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TO THE THEORY OF INFINITELY DIFFERENTIABLE
SEMIGROUPS OF OPERATORS

M. S. BICHEGKUEV

ABSTRACT. Given a linear relation (multivalued linear operator) with certain growth
restrictions on the resolvent, an infinitely differentiable semigroup of operators is con-
structed. It is shown that the initial linear relation is a generator of this semigroup.
The results obtained are intimately related to certain results in the monograph “Func-
tional analysis and semi-groups” by Hille and Phillips.

§1. INTRODUCTION

Let X be a complex Banach space and B(X) the Banach algebra of bounded linear
operators on X. By a semigroup of operators, we mean a strongly continuous operator-
valued function T' : Ry = (0,00) — B(X) such that T(t + s) = T(t)T'(s) for all ¢,s €
Ry. A semigroup T is said to be degenerate if its kernel KerT = (,,,KerT(t) is a
nonzero subspace of X. For such semigroups, a generator can be introduced as a linear
relation (multivalued linear operator). In §2, a summary of the theory of linear relations
is presented. The main results of this paper are about the construction of infinitely
differentiable semigroups generated by a given linear relation. These results are closely
linked with similar statements in [II, §12.2].

Infinitely differentiable semigroups of operators are used in the study of linear differ-
ential inclusions of the form

z(t) € Az(t), t>0,
where A is a linear relation on a Banach space X, i.e., a linear subspace of the Cartesian
product X x X. Differential inclusions arise naturally in the study of differential equations
with a noninvertible operator at the derivative in Banach spaces. The techniques of
passage from such differential equations to differential inclusions was widely used in the
monograph [2] containing numerous examples (see also the monograph [3]). Differential
inclusions often lead to degenerate semigroups of operators, and the problem of defining
their generators arises. In this paper, we use the following definitions of a generator of an
operator semigroup T : Ry — B(X) (these definitions were introduced in [4]). Below,
Ay stands for the infinitesimal generating operator for T' (see [I]) and, after identification
with its graph, Ay is viewed as a linear relation on X.

Definition 1.1. The senior generator of a semigroup T is a relation A € LR(X) con-
sisting of the pairs (x,y) € X x X that satisfy the following conditions:

1) 2z € ImT;

2) Ttz —T(s)x = fst T(r)ydr forall 0 < s <t < 0.
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Definition 1.2. An arbitrary relation A € LR(X) satisfying the conditions

1) Ag C ACA,

2) A commutes with T'(t), t > 0 (see §2)
is called a generator of the semigroup T : Ry — B(X). A generator A is said to be
basic if the resolvent set p(A) includes the half-plane C,, = {\ € C : Re A > w} for some
w e R.

This definition of a generator makes it possible to avoid additional restrictions on the
behavior of a semigroup near zero (for instance, in [I, Chapter 12] semigroups of class A
were considered). Therefore, the main result of this paper (see Theorem 3.1) is obtained
under much looser conditions than the corresponding results in [I] (see Theorem 12.7.1
therein).

§2. SOME INFORMATION ABOUT LINEAR RELATIONS

We present the most widely used definitions and results of the theory of linear relations.
They can be found in the monographs [2, B} 5] and in the paper [6].

Definition 2.1. A linear subspace A of the Cartesian product X x X is called a linear
relation on a Banach space X. If A is closed, it is called a closed linear relation.

The set of all linear relations on X is denoted by LR(X), and the set of all closed
linear relations is denoted by LCR(X). The set LO(X) of linear operators acting in X
is regarded as a subset of LR(X) by identification of an operator with its graph. Thus,
B(X) C LO(X) C LR(X).

The subspace D(A) = {z € X : Jy € X with (x,y) € A} is called the domain of
A € LR(X). For z € D(A), we denote by Az the set {y € X : (z,y) € A}. Next,
KerA = {z € D(A) : (x,0) € A} is the kernel of A, and ImA = {y € X : Iz € D(A)
with (2,y) € A} = U,ep(a) Az is the range of A.

For A € LR(X), the set A0 is a linear subspace of X, and for all z € D(A) and
y € Az we have Az =y + AO0.

The sum A+ B of two relations A, B € LR(X) is defined by A+ B = {(z,y) €
X xX :zeDA)NDB), ye Az + Bz}, where Ax + Bz is the algebraic sum of the
sets Az and Bz.

The inverse to a linear relation A C X x X is defined by A™! = {(y,7) € X x X :
(x,y) € A}.

A relation A € LR(X) is said to be injective if Ker A = {0}, and surjective if
ImA=X.

Definition 2.2. A relation A € LR(X) is said to be continuously invertible if it is
injective and surjective; then A~ € B(X) provided A is closed.

Definition 2.3. The resolvent set of a relation A € LR(X) is the set p(A) ={A € C :
(A=)~ € B(X)}. The spectrum of A € LR(X) is the set a(A) = C\ p(A).

For A € LR(X), the resolvent set p(.A) is open and the spectrum o(.A) is closed.
Definition 2.4. The mapping
R(A) : p(A) = B(X), RM\A) =A-X)"" XeplA),
is called the resolvent of the relation A € LR(X).

It should be noted that the resolvent of an arbitrary relation A € LR(X) is a pseu-
doresolvent in a usual sense (see [I, §4.8]), and therefore it satisfies the Hilbert identity

R(A, A) = R(p, A) = (A = p) R(A, A) R(p, A).
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Definition 2.5. The extended spectrum &(A) of a linear relation A € LR(X) is a subset
of the extended complex plane C = CU{oo}; this subset coincides with o(A) if A € B(X)
and with (A) U {oco} otherwise.

Theorem 2.1 (see [6]). For a relation A € LR(X), the extended spectrum of A~! is
representable in the form

FAH ={\ X eF(A)L.
Corollary 2.1. If A€ LR(X) and p € p(A), then
a(R(p, A)) ={(p=N)7"" = Aed(A)}.

The adjoint relation A* € LCR(X) consists of all pairs (§,7) € X* x X* (X* is the
conjugate of X) such that n(x) = ((y) for all (z,y) € A. Clearly, A*0 = {n € X* :
n(z) =0 for all z € D(A)}.

Consider a relation A € LR(X) with p(A) nonempty. A closed subspace Xy C X is
said to be invariant for A if X is invariant for all operators R(\, A) with A € p(A). The
restriction of a relation A to its invariant subspace Xy is the relation Ay € LR(X), the
resolvent of which is the restriction to Xy of the resolvent R(-, A) : p(A) — B(X), that
is, the mapping Ry : p(A) — B(Xo) defined by Ry(A) = R(A, A)| X0, A = p(A). We use
the notation 4y = A|Xj.

An operator B € B(X) is said to commute with a relation A € LR(X) if (Bz, By) € A
whenever (z,y) € A.

§3. CONSTRUCTION OF INFINITELY DIFFERENTIABLE SEMIGROUPS

In this section, we present the main results of the paper. We consider the class of linear
relations in LCOR(X) that have a resolvent whose behavior is controlled by functions in
the following class.

Definition 3.1 (see [1]). A function ¢ : R — R is attributed to the class U if it satisfies
the following conditions:
(i) ¢ is positive, continuously differentiable, and monotone nondecreasing as |7| grows;
(ii) (1) = o0 as |1| = o0;
(iil) 4’ (7) is bounded;
(iv) [70 e "D dr < oo for every t > 0.
P(r) _
ln(\T)\ = 0.
Lemma 3.1. Suppose A € LR(X) is such that p(A) includes the half-plane C,,, = {\ €
C : ReA > wo} and

In particular, (iv) is fulfilled if lim| |,

(3.1) [ROA A < X +[ADY A€ Cu,
for some a > 0. If v > wy and x € D(AY+2) ([a] is the integral part of a), then the
formula
: Loy
(3.2) y(t,x) = —wlgréo%[yw e RN\, A)xz dA

defines a function continuous for t > 0; moreover, y(0,x) = x and

(3.3) RO\, Az = / Myt ) dt, ReA> 7.
0
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Proof. Since € D(A™), m = [a]+2, we have x = R(\g, A)™x for some zy € X, where
Ao is a point in C,,, with Re A < . The Hilbert identity implies the relation

I i R(Xo, A "zg  R(\, A)xg
A— o ()\ — )\0)"+1 ()\ — )\o)m.

R\, Az =

It follows that
1 ytiw e tn
. RO\, A)z d) = “R(A —n
b i (o E o)
1 ’YJFZW 6)\75 ()\7A> Lo dA
vy —iw ()‘ - )‘O)m

Passing to the limit as w — oo and observing that the integral on the right in the last
formula converges absolutely by (3.1), we obtain

m—1 ., +i00
— pAot t_ m—n _ 1 /’y At R()‘7 'A)"EO
y(t,z) =e (a: + 321 n!R()\o, A i ) e w dA.

—100

2

Consequently, the function y(¢,x) is continuous for ¢ > 0, and we have y(0,2) = z. The
above formula for y(t, ) implies that

m—1
© RO\, A)™ g
e Myt o) dt = ——2— — oy 0
/0 vl ) X — o 2 (A= o)t

1 > — At /’YJFZ‘OO ut R(lua A)xO
— ——————du | dt.
- 2mi 0 ‘ < y—i0co ‘ ()‘ - >‘0)m :

The double integral converges absolutely; therefore, changing the order of integration
and using the residue calculus, we arrive at the identity

L /7+ioo SNt R(p, A)xg dy = R\, A)xg '
2mi y—i00 (/1’ - )‘)(A - )‘O)m ()‘ - )‘O)m

Thus, the right-hand side of (3.4) coincides with R(A,.A). O

(3.4)

Lemma 3.2. If the resolvent set p(A) of a relation A € LR(X) includes a sequence (\y,)
with lim, o0 |R(An, A)|| = 0, then D(A™) = D(A) for m > 2.

Proof. We show that D(A") = D(A"*1) for n > 2. For any z € D(A""!), the Hilbert
identity implies that

R(Ao, Az — (A, — M) RO, A)R(No, Az = R(\y, A)a.

Passing to the limit as k — oo, we see that D(A") C D(A"t1!). Consequently, D(A") C
D(A"+1) for every n; since D(A™) D D(A™T!) for every n, we arrive at the claimed
identity.

Now, let « be an arbitrary vector in D(A), and let m > 2. By the above, there exists

a sequence (xsll)) in D(A?%) with lim,, 2 = . Next, there exists a sequence (xg))

in D(A3) with lim,, o ngf) - x%l)H = 0, and so on. Continuing in this way, we arrive
at a sequence (y,) in D(A™) with lim, e ||yn — $%1)|| = 0. Therefore, lim,, o, ¥y, = ,
whence we see that D(A) C D(A™); consequently, D(A) = D(A™). O

Theorem 3.1. Suppose that a relation A € LR(X) satisfies the following conditions:
1) p(A) DCy={AeC: ReX>0};
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2) there exists a function v in U and a constant M > 0 such that

[ R(iT, Al TeR;

< M
~(r)’
3) the resolvent of A satisfies

[RA A < Mi(1+ A%, AeCy,

for some a > —1 and My > 0.
Then A is the basic generator of the infinitely differentiable semigroup T : Ry —
B(X) defined by
1 a+1i00

(3.5) T(t) = —— MR, A)dN, t >0,
271

a—100
where a > —ag, ag = inf g % The integral in (3.5) converges in the principal value
sense. Moreover, we have

(3.6) IT(t)] < Mae™, >0,
with My > 0.
Proof. Put
1 a+iw
(3.7) T(t,a) = — MR, A) d),

% a—iw
where a > —ag. The required semigroup 7" will be constructed as the limit as w — oo of

a family of operators of the form (3.7) in the uniform operator topology.
We use the identity

o(R(iT, A)) = {
(see Corollary 2.1) and the estimate

1 ~
P )\EU(A)}, TER

IR(m, A)l| > r(R(im A) = sup ——
reaa) [iT = Al

Taking condition 2) into account, we obtain
M 1 1 1
—— 2= sup 2> = — ==, {=Rel,
() ez i = AL T liT = (E+im)[ [€]
where A = £+i7 and r(R(iT, A)) is the spectral radius of R(i7, A). So, |£| = |Re\| > %
for every A € 0(A) C ImA = 7. Thus, the domain Cy py = {A € C : ReX < —%}
bounded by the curve I'y oy = {A € C : £ = Re = —W} includes the spectrum
o(A). Therefore, 0(A) C{A € C : ReX < —ag}.
Thus, the curve Ty opr = {A € C : { =Re = —%} lies in p(A); moreover, for
all A € I'y 20 we have

R(\A) = R(¢ +im, A) = Y §"R(ir, A"
n=0

Since
M _p(n) M1

R(iT, A)| < <
for every A € I'y o, A = € + 47, it follows that

M >n+1 oM

IR 3 (5e5) = oo

n=0
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Starting with this point, we employ the approach to constructing operator semigroups
that was described in [I, Theorem 12.7.1].
Consider the integral

1

(3.8) — eMR(N,A) dA,
2mi J e (w)

where C\,(w) is the closed contour passing through the points A = a+iw, B = —ay(w)+
iw, C = —atp(—w) + iw, and D = a — iw, where 0 < o < 7. The part BC of C,(w)
is an arc of the curve I'y, , and the other parts are rectilinear segments. The operator
T(t,a) is precisely the integral along the piece DA. We must show that the integrals
over the horizontal segments of C,(w) tend to zero as w — oco. Clearly, the norms of
these integrals are dominated by
2M / @ 2M

eat do = 76‘“,

P(tw) Jooo tip(+w)
and these quantities tend to 0 as w — oo, the convergence being uniform on any interval
of the form (g,1), e > 0. The integral along BC' tends to

Ve

1 oo

(3.9) eV IHTIR(—anp(7) + T, A)(—ad!(7) + i) dr,

2 ) o

which is estimated by a constant multiple of

p—t.
3.10 / e” Y\ —— dr.
(310 TIm
By property (iv) of a function ¢ € ¥, the integral (3.9) converges uniformly in ¢ on any
interval of the form (e, %), where £ > 0. As a result, we obtain
lim sup ||T(t,w)—T(t)]| =0,

w—r00 te(e,%)
and the function T' : Ry — B(X) is representable by the absolutely convergent integral

1 1
3.11 T(t) = —— MR A AN, 0 — . t>0.
(3.11) (t)=—5— . AA)dA, 0<a< - t>

Formula (3.11) implies (3.6). Differentiating under the integral sign in (3.11), we obtain

(3.12) T'(t) = L MARN, A)dN,  t > 0.

211 Ty

We show that the integral in (3.12) converges absolutely. By (3.9), for A = —at)(7)+it €
Ty o, the norm of R(A, A) can be estimated as follows: ||R(—aw(7) + i1, A)| < %
Thus, the norm of the right-hand side in (3.12) does not exceed a constant multiple of

[ e M7 dr. Next,

oo 1 oo
/ e*‘w(T)tM dr < go(iat) / e*%‘wmﬂﬂ dr,

o0

where ¢(s) = max, g |7]e*¥("), s > 0. The function ¢(s) is bounded for s > 0 because

%Tefsw) < / " s g

T

2

and the right-hand side of this inequality tends to zero as 7 — oo by property (iv) of
the functions belonging to ¥. Hence, the integral in (3.12) converges absolutely, and the
function T' : Ry — B(X) is differentiable.
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The semigroup property T(t + s) = T(¢)T(s) is deduced from the usual properties
of the holomorphic functional calculus (see, e.g., [I, Theorem 5.11.2] and [7, Chapter I,
§5]). The semigroup T is infinitely differentiable by [I, Theorem 10.3.5] (that result
claims that a differentiable operator semigroup is infinitely differentiable).

It remains to show that A is the basic generator of the semigroup 7' (in the sense of
Definition 2.2). Let (x,y) € A. Then (y,z) € A~1, and A~ € B(X) because 0 € p(A) by
assumption. Consequently, z = A~'y. Since the integral in (3.11) converges absolutely,
from (3.5) and the Hilbert identity we deduce that

Ttz —T(s)x = —L_ (M — )R\, A) Ay d)
21 Jr, .

1 At As

_ e - _ 41
=5 - 3 (RN, A) — A7)y da

t
:/ T(r)ydr, 0<s<t<oo.

Thus, condition 2 of Definition 1.1 is verified.
For zp € D(Ap), the function 7 +— T(7)ze : Ry — X is continuous and T'(7)xg =
T(7)Aoxo, T > 0. Integrating over the interval [s,¢], where 0 < s < t < 0o, we arrive at

T(t)zg — T(s)xg = / T(7)Apzo dr.

This means that (zo, Azg) € A.

Now, we prove the inclusion D(A) C ImT. Lemmas 3.1 and 3.2 show that D(A™) =
D(A) for sufficiently large m € N, and formulas (3.2), (3.3), and (3.6) imply that D(A) C
D(A™) C ImT. By (3.5), T(t) commutes with A for ¢ > 0. Indeed, if (z,y) € A, then
(y,x) € A=t € B(X); therefore, A=ly = x. Since, T(t)A~! = AT (t), t > 0, we see
that (T'(t)y, T(t)z) € A~L, whence (T(t)z, T(t)y) € A for t > 0, proving that T'(t)
commutes with A. Thus, A satisfies all conditions of Definition 1.2. |

Remark 3.1. The claim of Theorem 3.1 remains true for any relation A € LR(X) whose
resolvent set includes the half-plane Cg = {A € C : ReX > S} with some 8 € R and
whose resolvent admits the estimates ||R(iT + 8, A)|| < %, T € R, for some ¢ € ¥ and
IR, A)|| < Mi(1+ |A)*, A € Cg, with some M; > 0 and @ > —1. In this case (3.5)

and (3.6) are valid for a > —ag, where ag = inf,cg % - B.

Theorem 3.2. In addition to conditions 1) and 2) of Theorem 3.1, suppose the following:

4) supyso [AR(A, A)[| < 005 supge a0 [[R(A A)|| < o0;

5) vectors in A0 separate vectors in A*0.

Then X = D(A)®Ker T, the subspace Xo = D(A) is invariant under T(t), t > 0, and
the restriction Ty : Ry — B(X) of T to Xq (i-e., To(t) = T(s)|Xo, t > 0) is a semigroup
of class (A)w in the terminology of [1, §10.6]. Here T is defined by (3.5).

Proof. By [0, Theorem 4.3] (or [5) Theorem 5.4.14]), using condition 5 and the first part
of condition 4 we obtain the decomposition X = D(A) ® KerT = D(A) @ Ap; moreover,
the restriction of T' to X is not a degenerate semigroup, and the restriction of T to
KerT is a zero semigroup. Furthermore, putting Ay = A| X, we have o(A4y) = o(A)
by the result mentioned above. But A is a linear operator and its resolvent satisfies
the assumptions of Theorem 3.2 (because so does the resolvent of Ay). Consequently,
Theorem 12.7.1 in [I] is applicable to the resolvent of A, whence we see that Tj is a

semigroup of class (A)c. O
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Corollary 3.1. Under the assumptions of Theorem 3.2, if
[ retn) <o,
[7|>1

then the limit limy_,o4 T(t)x exists for x € D(A) and limy_o4 T(t)xo = o for every

o € D(.Ao)
Proof. All statements follow from the final part of the proof of Theorem 3.2 combined
with [I, Theorem 12.7.1]. O
Remark 3.2. In [§], it was shown that the Cauchy problem for the differential inclusion
(3.13) (t) € Azx(t), =(0) =z € X,
has a unique weak solution provided the linear relation A satisfies the following condi-
tions:

1) C, C p(A) for some a € R;

2) liInRe A—00 lnHFI{%e(i,.A) = O;

3) there exists a monotone increasing function ¢ : [a, 00) — R such that lims_, o ()

= 00 and lim|y_o w =0forall A € U(p) ={A € C, : ReA < o(Im)N)}. By

a weak solution we mean a function x(¢) continuous on the interval [0,00), strongly
continuously differentiable, satisfying (3.13) for all ¢ > 0, and also obeying the initial
condition z(0) = zo (xo may fail to belong to the domain of A).

We observe that, under the assumptions of any statement of the present paper, the
above conditions 1)-3) are fulfilled. This ensures the uniqueness of an operator semigroup
describing a weak solution of a differential inclusion.
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