(§ + s — n/2)Ku(, 5)

where
Kat 5) = ¢(8) f Ko+ 5 — 0 — 1/2, ) + 5 — o)do.
0

Itis clear from (17) that S,(s) =0 for s =s,=1-4n/2. We shall now show that
lim inf,.,; ||Sa(s)]| >0. In order to do this we estimate K,(, s). In the first
place it is clear that K,(§, s) =0. For 1=5=<3/2,0<(<1/2, and é+s—1=¢
<t+s—1/2 we see that 0=0 <s and that ¢({+s—0)=1=¢((+s5—0—1/2).
Thus Ki(¢, s)=1/2 for 1=5=<3/2 and 0=<£=<1/2. Suppose that K, (¢, s)
227012 for (n4+1)/2—2-D<s=<(n+1)/2 and 0=£<2-"D, Then for
n/24+1—2"<s=<n/2+4+1, 05£(<2" and 0=5{(+s5s—0—1/2=2-D we see
that the interval (n+1)/2—2--D<g=<(n+1)/2 has an interval of length
at least 2—" in common with the above ¢-interval. Further 0<{+4s—0¢ =<1
and hence ¢(§+s—0o)=1. Hence K, (£ s)=2-"2—n(-Di2=2-n(+DI2 for /2
+1—-2"=<s=n/2+41and 0S£=2-" Finally set fa(§)=1for 1 —A<t(=<1and
equal to zero elsewhere. Then we have by (17) that S.(n/241-—A)fa
=fa(E+1—A)K.(, n/24+1—A). For AS2", ||Sa(n/24+1—A)fs|| Z 2-ntn+0r2
lfall. Hence ||Su(n/2+41)—Sa(n/24+1—A)||=2-=+D/2 for A<2-». Thus
Sy(s) is not uniformly continuous at s=#n/241. This concludes the proof of
Theorem 5.2. .

The regular Sturm-Liouville problem involves a self-adjoint operator on a
Hilbert space to itself with completely continuous resolvent. The eigen-
functions span the space and this fact leads to some very useful expansion
theorems. Much of the recent work in abstract analysis is an attempt to
generalize this familiar situation to the general closed linear transformation
on a Banach space to itself. Even if we restrict ourselves to closed linear
operators with completely continuous resolvents, the expansion problem need
not make sense. Such an operator may have no spectrum and hence no eigen-
spaces. There are of course many examples where the eigen-spaces do span
the space and one might at least hope that this condition has a degree of
stability. That this is not the case is illustrated by the example below.

ExAMPLE 5.3. Let ¥=2,(0, 1) where p = 1. The semi-group of left transla-
tions (T'(s)f)(§) =f(¢+s) for £<1—s and equal to zero elsewhere satisfies
(H) on [0, ). Since T'(s) =0 for s=1, each of the operators T'(s) for s>0 is
generalized nilpotent. The infinitesimal generator 4 is the derivative operator
acting on the domain D(A4) of all absolutely continuous functions on [0, 1]
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with derivatives in ¥ and which vanish at £=1. The resolvent R(A; A)f
= [} exp [N(t—0)]f(s)do is clearly completely continuous and entire in A.
Thus A has no eigen-spaces whatever. To the operator 4 we add the one-
dimensional linear bounded operator (Bf)(¥) =4/sf(s)do. The operator C=A4
+ B is closed and linear on D(C) =D(4) and generates a semi-group of linear
operators. The resolvent of C is of course still completely continuous;
however R(\, C) has an infinite set of singular points. These are the solutions
of the indicial equation (A—2)2=4 exp(—A\) of the differential-integral
equation Ay —y' —4[3y(0)de =0 with boundary condition y(1)=0.

We shall now show that the eigen-spaces of C span ¥. Since D(CF¥) is
dense in ¥ for each £>0 (see Hille [2, Theorem 11.5.1]) it will be sufficient
to show that any fED(C*) can be approximated by the elements of the eigen-
spaces. In particular it will be sufficient to show that for f&ED(C*)

(18) F.f = (21ri)“1fr R\ CO)fdan— f

as n— o for a set of expanding contours I',. Now by repeated application of
(4) we obtain for fED(CY)

R(N\; CO)f = N1 4 CAN2 4 C¥N3 4 C3fN* + R(\; C)CHIN
Hence if T', encircles the origin, we obtain

(2ri)1 fr RO C)fdh = f + (2mi)t fr RO\; C)CAA—an.

In order to establish (18) it is therefore sufficient to show that

—0

(19)

If R(\; C)gh—dx
r’l

as n— o for each g&¥.
A straightforward calculation yields

PVR(MN; C)g = (A — 2)? ﬁ exp [=\o — 9)]g(0)da

+4ft—ew (21 -0} [ s)is
(20) . °
+dexp (=) f exp \E — o) ]g(0)do
0
— 4f exp (—N\o)g(o)do

where p(\) =(A—2)2—4 exp (—N\). For T', we shall choose circles of radius
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r, about A=2 with r,—© as n— . We shall require an estimate of p(\)
for NET,. Since the absolute value of p(\) remains unchanged if we substi-
tute A conjugate for A, we need only consider N in the upper half-plane. Let
A—2=r exp (#) =x+1y. Then the zeros of p(\) in the upper half plane occur
where (a) r2=4 exp (—x—2) and (b) 20 = —y+2nr for some positive or nega-
tive integer #. Consider first [x= —2—log (r2/4), y=(r?—x2)2] which is
the solution of (a) as a function of r. As r increases, x decreases, ¥ increases,
and 6 decreases toward 7/2. Hence for large increasing r, 8 is practically sta-
tionary so that (b) will be satisfied by increasing values of y approximately 2w
apart. We now choose for the 7,’s successive values of 7 for which y satisfies
y= —20-+7 (modulo 27) when x satisfies (a). We shall show for l)\ —2| =rathat
@) [pM |z /D[ + 4] exp (=N [] = A/D[* + dexp (=2 = 2)].

In general ]p()\)l > ] r?—4 exp (—x—2)| and hence (21) is satisfied whenever
7228 exp (—x—2) or whenever exp (—x—2)=r%/2. Thus (21) is satisfied
for x outside the interval —2—log (r2/2) =x < —2—log (r%/8). The width of
this x-interval is just log 4 and it contains the value x=—2—log (r%/4).
For fixed 7, the corresponding change in y is roughly log (r%/4) log (4) r!
which goes to zero as r— . Likewise the corresponding change in 6 is less
than log 4/r which also goes to zero as r— «. Hence for r =7, and large #,
the vectors (A\—2)? and 4 exp (—\) are roughly 7 radians out of phase in
the doubtful interval. Thus for large 7, the angle between these vectors will
certainly remain greater than 7/2, so that even in this doubtful interval the
inequality (21) remains valid for » sufficiently large. It is now clear from
(20) and (21) that each term in R(\, C)g is in norm O(7?) as r,— «. Hence
the integral of A=*R(\; C)g about I', goes to zero as n— «. This concludes
the proof of the fact that the eigen-spaces of C span %.

6. A differential equation. A semi-group of linear operators 7(s), satisfying
(H) on [0, ) and with infinitesimal generator 4, solves the differential
equation dT(s)x/ds=AT(s)x for x€D(4) and with initial condition 7°(0) =1.
An instance of this differential equation would be a linear partial differential
equation with s-invariant coefficients. The fact that the coefficients must be
s-invariant constitutes a serious limitation on the applicability of the theory
and it is clearly desirable that A be permitted to vary with s. We are there-
fore led to the following problem: Given a one-parameter family of closed
linear operators 4 (s) with domains dense in %, to find a one-parameter family
of linear bounded operators U(s) strongly continuous for s=0 such that
U0)=1I and dU(s)x/ds=A(s) U(s)x for all x in a given dense domain. In
this section we shall present a solution to a rather restricted instance of this
general problem.

LeEMMA 6.1. Let T(s) be a semi-group of linear operators satisfying (H) on
[0, ©). For f(s) strongly continuous on [0, =) to %, g(s) =[3T(s—0o)f(c)do
= 3T (0)f(s—o)do exists and is itself strongly continuous on [0, =) to X. If
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f(s) s strongly continuously differentiable, then so is g(s) and

#5(9)/ds = 76O + [ "T(s — o)f (0)do
(22) &
= f(s) + 4 fo T(s — 0)f(c)do.

Since ”T(s)” < M exp (ws), it is clear that T'(s —o) f(o) is strongly continu-
ous in ¢€ [0, s] whenever the same is true of f(¢). In this case g(s)
=[§T(s—0)f(c)ds will exist in the strong topology and be equal to
JeT(0)f(s—0o)do. Further(?)

g(s + 8) — g(s) = f‘T(a)[f(s +A—0) = f(s — o) ldo
(23) o st+A
+ j: T(o)f(s + A — o)do.

The integrand in the first term converges pointwise to zero and remains
bounded in the norm as A—0. The integrand in the second term also remains
bounded in norm as A—0. Hence ||g(s+A) —g(s)||—0 as A—0. If we further
assume that f(s) is strongly differentiable with bounded derivative, then, di-
viding (23) termwise by A, we first note that “ T@©)[{f(s+A—0)—f(s—0) }A—l
—f (s—o‘)]“ converges boundedly to zero for ¢ <s, and second we note for
o€ [s, s+A] that ||T(0)f(s4+A —¢) — T(s)f(0)|| =0 as A—0. The first equality
in (22) now follows. We next write the incremental ratio as

[g(s + 8) — g(s)]a—t = [T(a) — T]a— f "T(s — )f(a)do

+ A"lf " T(s + A — 0)f(s)do.

As above, A-1[!*2T(s+A—0a)f(c)do—f(s). Further we already know that
dg(s)/ds exists. Hence [§T(s—0)f(0)do ED(A) so that the second equality of
(22) is likewise valid. The strong continuity of dg(s)/ds follows from the first
part of the theorem using the first representation of dg(s)/ds given by (22).

THEOREM 6.2. Let A be the infinitesimal generator of a semi-group of linear
operators T(s) satisfying (H) on [0, ). Let B(s) be a strongly continuously duf-
ferentiable function on [0, ©) to G(X). Then there is a unique one-parameter
family of bounded linear operators U(s) strongly continuous on [0, «) such that
U(0) =1 and for x€D(A), U(s)x s strongly continuously differentiable and

(® For convenience we can define f(s) =f(0) for s<0. This makes (23) meaningful for
A<O0.
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(24) dU(s)xz/ds = [A + B(s)]U(s)x.
This solution has the representation
(25) U(s) = 22 Sals)

n=0

where So(s) =T(s) and S.(s) = [3T(s—0)B(0)Ss(c)ds.

We employ the method of successive approximations, defining

(26)  Uo(s) = T(s), Un(s)x = T(s)x + f "Ts — ) B(0)Un-r(0) xdo,
0

and
WO(S) = Uo(s)y

(27) :
Wa(s)x = Un(s)x — Una(s)x = f T(s — 0)B(o)W,_1(c)xda.
0

In the first place B(s)Uy(s)x is clearly strongly continuous for all x&X%.
Hence by Lemma 6.1, Uy(s)x is well defined and strongly continuous. By an
inductive argument we see that U,(s)x is likewise strongly continuous. Now
[[Wo(s)|| = M exp (ws). Let K,=sup[||B©@)||, |B'©@)|||e €0, s]]. Then it is
readily seen that

(28) | Wa@s)|| = MK exp (ws)s' /nl.

Hence Ua(s) = Y 2.0 Wi(s) converges uniformly in every finite interval (in
the uniform topology) to a strongly continuous function U(s) on [0, «)
to €(X). Since U,.(0) =1, it follows that U(0) =1I. Finally taking the limit on
both sides of (26) we obtain

(29) Uls)x = T(s)x + f "T(s = 0)B(o)U(e)udo.

Up to this point we have used only the fact that B(s) is strongly continu-
ous. We show in Example 6.4 that this is not sufficient in order that U(s) be a
solution for (24). On the other hand, if it were known for x&ED(4) that U(s)x
is strongly continuously differentiable, then we would have

[B(s + A)U(s + A)x — B(s)U(s)x]a—?
= B(s + A){ [U(s + &)z — U(s)x]a 1}
+ [B(s + A) — B(s)]a—tU(s)=
— B(s)U'(s)x + B'(s)U(s)x.

Hence B(s)U(s)x would likewise be strongly continuously differentiable
(here we use the fact that B(s) is strongly continuously differentiable) and

(30)



218 R. S. PHILLIPS [March

by Lemma 6.1 we could differentiate both sides of (29) to obtain
Us)x = AT(s)x + Af T(s — 0)B(o)U(o)xds + B(s)U(s)x
0

= [4 + B(s)]U(s)x.

It is clear from this that U(s) would then take ©(4) into itself. Thus aside
from the uniqueness proof, it remains only to show that U(s)x is strongly
continuously differentiable for x&9D(4).

It is clear that Wy(s)x is strongly continuously differentiable for xED(4).
Assuming that this is true of W,(s)x, then as in (30) it is easily shown to be
true of B(s) W.(s)x and hence by Lemma 6.1 it will be true of W, .(s)x.
Again by Lemma 6.1 we have

Wa(s)x = T(s)B(O)W._1(0)x + f ' T(s — ¢)B'(0)Wa_1(c) xdo
0

+ fo "T(s — o) B(o)Wi1(0) xdo

Thus
[ Wols)al| < M exp (ws)|| 4|,
and
“W{(s)x” = MK, exp (ws)“x“
+ M?K.s exp (s)||#]| + M?K.s exp (ws)||44]|
< MK, exp (ws)(1 + 5)C

where C=||x||+||4%||. Making use of (28) we obtain by induction that

||W,',(s)x|l M"HK" exp (ws)[(s" + s)/(n — DC
Thus Y a0 Wi (s)x converges uniformly in every finite interval to a strongly
continuous function which, by the usual argument, is U’(x).

In the uniqueness proof we shall need only the strong continuity of B(s).
Since D(4) is dense in %, it will be sufficient to show that if for xED(4),
U(s)x solves the differential equation (24) with initial condition U(0)=0,
then U(s)x =0 for all s 20. In other words it is sufficient to consider a strongly
continuously differentiable function y(s) on [0, ) to D(4) such that y(0) =0
and dy(s)/ds=[A+B(s)]y(s). Operating on both sides of this equation by
T(s—o) and integrating gives

(31) j:T(s — 0)y'(0)do = j;. T(s — o)Ay(o)do + j;. T(s — 0)B(o)y(o)do.
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As in (30) it is easy to show for ¢ &€ [0, 5] that
[T(s = 0)y(0)] = = T(s — 0)Ay(e) + T(s — 0)y' (o).
We therefore obtain from (31)

(32) 6 = | "T(s = 0)B()y(0)de.

Let m,=sup [||y(0)|||e€[0, s]]. Then m,< MK,m,[; exp (wo)do and for s
such that MK, /s exp (wo)do <1 it is clear that m, =0. Since there is nothing
special about the origin in this argument, this clearly implies that y(s) =0
for all s=0.

It is worth noting that if a solution V(s) to (24) exists for B(s) merely
strongly continuous, then the method of successive approximations which
we employed will lead to this solution. For operating on both sides of (24)
by T(s—o) and integrating gives for x&D(4)

(33) V(s)x = T(s)x +f. T(s — ¢)B(o)V(o)xdo.
0

On the other hand the method of successive approximations yields U(s)
which satisfies (29). The difference y(s) = V(s)x— U(s)x satisfies (32) and
vanishes at s=0. Thus the uniqueness argument shows that this difference
is identically zero.

THEOREM 6.3. Let A be the infinitesimal generator of a semi-group of linear
operators T(s) satisfying (H) on [0, ). Let B(s) and f(s) be strongly continu-
ously differentiable functions on [0, ») to G(X) and X respectively. Then for
each x ED(A) there exists a unique continuously differentiable function y(s) on
[0, ) to X such that

(34) y'(s) = [4 4+ B(s)]y(s) + f(s)
and y(0) =x. This solution has the form
(35) y(s) = U(s)x + io Wy (5)

where U(s) is given by (25), wo(s) = féT(s—a)f(a)da, and
() = ! — 0)B(o)wa_1(0)de.
un(s) = [ 7 = 0)B@)wns(e)do

It follows from Lemma 6.1 that wy(s) is strongly continuously dif-
ferentiable and hence by induction that w,(s) is likewise. In fact

wi(s) = T()5(0) + f "T(s — 0)f'(0)de,
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wi(s) = j;‘ T(s — o)B'(0)wn-1(a)do + f ' T(s — a)B(a)w,’,_l(a)da.

It is now easy to obtain the estimates

n+l__n

ll2a(s)]| = M™'K] exp (ws)Cus™ /(n + 1)1,

”w,'.(s)l] =< M"“K: exp (ws)Cu(s + s"+1)/n!

where C,=sup [||[/(@)|], [If'@l||e € [0, s1]. If we set w(s) = X o wa(s), then
as in the previous theorem w(s) is strongly continuously differentiable and
w(s) = D w0 w (s). Further w(0)=0. From the definition of w,(s) and the
uniform convergence of the series D .o w,(s) in every finite interval, it fol-
lows that

(36)

37 w(s) = wo(s) + j:). T(s — o) B(o)w(c)do.

Since w(s) is strongly continuously differentiable we may, by Lemma 6.1,
differentiate (37) termwise. This shows immediately that w(s) is a particular
solution of (34). Thus by Theorem 6.2, U(s)x+w(s) is a solution for our
problem. The uniqueness follows precisely as in the uniqueness proof of
Theorem 6.2.

The particular solution w(s) can also be put in a more suggestive form.
Let U(s, 7) be the solution of (24) for s=7 with initial condition
U(r, 7)=I. Then by Theorem 6.2, U(s, 7)= D mo Sa(s, 7) where
So(s, 7)=T(s—7) and S.(s, 7)=[iT(s—0)B(0)S.-1(c, 7)ds. On the other
hand w(s) = [3So(s, 7)f(r)dr. Further

j; Sa(s, 7)f(7)dr = j; j: T(s — 0)B(0)Sn-1(0, 7)f(7)dodr

= j;‘T(s — 0)B(0) j;cS,._l(a, 7)f(7)drdo.

Hence by induction w,(s) = [3.S.(s, 7)f(r)dr. Finally because of the uniform
convergence (in the strong topology) of all series involved we have

(38) w(s) = j; ’ U(s, 7)f(r)dr.

ExAMPLE 6.4. We now show by example that strong continuity of B(s)
in the hypothesis to Theorem 6.2 is not sufficient. Let ¥=2,(0, 1) with p=1
and set (T(s)f) (&) =f(£+s) for £=1—s and equal to zero elsewhere. If 0=<s
<1/2, we set (B(s)f) (&) =f() for 1/2—s=<£=1 and equal to zero elsewhere;
whereas if s>1/2, we set B(s) =1. It is clear that B(s) is strongly continuous
on [0, »). If (24) has a solution U(s), then as we noted at the end of the



1953] PERTURBATION THEORY 221

proof of Theorem 6.2, this solution will have the representation (25). Sup-
pose now that fED(A); here D(A) consists of all absolutely continuous
functions which vanish at £=1 and whose derivatives again belong to %.
Then it is easy to verify for 0 <s<1/2 and #>0 that S.(s)f =s*f(§+s)/n! for
1/2—s5=<§<1—s and vanishes elsewhere. Hence U(s)f =f(£+s) for 0<£<1/2
—s; =exp(s) f(§+s) for 1/2—s<E<1—s; and =0 for 1 —s<¢=1. In gen-
eral for fED(4), U(s)f will have a jump discontinuity at (1/2—s) and
hence will not itself belong to ©(4). On the other hand (24) has no meaning
if U(s)f does not belong to D(4).
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