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Introduction.

Very recently in the authors, by means of multivalued linear operators,
have developped a theory which extends the classical results by T. Kato-H.
Tanabe, H. Tanabe and P. E. Sobolevskii to degenerate evolution problems
of parabolic type, like

L MO+ LOut) = f@), 0<t<T
) { i
M(O)M(O) = 'Uo(: M(O)uo)’

where L(t), M(t) are closed linear operators from the complex Banach space X
into itself, f is a continuous function from [0, T] into X, v, is a given element
of X and u is the unknown function.

In spite of the large number of papers and books written on this subject,
the approach to (P) via multivalued operators under parabolicity assumptions
for the operator pencil zM(t)+ L(t) seems in fact new to us.

It is shown in [9] that under some hypotheses that one expects from the
theory relative to non degenerate equations, (P) has a strict solution on J0, T],
(someone should prefer to call it a classical solution) in the sense that ¢— L(#)
u(t), t—d(M@)u(t))/dt are continuous from J0, 7] into X, the equation in (P)
holds, and provided that the initial condition is read as convergence of M()u(t)
to v,, with respect to the seminorm ||M(0)L(0)™*; X|.

Some examples of application to partial differential equations were given,
in particular, when M(t) is the multiplication operator by a non negative func-
tion m(t) or m(t, x).

The present paper contains some extensions of results obtained by the first
author [5, 6, 7, 8] on regular solutions for (P), where regularity means that if
the data have suitable properties in space or in time, then the corresponding
solution, or to be more precise, t—d(M(t)u(t))/dt has analogous properties; if

*> Partially supported by Ministero della Pubblica Istruzione, Italy (Fondi 40%) and
by Universita di Bologna (Fondi 60%).
~ ** The second author was partially supported by Grant-in-Aid for Scientific Research
(No. 03640176), Ministry of Education, Science and Culture.



332 A. Favint and A. Yacl

it has the same properties, we also shall say that » has the maximal regularity.

Just for this need of smoothness, our results are obtained by means of methods
more classic and traditional than the ones in [9].

We can subdivide the paper into three parts.

The first one concerns problem (P) when the operators L(¢) and M(¢) are
in fact independent of ¢ and take their values in a reflexive Banach space.
Then we are able to extend [I] and to degenerate equations, obtaining

maximal regularity in time and in space when the estimate | L(zM+L)™*; L(X)|
=const holds in the halfplane Rez=0.

If we ask for strict solutions with some other Holder regularity on the
closed interval [0, T], it is useful to introduce, (this is a well known fact in
the regular parabolic case [1, 11]), some interpolation spaces between the range
of T, R(T), T=ML"™, and its closure R(T) in X, precisely the real interpolation
spaces (R(T), R(T)),« 0<O<1.

Using these spaces, that we can also characterize with the help of
LM+ L), t>0, we obtain both strict solutions -+-time/space regularity provided
that some assumptions are satisfied on (1—P)f and/or (1—P)f and Lu, where
vo=Mu,; here P denotes the projection operator onto the null space N(T)of T.

We can dispense with such a projection if we content us with strict or
else classical solutions to (P) on (0, T], because then it is enough that f is
Hoélder continuous and v,=R(T), in accordance with [9], see [Theorem 3. Notice
that now the initial condition in (P) is always read in the norm of X.

The extension of these results to the general case deservers some difficulties,
since even if we make the rather restrictive hypothesis that R(7({)=R, 0<t<T,
where T(t)=M(t)L(t)™}, the corresponding projections P(¢) depend on ¢ and we
should be compelled to make some differentiability assumptions on P(¢).

These problems are already pointed out for algebraic-differential equations
in finite-dimensional spaces (we refer to the treatment given in [17]) and depend
upon the fact that the singularities of 7'(¢t) may arise either in =0 only or in
all a neighbourhood of ¢=0.

Further, the corresponding interpolation spaces (R(7(®)), R(T(t))s -~ may
change suddenly from R(T(f,) to {0}, where #,>0, for example and this does
not allow to use the well-known results on maximal space regularity described
in or elsewhere. These remarks account for the second part of the paper,
where problem (P) is faced and only time regularity is discussed.

However, since we now need no hypothesis of abstract potential type on

the operators T(¢t) for a projection argument, it is possible to weaken the as-
sumptions on ||L()zM(@)+ L{))™'; L£(X)| to an estimate as

L@ MO+ L) LX) = CA+1z])7, 0=t=T, (1)

with 0=a <1, for all z’s in a sector containing Rez=0.
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To handle our problem we shall improve some results of Favini-Plazzi’s
papers [7-8], removing, in particular, the restrictive and important condition
on the exponent s, in Assumption (C) of [7, Theorem 3, p. 1023], that had
limited the application of those results either to weak degenerations or to pro-
blems in Banach spaces less natural than the expected ones.

The last part contains a number of examples and applications. The first 5
examples generalize some equations considered in and also establish the
corresponding space and time regularity for their solutions according to para-
graphs 1 and 2. Such equations have the form

2 tmltpt) = —AOUOH©,  m@) 20,
or
%(m(t, ult, x))= —Al, x, Du(t, x)+ 1, x), m(t, x) =0

and they were previously considered in a lot of papers. We only quote [2, 4,
10, 11, 12, 13, 16], where some types of weak solutions are studied.

These results seem to us new at all. In particular, Example 5 permits to
treat degenerate problems in L? spaces, p+2.

In Example 6 we suppose L, M two non negative self adjoint operators in
the Hilbert space H satisfying <(Lu, Mu)>=0, ucD(L)SD(M), and we invoke
some results from in order to have the maximal regularity estimates for
the modified resolvent. The hypothesis on <{Lu, Mu) entailing parabolicity is
to be compared with the general angle condition Re {Lu, Mu)>=—da|Mu; H|?
0=0, or analogous ones given in [12, 13], also for nonlinear equations.

Example 7 points out that one can obtain the maximal regularity estimate
and need less regularity on the data if the concrete degenerate partial differential
equations are studied in some suitable weight spaces or in Sobolev spaces
H-™(£), m a positive integer, instead of L? as in [5, 6].

We remark that to our knowledge the type of applications that we have
given was previously considered in the context of H~™ spaces; on the other
hand, this has happened just because only the best exponent =0 in (1) has
been looked for and used.

[This research was accomplished during the stay of the second author at
Bologna University as visiting professor on C.N.R. and Ministero P.I. funds].

NoraTION. If E is a Banach space, ||; E| denotes its norm. If E, F are
two Banach space, .L(E; F) is the Banach space of bounded linear operators
from E into F, with the usual norm; we shall use .L(E) for .L(E; E).

If T>0, C[0, T; E], C°[0, T; EJ, 0<6<1, C'[0, T; E] denote the spaces
of all E-valued strongly continuous, resp. Holder-continuous with exponent 9,
strongly continuously differentiable functions on [0, 7]. The norm in
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C[0, T; E] is given by

OgggT{iu(t); Ell+lulls, lulls = Osstyngllu(t)—u(S); E||t—s|.

B[0, T; E] denotes the space of bounded functions from (0, 7] into E, with
the supnorm. u belongs to C(0, T; E] if u is continuous from (0, T'] into E
and u=C(0, T; E] if u is strongly differentiable on (0, 7] and #’'=C(0, T ; E].

1. The autonomous equation.

Let X be a reflexive Banach space over the complex plane, and suppose T
a closed linear operator in X such that the inverse (sT+1)'.L(X) exists for
all s>0 and

IsT+D; LX) =M,  s>0. (2)

Then it is well known (see [20, p. 218]) that the representation X=MNT)BR(T)
holds. It suffies, to this end, to define J,=T(sT-+1) s>0, and to apply
Corollary 1’ in [20, p. 218].

Let X, Y be now two complex Banach spaces and L, M be two closed
linear operators from Y into X such that zM -+ L has a bounded inverse Vz,
Rez=0, D(L)S D(M), (of course D(L) denotes the domain of L) and

ILzM+L)"; LX) =C, Rez = 0. (3)

It easily follows that an estimate analogous to (3) is satisfied in a sector X:
Rez=—a,—bo|Imz], a,, be>0.

If X is reflexive, we immediately deduce that the bounded linear operator
T=ML"! satisfies (2).

Denote by P the projection operator onto N(7") defined by

Pu=IlimnT+1)1u, ue X,

N—oo

In the paper [5, p. 220] it has been shown that the restriction T of T to
R(T) has an inverse whose opposite generates an analytic semigroup in R(T).

Notice that D(7~"‘1)=R(T) is everywhere dense in R(T).

We now consider the initial value problem

i(Mu(t)) =—Lu®)+1Q), 0gtgT
(Py) { dt
Mu(0) = Mu,.

Analogously to the definition for the regular situation M =1, we introduce

DEFINITION 1. A function u: [0, T]—Y is a strict solution for (P,) if (P,)
holds, with u=C[0, T; D(L)] and Mu(-)=C'[0, T; X1].
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In order to treat the maximal regularity property of (P,), to which we are
mainly interested, we define

Xy = (DT, DTNg.=RT), RT))po 0< <1, T=ML™,

Known characterizations of these interpolation spaces say that x=X, if
and only if x=R(T) and

stg(l))t"jl’f"(t—%-f“l)“x; X||< oo,

On the other hand, clearly, the preceding sup coincides with
supt?||¢tT+1)"'x; X|=supt?|¢T+1)"1—P)x; X|
>0 >0

= ﬂiopz‘"]lL(tM—}—L)"‘(l—P)x; X|.
We establish our first result, extending to (Py).

THEOREM 1. Assume that (3) is satisfied in a reflexive Banach space X.
Suppose that fCOl0, T; X], 0<8<1 and u,=D(L), with

1-P)fO)—Lu,] € Xs.
Then there exists a unique strict solution u of (Py) such that
g—t(Mu(-)), Lu(-)e C[0, T; X] and %(1\4u(-))€ B[O, T; Xs].
PROOF. Define u(t)=u )+ ust), 0<t<T, where
us(t) = wo— @i 27 e eM+ L) [ Lua—/(0)]dz,

and u, shall be precised in the sequel.

Here I' is the union of two rays originating from a,>a, and angles Lo,
¢>x/2, customary in analytic semigroup theory.

It easily follows that

us(t) = uo— L' P[ Lu,—f(0)]
—(2m‘)‘1L‘lgrz"e”(zT—}-l)"’(l——P)[Luo——f(O)]dz, 0=t<T.
Notice that the integral converges also for t=0 in view of the regularity im-
posed on Lu,— f(0). We also have:

Mu,(t) = Muo—(Zni)‘lgrz‘ze”(zT—l—l—1)(2T—{—1)‘1(1—P)[Luo-—-f(O)]dz

= Muo—t(l——P)[Luo——f(O)]+(27rz')"lgFz‘ze”(zT—}—1)'1(1—P)[Lu0——f(0):| dz,

and
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d(Mu,(t))/dt = —(1—P)[ Lu,— f(0)]
+@ri)y | 2o T+ A= P Lus—FO)1dz,
Lus®) = Luo—P[ Luo—£(0)]
—(Zﬂi)'lgrz"e”(zT—}-l)“1(1—-P)[Luo— £(0)1dz.
It follows that

d(Mu,(t))/dt+Lu,(t)= f0), 0=t<T;
further,

dMu(t)/dt = (P~ Lug—f (O)]
+(2m’)-1gpz-1e"7”‘-l<z+7‘-*>-l<1~P)[Luo~ F(0)1dz
= —@riy*| e e+T) (=P Lus—fO)dz;
in view of Sinestrari’s results [15, Theorem 4.5], we deduce that
sup Il d(Muy))/dt; Xoll < oo

Let us define now u,(t). Precisely
wo(t) = (Zzi)‘lgzgre“f‘”(zM—l—L)‘l[ F(s)—f(0)]dzds, O0<t=T.

In virtue of the meaning of P and the properties of Laplace transform, we have
us(t) = L'PLf@#)—f(0)]
+ L7 @riyt| e+ T (= PLA(S)— fO)]dz ds;
in fact,

L PLAO— O = @aiy | | e LT+ PLAs)—F©)]dz ds,
and (zT+1)'A—P) = T-(z+T-1)'(1—P).
This implies that

Mu,(t) = (27::')“8 gre“”'”(z-l—T“)“I(I—P)[f(s)——f(O)]dz ds.

Let Mu,(t)=z(). Since f is Holder-continuous, we know by [15, Theorem 4.5]
that t—d((Muy(t))/dt= CO[0, T; R(T)JNB[O0, T; X,;]. Further,

L M) = ~T120HA-PUfO-SO],  0<t=T.

On the other hand,
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Lu(t) = PLF()—£(0)]
+(2:rz’)‘lgzgre““”’T‘“(z+T"I)‘I(I—P)[f(s>—f(0)]dz ds

= P[fO)—fO)]+T2¢), O0=<t<T.
Hence

d
E(M”Z(t)) = —Lu()+f)—70), 0=t=T.
The statement is completely proved. #

The results in give also existence (and uniqueness) of both strict and
classical solutions. Accordingly, we define

DEFINITION 2. A classical solution u of (P,) is a function u from (0, T]
into Y, such that u=C©, T; D(L)], MueC' 0, T; X] and (P,) holds, where
feC[0, T; X], z,=X and

(Py) { %(M““)) = —Lu@)+f@t), O<t<T,

(Mu(@)—z,; X|—>0 as ¢]0.

Let us describe how it is possible to use the theorems in to have the
strict solution for (P,) and the classical solution for (P,), of course without
maximal regularity.

We begin with (P,). To this end, we transform it into

{ %(Tv(t))-Fv(t) =f@), O0<t<T,

(4)
(Tv)0) =T Lu,
by means of the change of variable Lu=uv.
Consider then the Cauchy problem in R(T) = Z,
ZO+T20)=(1-P)f®), 0=<t<T, 5)
2(0) = T(1—P)Lu,.

If feC?l0, T; X1,0<6<1, since (1—P)f(O)—T-4(T(1—P)Luy)=1—P)[f(0)—
Lue D(T)=R(T)=R({T), (5) has a unique strict solution z[15, Theorem 4.5].

Thus we know that T-'z(-)eC[0, T; Z], zeC'[0, T; Z]. Define v(t) by
means of (l—P)v(t):’]N“ “z(t), Pvt)=Pf (), 0=t<T. Then u(-) solves (4) since
z)=T1—P@t)=Twv(t) and also

%(Tv(t)) = 2(t) = —(1— PY®)+(1—P)f () = —o(®)+f(t), 0<t<T.

Hence, u(t)=L"'u(t) solves the equation in (P,) and Mu(0)=Tv(0)=T(1— P (0)
=T(1—P)Lue=T Luy=Mus,.
We conclude
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THEOREM 2. Let X be a reflexive Banach space. Assume (3) and f&
C?T0, T; X1, 0<6<1, uysD(L). Then (P,) has a unique strict solution.

The same reasoning as in the preceding proof, this time by using [15,
Theorem 4.47 leads to

THEOREM 3. If X is a reflexive Banach space, the linear operators L, M
satisfy (3), f€C?[0, T; X1, 0<6<1, then (P,) has a unique classical solution u
for any z,= R(T).

Proor. The Cauchy problem in the space Z

{ ZO+T-2() = (1—P)f@), 0<t<T,

lz(t)—z0; X|| —>0 as 0, (6)

has a unique classical solution z. Let v@)=T"'2z()+Pf(®).
Then this v(-) satisfies the equation d(Tv(t))/dt+v(t)=f(t), 0<t<T, and
Tv(t)==z(t) converges to z, as t—0. #

THEOREMS 2 and 3 are interesting since they give existence results without
any knowledge of the projection P, which can be difficult to characterize. On
the contrary, this cannot be avoided if we seek space regularity. In fact, we
have

THEOREM 4. Assume X a reflexive Banach space; if (3) holds for L and M
and f€C[0, T; X1, 1—P)feB[0, T; Xy], 0<0<1, 2= R(T), then (P,) has a
unique classical solution.

PROOF. It suffices to observe that z,=D(7-') and hence we can apply [15,
Theorem 5.4] to problem (6). #

THEOREM 5. Let X be a reflexive Banach space, with (3) satisfied by L, M
and f€C[0, T; X], 1—P)f=B[0, T; X,], 0<0<]1.

If wo=D(L), then (P.) has a unique strict solution u.

If 1—P)Lu,= X, too, then this solution u satisfies

%(ﬂlu)(-) € B[0, T; Xy], (1—P)Lu< C°[0,T; XIN B[O, T; X,].
ProorF. We want to apply [15, Theorem 5.5]. For this, we observe that
in equation (5)

TU—P)Luy =2z, R(T) = D(T-)
and

T-2o=0—P)Lu, € R(T) = D(T"Y). #
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2. The general equation.

In this section we consider problem (P) in its generality, also when the
range of T(0)=M(0)L(0)"* may be very small, and then interpolation spaces
fail to be useful. In view of this circumstance, we shall use some improve-
ments of [7, Theorems 1-3].

In that paper the equation BMu—+ Lu=h was studied under the assumptions
which we now recall for convenience of the reader.

(H1) B is a closed linear operator from the complex Banach space E into
itself such that VzeC, |7—argz|<¢<z/2 or z=0, B—z has a bounded inverse
(B—2z)™ such that [[((B—2z)'; L(E)I£CA+|z])", for that z’s, D(B) being
everywhere dense in E.

(H2) L and M are closed linear operators from the complex Banach space
Finto E, D(L)SD(M), L has a bounded inverse, zM -+ L has a bounded inverse
for |argz|<m—¢+e, e>0, ¢ asin (H1), with |L(zM+L)™"; L(E)ISC1+|z])%,
where a<[0, 1).

(H3) Let T=ML"' and Vy=(E, D(B))s,« 0<0<1. Let us denote by 7
the path in C parametrized by z=r exp(£i®), r=a,>0, O=r—¢+¢/2, and z=q,
exp(iw), |w| <@, oriented by (+c0)e *? to (+)e’?, and by [B; (2T +1)"] the
commutator B(zT+1)"'—(T+1)"'B on D(B). Then [B; (zT+1)'] has a
bounded extension in .L(FE), transforms continuously D(B) into itself, and there
are 0<[0, 1), k=1 such that

i) II[B; T+1)1]; £LB)) = C(A+1z1), ze€7,
ii) JI[B; T+1)']; LDB)HI £ CA+|z]), ze7.

We remark that if [B; [B; (zT+1)']] exists and has a bounded extension
to E for all zey, with |[B; [B; zT+1)']]; L(E)|<C(1+|z|)% z=7, then
ii) in (H3) is satisfied. The novelty with respect to is that the exponent
k is allowed to be =1. This is a crucial fact in order to treat strongly de-

generate or singular problems, because then (H3) ii) holds only for & large.
We have

THEOREM 6. Assume (H1-3), with 0=Za<l, a<(l—g) (k—0a)'. Given o<
(a, l—0c)(k—0a)™"), for all heV, and for every s>0 sufficiently large, the
equation (B+s)Mu+ Lu=~h has exactly one solution u such that Lu, BMucV,,_,.

ProoF. Take w>0 such that w<(l—e)k—0c)'. In view of (H3, i-ii) and
the interpolation property of the spaces Vy, [[B; T +1)"']; LVIISC(L+2])%,
where g,=c+w(k—a0).

If w is chosen sufficiently small so that ¢,<1, we can apply Theorems 1/2
in [7] and deduce the result. #
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Hypothesis H3 ii) can be weakened to
i)y [[B; GT+D1]; £Vl < CA+121?, ze7,

where ¢=(0, 1) and d=1.
In fact, all what we need in proving THEOREM 6 [see also Theorems 1-3
in [77] is that there are 0<¢,<1, 0<f,<1 such that

ILB; GT+1)7']; LVl = CA+12D)7,  z€<7.

On the other hand, if ii)’ is satisfied, then [B; (zT4+1)']Je.L(V,,), 0<p<],
and |[B; (zT+1)]; .C(V¢p)]|§C(l+lzl)”f’("""’, by interpolation and the rei-
teration theorem for the real method. If p is chosen <(1—g)(d—¢)™' and ac-
cordingly @,=¢p<¢(l—0c)(0—0)’, 0,=0+p(0—0c), we have what we wanted.
Hence,

THEOREM 7. Assume (H1-3), with ii)’ instead of ii), and suppose a<¢(1—a)
(6—a)*=a*. Then for all w=(a, a*), all heV, and s sufficiently large, the
equation (B+s)Mu-+ Lu=h has one and only one solution u such that Lu, BMu<
Veo-a-

Now let us clarify how THEOREMS 6 and 7 work when applied to abstract
differential equations.

We also observe that then, by a change of independent variable argument,
it is not restrictive to take s=0 in these theorems.

APPLICATION. Let L), M({), 0=i<T, be two families of closed linear
operators from the Banach space X into itself, such that

(K1) T@)=M(@)L(#)* is continuous from [0, T] into £(X) and L(#)™! is
continuous from [0, T] into L(X).

(K2) There is 0<a<1 such that

I LE)(@ME)+L@E)*; LX) = C(1+|z])
ZEE: Rezz_ao_bollle, ao, b0>0.
(K3) D(L())=D is independent of t<[0, T].
(K4) For all feD, t—L(#)f is twice strongly continuously differentiable on
[0, T], and hence ||[L®@)L(@#)"; L(X)|<Const, k=1, 2, 0<t<T.
(K5) For all t<[0, T] M(t) is a non negative bounded linear operator in

X, M(t)f is twice strongly continuously differentiable on [0, T] for any f<D,
and there are C>0, 0<B=1 such that

IM@®f; XI < CIMEf; XI, feD, 0Zt<T.

To apply THEOREM 6 we use also [7, Theorem 3] and we choose E=F=
Col0, T; X]1={uecs C[0, T; X1; u(0)=0}, D(B)= {uc Ci[0, T; X], u'(0)=0},



Degenerate evolution equations 341

o[0, T, X1={us C'[0, T, X1; w(0)=0}, Bu=u’, (Tu))=T®)u®)=ME)L{E) u).
It is well known that [B; (zT-1)"*] and [B; [B; (zT+1)"*]] are the multi-
plication operators by d/0t(zT(t)+1)"! and 0%/0t*(zT(¥)+1)"?, respectively.

With feX, we calculate
2 @41 =~ T O M OLO T O+ f
+L'OLE ' @TO+D " f —@ETO+D) T L'OLE @TEO+1D)f.
In virtue of (K5) and the moment inequality,
lzM' @) L@ (=T®+1)71f; Xl
< ClzlITWETO+HDTf 5 XIPIL@O T+ f 5 X|F
< Clz|fQ412D)°0f 5 XI < CA+ 2P+ f; X|.
It follows that
|2 ETO+177 5 X | < CLAH 121824+ L2105 X
< C'(I+ 1z f 5 XI.
We also have for all feX,

0 -
SO+ f
= _Z{S%R(Z’ t)}T’(t)R(z, Df—zR(z, t)T"(t)R(z, t)f —zR(z, t)*T'(t)

{2 Rz 0} 1,

where we have used R(z, t) for (zT()+1)7".
A trivial calculation shows that

l0*R(z, t)f /0t*; XIl = CA+]2]P***?|f; X].

Take k=2+43a—f and suppose 0=o=1—F+2a<]1, thatis, 2a<B=1. The
condition a<(l—g)(k—a)™' in THEOREM 6 reads 8>3a+a*(=2a). Hence we
obtain the following result on problem (P), where a strict solution for (P) is
defined according

DEFINITION 2. A function u: [0, T]—X is a strict solution to (P) if u(t)=
D(L@)) for t<[0, T], L()u(-)eC[0, T; X], M(-)u(-)= C'[0, T, X] and (P)
holds.

THEOREM 8. Assume (K1/5) and 3a+a*<B<1. Then for all f& cro, T,
X], a<0<(B—2a)1+a)", and u,=D, with
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FO)—A+T"(0) L(0)uo € MOXD) = {M(O)y; y=D}, (7)

there is a unique strict solution u of (P) such that L(-)u(-) and t—d(M()u(®))/dt
eCi-+[0, T, X].

As a simple example, suppose — L(t) to be for all 0<¢t<T the infinitesimal
generator of an analytic semigroup in the Banach space X with a common
domain D and satisfying the Tanabe-Sobolevskii conditions [19, p. 118] with
also the further regularity assumptions in (K4). Let M(¢) be the multiplication
operator by ¢™, where m=2. Then (K2) holds with a«=0. Since

MO =m" @),  feC[0,T; X1,

(K5) is verified if we take f=1-—1/m.

On the other hand, 7’(0)=0, and thus condition (7) reduces to f(0)=L(0)u,,
which says how u, has to be chosen so that ¢™u(¢) vanishes in t=0, our actual
initial condition in (P).

The assumption m=2 seems to be too restrictive and is due to (H3 ii). In
fact it can be refined to m>1 if we make use of the following general

THEOREM 9. Assume (K1, 2) and T@)=M@)L{E)™* have the properties

0
[ |5 T+ L0 < Ca+1z1)y, 050 <1,
ze X |largz | < w—p+e, >0, 0<9p<n/2,0<t T
10 ., 0 .
| ETO+D = ST+ LX)
< C(+1z|Plt—sl¢, where 6=1,0<¢p<l,z€ .

(K6)

If a<e(l—a)0—0o)'=a*, then for any w&(a, a*), all f€C?0,T; X1, u<
D(L0)) such that f(0)—QA+T'0)L0)u,=R(T(0)), there is a unique strict solution
u to (P) for which L(-)u(-) and d(M(-)u(-))/dteC*-*[0, T; X].

PrROOF. In view of [7] and THEOREM 7, it suffices to observe that if f<
C$[0, T, X1=V,, then by (K6)
(o 0 _
[ RG Dhro—{5 R 9} £ X|it=s1
SCA+121°0f 5 Vl+CA+121)°Nf5 VASC A+ 12 PIf; Vol #

We shall finish to discuss the preceding example in next section.

3. Applications and Examples.

1. Let us consider problem (P) under Hypothesis (K1/4) and, for sake of
simplicity, suppose L(¢)=L. Concerning M(t), we now shall assume that AM(¢)
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is positive, once strongly continuously differentiable from [0, 7] into .£(X) and
IM'@E)—M'(s); LX) = Clt—s|?, 0<p=1, 0=t s=T,
IM@®)f; X| < CIMt)Pf; X, feDL), 0<t<T, 0<B=<I1.

From the expression —zR(z, )M'(t)L"'R(z,t) for 0R(z, t)/ot, R(z, t)=(=T({#)+
1)°%, it follows that

(&7) {

IR(z, )= R(z, 5); LX)| = C(1+]z])~Fe|t—s],
10R(z, 1)/t —0R(z, $)/0s; LX)l < C(A+z|)~P+*|t—s]¢, 0=t s<T,

and hence we can apply THEOREM 9 if 2a<f8<1, with 6=1—8+2a and 0=2—
B+3a. On the other hand, (1—a)0—0c)'=(f—2a)l+a)"' and hence, if (K2)
and (K7) are satisfied, 0<2a< <1, then for any f=C*[0, T; X], a<w<¢ (8—
2a)1+a)™?, and any u,=D(L) such that f(0)—(1+M'(0)L"*)Lu,=f(0)—(L+
M'(0))u, belongs to the range of M(0)L"!, there is a unique strict solution u of
(P) with Lu(-)eCe [0, T; X].

2. Let us consider (P) under the assumptions that — L(¢), 0<t< T, generate
holomorphic semigroup (even with non dense domain) in the Banach space X,

have a common domain D, for simplicity, and are strongly differentiable on
[0, T], with

IL'®—L'(s); L(D; X)I =Clt—s|s, 0<e=1.

Further, there exists M >0 such that |(L{#)+2)t; L(XIEM(1+]|z])Y, Rez=0.
Let m(#)=0 on [0, T] be a C* function satisfying

Im'@®)| = Cm(t)?, 0<p=l, C>0,
|m'(t)—m’'(s)] = K|t—sl?, 0<y=l, K>0.

These hypotheses imply that in a sector X containing Rez=0 and for any 0=
t<T, the estimates || L) em(t)+LE#)™; L(X)|<C, hold.
Now, since

%R(Z’ 1) = —zR(z, )m'¢)L({t) Rz, t)+ L)L) 'R(z, t)
—R(z, t)L'@)L(t) ' R(z, ),
“%R(z, £); .L‘(X)“ < Clz|'™7, 0St<T, z€ X, |z large.

It is not too difficult to see that also the estimates

”a%ﬁ’(% 1‘>—%R<Z, $); J(X>H§ Cl+lz|)*7|t—s|?, ¢ =min{e, v},
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hold and hence we can apply THEOREM 9 with a=0, 6=1—17, §=2—7, ¢=
min{e, v}, so that a*=ne.

REMARK. If m(t)=t™, m>1, then all preceding assumptions are true, with
p=1—1/m, y=min{m—1, 1}, because
= m()| = mon—1)|{ ym-2dy | =mim—1)|{ r-*t—)"dr
< Kjt—s|™ .
3. Let VS HCSV* be given complex Hilbert spaces, with V densely em-

bedded in H. Let a(u,v), u, veV, b(x, v), x, y=H, two bounded sesquilinear
forms such that

b(x, v)=b(y, x), x,ye H,  blx,x)=0 forall x& H,
alu, u)y=0olu; V|3 ueV, 0>0.

Denote by Me . L(H), L e.L(V, V*) the operators induced by these sesquilinear
forms; by L we intend the operator in H given by D(L)={ucV; LucsH},
Lu=Lu, usD(L).
Let <, > be the inner product in H. If AM+L)u=f, from
AKMu, up+<{Lu, up =<f, uy

and |<f, ud|<Z|u; H||f; H|, we deduce that there are two positive constants
C,, C, such that

Re A Mu, uy+Cllu; V|* £ Relf, u, (8)
Re A Mu, ud+C,|M"?u; H|® < Relf, ud (9)

(ImA|| M 2u; HI* < ||f; Hlllu; H.
Hence,

(2Re2+|ImA|+C)IM**u; H|*+Collu; VII* < 3If; Hlllu; HI.

Take 2Re A+ |ImA|+C;=C,>0. Then we conclude that for these A’s, |[u; V]|
=C'lf; HJ.
By (8), (9) one then obtains

IRe A M *u; HIP < |f; Hlllu; HI+Csllu; VIEZ Cillf; HI.
Therefore the estimate
|z||M*u; H|I* < C|lf; H|?

is satisfied in a sector 2 containing Rez=0 and, since M is bounded, ||zM(zM
+ L)' L(H)|ZSCA+|z])V8 z€2. THEOREM 9 immediately applies and ensures
that for any feC°[0,T; H], 1/2<w<1, u,=D(L), with f(0)—Lu,=Mu,,
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where u,=D(L), problem (P) has a unique strict solution u such that Lu(-)e
Ce-4t[0, T; H].

4, This is a concrete example of initial boundary value problem. Suppose
that m(t, x)=0 is a C®-function on [0, T1X[0, 1] such that

%m(t,x)Iécmnx)", 0<t=<T, 0=sx=1 C>0, 0<p=]

(10)
%m(@x)]gcﬂz(t,x)r”, 0<t<T, 0<x<1, C>0, 0<B=1,
(11)
0 0
St 2= 5m(s, x>|§cu—sw, 0<s,t=<T, 0sx<1,
C>0, 0<p<1. (12)

Let L be the operator defined on L?%0, 1)=X by
D(L)= H¥0, )NH*0, 1), Lu=—u" =0du/ox?.

If M(t) denotes the multiplication operator by m(t, x), from AM{)u+Lu=f<
L¥0, 1), 2&C, we deduce, by taking the inner product of f by M(®)u,

zgjo,u:m(t’ 0 u(w) | *dx+ E—gzi(t, OuRade+| | m, 2]

10,1 10,
= g m(t, x)f(x)a(x)dx
l0,1C
and hence, by (10),

Re AIM@u; XI*+{  mt, 0)lw(x)*ds < If5 X||M©u; X|
+CNMBu; X|°w; XIelu’; X1,
ImA[ I M@u; XI*<1f; XIMHMOu; X
+CIM@u; X ellu; XI-ellu'; X1
Further, as in Example 3, |u’; X[ <C|f; X].
Thus there is a positive constant ¢, such that
(Re 2+ |Im Al +cl|M@Bu; X1* = If; XIIMBu; X]|
+CIM@®u; XI°1f; Xl
Take Re A+ |ImA|+co=¢ee>0. Then
IRe AN M@®u; XIP<|f; XIIM®u; X|

+CIM@®u; X)°u; XI-elu’; X|
and also
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[AHIM®u, X = ClIf; XI*°,

for any A’s in the sector X that we have defined.
We conclude that for each A€2 one has

AM@AMO+ L) L] = CA+12D*,  a=1—p)2—p)(<1/2).

Assumptions (11), allow to estimate suitably |[(d/0t)R(z, t); -L£(X)| and
[(0/0t)R(z, t)—(0/ds)R(z, s); .L(X)|| as in Application 1 provided that p>2(1—
B)2—pB)"*. Therefore we obtain a strict solution u to (P), with ¢—(d/0t)(m(t,
Ou(t, -)e C~*[0, T; L¥0,1)] if feC*[0, T, X], a<w<¢(p@—p)—2(1-3))
(3=20)"%, uec Hi(0, )NH?*(0, 1), f(0, x)+uf(x)—(@/0t)ym(0, x)uo(x)=m(0, x)u.(x),
u,sD(L).

REMARK. Let m(t, x)=tm(x), m(x)=0, meC'[0, 1], ¢>1, 0<t<T. If

Im'(x)] £ Cm(x)?, 0<p=1, x < [0, 1],

then (10) is verified. Since

(:g:m(t, x) = qm(t, x)'"im(x)"9,

(11) holds with f=1—1/q.
Also is satisfied if one takes ¢g=min{g—1, 1}. Therefore to use the
preceding result it suffices to suppose 2(¢+1)'<p<1, since a=(1—p)2—p)".

5. Example 4 can be considered also in the space L?(0, 1), p#2. For
sake of simplicity, we confine ourselves to the case in which m(t, x)=m(x) is
in fact independent of ¢ and the operator L is defined by D(L)=W??(0, 1)N
W§r, 1), p>1, (Lu)(x)=—u"(x)+cou(x), ¢o>0, x=(0, 1). This time X=L?(0, 1)
with the usual norm. If M denotes the multiplication operator by m(-), and
AMu+ Lu=f<X, one obviously has

Relg um(x)]u(x)l”dx—Reg R |7 dx el XIP

Jo, Jo,
=Re[ _sommlu@ierds,

13)

Im ZS[o um(x)‘ u(x)| ”dx——ImS]o 1[u”(x)a(x) lu(x)|?~2d x

= Img f(x)a(x)|ulx)| P %dx.
Jo, 1L
Now, it is well known [18, pp. 310-311] that

i wa@iue] s of | jwwitiueirs

<, Re(—gmum)a(x)]u(x)w-de).
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Hence,

tmal | m(olu(n)i?dx <

[, S@rlutie-dx|

+C, Re(—SJO ")) u(x)|?-dx).
It follows that

(C+DRed+[ImAD|M 75 X|?
+C+DRe(=[ wmautoie-tdx) el C+Dlu; X7

—C Re(—Sjo’ltu”(x)a(x)lu(x)] P-2dx)

Jo

<(C+DRe(  famuolP*dx+If; Xilu; X|77,

where 1/p+41/p'=1.
Therefore

((C+1)Red+[ImA)| M Pu; XH”-{—ReS L @a) u) [P dx+Collu s X7

Jo,

S(CHDNf5 Xllu; XIP-. (14)
Let (C+1)Reid+|ImA]=¢¢>0. We then deduce that there is K >0 such that

Sjo_ul w ()2 u(x)|Pdx < K| f; Xlu; X1

In virtue of (13), this implies

IReal [ MPu; X|IP = (CH2Uf5 Xllllw; XUPT IS5 Xillhe; X771,
Hma|[M7Pu; X|P < Collf; Xlllu; X[272,

and thus, since Ju; X|ZKi|f; X| by
[ALIMY Py X|P < Clf; Xllu; XIIPH < Csllf; XIIP.

It follows that AMu; X|[|=|AM@AM+L)f; X|<CQA+ 2" f; XI.
We also want to refine the preceding estimate if our m(x) satisfies 0<me
C'[0,1] and |[m'(x)|=Cm(x)?, 0<p<l.
If AM+Lu=feX=L?0, 1), and p>2, we have the following estimates:
ReAIMu; XIP+C{  m(a = w()l* | u(ol*dx+e | m(x)r~ |u(x)|7dx

Jo, Jo,

=0fs XIMu; X“””—HP—HS P ()] () [ u(x) P x,

Jo,

\Ima| || Mu ; XH”—IP—2!S P ()P [u(x) ] P72

Jo,

= lp—llg P GOl T ol Tu(ol P2 da+ L f 5 X[IMuws X778

Je,
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with a suitable positive constant C. After multiplication by K >0, which is
sufficiently small so that C—K|p—2|>0, we then deduce

(ReA-+K|ImA|)|Mu ; XHP+CS 1Em(x)”“|u’(x)lzlu(x>l‘“‘20bc

Jo,

+clg )P u(o)|Pdx

Jo,
< (K+DIf 3 XIIMu; X[P~
HEFDIp=11{ ()P0l |w()] /()17 dx

Jo,

Last integral, in view of the hypothesis on m, is estimated by

(%) = S]o e ()] [u(x)| P dx < (by Holder inequality)

= ([, mereiumira) ([ mee-seojwmiueie-rd) "
Since |M*u; X|| £ C|Mu; X|°|u; X|* ¢ and
lu; XIS Kilf; X1, SJO lrlu’(x)lzlu(?C)!”’ZdX = K|f; X7,
as already proved, we have
(x) = C'|Mu; X|°P2||f; X|Pa-e/®,
If we suppose A2 : ReA+K|ImA|=¢e,>0, we deduce
[, nCor ol ut -z
= C7 s XMy ; X P CillMu; X|[eP2] f5 X|[[PCA-er® = ()
[, )l Pdx < (o0),
Jo, 1[
Taking into account that AMu+ Lu=f, we have
IReA|[|Mu; X||” < C|f; XIIMu; XH”“‘XJO 1[771(76)”'1111'(96)l21u(x)lp‘zd%

+ClMu; X|err|f; X|paserd < Cu|lf 3 X[ |Mu; X7
HI S5 XIPAmer® | Mu; X[[0/P12} = (#4x),

[ImA} | Mu; X||? < (k).
Hence

[2[|Mu; X|Pe=0r2 < CH{|If; X||Mu; X||Pa-e/d=14|f; X|pa-erm)
and, since |Mu; X|[|=C|f; X,

|21 Mu; X|Pa-ri2 < C|f; X||pa-e®, 2e€ X,
that is,
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IAMu; X|| < 121°1f; X, 21€2Z,

where a=2p—pp—2)p(2—p))'. We remark that a<1/p’.

Of course, following the lines of the preceding examples, we could treat
the case in which m, L depend on {¢, L(t) being defined by a suitable differential
operator of order 2% in x, whose coefficients have some regularity in the variables
t and x, with Dirichlet boundary conditions.

6. Let A be a positive self-adjoint operator in a complex Hilbert space X,
with inner product ¢, >, such that {Au, ud=0dju; X|?, 6,>0, ucD=D(A).

Then the operator A—d=AM is non negative for any 6<J, and we suppose
that it has a closed range. Let L be another self-adjoint positive operator in X,
with D(L)=D(M#*)=D(A*), k being an integer =2, such that the “angle-condi-
tion” {(Lu, Mu>=0, Vue D(L) is satisfied.

In view of the moment’s inequality, M is L-bounded and has L-bound equal
to 0. Thus, by [8], the estimate |L(zM+L)™*; £(X)||<constant, is satisfied.

Hence, we can make use of all what we have obtained both on space and
time regularity.

We notice that in this case R(T)=R(A—0)ND(A*"), since uc R(T) implies
u=(A—0)v, ve D(A*) and also ue D(A* " )N\R(A—0).

Conversely, uc D(A**)N\R(A--3) implies u=(A—d), ve D(A) and also Av
=dv+ucsD(A), that is, ve= D(A?) and so on until ve D(A*).

We also observe that Lu=>¥_,as;A%u, a;=0, k=2, is a possible choice, since

(A—00)u, A**uy =<{A*u, A*"'uy)—adJ|A*u; X|*=0,

(A—Bo)u, A uy = |A* T u; X|*—0KA*Pu, A(A*u)) = (putA*u=v)

= [Av; X|*=0uv, Av>=|Av; X|*—dilv; X||Av; X].

But |Av; Xl|fv; X[|=<{Av, v>=dollv; X||* implies [|Av; X[=dlv, X].

Hence our inner product is non negative.

If 6=50,, clearly ((A—0d)u, A*u)>=(0,—0){u, A*u)>=0, for any uc D(A*?), 0<
h<k. By means of this example we could treat some interesting, degenerate
or not degenerate, types of boundary value problems, in which A is defined by

a differential operator, as in [16, p. 184]. We want to this purpose to quote
the thesis of Brown [3].

7. We could treat equations of the type
a—at—(m(z‘, ult, x)+LE, x, Dult, x)=ft, x), 0Zt<T, x=2CR"

where Ciym(x)<m(t, x)<Com(x), Cy, Co>>0, m(x)=0 vanishes only on a part of
the boundary df2 of {2, by help of the weight-spaces L%-(£2) and L%, (), as
it has been done in [16]. Now one assumes higher regularity in time to obtain
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some solution u for which t—L(t, -, D)u=C®[0, T; L} ,z(2)].
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