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Differential Operators with Non Dense Domain

G. DA PRATO - E. SINESTRARI

Introduction and Notation

The aim of this paper is the study of the initial value problem in the
Banach space E:

0.1 w(0) = ug

{ /() = Au(t) + f@#), t€[0,T)
where A: Dy C E — E is a closed linear operator, f: [0,T] — E and up € E
are given.

This problem has been extensively studied in the case in which A is the
generator of a semigroup and the Hille-Yosida theorem gives the necessary and
sufficient conditions in order that this occurs: among these conditions there is
the density of D4 in E. In this paper we show that this is not necessary (in a
certain sense) to solve problem (0.1): in other words, if we assume the Hille-
Yosida conditions with the exception of the density of Dy in E, then we can
obtain for problem (0.1) existence and uniqueness results which are even more
general than those known in the case D4 = E (for a more detailed comparison
with the classical theory see remark 8.5).

The paper is divided into three parts: in the first one the case mentioned
before, which is called the hyperbolic case (because of the applications to
the partial differential equations of this type), is studied; in the second part we
consider the more particular situation in which A generates an analytic semigroup
not necessarily strongly continuous at the origin (because D4 C E): this is called
the parabolic case (for reasons analogous to those of the previous situation).
Finally we give several examples of differential operators with non dense domain
satisfying the Hille-Yosida estimates and we make some applications to the study
of partial differential equations of hyperbolic and ultraparabolic type, ending
with an equation arising from the stochastic control theory.

Let us introduce some notations which will be used in this paper.

Pervenuto alla Redazione il 27 maggio 1986.
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We consider a Banach space E with norm |- || and A a closed linear -
operator in E with domain D4, which will be endowed with the graph norm
|lullp, = ||lull+||Au||. L(E) is the Banach space of the continuous linear operators
from E to E with the uniform norm; A € C belongs to p(4) if (A—A4)~! € L(E)
and we set (A — A)~' = R(\, A). If E; and E, are Banach spaces, E; — E,
means that FE; is continuously embedded in E,; if also E, — E; we write
E, ~ E,. To state our results we need to introduce some notations about spaces
of functions with values in E:

LP(0,T;E) = {u:[0,T] — E;u is Bochner measura}ble and |[u(")||P is inte-

grable}(1 < p < 00) with ||u||o.r:5) = ([ ||u®)||Pdt)"/7,
0

B(0,T;E) = {u:[0,T] — E;u is bounded} with ||u||por.£) =
sup [Ju(®),
0<t<T

CO,T;E) = {u:[0,T] — E,u is continuous} with ||u|lcor.e) =
sup [lu®)],

0<t<T

C*(0,T;E)= {u:[0,T] - E; [ulceor:my= sup =¥ < o0}

0<t<s<T .
with ||ullceor.Ey = ||ullcorm + [MleerE), O < @ < 1),

a . = . S E N u(t)—uls)| _
h*O,T; B) = {u:(0,T) - EsJim sup lpogel =0}, 0 <a <),
t,8€(0,T'|

with ||ul|g=.1:.8) = ||ullce0,1:E)

C"0,T;E)= {u:[0,T] - E; u® € C(0,T; E),k=1,2,..n}, where neN
and u®) denotes the Fréchet derivative},

C'**0,T;E)= {u:[0,T] - E;u' € C*(0,T;E)}, O<a<1).

The elements of h*(0,T; E) are called little Holder functions and it can
be proved that the closure of C'(0,T; E) in C*(0,T; E) is h*(0,T; E) (see [11]
theorem 5.3).
We will also need the E-valued Sobolev spaces
t
Wh0,T; E) = {uv:[0,T] — E;u(t) = uo + f u/(s)ds,t € [0, T] for some

0
ug € E and u' € L?(0, T;E)}, (1 < p < o0), with
llulw e0.1:8) = Null oo,y + |14 || Lo0,7:B)-

If X(0,T; E) denotes one of the spaces just introduced we set:
Xo(0,T;E) = {u€ X(O,T; E); u(0)=0},
X0, T;E)= {ue X(O,T;E); u(0)=uT)},
X0 T;E)= {u:10,T1 - E; ue€ X(,T;E) for each e € 10,T[},
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and we also set
X(,T;R) = X(0,T).

If Q C R" is an open and bounded set with regular boundary I we will use
spaces of functions from Q (or Q) to R noted as LP(Q), C(Q), C*(Q), W '"»(Q)
defined in a way similar to the corresponding spaces previously introduced. We
also set

Co@={ueC®); u=0onT}

and similarly for C$(Q).

When the space E is made of functions of the variable z € D (a subset of
R™) and we are given a function u(t, z) from [0, T] x D into R, then a function
u:[0,T] - E, t — u(t) can be defined by setting

u(t)(z) = ult, x).

The use of the same symbol u for both functions originates no confusion
because the variables on which they depend are different.

Hyperbolic case

1. - The Hille-Yosida conditions

In the first part of the paper we will suppose that a linear operator
A: D4 C E — E is given in the Banach space E (with norm ||-||) such that all
the conditions of the Hille-Yosida theorem ([15], Ch. IX, 7) are satisfied with
the exception of the density of D4 in E. Hence A satisfies the property:

A>0=>(0-A) e L(E)
(1.1

sup AR — A)7F||pm) = M < +oo.
kEN,A>0

We are interested in solving the problem

'(t) = Au(t 1), telo,T

(1.2) u(t)= Au(t) + f() €10,T]
u(0) = ug

where f : [0,T]— E and 4y € E are given.

When D, = E, a classical procedure to solve it is to consider first (1.2)
with f =0, and A substituted by its Yosida approximation A, = nAR(n, A);
then, we have to prove that the solution of this approximate problem converges
to a function u(t,uo) which is a semigroup of linear operators in E and, for
fixed ug € Dy, is a solution of (1.2) with f =0. After that, the inhomogeneous
problem (1.2) can be solved by means of the classical method of the constant’s
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variation when uy € D4 and f € C'(0,T; E) (Phillips theorem; see [8] Ch. IX,
5). This procedure cannot be used when D4 # E since in this case the solution
of the above mentioned approximating problem converges mly for up € Dy :
so, this method cannot be applied when f(t) & D, (see also Remark 8.5). The
method used in the first part of this paper to solve (1.2) when D4 ¥ E employs
the Yosida approximations of the time derivative, considered as an operator in
the Banach space LP(0,T; E): this method lets us find a strict solution for each
ug € Dy and f € WHY(0, T; E) such that Aug+ f(0) € D4 (note that this last
condition is necessary to get a solution of (1.2) up to t =0): when Dy = E
this result gives a generalization of the Phillips theorem. In this first part we
introduce also two other types of solutions i.e. the F—solution (or the solution
in the sense of Friedrichs) and the integral solution: we prove their existence for
each f € L'(0,T; E) and uy € Dy, and in addition we show that they coincide
and reduce to the mild solution (as defined e.g. in 2.3 of [10]) when D, = E.
Let us observe that the reduction of the Hille-Yosida conditions is illusory when
E is reflexive: in fact we have the following result due to Kato [7]:

PROPOSITION 1.1. Let A : Dy C E — E be a linear operator in the
reflexive Banach space E such that there exist w, M > 0 verifying the property:

(1.3) A>w=\-A4)" € LE) and ||A— D ;< /\M

then BA =FE.

PROOF. Let us fix » in E: as the sequence ||nR(n,Ayul, n €N, n > w is
bounded, there exists a subsequence {niR(ni, A)u} converging weakly to some
v € E: hence {AR(ni, A)u} converges weakly to v —u. As R(ng, A)u — 0 we
have u = v because A is weakly closed, so u is in the weak closure of D4 and
the conclusion follows. .

Finally let us observe that condition (1.1) can be replaced by the following:

there exists w € R such that for A > w we have (A — A)~!
(14) € L(E)and  sup || — O — A | =M < +o0
keN A>w

with no real difference in the results with the exception of some estimates: for
more details see Appendix at the end of the paper.

2. - F-Solutions and strict solutions

Let A : Dy C E — E be a closed linear operator in the Banach space
E and choose f € LP(0,T;E) (1 < p < oo0) and uwy € F : a strict solution
in LP of
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@D uw(0) = wup

{u’(t) = Ault) + f@), t€[0,T] ae.

is a function u € W'?(0,T; E) N LP(0,T; D,) verifying (2.1).

A function v € LP(0,T; E) is called an F-solution in L? of (2.1) if, for each
k € N, there is u, € W'P0,T; E) n LP(0,T; D,) such that by setting

y - = te[o €.
2.2) ui(t) Aui(t) fr@®) , t€[0,T] ae
up(0) = ok
we have
(2.3) IJLTEO (luk — u|lzror:Ey + \fe — fllzeorEy + |luok — uol) = 0.

Let us suppose now that f € C(0,T; E) and up € E : a strict solution in
C of

24 w(0) = ug

{ w'(t) = Aut)+ () , t€[0,T)
is a function u € C'(0,T; E)N C(0,T; D,) verifying (2.4).

A function u € C(0,T; E) is called an F-solution in C of (2.4) if for each
k € N there exists u; € C'(0,T; EYNC(0,T; D,) such that by setting

F(t) — Augt) = fr®) , t€[0,T
(2.5) up(t) — Aug(t) = fit) , t€[0,T]
uk(o) = Uok
we have
(2.6) girgo(lluk — ullcor.B) + | fi — fllcor:e) + |luox — uol) = 0.

From this it follows that 4(0) = u.

Let us observe that a strict solution in C of (2.4) is also a strict solution
in L? and the same is true for the F-solutions. Moreover a strict solution is also
an F-solution. The converse is not true in general: however we will show that
an F-solution in LP of (2.1) is continuous and that it verifies w(0) = uy. Finally
let us observe that ug € D4 is a necessary condition for the existence of any
kind of solution.
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3. - Yosida Approximations of the Time-Derivative

Set X, = LP(0,T;E), 1 <p<ooand let B : DpC X, — X, be the
linear operator defined as

3.1) Bu=—4
' Dp={ueW'P(0,T;E) ; u0)=0}

For each A € C there exists (A — B)™' = R(\,B) € L(X,) and we have
for each u € X,

t
(3.2) (RO, Byu)(t) = / e M y(s)ds , t €[0,T].
0

From Young’s inequality we get
1
. < .
(3.3) IR, Bl eex,) < Rex for ReA > 0

Analogously in the Banach space X, = C(0,T;E) we define the linear
operator B: Dg C X, — X as

(3.4) Bu=—v
' Dp={ueC'0,T;E) ; u(0)=0}.

For each A € C there exists (A — B)™! = R(\, B) € £(X.,) and (3.2)-(3.3)
hold.

PROPOSITION 3.1. Let us consider the Yosida approximations of B:
(3.5) B, =n’R(n,B) — n =nBR(n, B; , n€N
We have B, € L(X,) and
(3.6) nll_l)’lc"lo ||Bpu — Bul|x, =0« u€ Dp and Bu € Ds.

PROOF. If v € Dp we get from (3.3) |[nR(n, Bjv—v||x, = || R(n, B)Bv||x, <
n~'||Bvl|x, hence
3.7 r}l»no]o ||lnR(n, By — v||x, = 0.

As |[nR(n, B)||z&) < 1 we conclude that (3.7) is true also for v € Dp.
If we Dp and Bu € D we can set v = Bu in (3.7) and obtain

(3.8) lim ||Bpu — Bu||x, = 0.
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Conversely, if this is true for some u € Dp, then Bu € Dp because in
this case Bupu € Dg. )
As Dp # X, if and only if p = co we deduce the following

COROLLARY 3.2. We have
3.9) lim ||B,u — Bu||x, =0, Vu € Dp

if and only if p < 0.

REMARK 3.3. It can be checked that proposition 3.1 is true if B: Dp C
E — E is any linear operator in a Banach space E such that

sup ||nR(n, B)|| < oo.
neN

In the following sections we want to prove first the existence of an F-
solution in LP : according to its definition this requires the proof of the existence
of a strict solution of a suitable approximating problem: this will be done in
the next section; in the subsequent one we will see that for appropriate f and
ug the solutions of this approximating problem satisfy condition (2.3) and in
this way we obtain the F-solutions in LP.

4. - Approximating problem

We will consider now (2.1) as a functional equation of type
—Bu=Au+f

with f € X,. If we want to replace this problem with another one in which
B is substituted by its Yosida approximation in L?(0,T;.E), we must also take
into account the initial condition u(0) = 0 contained in the definition of Dp;
for this reason Bu will be replaced by B,(u — ug). We shall prove that the
approximating problem obtained in this way has a solution for each f € X,
and uy € E and satisfies an estimate which is very important in the proof of
the convergence of all the methods employed in the sequel.

THEOREM 4.1. Given f € LP(0,T; E) and uy € E there exists for each
n € N a unique v, € LP(0,T; D4) verifying

4.1 B,(vy, —up)+ Av, + f=0

and the following estimates hold

11
@2 [l < M(Juof + MLON / I£(lds) , t e [0,T] ae.
0

n
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(4.3) lvnll o078y < M1+ T)(Jfuol| + || £l r0,7:2))

If in addition f € C(0,T;E) then v, € C0,T;Dy); so (4.2) holds for
each t € [0,T] and we get

4.4 llvnllcor:ey < M+ T)(|luol| + || fllcor.m)
Finally if f € W'?(0,T; E) then v, € W'P(0,T; D).

PROOF. As B, = n?R(n,B) — n and (3.2) holds we can write equation
(4.1) in an equivalent way as follows:

¢
4.5) n? / e ™y (s)ds + ne Mug — (n — A, @)+ ft)=0,
0

t€[0,T] a.e.
If there exists a solution v, € LP(0,T; D4) of this equation, by applying
R(n, A) to both sides we deduce

¢
(4.6) va(t) = nle™™ / €™ R(n, A)v,(s)ds + nR(n, A)e ™ uy+ R(n, A)f(t),
0

te[0,T] ae.

Setting
t
“4.7) w,(t) = / e R(n, Aw,(s)ds , t €[0,T]
0

we have w, € W'?(0,T;D,) and
4.8) wl(t) = " R(n, Ayv,(t) t€[0,T] ae.

If we substitute v,,(t) with the right-hand side of (4.6) by using (4.7) we
get a differential equation satisfied by wy,:

(4.9) w' (t) = n2R(n, Ayw,(t) + nR*(n, A)ug + €¥ R:(n, A)f(¢) ,
te[0,T] ae.

As w,(0) =0 and n’R(n, A) € L(E) we deduce that

t
(4.10) wp(t) = / eV RnA-I B2 AVnug + €™ f(s)lds , t € [0,T]
0



DIFFERENTIAL OPERATORS WITH NON DENSE DOMAIN 293
By virtue of (1.1) we get the following estimate for 0 < s < ¢

> n2kRk+2(n’ A)(t _ s)k

@.11) ||V RmAC-OR2m, Ay =D - | <
k=0
oo n2k(t _ S)k M’en(t—s)
= MZ T Y A
k=0
Now (4.6) can be written (by using (4.7)) as
4.12) va(t) = n?e M w,(t) + nR(n, A)e ™ug + R(n, A)f(t)

and therefore from the uniqueness of a solution w, in W20, T; D,) of (4.9)
we deduce the uniqueness of a solution v, in LP(0,T; D4) of (4.5). By using
(4.12), (4.10), (4.11) and (1.1) we get for t € [0,T] a.e.

t
2 —nt M en(t_S) ns —nt
[on(®)] < n%e — 7 @luol| + €| f(&)Dds + M e |uo|
0

t t
M
+—n—||f(t)||=M n||u0||[e_"sds+M/||f(s)||ds+M e ™| uo|
0 )

M
+ sl

so (4.2) is proved; from (4.2) and the Schwarz-Holder inequality we deduce

1 11
(4.13) lvnllzeory < MAT?||uoll + (T% + | fllzro7:m7}

hence (4.3).

Let us prove now that there exists a solution v, of (4.5) for each
f € LP0,T; E) and uy € E. If we define w, by means of (4.10) we have
w, € W'"»(0,T; D4) and equation (4.9) is verified: hence setting

(4.14) va(t) = (n — A)e ™w!(t)

we deduce (4.7) so (4.9) implies (4.6) by using (4.14) and (4.7): by applying
n — A to both sides of (4.6) we get (4.5) which (as a consequence) has a
unique solution in LP(0,T; D4). From (4.6) we see that if f € W'P(0,T; E)
then v, € W'»(0,T; D,) and if f € C(0,T;E) then v, € C(0,T; Dy), in this
latter case (4.2) is true for each t € [0,T] and (4.4) follows.

Let us end this section with a property of the solutions v, of (4.1): they
approach (in L?(0, T; E)) each possible F-solution in L? of (2.1) which therefore
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is unique. This uniqueness result will be proved also later (see theorem 5.1) in
an independent way.

THEOREM 4.2. Given f € LP(0,T; E) and ug € E let v, be the solution of
the approximating problem (4.1). If u is an F-solution in L? of (2.1) we have

(4.15) Tim [lu ~ val|zs02:8) = 0.

PROOF. Let u be an F-solution in L? of (2.1) and let u; verify (2.2)-(2.3).
By using (2.2) and (4.1) we have for k,n € N

B (ui — vn — uok + o) + A(ug — vn) + Bo(uor —ug) — [+ fe —u, =0
and therefore from (4.3)

lluk — vallzoor:Ey < M1+ T)(|Bruuok — ur) — f + fi — uille01:8)
+ |juo — uol]) £ M1+ T)X(|| Bn(uor — ur) — ullze,r.m)
+{|f = fellzeor:my + |10 — uokl))-

Given € > 0, let k € N verify (see (2.3))

llu — uglleo:my 5 IIf = filleromimy 5 Iluo — ugill < &

so that for each n € N we have

lle — vallzeo,r:E) < llu — ugllLeor:.E) + (g — nllLoco,r:B)
<e+ MU+ T)[”B,,(’uo,; —ug) — ’u;‘:“Lp((),T;E) + 2¢].

As ug — ug € Dp we deduce from (3.9) that 11m B (ugr —up) = u- in
LP0,T; E): from this and the last estimate we get (4. 14)

5. - An a priori estimate

In this section we will show that an F-solution in L? is a continuous
function with values in D4 and verifies the initial condition in the usual sense;
then we will prove an a priori estimate which will be useful to get the existence
results of section 7.

THEOREM 5.1. If w is an F-solution in LP of (2.1) then u €
CO,T;E) , u(t)€ D4 for each t € [0,T],u(0) =uy and

t
(5.1) Jucol < Mdpu@+ [ 17)ds) , ¢ € 10,7
0
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so the F-solution in L? is unique. In addition, if uy verify (2.2)-(2.3) then
(5.2) klim Huk — u”C(o,T;E) =0.

—00

PROOF. If u is also a strict solution in L? of (2.1), then » is a function
in WHP(0, T; E) N LP(0, T; D,), and for each n € N

5.3 - B, (u — ug) + Au = u' + B,(u — up) — f,
so, from (4.2):

1
G4 Judll < M({luoll + —[lw'(®) + Ba(u — uo)®) — f@

t

+[ l|w'(s) + Br(u — uo)(s) — f(s)||ds) , t €[0,T] ae.
0

As u — ug € Dp, from (3.9) we have in LP(0,T; E)
lim B,(u — ugp) = B(u — ug) = —'

in L?(0,T; E), hence there is a subsequence {n;} such that

klim B, (u ~ up)(t) = —u'(t), te€[0,T] ae.

—00

and therefore, from (5.4) we get (5.1) for t € [0, T] a.e.; but as both sides of (5.1)
are continuous functions, we deduce that (5.1) is true for all ¢t € [0, T']. Suppose
now that u; verifies (2.2)-(2.3): in particular u; is in W'?(0,T : E)YNL?(0,T : D,)

and it is an F-solution in L? of (2.2); from the estimate just proved we get for
h,keN

t
llun®) — ue®ll £ M(||un(0) — ur(0)|| +/ 1 fu(s) = fi(s)|lds), te€[0,T];
0

thus from (2.3) we deduce that {u;} converges also in C(0,T;E) to u: in
particular u;(0) — u(0) hence u(0) = up. Moreover as u(t) € D4 for t € [0,T]
we have u(t) € D4 for t € [0,T].

From the first part of the proof we get for k€N and t € [0,T1:

i
lus®ll < M({[urO)] + / 1/e()llds),
1]

so for k — oo we have (5.1).
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6. - Integral solutions

In this section we will give another definition of the solution of (2.1),
which is suggested by the formal integration of both sides of (2.1) and is very
useful to prove some regularity results. Given f € L'(0,T; E) and uy € E we
say that u : [0,T] — E is an integral solution of (2.1) if

6.1) ue CO, T, E)
¢
6.2) / u(s)ds € Dy for t € [0, T]
0
¢ t
(6.3) u(t) = ug + A/ u(s)ds + [ f(s)ds, tel[0,T].
0 0

In other words u € C(0,T; E) is an integral solution of (2.1) if and only
t

if v(t) = fu(s)ds , t €[0,T] is a strict solution in C of
0

¢
6.4) v'(t) = Av(t) + ug +0/ fs)ds te€[0,T]

v(0) =0.

Let us remark that an integral solution has values in D4 because from
t+h

(6.1) and (6.2) we get u(t) = }lin(l)% J u(s)ds € D,. From this we deduce that
—> t .

if an integral solution of (2.1) exists then necessarily ug € D4 because from

(6.3) we obtain u(0) = uy.

THEOREM 6.1. The integral solution is unique.

i
PROOF. Let u verify (6.1) (6.3) with ug =0 and f = 0; then v(¢) = [ u(s)ds

0
is a strict solution in C of (6.4) with ug = f = 0; from (5.1) we deduce that
v =0 and also u = 0.

THEOREM 6.2. If u is an F-solution in L? of (2.1) then it is also an
integral solution (the converse will be proved in Corollary 1.3).
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PROOF. Let u; verify (2.2)~(2.3). For t € [0,T] we get

t

¢
klim ui(s)ds = j u(s)ds
0 0

t
/uk(s)dseDA, keN
0

t

¢ ¢ ¢
A/uk(s)ds=/Auk(s)ds=/u§,(s)ds——/fk(s)ds=
0 0

0 0

t
= ug(t) — up(0) — / Jx(s)ds,
0

hence from (5.2) we deduce the existence of

¢ ¢
klim A | up(s)ds = u(t) — u(0) — / f(syds, tel[0,T].
0 0

As A is closed we obtain (6.2)—(6.3); (6.1) is a consequence of Theorem
5.1.

Now we prove that an integral solution is a strict solution if it is sufficiently
regular. This result will be used later (see lemma 7.1).

THEOREM 6.3. Let f € LP(0,T; E) and uy € E. If u is an integral solution
of (2.1) belonging to W'?(0, T; E) or to LP(0,T; D,) then u is a strict solution
in L? of (2.1).

Let f € C(O,T;E) and up € E. If u is an integral solution of (2.4)
belonging to C'(0,T;E) or to C(0,T; D) then u is a strict solution in C of
2.4).

PROOF. Let u be an integral solution of (2.1) and u € W'?P(0, T; E): for
t,t+h €[0,T] with h #0 we have

t+h

.1
l{r(l) 7 / u(s)ds = u(t)

t
t+h

%/u(s)ds €Dy

t

and from (6.3) and the fact that u € W'P(0, T; E) we deduce also the existence
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of
t+h
}Lirr(l)A% / w(s)ds =v'(t) — f@t), te€[0,T] ae.

t

As A is closed we obtain u(t) € Dy and Au(t) = v'(t) — f@t),t € [0,T]
a.e., SO u is a strict solution in LP of (2.1).
If we LP(0,T; Dy) we get from (6.3)

t

t
6.4) u(t‘) =ug+ / Au(s)ds + / f(s)ds, tel[0,T;
0 0

this implies (2.1) and again « is a strict solution in LP. The second part of the
theorem is a consequence of the first part.

7. - Existence of F-solutions in L?

In this section we shall prove that the solutions of the approximating
problem of section 4 can be used to obtain an F-solution (which is even strict)
of (2.4) when up = 0 and f is very regular and vanishes at ¢ = 0 with its
derivates: this result will be sufficient to obtain an F-solution in L? in the
general case. Also now the main tool of the proofs is the estimate of theorem
4.1.

LEMMA 7.1. If f € C*0,T; E), f(0) = f'(0) = f"(0) = 0 and uo = O then
oroblem (2.4) has a strict solution in C.

PROOF. From theorem 4.1 we deduce the existence, for each n € N, of a
unique v, € C(0,T; D4) verifying

(7.1) Buv, + Av, + f=0

hence (see (4.6))
t
(7.2) v (1) = nZR(n, A)/ e Mu,(t — s)ds+ R(n, A)f(t) , t€[0,T]
0

As f € CHO,T;E) , f(©) = f'(0) = 0 we have v, € C%0,T;D,) ,
v(0) = v},(0) =0 and

¢
7.3) v"(t) = n*R(n, A)/ e "t — s)ds+ R(n, A)f"(t) , ¢ c [0, T1.
0
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By applying n — A to both sides we obtain (using (3.5)),
714 B+ Av! + " = 0.
Hence we can use (4.4) and, as v, € Dp:, we get
(1.5) 1B?valloor:z = lvnllcor.m < MA + D) lcor:m.
Now from (7.1) we have for n,m e N
B, (v, — vy) + (B, — Bpy)vy, + A(v, — vp) = 0
and from this, by virtue of (4.4),
[vn = vm|lco,r:E) < M1+ T)||(Br — Bm)Vm|lcor:E),
but from (1.1)

|(Bn = Bu)vmllcw,1:5) = |[(m — n)R(n, BYR(m, B)B*vm||ceo.1:5) <
< M=~ | ||/ lcozey
hence there exists u € C(0,T; E) such that
(7.6) Jim {|v, — ullcorm) = 0.
Let us first prove that » is an F-solution in C of (2.4) with ug = 0 by

showing that (2.5)-(2.6) are true when u; = v and up = 0. In fact by using (7.1)
and (7.5) we have

llvn, — Ava — fllco.z:m) = | = Bon + Buvnllcor:m = | R, BYB*va||c.r:m)
MU+T)
< —n—llf "Newr:m

and therefore
(1.7) Jim {|v, — Ava — fllcor:s = 0.

As v, € CL(0, T; EYNCO,T; Dy) and v,(0) = 0 from (7.6) and (7.7) we
deduce that » is an F-solution in C of (2.4) when uy =0.

As f' € C*0,T;E) and f'(0) = f"(0) = 0 we can proceed as above to
prove for each n € N the existence of w, € C(0,T; D,) verifying

(7.8) Byw, + Aw, + f =0



300 G. DA PRATO - E. SINESTRARI

and also the existence of w € C(0,T; E) such that

(79) lim ||'w,, -_ w||C(0,T;E) =0.
n—oo

Now from (7.2) we get (as v,(0) =0)
t
vl (t) = n’R(n, A)/ e ™l (t — s)ds + R(n, A)f'(t)
0

hence
B, + Av, + f' =0.

From the uniqueness of the solution of‘ (7.8) (see theorem 4.1) we have
(7.10) wy, = V),

Now (7.6), (7.9) and (7.10) imply that u € C'(0,T; E) and the conclusion
follows from theorem 6.2 and 6.3.

We are now in the position to prove the existence of an F-solution in L?
of (2.1) as we can construct {f;} approximating f in L? and such that (2.2)
can be solved with the aid of the preceding lemma: the convergence of u; to
u will be a consequence of the a priori estimate proved in Section 5

THEOREM 7.2. Problem (2.1) has a unique F-solution in L? for each
fe LP(0,T;E) and up € Dy,.

PROOF. Let uogx € D4 be such that l}im lluok — uo|| = 0. There exists
fx € C*(0,T; E) verifying f(0) = —Augr , f1(0)=0, f{(0)=0 and

(7.11) Jim || fi = fllzroz:m) = 0.

From the previous lemma we deduce the existence of v, € C'(0, T; E)N
C(0,T; D,) such that

vi(t) = Ave(t) + fr + Augr , t €[0,T)
v(0) = 0.

Setting ux(t) = vi(t) + ugx we have u; € C'(0,T; EYn C(0,T; D,) and

(7.12)

u () = Aue(®) + fr®) , t €10,
uk(0) = uok

hence, from estimate (5.1), we have for h,k € N and ¢t € [0, T}

t
||ue(®) — un(®)|] < M(||uox — uonl| +/ | fx(s) — fn(s)||ds)
0
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and therefore

—1
lluk — unllco.r:my < M(J|uok — uon|| + T 1 fe — fallzeor:m))-

This and (7.11) imply the existence of u € C(0,T; E) such that
(7.13) Jlim lee — ullcor.2) =0

and u is an F-solution in L? of (2.1) by virtue of (7.11), (7.12), (7.13) and
Jim [juox — uol| = 0.

COROLLARY 7.3. Given f € LP(0,T; E) and uy € D 4, there exists a unique
integral solution of (2.1) which coincides with the F-solution in LP of (2.1).

PROOF. Given f € LP(0,T;E) and uy € Dy, problem (2.1) has an F-
solution in LP given by the preceding theorem; this is also an integral solution
of (2.1) by virtue of Theorem 6.2 and it is unique (see Theorem 6.1.).

8. - Existence of strict solutions

We prove now our main result: the existence of a strict solution in C of
problem (2.1) for each up € D4 and f sufficiently regular, provided a necessary
compatibility condition is verified (see remarks 8.2 and 8.4). This result is
obtained as a consequence of the existence of the F-solutions in L? and the
properties of the integral solutions proved in theorem 6.3. Our first result is of
temporal regularity i.e. f is assumed to belong to W'»(0, T; E) for some p > 1.

THEOREM 8.1. Let f e W'P(0,T; E), uo € D4 and
(8.1 Aug + f(0) € Dy.
Then there exists a unique u € C'(0,T; E)N C(0,T; D) verifying

(8.2) { u'(t) = Au@) + f(t), t€[0,T]

u(0) = ug.
Moreover v=1' is an F-solution in L? of the problem

(8.3) { V') = Avt) + f'(t), t€[0,T] ae.

v(0) = Aug + f(0).
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Hence we have, for each t € [0,T), v'(t)€ D4 and

t
34 I < Mol + [ 115l
0
t
8.5) W@ < M(|Auo + FO)] + [ 1 ®)][ds).
0

PROOF. By virtue of Theorem 7.2 there exists an F-solution in L? of
problem

(8.6) { v'(t) = Avt) + f'), te[0,T) ae.

v(0) = Augy + f(0).
As v is also an integral solution (see Theorem 6.2.) we have for ¢ € [0, T]

1

t
8.7 v(t) = Aug + f(0) + A/ v(s)ds +/ fl(s)ds =
0 0

t

= A(ug + / v(s)ds) + f(1).

0

t
Setting u(t) = up + fv(s)ds, t € [0,T] we deduce u € C'(0,T;E)N

0
C(,T;Dy) and ' = v: hence (8.7) shows that u is a strict solution of (8.2)
and «' is an F-solution in L? of (8.6) so that (8.4)-(8.5) are a consequence of
(5.1).

REMARK 8.2. Condition (8.1) is a necessary compatibility condition
between f and up: 1 in other words if there exists a strict solution in C of_ 8.2)
then Aug + f(0) € D4 because Aug+ f(0)=4'(0) = tlim t~!(u(t) — u(0)) € D4.

Our next result is of spatial regularity i.e. f(¢) is supposed to belong to
D, for t € [0,T] ae. and ||Af(-)| to be integrable in [0, T].

THEOREM 8.3. Let f € LP(0,T; D4), wuo € D4 and Aug € D 4. Then there
exists a unique w € W'2(0,T; EYN C(0,T; D,) such that

(8.8) { u'(t) = Au@®) + f(¢), t€[0,T] ae.

’U,(O) = UQ.
Moreover v = Au is an F-solution in LP of the problem

(8.9) { V'(t) = Av@t)+ Af(®), t€[0,T] ae.

v(0) = Auy.
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Hence we have for each t € [0,T], Au(t) € Dy and

t
(8.10) I < Ml + [ 1765
0
t
@.11) [l Auc)]| < M| Auo]| + [ IAf(9)]|ds).
0

If in addition f € LP(0,T;D4) N C(O,T;E) then we have also u €
CY0,T; E)NC(0,T; Dy) and (8.8), holds for every t € [0, T}].

PROOF. From Theorem 7.2 we deduce the existence of an F-solution in
L? of

w'(t) = Aw@t)+(A — Df@), tel0,T] ae.

8.12) { w(0) = (A4 — uy.

As w is also an integral solution (see Theorem 6.2) we have

t t
w(t) = (A — Duy +A/ w(s)ds +/(A - Df(s)ds, tel0,T]
0 0

hence

t

¢
8.13) (A-D'wlt)=up+ / w(s)ds + (A — 1)7! / w(s)ds +/ f(s)ds,
0 0

0

t

te[0,T].

Setting u(t) = (A — 1)"'w(t) we deduce that u € WP, T;E) N
C(0,T; Dy), u(0)=ug and, for t € [0,T],

t

t t
(8.14) u(t) =uo+/w(s)ds+/u(s)ds+/f(s)ds
0 0 0

hence for t € [0,T] a.e.
(8.15) u' () = w(t) + u(®) + f() = Au(t) + f(2)

i.e. u verifies (8.9). If, in addition, f € C(,T;E), (8.14) implies also
u € C'(0,T; E) and (8.15) holds for each t € [0, T1.

Finally we have that v = w+u is an F-solution in L? of (8.9) and (8.10),
(8.11) are consequence of (5.1).
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REMARK 8.4. Concerning the condition Aug € D4, we must observe that
this is necessary in order to have such a solution under the assumptions of the
theorem. In fact we have Au(t) € D4 for each t € [0, T].

REMARK 8.5. When A verifies condition (1.1) but D4 # E, it is interesting
to examine what can be deduced from the application of the classical theorems
of Hille-Yosida and Phillips to the part of A in D4. To this purpose let us
define the Banach space F; and the linear operator Ay : Dy, C Ey — Ep as
follows:

E, =D, with the norm of E
(8.16) DAO = {u € Dy; Auce D—A}
Aou = Au

Now A, : Dy, C Ey — Ey verifies all the Hille-Yosida conditions (the
density of the domain included), so we can apply the usual theory to the study
of:

(8.17) { u'(t) = Aou(t) + ft), te(0,T]

u(0) = uy.

But this problem can replace problem (1.2) only if ug, f(t) € Dy, te
[0, T]. This was the case considered in theorem 8.3, but even in this case, if
we want to apply only the classical results for (8.17) (see e.g. [10] theorem 2.9
pag. 109), we need to impose on f the condition f(t) € D,,, te€[0,T] a.e.
and not only f(t) € D4, as in theorem 8.3. Also in the particular case D,=E
some of our results (e.g. Theorem 8.1) give a generalization of the classical
theory (see [10] pag. 107).

9. - Existence of F-solutions in C

We can prove now the existence of F-solutions in C of problem (2.4) with
the aid of the strict solutions in LP of problem (2.1) obtained in the previous
section. '

_THEOREM 9.1. There exists a unique F-solution in C of (2.4) for each
uy€ Dy and f € CO,T; E).

PROOF. As we proved in Section 3, we have lim nR(n, A)x = = for each
- n—oo
xz € Dy, so if we set

uon = nR(n, A)luo — R(1, A)f(0)] + R(1, A)f(0)



DIFFERENTIAL OPERATORS WITH NON DENSE DOMAIN 305
we have
(91) lim ||u0" — u0|| =0.
n-—00

Moreover ug, € D4 and Aug, = —nlug — R(1, A)f(0)] + n’R(n, A)lug —
R(1, A)f(0)] — f(0)+ (1 — A)~' f(0) and therefore we deduce

9.2) Aug, + f(0) € Dy.
Let f, € W'?(0, T; E) be such that f,(0)= f(0) and
9.3) Jim ||fa = fllcor:z =0

By virtue of theorem 8.1 there exists u, € C'(0, T; EYNC(0, T; D ) solution
of

u, (t) = Aua(t) + fu(t), t€0,T]
un(o) = Uon

and from (8.4) we get for t € [0,T] and n,m € N
t
n®) — Ul < M(Jlicn — vom]] + [ 1/a(8) = Fm(®)]|ds.
0

Therefore {u,} converges in C(0,T;E) to a function u: in particular
w(0) = lim u,(0) = lim uo, = up by virtue of (9.1). In conclusion u is an
F-soluti"o_r.\ooin C of (5_210)0

We will consider now the following problem

9.4

u'(t) = Au@®) + f(t), t€[0,T]
u(0) = u(T)

and we will say that » : [0,T] — E is an F-solution or a strict solution of (9.4)
in L? or in C if there exists ug € E such that » is a solution of the same type
of

9.5) { u'(t) = Au®) + f(t), t€[0,T]
u(0) = uo.

The results relative to problem (9.5) together with Remark 8.5 let us give
an existence and uniqueness theorem for each kind of solutions of (9.4)

THEOREM 9.2. Let A verify condition (1.1) and let exp(Aot) be the
semigroup generated by Aq in Ey (see definition 8.16). Under the assumption

(9.6) (1 — exp(AoT))~' € L(Ey)
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(i) if f € LP(0,T; E) there exists a unique F-solution in L? of (9.4),

(ii) if f€ C,T; E) there exists a unique F-solution in C of (94),

(iti) if f € LP(0,T; Dy) there exists a uniqgue u € W'?(0,T; E)n CO, T; DA)
solution of (9.4) a.e. in [0,T],

(iv) if fe LP(0,T; D) NC(0,T; E) there exists a unique strict solution in C

of (9.4),
(v) if feW'P(0,T; E) there exists a unique strict solution in C of (9.4).

PROOF. To prove the uniqueness let us suppose that there exists ug € Dy
such that « is an F-solution in LP of

©.7) u'(t) = Aut), te€[0,T]
’ u(0) = ug

verifying

9.8) u(0) = u(T).

Then we must have
9.9) u(t) = exp(Agt)ug

because t — exp(Aot)ug is an F-solution in C of (9.7): in fact as ug€ED 4 we
can choose ugr € D4, such that llm [luor — uolf = 0: setting u(f) = exp(Aot)uok

we have u; € C! O,T;E)n C(O T D,) and llm ||uk — u“c(()TE) =0. (9.8)

implies (1 — exp(AoT))up =0 so up =0 by v1rtue of (9.6), therefore u =0 and
the uniqueness for problem (9.4) is proved.

To prove existence let us begin with case (i): from theorem 7.2 we know
that there exists an F-solution in L? of

(9.10) { V()= Av@®) + f(t), te€[0,T]
v(0)=0

As »(T) € D4 (see Theorem 5.1) we can define
+(9.11) up = (1 — exp(4eT)) ™ 'v(T)
and deduce as above that ¢ — exp(Aot)ug is an F-solution in L? of (9.7). Hence
9.12) u(t) = exp(Aot)up +v(t), te€l0,T]

is an F-solution in L? of (9.5) and verifies (9.8), i.e., by definition, » is an
F-solution in L? of (9.4). Case (ii) can be treated in the same way by using
theorem 9.1 instead of theorem 7.2. In case (iii) problem (9.10) has a solution

ve W0, T: E)N C(0,T; Dy)
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verifying (9.10), a.e. in [0,T] and such that Av(T) € D4 (see theorem 8.3),
hence v(T') € D4,. This implies that ug, defined by (9.11), is also in Dy . In
fact as for z € Dy,

(1 — exp(AoT))(1 — Agp)z = (1 — Ap)(1 — exp(AeT))z
we deduce ‘
(1 — exp(AeT)) (1 — Ag) ' = (1 — Ag) ™' (1 — exp(Ao(T)) '
hence

g = (1 — exp(4oT)) 'v(T) = (1 — exp(AoT)) "' (1 — Ao)~' (1 — Ag)u(T)
=(1— Ap) ' (1 — exp(4oT) (1 — Ap)v(T)

is in Dy,. This implies that ¢ — exp(Aot)ug is a strict solution in C of (9.7):
therefore u defined by (9.12) verifies the conditions of (iii). Case (iv) is proved
in the same way and similarly is case (v) for which theorem 8.1 can be used.

We will consider in the next part of this paper the case in which A
verifies a more restrictive spectral property (but D, is again not necessarily
dense in E): with this property we can construct a semigroup of operators in
E (in contrast with the previous situation) and this fact lets us write an explicit
formula for the possible solutions.

Parabolic case

10. - Analytic semigroups

In what follows we shall consider again problem

10.1) {“(t)=Au(t)+f(t), te[0,T]

u(0) = ug

where A: Dy C E — E is a linear operator in a Banach space E with not
(necessarily) dense domain D, and verifies the condition:

there exist ¢ e]%,vr[ and M > 0 such that if
(10.2)

N

AMeSy={z€C; 270, |argz| < ¢} then | RO\, A)| ) <

=

When A has this property, (10.1) is called a parabolic abstract evolution
equation. We will show that condition (10.2) is stronger than (1.1) (see Theorem
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10.4) and lets us define a semigroup et € L(E), t> 0, in the usual way (see
[8] p. 487):

T 2mi

(10.3) et = li / e®RO AN, t>0
+C

where +C is a suitable oriented path in the complex plane. We will say that
et is the semigroup generated by A: later it will be shown that ¢4t cannot be
generated (in this way) by another operator (see theorem 10.3). Many of the
properties of the classical analytic semigroups still hold:

(104) ez e Dy fort>0, z€E, kEN,
(10.5) given k € N there is M; (depending also on M and ¢) such that
|| 4 e[ oy < At%h for ¢ > 0,
k
(10.6) for each k € N and ¢ > O there exists d—‘i;g = A¥eA* and t — e4* can be
extended analytically in a sector containing the positive real semiaxis,
(10.7) Ae#z =e4 Az for t >0 and z € Dy,
(10.8) R(\, A)e?t = eMR(), A) for t >0 and X € S;.

The main difference with the usual analytic semigroups is in the behavior
of e#*z when t approaches 0:

THEOREM 10.1. When A verifies (10.2), the following properties hold:

(10.9) if t€ Dy the %ing edty = . Conversely if there exists

gin&e’“z =ythenyeDyand y=z
t
(10.10) for each z € E and t > 0 we have fe‘“z ds € D4 and
0 .
t
Afetz ds=etz~—z
0
. B . ediy gy
(10.11) if € D4 and Az € D4 then %1_1’1(}—{— = Azx.

At —
Conversely if there exists lim &~%—Z = y then , Az € Dy and
4 onversely if there exists lim === =y 2 €Dy, Az € Dy
T =y.

PROOF. See Proposition 1.2 of [12].
We will extend to our situation a classical result which refers to the
Laplace transform of e’
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THEOREM 10.2. For each z € E and X € C with Re) > 0 we have
+00
(10.12) RO\, A)z = / e Metlz dt.
0

PROOF. From (10.5) we get |le Metz|| < e R tMp||z|}, hence for A € C
with ReA > 0

+00

ROz = / e MeAlz dt
0

is well defined.
By using (10.6) and (10.9) we get for each y € Dy:

+oo +oo
R\ Ay = / e_’\‘eAtAy dt = lim/ e_’\ti(e‘“y)dt = lim[—e **e%y)+
e—0 dt g0
€

0
+00

+Alim e Mety dt = —y + AR(\)y.

13

Setting y = R(\, A)z, with z arbitrarily chosen in E, we have
R(A)AR(\, A)z = —R(A, A)z + AR(V)R(A, A)x

from which we deduce R(\)z = R(), A)z.

As first consequence we can prove that there is a one-to-one
correspondence between the semigroup e#‘ and its generator also in the case of
non dense domain.

THEOREM 103. Let A : Dy C E — E and B : Dg C E — E verify
(10.2) and let et and Pt the semigroups generated by them through (10.3). If
e =eBt  t>0 then Dy =Dp and Az = Bz for z € Dy = Dp.

PROOF. If e = ¢P! we get from (10.12) that R(\, A)z = R(\, B)z, z € E
and A > 0 hence Dy = R(MAE = R(O,B)E. In addition, if z € Dy,
setting y = Arx we have z = R(\, A)(\z — y) = R(A\, BY(\z — y) and therefore
(A—B)x=Ax —vy ie. Ar = Bz.

Another consequence of theorem 10.2 is the proof that condition (10.2)
is more stringent than (10.1)

THEOREM 10.4. If A verifies (10.2) then also (1.1) is true with M = M.

PROOF. From (10.12) we deduce the existence for ReA > 0 of A —A)~! €
L(E) and also for each k€N

k=1 gkl IRV S
REQ, A) = Ek D 5 a%k_—lR(,\, Az = Ek D = /(_t)k—'e~”ef‘tx dt
0
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hence from (10.5)

T Mollell [ 4
k kl ReAt 0 k=1 _—s5q. _
I1R*(\, A)z|| < / dt = ReVF(h - 1)!/3 e °ds =
0 0
_ Moz
(Re))k

and (1.1) is true with M = M,.

11. - Intermediate spaces

To state necessary and sufficient conditions for the regularity of the
solutions of (10.1) we must introduce two families of intermediate spaces
between D4 and E. The proofs of the results are given in Section 1.3 of
[12].

DEFINITION 11.1. For each 8 €]0, 1[ we define the Banach space

D(8,00) = {z € E; ||z]jp = sup||t'? Ae*'z| < oo}
t>0

with norm
1zl Da,00r = | + [|zllo-

DEFINITION 11.2. For each 8 € 10, I[ we define the Banach space
D) ={z € E; lim t'0Aetz = 0}

with norm
Izl pacoy = llzl| + [|]lo-

We have D4(8) C D4(0,00) because ¢ — e is bounded. More generally
we have for 0< 8, < 6, < 1

(1L.1) Dy — Da(62,00) — D(6)) — Da(6),00) — Dy
and D4(f) can be characterized as the closure of D, in Dy, c0). Other
characterizations which are important in the study of evolution equations are

given by:

(11.2) z € Dy(d,00) & t — etz is in C°0, T, E) for each T >0

(11.3) z€ Dy &t — etz is in k%0, T, E) for each T > 0.
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A very important property of these spaces is given by the fact that they
depend only on A and E (in contrast with the fractional powers of —A)

THEOREM 11.3. Let A: D, CE — E and B: Dg C E — E verify (10.2)
and Dy = Dg. Then

(11.4) Dy(a,00) ~ Dp(a,00) and Dy(a) = Dg(a), Va € ]0,1][.
Moreover if M,~ > 0 and ¢ € 15, wl are such that if z € C and |argz| < ¢

then (z— A)!, (z—B)' € LE); ||2(z— A7V ew), |12(z—B) 2wy < M and

for each x€ Dy =Dp

(11.5) v~ (el + | B2l) < ||zl + || Az|| < (]|l + || Bz]))

then there exists 6 = 6(M, ¢, a, ) such that for each z € D4(a, 00) = Dp(cx, 00)

(11.6) 6|2l Datecor < |zl Da@oor < 81zl D00

PROOF. The result could be deduced from proposition 1.15 of [12] but
we give here a simpler proof (due to G. Di Blasio).

We can suppose that (10.2) is verified by A and B with the same constants
M and ¢. Moreover as A and B are closed, D4 = Dg implies D4 ~ Dp, so
there exists v > 0 such that (11.5) is true. In addition we know that there exists
Mi(k =0,1,2) depending on M and ¢ such that

(11.7) It A*eA|| pmy < M, ||t*BFeP||pmy < My, t>0.

Let us suppose that z € Dp(a, o) and set

[z] = sup||t'~*BeP'z||.
>0
Fix t € ]0, 1[ and consider the function ¢ : [t,+co[— E defined as
B(s) = Ae??ePl g
¢ is continuous in [t,+oo[ , ¢(t) = Aetz and ¢(+o0) = 0. For s > ¢
¢'(s) = A%e?eBC Vg + Aet* BePl g

and therefore, if t <a <1<b we get

b 1
L8 [96) - 6@l = | [ $oxds| = [ a2eemo-0z ds

b b
- / AleAseBl—Dy ds+/AeAsBeB(s_“x ds| <L+ L+ 13
1 a
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with

1 1
d d
1< My [ 0w T < o [ (o0 + B0
S
a a

| 1 1
ds _,ds a1 [ ds
ngOM.uzn/ LY /(s—t)"‘ 'L < aMoMillalet [ S
t 11 0
1/t

M, [z] ¢! / (s — 1)“‘“—1;§ < AMoM||z||(1 — @)™ "'t* " + M [z] c(a)t*™',
i
where
(11.9) c(a) = /(s — 1> s ds,
1

b +00
d
I2 S M()Mz”.’l?”/ S_j S M()lelftllta—] / S_l_ads = M()M2||z||a_]ta_l,
! l

I < M, [z] /(s—t)""% < M (2] c(a)t* .
t

Letting a — t* and b — +oo in (11.8) we get

sup ||t'"*Aetz|| < Moy Mi(1 — @)™ + Maa™ "1 ||z + (1 + YMic(@) [z].

O<i<1
As
sup||¢'~* Ae*'z]| < M) =]
t>1
we conclude that z € D(a,00) and }|z||p,(ac0) < 62| Dptae0) With

(11.10) §=1+M +Mo(yM,(1 — o)™ + Moo ) + (1 + )M c(a).

If we change A with B in the preceding proof we get Dj(a,00) =
Dp(a, 00) and (11.6). As D4(a) is the closure of Dy in D4(a, 00), it coincides
with the closure of Dy in Dg(a, co) i.e. with Dp(w).

12. - Mild and classical solutions

When condition (1.1) is verified and D, = E then A generates a
semigroup by virtue of the Hille-Yosida theorem. The same is true when
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(10.2) holds as we showed in Section 10. In these cases the classical variation
of constant formula suggests another definition of solution of problem

'@ = Au@®) + f@t), te[0,T
(12.1) u(t) = Au®) + f() [0,T]
u(0) = uyg.
_l_)EFINITION 12.1. Let A generate the semigroup e4, f € L'(0,T; E) and
ug € D 4. The continuous function defined by

t
(12.2) u(t) = e*ug +/ eI f(s)ds, te[0,T]
0

is called the mild solution of problem (12.1) (see e.g. [10] pag. 106).

When A generates an analytic semigroup one can define another type
of solution which is the abstract version of the solution of a parabolic partial
differential equation when the initial datum is not regular: in this case the
equation is not required to be satisfied for ¢t =0 (see [8] pag. 491).

DEFINITION 12.2. Let A verify (10.2), f € LP(0,T;E) and up € D4. A
function v € C(0, T; E) NW'»(0*, T; E)N L?(0*,T; D) when verifies

(12.3) { u'(t) = Aut)+ f(t), te€[0,T] ae.

u(0) = ug

is called a classical solution in L* of (12.3).
When, in addition, f € C(0,T;E), a function v € C(0,T;E) N
C'(0*,T; EyN C(0*,T; D) verifying
"(4) =
(12.4) u(t) = Au(®) + f(t), te€ ]0,T]
u(0) = ug

is called a classical solution in C of (12.4).

Note that if u is a classical solution in L? then w(t) € D4, YVt € [0,T].
A strict solution in C (in L?) is also a classical solution in C (in LP) and a
classical solution in C is also a classical solution in L?P for each p > 1.

PROPOSITION 12.3. Let A generate the semigroup et and let | €
LP(0,T; E), uy € Dy. Then the mild solution of (12.1) coincides with the
F-solution.

PROOF. We will first prove that a classical solution in L? of (12.3) is
necessarily a mild solution: in particular it is unique. The proof can be easily
adapted from the analogous proof of the case Dy = E. Let u be a classical
solution in L? of (12.3): given t € 10,T] and ¢ € ]0,% [ let us consider the
function

v(s) = e us), s€ [e, t— el
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By virtue of (10.6) and (12.3) we have for s € [g, t — €] a.e.

V(s) = eA(tfs)u'(s) — At y(s) = eA“_s)f(s).

Moreover, from

i—¢ t—€
vt —g)—v(e)= / v'(s)ds = / A9 f(s)ds

we deduce
t—-e
eAEu(t —€)— A=y (g) = / eA(t’s)f(s)ds.

€

As u(t) € D, for each t € [0,T], letting ¢ — 0" we obtain (12.2) for
t € ]0,T]; for t =0 (12.2) is true by definition of classical solution and so u
is the mild solution. Suppose now that u is an F-solution in L? of (12.3): by
definition there exists wuy, strict solution in LP of (2.2), such that (2.3) holds;
from what proved above u; are mild solutions of (2.2) and so

t
ur(t) = uo + / 9 fi(s)ds, te [0,T].
0

From (2.3) we deduce that u; converges in C(0,T; E) necessarily to u:
therefore (12.2) is true and u is the mild solution of (12.3).

By using the existence result of the F-solutions in L? (theorem 7.2) and
the uniqueness of the mild solution one deduces that a mild solution is also an
F-solution.

The previous result together with Corollary 7.3 proves that the mild
solution is equivalent to the integral solution. But it can be interesting to prove
this without the existence theorem used in the proof of the preceding proposition.

PROPOSITION 12.4. Let A generate the semigroup e* and let f €
L?(0,T; E), ug € Dy. Then the mild solution of (12.1) coincides with the
integral solution.

PROOF. Denoting by » the mild solution of (12.1) and integrating both
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sides of (12.2) from 0 to 7 € [0,T] we get

T T T t

/u(t)dt:/e‘“uodt+/dt/eA(t_s)f(s)ds=

0 0 0 0

=/eAtuodt+/ds/eA(t’s)f(s)dt=
0 0 s

T

=/eAtu0dt+/ds/eAtf(s)dt
0 0

0

Now, by using (10.10) we deduce [ u(t)dt € D4 and
0

T

A/ w(t)dt = eAug — ug +/ [eA 9 f(s) — f(5) 1ds = —ug + u(r) — / f(s)ds
0 0 0

This shows that u is an integral solution.
Conversely let us assume that » is an integral solution of (12.1). This
means that

¢
v(t) = / u(s)ds, te[0,T]
0

is a strict solution in C of
V() = Av(t) +ug +g(t), te[0,T]
v(0)=0

where .
g(t)=/f(S)ds, te[0,T].
0

From Proposition 12.3 we get

t

t
v(t) = / eSueds + / eAsg(t —s)ds, te [0,T).
0 0

As ug€ D4, g €W'P(0,T; E) and g(0) = 0 we deduce that the right-hand
side is differentiable in [0, T] and

t
v'(t) = eMug + / e*g'(t — s)ds
0
i.e. (12.2) and therefore u is the mild solution of (12.1).
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13. - Existence, uniqueness, and maximal regularity results

In this section we want to collect the results about the existence of
solutions of problem (12.1) in the parabolic case. For the sake of conciseness
we will consider only the solutions in C and refer the reader to [5] for the
result in LP. Therefore we will assume that f is at least continuous from (0, T]
to E.

Let us remark that the mild solution is for ¢ > 0 more than continuous
with values in E.

THEOREM 13.1. Let (10.2) hold. Given f € C(0,T; E) and ug € D, the
mild solution u of (12.1) given by (12.2) belongs to C*(0*,T; Ds(1 — o)) for
each a € 10,1[.

The proof is given in [12], theorem 3.4.

We state now two theorems which give conditions for the existence of a
classical or a strict solution of (12.1).

THEOREM 13.2. Let (10.2) hold. Given f € C*(0,T; E) and uy € Dy there
exists a unique classical solution u in C of (12.1) and ' € C*(0*,T;E)N
B(0*,T; Dy(a,00)). This solution is also strict if and only if uy € Dy and
Aug + f(O) c EA.

For a proof see [12] theorems 4.4 and 4.5.

THEOREM 13.3. Let (10.2) hold. Given f € C(0,T; E)N B0, T; D 4(a, c0))
and uy € Dy there exists a unique classical solution u in C of (12.1) and
Au € C*0*,T; E)N B(0*,T; Ds(a, 00)). This solution is also strict if and only
l'f'u,() € Dy and Aup € EA.

The proof is given in [12], theorems 5.4 and 5.5.

For the parabolic equation (12.1) the maximal regularity property can be
defined as follows:

DEFINITION 13.4. Let X be a subset of C(0,T; E). There is the maximal
regularity property for problem (12.1) in X if for each f € X there exists a
unique strict solution in C of (12.1) such that «' and Au belong to X (provided
ug satisfies a necessary compatibility condition with f).

THEOREM 13.5. Let (10.2) hold. The maximal regularity property for (1.2)
holds in

(i) X=C*0,T;E) if and only if ug€ Dy and Aup+ f(0) € D 4(c, 00),
(ii) X =h*0,T;E) if and only if uy € Dy and Aug + f(0) € Da(a),

(iii) X = CO,T;E)N B, T; Ds(a,o0)) if and only if ug € Dsy and Auy €
DA(aa 00)9

(iv) X =C(0,T; D)) if and only if up € Dy and Aup € Dy(0).
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The proofs of these results are given in [12], theorems 4.5 and 5.5.
REMARK 13.6. In general X = C!(0,T; E) cannot be considered a space
t
of maximal regularity. In fact for each f € C(0,T;E) set g(t) = [ f(s)ds and
0

consider problem

V'(t) = Av(t) + gt), t€[0,T]
v(0) =

As g € C'(0,T;E) and g(O) = 0 there exists a strict solution in C (see
Theorem 13.2) given by v(t) = f eA%g(t—s)ds and we have v (t) f eAs f(t—s)ds.
If also +' € CY(0,T; E) then the mild solution of

u'(t) = Au(t) + f(t), t€I[0,T]
u(0) =

belongs to C'(0,T; E) and therefore it is a strict solution in C (see theorem 6.3
and proposition 12.3); but this is not possible for every f € C(0,T; E) when E
is a general Banach space (see [1]).

Applications

14. - Differential operators with non dense domain

We will consider some examples of operators A with non dense domain
verifying the Hille-Yosida estimates (1.1); it is well known that it is easier to
check the more restrictive condition

(14.1) I — A | zemy < A A>0

and this will be done in this section.

Let us begin with the differentiation operator in a one-dimensional compact
interval of the x-axis.

EXAMPLE 14.1. Setting
(14.2) E =C0,1)

(14.3) Au = —o/
(14.4) D4 =C(0,1)
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we have D4 = Cy(0,1) # E. Moreover for each A >0 and v € E:

(14.5) (@) = (RO, Ao)(a) = / e Moz —y)dy, ze€l0,1]
hence

+00 |
(146) @) < ol [ ey = 5ol

0

which implies (14.1).

EXAMPLE 14.2. Let us set for some « € ]0,1[:

(14.7) E =C80,1)
(14.8) Au=— o
(14.9) D4 = {ue C"(0,1); u0)=1u'(0)=0}

We have D4 = h§(0,1) # E and for each A >0 and v € E, (14 5) holds:
hence from (14.6) we get

1
(14.10) lullco,n < slvlleon

and for 0 < z; < 2, < 1 (using the fact that v(0) = 0):

lu(es) — u(a)| < | / e [u(zs — g) — v(zi - y)] dyl+
0 ’

z Z|

+|/ e Vu(zy — y)dy| < [vlceo, (22 — Il)“/E_'\ydy+

E3)
5] I

+ / e M(z; — y)*dy] < [Wlge,(z2 — 21)* / e Mdy <

)

1
< X['U]C’"(O,l)(zZ —z)*

which gives
L

(14.11) [uloeo, < —[v]ca(o 1)

Now (14.10) and (14.11) imply (14.1).
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In the previous example C§(0,1) cannot be replaced by C%(0,1) in the
definition of E because the Hille-Yosida estimates are not true in this case as
the next proposition shows.

This result is analogous to that found by Von Wahl for the second
derivative with Dirichlet boundary conditions (see [14])

PROPOSITION 14.3. Set E = C*(0,1), Au=—u' and D, = C{**(0,1).
Then there exist no constants M,w > 0 such that

M
(14.12) A — A Yew < 5 A>w

PROOF. Also in this case (14.5) is true for each A > w and v € E: choosing
v(z) =1 we get

u(z) = %(1 —e )

and if A > 1 we obtain also

|uz) — w(0)| l—e?  1—¢!
a.]) > SUp —————= = su > .
[wlowan 2 0<zI§)1 z 0<z21 Az T Ale

If (14.12) holds we deduce for A > w and X > 1:

l—e!

M
DU tulomon <

and so \* < M — which, for A — +oo, yields a contradiction.

Let us consider now the simplest cases of generators of analytic semigroups
with non dense domain obtained from the Laplace operator with homogeneous
Dirichlet boundary conditions in spaces of continuous functions. We shall begin
with the one-dimensional case

EXAMPLE 14.4. Set

(14.13) E =0C0,1)
- (14.14) Au ="
(14.15) Dy = {u€ C*0,1); u(0)=u(l)=0}

then (10.2) is true with each ¢ € 17, #[ and M = (cos ¢/2)~'. For a proof see
Section 8.1 of [2]. In this case we have

Dy={ueC@O1); w0 =u(l)=0}#E

EXAMPLE 14.5. Let Q C R™ be a bounded open set with regular boundary
I" and define

(14.16) E=CQ)



320 G. DA PRATO - E. SINESTRARI

(14.17) Au=Au
(14.18) Ds=Da={ucCQ);, u=0onT; Aue CQ)};

here A is the Laplacian in the sense of distributions on Q. In this case we have
D4 = CyQ) # E and it has been proved in [13] that (10.2) is true for each
fixed ¢ in ] 5, w[. As mentioned before, estimate (10.2) does not hold if cQ)
is replaced by C*(Q) (see [14]). .

We shall prove here a result needed in the sequel:

PROPOSITION 14.6. Let A: D4 C C(Q) — C(Q) be defined as in (14.16)-
(14.18), then A generates a contraction analytic semigroup e in C(Q), i.e.

(14.19) ||eAt“£(C(§)) <1, t>0
and

1
(14.20) I|R(/\,A)”£(C(§» < T A>0.

PROOF. For each p € 11, 00[ let us define A, : D(A,) C LP(Q) — LP(Q) as
Apu = Au

in the distribution sense (A, must not be confused with the iterated Laplacian)
and
D(B,) = W3P(Q) N W, P(Q).
It is kgown that A € p(A) N p(Ay) if A is not negative real; moreover for
each u € C(Q) we have (A — A)~'u = (A — A,)~'u; hence for t > 0 we get from
(10.3):

Ay = —1— / e\ — A lud) = % / e\ — Ap)_lud)‘ = eMrty.
1

2w
+C +C

It is also known that ||e®|| sy < 1 (see [10] pag. 215), so
lle*ull @ < lle™* ullwa < llullr@,

but e**u € C(Q) hence we obtain (14.19) for p < +oo.

Estimate (14.20) is a consequence of (14.19) and the representation formula
(10.12).

We study now the heat-operator considered as acting on functions of time
and space: estimate (14.1) will be proved with the aid of the existence theorem
8.1 for the strict solution in L',

_ EXAMPLE 14.7. Let us consider the Banach space of functions » : [0, T] —
C(Q) defined as

(14.21) E =W,?0,T; C(Q))
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and the heat-operator
(14.22) Au=Au—u

(hence (Au(t, z) = Au(t, x) — u,(t, x)) with domain

(14.23) Da={u € Co0,T;D)NC' O, T;CQ)); Au—u'€
Wy (0, T; C(Q))}

where D, is defined by (14.18). It can be shown that
D =Wy, T; Co() # E.

Let us prove that (14.1) holds. Given v € Wol’p(O, T;C(Q)) and X > 0 we
must find v € D4 verifying

(@)= (A - Nu®)+v@t), tel0,T]

(14.24) { w(0) =0,

Setting @(t) = e*u(t) and o(t) = e*u(t), we have v € WOI"’ 0, T;C(Q)) and
(14.24) becomes

@'(t) = Aut) + o), te[0,T]

(14.25) { 20) = 0.

As ©(0) = 0 by virtue of (14.20) and Theorem 8.1, this problem has
a unique solution @ € C'(0,T;C(Q)) N Co(0, T; Dp); hence there is a unique
solution u € D4 of (14.24) and from (8.4), (8.5) we get

t .
(14.26) |lz@®)] < / |lo(s)||ds, te€[0,T]
0

t
@) < / I5')|ds, ¢ € [0,T]
0

1.e.
t

)] < [ e 9u(s)]|ds

lw' @) < e 9|0/ (s)||ds.

S . =
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From Young’s inequality we deduce

T
(14.27) llullzeo,1:E) < |0l 2e0,7:89 / e *ds <
0

+o00

_ I
< ol [ ¢ ¥ds= flolors:
0

Analogously we have

1
(14.28) [4'| 0.7y < Xllv'”mo,T:E)
hence
1
(14.29) lullw oo < sllvllwieorm, A >0

which proves (14.1).

In the next example we study the same heat-operator but in a different
space: in this case we need the maximal regularity results of theorem 13.5 to
get the resolvent estimate (14.1).

EXAMPLE 14.8. Let us define the space of function u: [0,T] — C(Q) as
(14.30) E =C§(0,T; C(Q))
and the heat-operator
Au=Au—o
with domain

(1431) D4 ={u € C%0,T; Dy) N C"*©0,T;CQ); u(0) = u'(0) = 0}.

We have D4 = h$(0,T; Co(Q)) # E.

If we consider the resolvent equation (14.24) with v € C§(0,T; C(Q)) and
A > 0 and perform the transformation which leads to (14.25) we can use (i) of
theorem 13.5 and get a solution @ € C§(0,T; Dy) N C'**(0,T;C(Q)): hence
there exists a unique solution » € D, of (14.24) given by

’ t t
(14.32) ut) =e Ma@)=e / 2% 5(t — s)ds = / e2e Myt — s)ds.
0 0

By virtue of (14.19) we deduce

+o0

e 1
(14.33) |lu@)]] < ||”||c(o,T;o(ﬁ»/ e Mds = X”””cm,r;aﬁ»
0
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and for 0 <t; <t < T we get (as v(0) =0):

)
lu(t2) — u@)|| = || / M e [u(t, — ) — v(t, — )] ds+
0

53
+ / e vty — s)ds|| < (Vg rc@myt2 — 1)°

t
t ty

+00
( / eds + / e °ds) < 0] gago otz — t1)° / e *ds
0 t] 0

hence

1
(14.34) e rc@y < X[U]C“(O,T;C(ﬁ))'
From (14.33) and (14.34) we get

1
(14.35) ”u”C‘*(O,T;C(ﬁ)) < X””“c'a(o,T;C(ﬁ))

which is (14.1). B
As in example 14.2 we cannot choose C*(0,T; C(£2)) as space E because
the Hille-Yosida estimates are not satisfied. In fact the following theorem holds:

PROPOSITION 14.9. Let E = C*(0,T;C(Q)), Au = Au—u' and Dy =
C*0,T; D, N CY*0,T;C(Q)). Then there exist no constants M,w > 0 such
that

M
(14.36) N = A ew < 5 A>w

PROOF. We can repeat the arguments of example 14.8 and prove that for
A>0, A=A "' e LE) and u=(A — A)"'v is given by formula (14.32). Let
us choose an element y € Da(a, c0), then v(t) = ey, t € [0,T] belongs to
C*(0,T; C(Q)) (see (11.3)) and we deduce from (14.32)

-t
1-e™ u

x oY

Now suppose that (14.36) holds: then for A > w and A > 1 we have

(R(A, Av)(t) =

||CA/Ay||C(§)

_ oAt eAt — _ o1
folls ™ > sup L= 1@ 1 e
A 0<t<T A te Al-e

hence, setting ¢ = }, we get

M|z
| —e!

a

”eAEy“c(ﬁ) <
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and therefore lir{)l lle*yll g, = 0: this implies y =0 (see (10.9)) and we have a
e—(0*

contradiction because Dj(a,o0) = C3%(Q) (see [9])
Let us consider now the periodic versions of examples 14.7 and 14.8:

EXAMPLE 14.10. Consider again a space of functions u : [0,T] — C(£)
(14.37) E =W, 0, T; C(Q))
and the heat operator
(14.38) Au=Au —
with domain

(1439) D4={ueC'0,T;CQ)NCyO0,T;Dy); Au—1u'€
W, (0, T; C(Q)}

which is not dense in E because we have

(14.40) D4 =W, 0, T; Co(2)).
To show that 14.1 holds in this case too we will use the results of theorem
9.2.
Given v € W, P(0,T,C(Q)) and A > 0, let us consider problem
Au(t) — Au(t) = v(t t 0,T
(14.41) u(t) u(t) = v(1), € [0,T]
u(0) = u(T)
or, setting
B :DpcE—E
(14.42) Dp =D,
Bu = Au — \u,
problem
'(t) = Bu®)+v(t), tel[0,T
(14.43) u' (t) = Bu(t) +v(t), te€[0,T]
u(0) = u(T).
From example 14.5 we deduce (see Appendix) that B verifies (1.1) and
(14.44) e rigy < €7, t>0

where Ey = Cy(Q) with the sup-norm and By is the part of B in E,, according
to definition (8.16); from (14.44) we get (9.6) with Ay = By. Therefore we can
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use theorem 9.2, case (v) to get a solution u € C'(0,T; C(Q) N Cy(0, T; Dy) of
(14.43). As v(0) = v(T) we have

(14.45) Au—u' = hu —v € W,P0,T; CQ)),

so u € Dy.
To prove estimate (14.1) let us observe that from (14.43) we deduce by
virtue of Theorem A.2 of the Appendix, for each t € [0,T]

t
(14.46) e < e (Ju)] + / P llu(s)|ds) =
0
t

= e_’\tHu(T)H + / e_’\(t_s)“v(s)“ds
0
and

i
(14.47) W'l < 7| Bu0) +v(O)|| + / e**[[v/(s)]|ds)
0

t
= e M|/ (T)|| + / e 9|0/ (s)||ds.
0
From (14.46) with t =T we get
T
lu(D)|| < T - 1)_1/e)‘s||v(s)||ds
0

and therefore, from (14.46),

T ¢
(14.48)  |lu@)|| < T - 17! / e_’\(t's)”v(s)“ds+/e_)‘(t“s)||v(s)||ds
0 0

T
- f Kt - )[[o(s)]|ds
0

with

e (T -1 '+1] for0<s<t<T

K@t —s)= .
(t=9) { e AT ) for0<t<s<T.



326 G. DA PRATO - E. SINESTRARI

Hence
r 1
|l zo0.1:8y < ||v|| 2208 SUP / K(t — s)ds = xllvlluw,r;m-
0o<t<T o

Analogously (14.47) implies

1
lv'leo,:Ey < <V |07 8)-

The two last estimates give (14.1).
Now we change the space E and use the parabolic theory to get the
resolvent estimate (14.1).

EXAMPLE 14.11. Setting

E =C{0,T;:CQ)
Au =Au — '
D4 ={u€C{0,T;Dy) N C**(0,T;CQ));
Au —u' € C0,T; C(Q))}

(14.49)

we have Dy = hg(0,T; Co(Q)) # E and
I
(14.50) A=A o < 3 for A>0

To prove this we could use the method of the previous example, but we
prefer to use a different one. Given v € C3(0,T; E) let us denote by v the
periodic extension of v to ] — 00, T]. We have for ,,t2 € ] — 00, T]:

[o(t2) — @) < [valt2 — 81]*

(because there exists ¢}, th € [0,T] such that o(t)) = v(t)), ¥(tz2) = v(t;) and
[ty — t}|* < |ta — t1|*). Let € be the analytic semigroup generated by A (see
example 14.5) and set, for t € {0, T,

t +00
(14.51) u(t) = / eld At s’ﬁ(s)ds:/em st — s)ds

—00 0

(for each A > 0 and u € E we set e® My = ¢ebe My, s> 0).
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For t € [0,T] we have

0 t
u(t) = / A VE95(5)ds + / A VE-95(5)ds =
e ,

0 ¢
Tz b M / e“(A_’\)sz’;(s)ds+/e(A"’\)(t”“’)v(s)ds =
—00 0

t
= B My(0) + / B VE=9y(5)ds
0

As v € C*0,T; E) we get (by using theorem 13.2) u € C(0*,T; E) and

(14.52) d@)=A-Du@®)+v@), 0<t<T
(14.53) u'(@t)e Dy, O0<t<T.

Moreover we have u(0) = u(T) because

0 0
u(o) = [ e"(A—A)Sl—)(s) = / e—(A—)\)St—)(s + T)ds -
o >
= / AV T=95(s)ds = w(T)

and therefore u(0) = w(T) € D,. From this and (14.53) we get
(A - Muo + £(0) = (A — MuT) + f(T) = u/(T) € Da.

From theorem 13.12 we deduce that v € C'(0,T;C(Q)) N C(0,T; Da)
and (14.52) holds also for ¢t = 0: from this it follows that u € D4.
From the estimate

t
) L 1
(14.54) 1O < 19l [ €5 = Pl romy

which holds for each t € [0,T], we get the uniqueness of the solution of
(14.54). We also have for 0< ¢, <t, <T

utt) — uit)] = | / e85,  5) — (t; — 8)lds]] <
0

+00

1
wlalta — t)* | e*°ds = [v]a(ty — )5

SR
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thus, by using also (14.54), we deduce

1
lullgeorc@y < FHYlceorcay
A

and (14.50) follows.
Let us end this section with a very simple example in a space of functions
defined in the whole real axis. '

EXAMPLE 14.12. Setting

E =L"R)
(14.55) { Au = —u'
Dy={ue L*®R), u is absolutely continuous and ' € L*(R)}

we have Dy # E and

i
(14.56) & = A 2w < 2> 0.

X’
In fact, as D4 is contained in the set of bounded and continuous functions
on R, we have Dy # E. For each A > 0 and v € L*(R) it is easy to see that

+00

(14.57) u(z) = / e Mz —ydy, z€R
0

satisfies the resolvent equation
(14.58) W'(@)= —du(@)+v(z), z€R ae.

Moreover u € D4 and for each z € R
+o0
|u(z)| < sup |v(z)| / e Mdy
z€R 9

hence
1
llullze®) < loller)-

Conversely if u € D, satisfies (14.58) for each ¢ € R we have

di [w(z)e M9 =M Dyz), z R ae.
z
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As u is absolutely continuous, integrating from a € R to £ we get

¢
w(é) — u(a)e MY = / e My (z)dx

for a - — oo we obtain

£ +o0
u(§) = / e M Py(z)dz = / e Mu(€ — z)dz
7 /

and therefore (14.57) is the unique solution in D4 of (14.58).

In the following sections we will see some of the possible applications
of the abstract existence theorems and the examples just considered.

For the sake of conciseness we will consider only the strict solutions.

15. - Linear partial differential equations of the first order

We want to apply our abstract methods to a very simple partial differential
equation: we will show how to obtain the classical solution as an easy application
of Theorem 8.1.

THEOREM 15.1. Let f : [0,T)?> —» R and u;, uy:[0,T] — R be functions
verifying the following properties:

(15.1) f&, )= fi(t,x) + f2(t, x) such that setting fi(t)(z) = fi(t, )
and fo(z)t) = fo(t,z) we have fi, f,€W"'(0,T;C0,T))

(15.2)  wy, u €C'(0,T)

(153)  u1(0) = uz(0)

(15.4)  u/(0) + ub(0) = £(0,0).

© Then there exists a unique w € C'([0,TV) such that

(15.5) u(0, ) = ui(z) , z €[0,T]

{ut(t, o) +uglt, ) = ft,7), (t,2) € [0,T]
ult, 0) = ua(t) . teloT]

- Let us remark that (15.2)-(15.4) are necessary conditions for the existence
of a solution belonging to C'((0,T]%).

PROOF. We can suppose that

(15.6) )\ (0) = £1(0,0), u)(0) = f2(0,0)
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otherwise we substitute f; and f, with

filt,) = fit, =) — £1(0,0) + u}(0)
folt,2) = folt, 2) — £2(0,0) + u)(0)

which satisfy again (15.1) and (15.4).
Let us first consider the case in which

(157) ul(O) = 'LLz(O) =0.
If we define
E =C0,T)
(15.8) D4 =Cy(0,T)
Au = -/

then, setting v(t)(z) = v(t,z) and f,(¢)(z) = fi(¢, z), problem

vw(t,z) = —vi(t, o)+ filt,z), ¢,z €[0,T)
(15.9) { v(0,z) = u(z) , z €[0,T]
v(t,0 =0 , t €[0,T]

can be written as
’l)’(t) = A’U(t) + fl (t)5 t < [0: T]
v(0) = u,.

From (15.1) we have f; € W0, T; E), from (15.2) and (15.7) we get
u, € Dy and from (15.6) we deduce Au,; + f,(0) € D4 = Cy(0, 1): hence theorem
8.1 gives a solution v € C'(0,T; E) N C(0,T;Dy4), so v(t,z) belongs to
C'([0,T1%). Analogously problem

wi(t,z) = —w,(t, 1)+ frt,z), ¢ z) €[0,T)
(15.10) {w(O,z) =0 , z €[0,T]
wt,0) = ut) : t €10,T]

can be written as

w'(z) = Aw(z) + fr(z), z€[0,T]
w(0) = uy

after setting w(z)(t) = w(t,z) and f,(2)(¢) = f2(t,z) and proceeding as above we
find a solution w(t,z) in C'([0,T]?). By adding (15.9) and (15.10) we obtain a
solution u = v +w of (15.5) in C'([0, T7?].
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Let us consider the case in which (15.7) is not true. Setting

ty(z) =ui(z) —w(0), z€l[0,T]
@a(z) = u2(x) — u2(0), z€[0,T]

we can use the result just obtained to deduce the existence of u € C!([0,T1?)

solution of t,5) + 1) = fto), (a) €[0,TP
{ 11(0, IE) = ’a[(.'li) ) T € [09 T]
a4(t,0) = i) , t €1[0,T]
We can check that u(t,z) = i, z) + u(0) is the solution of problem
(15.5). Its uniqueness is a consequence of the fact that the only function
v e CY0,T;E) N C(0,T; D4) which verifies

u'(t) = Au@t), te€][0,T]
uw(0)=0

is zero (see Theorem 8.1).

REMARK 15.2. Let us remark that to solve (15.5) with the aid of the
usual semigroup theory we must suppose f(t,z) =0 for all ¢ € [0,T] or for all
x € [0,T] because we need to substitute in definition (15.8) E = C(0,T) with
E = Cy(0,T) and Dy = C{(0,T) with Dy = {u € C'(0,T); u(0) ='(0) =0} in
order to verify property Dy = E..

Obviously, problem (15.5) can be solved by the characteristics methods,
although its justification under the above conditions on f is not straightforward:
moreover with the abstract methods we can find weaker solutions under very
mild conditions on f, u; and u,.

16. - Ultraparabolic partial differential equations

We will consider in this section an initial value problem for an
ultraparabolic equation. In the last years a sufficiently large amount of papers
have been devoted to this subject but under assumptions different from ours
(see e.g. [6] and references therein).

The problem could be treated by using either the abstract hyperbolic theory
or the parabolic one. Let us begin with the first method:

THEOREM 16.1. Let Q be a bounded open set of R™ with regular boundary
I, T>0 and let f(t,7,z), ui(r,z) and uy(t, ) be such that setting

Lo,z = fit,1,2), f(DE, )= fE,7,1)

u(t)Xz) =ui(r,z) , w(Nz)=uxt,x)
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we have

(16.1) fi, freWho, T;wh0,T; C(Q)
(16.2) uy, w2 € C,T; D4y NCYO,T; CQ))
and also

(16.3) u1(0,2) =u(0,z2), z€Q

(16.4) ui(r,z)=uw(t,z)=0, 7, t€[0,T], zeTl

(16.5) Auy(r,z)+ f(0,7,2) = Aua(t,x) + f(t,0,2)=0;, 7, t€[0,T),z €T
(16.6) 2uinz) ,, 0ualli2)) - py (0,2)+ £(0,0,2) =

Auy(0,2) + £(0,0,2), z€Q

Then there exists a unique u(t,r, ) such that:

(16.7) u;, ur, Au are continuous in [0,T]* x Q
and verify
u@, 7, 1) +u (¢, 7,2) = AulE,7,2)+ f@T1,2); 7 €[0,1],
. reQ
(16.8) w0,r,2)=u(r,z) ; 7€[0,T], z€Q
u(t,0,2) = ux(t,z) ; te[0,T], z€Q
u(t,7,2) =0 ; t,7€[0,T], zeTl

PROOF. Let us first consider problem

ut(t, T’ z)-’-,l‘t‘r(t, T) z) = Au(t) T’ z)-'- f(t) T’ z) - f(t’ 0, ZE
t, 7€[0,T), z€Q

(16.9) u©,7,z)=vi(r,z) ; 7€[0,T], z€Q
u(t,0,2) = 0 . te[0,T], z£€Q
u(t,7,z)=0 ; t,7e[0,T], zeTl

with v; such that

T —
v1(0,z) =0 : i €

{%(T’—x) = Avy(r, ) + f(0,7,2) — £(0,0,z), 7€E[0,T], z€Q
(16.10)
vi(r,z) =0 ; 1€[0,T], zeT

This problem can be solved by using the results of example 14.5. In fact,
setting

6.1 {m(r)(m:vl(r,z)

g(T)(Z) = f(O, 7, 1') - f(oa Oa IE)
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(16.10) can be written as a problem in the Banach space CQ):

V(1) = Av(r) +g(r), 7€[0,T]

(16.12) {v1(0)=0.

We can use Theorem 8.1 because (16.1) implies
(16.13) g € W,''(0,T; C(Q))
thus there exists
(16.14) vi € CY(0,T; C(Q)) N Co(0,T; Dy)

(see (14.18) for the definition of D,) solution of (16.12).
To solve problem (16.9) we can use the results of example 14.7 by setting

E =W,'0,T;C)

Au = Au — v ie. (Au)(r,z) = u(7, ) — u (7, 1)

Dy ={ueCy0,T; Dy)NC' O, T;CQ)); Au—1u'€

(16.15) 1,1 S
Wy (0,T; C()}

u(t)(r, z) = u(t, 7, 2)

h(t)(Ta .'II) = f(t7 Ta IIJ) - f(ta 07 z)

and write (16.9) as an initial value problem in E

(16.16) { u'(t) = Au(t) + h(t), te[0,T]

u(0) = v,.

The assumptions of Theorem 8.1 are verified. In fact v; € Dy by virtue
of (16.14) and (16.1); morcover Av; + h(0) = 0 and h € W!1(0,T; E): hence
there exists a solution

(16.17) ueCYNO, T; E)NCO,T; Dy)

of (16.16) and therefore u(t,7, ) = u(t)(r, z) is a solution of (16.9).
Analogously we can consider problem

uw(t, 7, 2) + u (@, 7,7) = Au(t, 7, 2) + f(¢,0,2) — f(0,0,7);
t, 7€[0,T], z€Q
(16.18) u,7,z)=0 rel0,T), z€Q
u(t, 0, z) = vy(t, ) te[0,T], z€Q
u(t,7,2)=0 t, 7€[0,T], zeTl
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where v,(t, z) is solution of

, 22bt) - A, +¢,0,5) - [(0,0,2; tE(0,T], z€Q
(16.19) v00,z) =0 ; TEQ
mt,z) =0 ; tel0,T], zeTl

This problem can be solved by setting

(16.20) { v (E)(x) = va(t, T)

k(t)(:l?) = f(ta 0) .’II) - f(o) 0’ :L')

and writing (16.9) as an abstract equation in the Banach space C(Q):

(16.21) { vh(t) = Ava(2) + h(t)

v2(0) = 0.
From (16.1) we deduce
(16.22) ke Wy'(0,T; C(Y)
so Theorem 8.1 implies the existence of
(16.23) v, € CY0,T; C(Q) N CO,T; Dy)

solution of (16.21).
Let us examine problem (16.18): set as in the example 14.7

E =W,'(0,T;C@)
Au = Au — ' ie. (Au)@, ) = Au(t, z) — ult, )
= ; ! - C(O)): !
1624y | Pa={u€COTDINCIOT;CE@) du—u' € )
Wy'(0,T; C(Q))}
u(r)(t, 1) = u(t, 7, T)

UJ(t, .’E) = f(ts Oa -T) - f(oa 0, (E)

and write (16.18) as an initial value problem in E

(16.25) { w(r) = Au(r) +w(r), 7€[0,T]

u(0) = v,.

Also in this case we can check that the assumptions of Theorem 8.1
are verified becau_se vy € Dy by virtue of (16.19) and because (16.1) implies
w € W, (0, T; C(Q)); moreover Av; +w =0 and therefore there exists a solution

(16.26) ue CY0,T;E)nC(,T; D)
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of (16.25): hence u(t,7,z) = u(r)t,z) is a solution of (16.18).
Let us set now for t,7 € [0,T] and z € Q

(16.27) wi(1,2) = uy(7,2) — (7, )
. wo(t, z) = wr(t, x) — va(t, x)
and
(1628) 'LUl(T)(z) = wl(r, z’), w2(t)(x) = ’U)2(t, .’E).

From (16.3), (16.10), and (16.19); we deduce
(16.29) w1(0) = wy(0)

whereas (16.5) and (16.10) imply

Aw(r, ) + £(0,0,7) = —‘9”’;:’ D reTl, seT.
As (16.14) gives
(16.30) vi(r) € Dy
setting
(16.31) v(@) = f(0,0,2), z€Q
we obtain:
(16.32) Aw(r)+v € Dy.
In the same way we get
(16.33) vi(t) € Dy
and
(16.34) Awy(t) +v € Dy.
If we set for t,7 € [0,T] and z € Q
(16.35) { u (1)(z) = u (7, 7)
u2(t)(z) = us(t, x)

condition (16.6) can be written as

(16.36) 1} (0) + u5(0) = Ay (0) + v = Aua(0) + 7.

335
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From (16.12), and (16.21), we deduce

(16.37) Av1(0) = Avy(0) =0
hence
(16.38) w}(0) + wy(0) = Aw(0) + v = Awy(0) + 4.

Let us observe that (16.2), (16.14) and (16.23) imply
(16.39) wi, w2 € C(0,T;D4)NC'(O,T; E)
and so for t,7 € [0,T]

(16.40) wi(r), wh(t) € Dy.

Finally let us consider problem

ut(t717 Z) + 'U,T(t,T, 2}) = Au(t,T, -’1:)+f(0, O,I_);t,'r [ [0, T], T e ﬁ
(1641) u0,7,7) = w(r,T) ) TE[O,T], IL’EQ
' u®,0,z) = wyt,z) ; te€[0,T], z€Q
u(t,7,x) = 0 i t,7€l0,T], zeT.
Setting
(16.42) u(t, 7)(z) = u(t, 7, )

(16.41) can be written as a first-order partial differential equation with values
in the Banach space C(Q)

(16.43) u(0, 1) w (1) ; 7e€([0,T]

{ut(t,r) + u.(t,7) =Ault, )+~ ; t, 7€[0,T}
u(t,0) = wo(t) , telo,T].

As A generates an analytic semigroup in C(Q) (see example 14.5) we
easily obtain a formula for the possible solution

Swi(r—t)+ | e*ds, 0<t<7<T

!

(16.44) ult, ) =

eMwt — 1)+ | eMyds, 0<7<t<T.

Z
j

This definition is consistent for ¢ = 7 by virtue of (16.29). Let us prove
that u(t, ) verify (16.43). By using (16.32), (16.39) and (16.40) we deduce the
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existence of

| —etwi(r -ty + e (Awi (T — ) +y), 0<t<T<T
(1645) Ut(t, T) = {eArwlz(t _ T) , 0 S r<t .<_ T

and of

_f efwitr —t) , 0<t<r<T
(16.46) ur(t,m) = { —eMwh(t — 1) +eM (At — ) +7), 0<7<t<T

which are consistent for ¢ = 7 by virtue of (16.38). In addition by using (10.10)
we get

eAt(Awl(T—t)+'y)—f7, 0<t<r<T

(16.47) Au(t, 1) = { Ar
e (Qupt-T)+y) -y, 0<7<t<T

From (16.45)-(16.47) we derive (16.43). In addition from (16.34), (16.39)
and (16.40) we deduce that (t,7) — u,(t,7), u,(t,7), Au(t,7) are continuous from
[0,T)* to C(Q); the same property is satisfied by the solutions of (16.9) and
(16.18). In conclusion the sum of the solutions of (16.9), (16.18) and (16.41) is
a solution of (16.8) and satisfies (16.7). The uniqueness of this kind of solution
is easily proved because if u verifies (16.7) and (16.8) with f = u, =u; =0
then necessarily u is given by (16.44) with wy = wy =~ =0 and therefore u = 0.

REMARK 16.2. It can be checked that if (16.1) holds and there exists a
solution » of (16.8) with property (16.7) then (16.2)-(16.6) must be necessarily
satisfied.

We can study problem (16.8) by means of the parabolic theory without
supposing the differentiability of f: in this case u is differentiable only along
the characteristics thus the left-hand side of (16.8) must be interpreted as the
derivative of u along their direction: this has a physical meaning in some
biological problems arising in the study of age-structured populations (see [4]).

THEOREM 16.3. Let Q be a bounded open set of R™ with regular boundary
[, T >0 and let f(t,7,2), wi(r,z) and uy(t,x) be such that, setting

fl (t1 T)(IE) = f(t’ T, .'L')
(16.48) u{T)(z) = u (7, T)
Ug(t)(l‘) = u2(t; .’E),

we have f:[0,T)> - C(Q); uy, uy:[0,T] — C(Q). Moreover assume that

(16.49)  sup{|6]™*||fE +8, 7+6) — ft, Dllc@ys
t,7), t+6, t+6) €0, TP} <+ o
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Jor some a € [0, 1[. Then, if

(16.50) wi(7), usty € Dy; t, T€[0,T]

and

(16.51)  Aui(r,2)+ f(0,7,2) = Aus(t, ) + f(¢,0,2) =0, t,7€[0,T], z €T

(where Dy is defined in (14.18)), there exists a unique w(t,t,z) continuous in
[0, T x Q such that u(t,,-) € Dy for (t,7) € [0,T)? and verifies

Du(t,r,z)= Autt,7,z) + f@,7,2) ; t,7€[0,T], 1€Q
v0,7,z) =u(r,x) , T€[0,T] , z€Q

(16.52) u(t,0,z) = uy(t, x) ,te[0,T] , zeQ
u(t,7,7) =0 , t,7€[0,T] , z€T
where
(16.53) Dut, r, z) = lim YA THRD Zul 1)
h—0 h
PROOF. Setting
(16.54) u(t, 7)(z) = u(t, 7, 1)

and using (16.48) we can write (16.52) as a problem in the Banach space C(Q)

(16.55) u(0,7) = u (1) , T €[0,T]

{ Du(t,7)= Ault,7) + f(t,7), t, 7 €[0,T]
u(t,0) = uy(t) , t €10,T].

If there exists a solution (in the sense specified above) choosing (¢, 79) €
[0,T)? with to =0 or 7y = 0, there exists Ty > 0 such that if h € [0, Tp], then
(to+h, T0+h) € [0,T)?; hence, setting

(16.56) { u(h)=ulto+h, +h), hel0,Tl

f(hy=f@o+h, o+h), hel0,Tl,

we deduce from (16.55) (with ¢ =ty + h and 7 =ty + h) that u(-) satisfies

(16.57) { u'(h) = Au(h) + f(h), h€[0,Ty]

u(0) = uy

where wuy = u(rg) if £ = 0 and wuy = wua(ty) if 7o = 0. From the results of
section 12 we deduce the uniqueness of the solution: to prove its existence
we can use Theorem 13.2 with E = C(Q) and A = A. In fact, for each (¢g, )
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we have f(-) € C*(0,Ty; C(Q)) by virtue of (16.49) whereas (16.50) implies
up € Dy and from (16.51) we deduce Aug + f(0) = Au(rp) + f(0,79) € Da
when ty = 0 and Aug + f(0) = Aua(ty) + f(to,0) € D,y when 7y = 0. Therefore
problem (16.57) has a solution u € C'(0, Ty; C(Q)) N C(0, Ty; Da). Now defining
u(t,7,z) by means of (16.54) we obtain a solution of (16.52): in fact for each
given (t,7) € [0,T]> we can set tg =t —1, 79 =0, h =7 if t > 7 and
to=0, o=7—1t, h=t if t < 7. In this way (16.57) reduces to (16.55) which
in turn implies (16.52) because u(t,7) € Dy.

In the next example we want to exhibit a situation in which the hyperbolic
theory (with non dense domain) seems to be the unique way of studying the
evolution problem.

17. - Generalized Laplacian in infinite dimensional spaces

The problem which will be introduced here arises in the theory of
stochastic control: we only sketch the proofs and refer the reader to [3] for
more details and motivations.

Let H be a separable Hilbert space with inner product < -;- > and a
complete orthonormal set {e;}ren-

Let £ be the Banach space of functions ¢, uniformly continuous and
bounded .from H to R, endowed with the sup-norm.

For each k € N let us define the linear operators Dy and A as follows:

D.:DD)CE—-E

D(Dy) = {¢ € E; there exists 11m 9@ + hex) — $(z)

Jim 3 uniformly for

(17.1) z€ H)

P(z + hey) — $(2)
h

(Ded)@) = lim

A, . DA))CE—-FE
(17.2) D(Ax) = {¢ € D(Dy); Ac ¢ € D(Dp)}

1
Argp = EDk(Dk¢)~

Ay generates an analytic semigroup in E given by

. +00 5
(17.3) <WWm=%ﬁ[mm%m%ymw t>0.

Let S be a positive nuclear operator in H such that

(174) Seyr = Areg, keN
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with Ay > 0 verifying Y M\ < + oo. The generalized Laplacian in E

k=1
(corresponding to S) is the operator

A:DACE—-E

D(A) = E; ¢, ¢"€E
(17.5) QA ={peE; ¢, ¢"€cE}

1 oo
A = STr(S¢") =) Medrd

k=1

(here ¢' and ¢" are the Fréchet-derivatives).
It can be proved that the closure of A coincides with the generator

(17.6) A:DAYCE—-FE

of the strongly continuous semigroup in E defined by
(17.7) T(t)p = lim [] e**4¢, t>o0.
i=l

Finally, let us suppose that

(17.8) B:DB)CH—-H
is the generator of a strongly continuous semigroup e?* in H and consider the
problem
w(t,z) = 3 Tr(Sus(t,2)— < Bz,us(t,z) > + f(t,2);
17.9) { tel0,T], z€H
w0,z) = wuy(z), z€H

where f:[0,T]x H — R and uy : H — R are given. To write it as an evolution
problem in E let us introduce the operator

B:DB)CE—E
. Bh oy

D(B)={¢ € E; there exists ’}1%1 w uniformly for
17.1 a
( 0 z€ H}

e plePrT) — g(x)
EO@=n
Now ¢ € D(B) if and only if there exists

(17.11) -~ lim et hth) “ 0D By, gy >

uniformly for z € D(B): hence for each ¢ € D(B), the mapping z -»
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< Bz, ¢'(z) > can be extended to E. In conclusion we can write the abstract
version in E of (17.9) as follows:

P / —_—
(17.12) u'(t) = Au(t) + But)+ f(t), te[0,T]

u(0) = uy
where we have set u(t)(z) = u(t, z) and f(t)}z) = f(¢,z). If B is unbounded then
B verifies estimate (14.1) but D(B) # E; moreover it can be proved that A + B

with domain D(A) N D(B) is closable in E and if A > 0 then A € ¢(A + 8)
and

_ ]
(17.13) (A = A+ B) IHC(E»SX

This lets us apply the hyperbolic theory to problem (17.12) and to get
solutions of (17.9) by using the existence theorems of sections 7-9 (see [3]).

Appendix

In many applications it is important to consider operators B such that
A = B—wl satisfies (1.1) for some w € R. The extension of the previous theory
to this situation is very simple but it will be useful to write explicitly some
less obvious results (as the estimates for the solutions).
Let us suppose that
B:DpCE—E

is a linear operator such that there exists w € R verifying

(A.1) sup  [|(A = w)* A = BY *||ppy = M < o0

keN. A>w

{)\>w:>()\~B) le L(E)

If we consider problem

(A.2) v'(t) = Bu(t) +g(t), t€[0,T]
U(O) =19

where ¢ : [0,T] — E and vy € E are given, we can define in an obvious way
all the types of solutions introduced for problem (1.2).
If we set
A:Dy,CE—-FE
(A.3) Dy =Dp

Au=Bu —wu
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then A verifies (1.1) and it can be checked that to each solution u of problem

1 _ —wt
Ad) { u'(t) = Au(t) + e “ig(t), te€[0,T]

u(0) = vy
corresponds a solution v (of the same type) of (A.2) given by
(A.5) v(t) = e“tu(t), tel0,T]

and conversely.
From theorems 5.1, 7.2 and 9.1 we deduce directly:

THEOREM A.l. Let (A.1) hold. Problem (A.2) has a unique F-solution v
in L? for each g € LP(0,T; E) and uy € Dp; this solution verifies the estimate

¢
(A.6) lv@)|| < M e (||v(0)|| +/ lle=“*g(s)||ds), te[0,T].
0

If in addition f € C(0,T; E) then v is an F-solution also in C.
About the strict solutions we have the following result

THEOREM A 2. Let (A.1) hold and let g € W'*(0, T; E), vy € Dp and Buo+
g(0) € Dp: then there exists a unique solution v € C'(0,T; E) N C(0,T; Dp)
of (A.2). Moreover we have v'(t) € D(A) and

¢
(A7) W@l < M e“'(||Bvy + g(0)|| +/ lle=“*g'(s)|ids); t€[0,T]
0

as w=1v"is an F-solution in L? of

w'(t)= Bw®)+¢'®t), te[0,T] ae.
w(0) = Bug + g(0).

PROOF. We can proceed as in the proof of Theorem 8.1 by showing that
if w is the integral solution of

(A.8) { w'(t) = Bw(t)+4'(t), te[0,T]

w(0) = Byg + g(0)

t
then v(t) = vo + [ w(s)ds is a strict solution in C of (A.2).

Estimate (OA.7) is a consequence of the fact that w is an F-solution of
(A.8) and therefore (A.6) can be used.

We end with an existence result in the case in which g has values in Dp:
its proof is similar to that of Theorem 8.3:
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THEOREM A.3. Let (A.1) hold, g € LP(0,T; Dg), vo € Dp and Bw € Dp.
Then there exists a unique v € WH?(0,T; E) N C(0,T; Dp) such that (A.2)
holds a.e. in [0,T] and the following estimate is true

t
(A9)  |Bu®) < M e*(|Buol + / lle“*Bg(s)||ds), ¢t € [0, T).
0

Moreover w = Bv is F-solution in L? of

(A.10) { w'(t) = Buw(t) + Bg(t), t€[0,T] ae.

w(0) = By

and therefore Bw(t) € D(A) for t € [0, T1].
If in addition ¢ € LP(0,T;Dg) N C(0,T;E) then we have also
veCYO,T;E) n C(0,T;Dg) and (A.2) holds for each t € [0, T].
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