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1. Introduction

In the paper Favini-Yagi [8], the notion of multivalued linear operator was
introduced as a tool providing a new approach toward the degenerate linear
evolution equations with respect to the time derivative.

Consider, for example, an abstract degenerate equation

d(Mv)jdt+Lov = f(f), 0<t<T,

(D-E.1) {MU(O) o

in a Banach space X, where M and L are linear operators in X. If we change
the unknown function v=1v(¢) to u=Mu(t), then (D-E.1) is written in a non-
degenerate form

o [duldi+AuD ft), 0<I<T,
( ){u(0)=uo,

using an operator A=LM ™. Of course, 4 is no longer a univalent operator but
conserves linearity in a multivalued sense, that is, 4 is a multivalued linear opera-
tor in X (cf. the Definition in Section 2). It is generally true that the degenerate
linear evolution equations with respect to the time derivative are rewritten into
non degenerate equations in such a way using multivalued linear operators.

This fact then leads us naturally to consider a problem of generalizing the
well developed results concerning the ordinary linear evolution equations with
univalent coefficient operators to those with multivalued operators and to in-
tend handling the degenerate equations by means of analogous techniques to non
degenerate ones. We have already devoted ourselves in [8] to showing that
this generalization is the case for the parabolic linear equations. This paper is
then devoted to establishing a multivalued version of the Hille-Yosida genera-
tion theorem of linear semigroup in a Banach space.

We shall prove, in fact, in Section 3 that a multivalued linear operator 4
in a Banach space X generates, under the Hille-Yosida condition on —4, a
linear semigroup e™#4, >0, on X. On the space 9(A4), e~*4 is seen to be a Cy-
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semigroup. On the space P(4) +A40, e _L(D(A)+A0) defines a semi-
group of bounded operators, and e~*4, >0, vanishes entirely on A0. On the
whole space X, however, we can not give any sense to e”*4 at each point £>0,

we can only see that Y e~¢""4f(r)dr is defined for every f&L}((0,T); X), 0<
0

T< oo, that is, e7*4 defines on X a distribution semigroup the notion of which
was introduced by J.L. Lions [12]. (Or we can equally consider that ™4 de-
fines an integrated semigroup on X in the sense due to Arendt [1,2].) When
X is reflexive, it is verified that the Hille-Yosida condition implies X=9(4)-+
A0.

As a nonlinear version of the Hille-Yosida theory, we know the theory of
nonlinear semigroup, c.f. Barbu [16] or Miyadera [22]. But our semigroups do
not seem to consist in the nonlinear semigroups, although the generators of non-
linear semigroups are generally multivalued operators. Because, as was notic-
ed above, the semigroup e~*4 generated by a multivalued linear operator 4 defines
only the usual C,-semigroup on the space 9(4), and therefore the generator
must be a univalent operator in @(A) quite differently from that of the non-
linear semigroup. In addition, the nature of multivalue of 4 seems to be far and
away more regular than that of the generator of a nonlinear semigroup (cf. the
property (ii) in Section 2). While we may utilize some techniques devised in
the nonlinear semigroups for the multivalued operators.

The generation theorem of semigroup will be applied in Section 4 to ab-
stract degenerate equations of the following three types

D-E. 1 d(Mv)/dt+Lo=f(t), 0<t<T,

(D-E. ){Mv(0)=uo,

- {M*d(Mv)/dt—l—Lv:M*f(t), 0<t<T,
OE 2 1 0t0(0) = 10,

D.p. 3 [Mduldt+Lu = Mf(), 0<e<T,
(D-E. ){u(0)=uo,

in a Hilbert space X((D-E.1) being already introduced above). Here, M and
L denote linear operators in X, f(t) denotes a given function, %, is an initial
value, and % and v are unknown functions. Changing the unknown functions
to u=Muw(t) in (D-E.1 and 2), every equation is reduced to an equation of the
form (E). In fact, multivalued linear operators in (E) are respectively LM,
(M*)7*LM™ and M™'L. We shall then investigate, in each case, sufficient con-
ditions on M and L in order that the multivalued operator satisfies the Hille-
Yosida condition and that it generates a semigroup on X. As a result, we shall
obtain some existence and uniqueness theorems of the strict solutions for (D-E.
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1,2 and 3), i.e. solutions v and # such that Mv, ([0, T]; X), via the semi-
groups. (We may note that in (D-E.2 (resp. 3)) it is not essential that the mem-
ber in the right hand side of the equation is M*f(z) (resp. Mf(¢)). It will be
seen in a certain general case that M*f(t) (resp. Mf(t)) can be replaced by a
general function g(¢).)

Favini studied in [7] the strict solutions of the equations (D-E.1 and 3) on
the basis of a device concerning an operational equation due to Da Prato-Grisvard
[3], but his assumptions are rather different from ours since his result covers
mainly more general cases when the multivalued linear operators determined
above do not generate semigroups in our sense. Povoas studied in [14] the
strong solutions of the equations quite similar to (D-E.2), also making use of
Da Prato-Grisvard [3]; her assumptions seem to be closely related to ours.
Zaidman recently obtained in [15] some uniqueness result of the strict solution
of the equation (D-E.3).

Some examples will be given in Section 5. Hyperbolic differential equa-
tions of degenerate type with respect to the time derivative, especially nonlinear
ones, appear often in applied mathematics and have attracted interest of many
mathematicians, c.f. J.L. Lions [21], Carrol-Showalter [17], Fattorini [19] etc.
The author believes that our method of using the semigroup will provide a new
technique in the study of these equations.

NotaTions. X denotes a Banach space (or a Hilbert space in Section 4)
with the norm ||-||;. An operator 4:X—2% is called multivalued operator in
X, the domain of 4 is a set D(4)={us X; Au+¢} and the range of 4 is R(A4)

= U Au. L(X) is the space of all bounded linear operators on X equip-
us 9(A)

ped with the unifom operator norm denoted by ||-|| L£xy Let 0<T<oo,

L*((0,T); X), 1< p<co, is the space of measurable functions f with values in X

for which || f(+)||% are integrable in (0, T"); L£.((0, >0); X), 1< p<<oo, is a space

of measurable functions f defined in (0,c0) such that f& N L*((0,T); X).
0T <o

C([0,T]; X) (resp. CY([0, T']; X)) is the space of continuous (resp. continuously
differentiable) functions on [0, 7'] with values in X; ([0, c0); X) (resp. C*([0,
00); X)) stands for the space N C([0,77]; X) (resp. A C'([0,T]; X)).

0T <00 T

<T<L>®
ACKNOWLEGEMENT. The author is indebted very much to Professor A.
Favini for his valuable suggestion and advice to this work. He is also indebted
to Professor G. Da Prato for suggesting that the semigroup in Theorem 3.3
is a distribution semigroup.

2. Multivalued linear operators

Let X be a Banach space. We define, as was done in [8,Sec.2]:
DEFINITION. A mapping 4 from X into 2% is called a multivalued linear
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operator if the domain P(4)={ucsX: Aus=¢} is a linear subspace of X and
if A satisfies:

{Au—l—A'v cA(u+v) for u,veP(4),
AMucA(z)  for aeC,ucsD(4).

Let A be a multivalued linear operator in X. The following basic pro-
perties of A are then immediate consequences of the definition (see [8, Sec. 2]):
(i) Aut+Av=Awu+v) for u,veP(A); and AAu=A(\u) for ucP(A4) if
A0,

(i) A0 is a linear subspace; and, for u€9(A4), Au=f+A0 with any fEdu
(in particular, 4 is univalent if and only if 40={0}).

(ili) The resolvent set p(4) of 4 is an open set of C and the resolvent (A—A4)™!
is a holomorphic function in p(4) with values in £(X). (The resolvent set is
defined as a set of all numbers A &C for which A—4 has a univalent and bound-
ed inverse on the whole space X.)

(iv) The resolvent equation

A—A)—(u—A) = —(—p) A=A (u—A)"  for A,uEp(4)

holds.
In the class of multivalued linear operators we can always consider their
inverses, that is, we have:

Theorem 2.1. The inverse A™' of a multivalued linear operator A is also
multivalued linear. f<Au if and only if uc A7 f.
For the proof, see [8, Theorem 2.3].

This result seems to be proper to the multivalued linear operators. Next
one is also a proper result and plays, in fact, a very important role in the sub-
sequence:

Theorem 2.2. For A& p(4),

An—A) DA —4) —1D(A—A4)4;

in particular, Nn—A) A is univalent on D(A) and (A—A)" Au=A—A)"'f
with any f € Au.

For the proof, see [8, Theorem 2.7].

Let B be another multivalued linear operator. The product AB of two
multivalued linear operators are defined by

{.@(AB) = {ve9(B); Bo N D(A)* $}

ABy = U Au .
usBvN D(A)
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Theorem 2.3. The product AB is a multivalued linear operator. f&ABv
if and only if there is some uc D(A) N R(B) such that f € Au and u< Bo.

Proof. The second assertion is obvious by the definition. Let f;€ABy;
(==1,2); there are u;€D(A) N R(A) such that f;€Au; and w,EBv; (i=1,2);
since fi+f,=A(w+u,) and w+u,&B(v,4v,), fi+f,EAB(v,+v,). Similarly,
AfEAB(\W) if fE ABv.

It is easy to observe from Theorems 2.1 and 2.3 that

(AB) = B4,

The rest of this section is devoted to proving some decomposition theorem
of X for the multivalued linear operators 4 satisfying the condition:
(R) The resolvent set p(A) contains a real half line (—oo, B) (—o0o<B< ),
and the resolvent satisfies there an estimate

(2.1) =) gxy<M[In—8B|, A<B,
with some constant /.

Theorem 2.4. Let a multivalued linear operator A satisfy (R) with some

B. Then the sum X, of the two closed subspaces D(A) and AQ is a topologically
direct sum in X, and X, is a closed subspace of X.

Proof. Let us first notice that A0 is a closed subspace; indeed, A0=
(M—A)0=kernel of (A,—A4) e L(X) for My<B. To verify 9(4) N A0={0},
we need:

Lemma 2.5. For integers n>—, put J,=n(n+A)"'=(14+n""4)"". Then,
as n—oo, J, converges to the identity strongly on 9(A4).

Proof of lemma. Let us9)(4); according to Theorem 2.2, (J,—1)u=
—(n+A)7'f with any f € Au; therefore, Ju—u in X follows from (2.1). The
assertion is then verified from the uniformly boundedness of the norms || J,|| £x)
for n>—p.

Completion of Proof. Let f&9(A4)N A0; as n—>oo, J,f—f; on the other
hand, f& 40 implies that J,f=0 for all #; hence f must be 0, i.e. D(A)NA0=
{0}. Consider now geP(A4) and heA0; since J,(g-+h)=],g—g, we have:
llgllx<lim [|J.(g+R)llx<M|lg+hllx; as a consequence, ||A|lx<(M+1)llg+Allx;

these shwo that the two projections from X, onto 9(4) and onto A0 are con-
tinuous. Let us finally verify that X is closed in X. Consider sequences g,E
9(A) and h,E A0 and assume that g,+h,— f in X as n—>oo; then, as was proved
above, this implies that g,(resp. 4,) is a Cauchy sequence in 9(4) (resp. in A0);
so that, f=g-+hED(A)+A0=X,.
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When X is a reflexive Banach space, we obtain a stronger result:

Theorem 2.6. When X is reflexive, the Condition (R) implies X=9(A)+-
AO=X0-

Proof. Let f be an arbitrary element in X. Since || ], fllx, n>—8, are
uniformly bounded from (2.1), it is possible to choose a subsequence J,, f which
is weakly convergent to an element g; g lies in 9(4) since J,fED(A4) (note
that 9(A) is weakly closed). On the other hand, consider a weak limit A
of the sequence (1—J,,)f; since Lemma 2.5 yields that (A,—A)'(1—],)f=
(1—J,) M—A4)™'f—0 as n—co, we obtain that (\y—A4)™! =0 with any A<
(note that (\,—A)™" is continuous even in the weak topology); therefore, & A0.
Since f=],f+(1—],)f, cleatly f=g+heE X,.

3. Semigroups and Evolution Equations

Let A be a multivalued linear operator in a Banach space X. Let 4 sa-
tisfy the condition of Hille-Yosida type:
(H-Y) The resolvent set p(A4) contains a real half line (— o0, 8), —o0<B<< o0,
and there the estimate

(3‘1) Il(X—A)_””__L’(X)SM/IX'—BI”) X<Ba n:1’2)39‘

holds with some constant M >0.

Under (H-Y) we shall construct a semigroup e *4 generated by —4, and
shall establish the existence and uniqueness of a strict solution of an evolution
equation

duldt+Aus f(t), 0<t<T,
(E) _
#(0) = u,
in X.
For integers n>>— 3, we define the Yosida approximation 4, of 4 by
A, =n—n(14n"'4)" = n—n*(n+A4)™".

By a direct calculation it is verified that p(4,)D(—oe, B,) with B,=nB/(n4-B),
and that

32 (—4) "=

h—n+(nfx>2< A —A)—l’ A<B,,n>—p0.

In addition we have:

Lemma 3.1. As n—oo, the the resolvent (n—A,)™" converges to (A\—A)™!
in L(X) for any N<B. Moreover, if ucD(A) and D(A)NAusk¢, then
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D(A) N Au always consists of a single point and the Yosida approximation Au con-
verges to the point in X.

Proof. The first assertion is immmediate from (3.2). Let u€9)(A4) and let
&, 8 ED(A)N Aus¢, then it follows from the Theorem 2.4 (of course, (H-Y)
implies the Condition (R)) that g,—g,& 9D(4) N A0= {0}, hence g;—g,. Let then
D(A)N Au={g}. Theorem 2.2 jointed with Lemma 2.5 then yields that, as
n—>oo,

Au=n{l—(n+A4)"Yu =nn+A4)"'g—gin X.

Since A4, are bounded operators on X, the semigroups e™*4» for n>— @3 are
given by

e—tA,, — e—nienz(n+A)‘lt — e-—nt i {nz(”_:‘f)_lt}k , tZO .
k=0 |

An immediate consequence of (3.1) is that

-t4, —nt n’t )k i -B,t _
|y < e~ 53 (ZEY < Met, 120, >4,
Convergence results of these semigroups are described separately in the subspace
Xo=9(A)+ A0 and on the whole space X. We first prove in the subspace X,:

Theorem 3.2. For each t>0, e~*4» converges, as n— oo, to a bounded oper-
ator e*Ae _L(X,) strongly on X,; and the convergence is, on the subsapce D(A),
uniform in t on any finite interval [0, T]. e™*4 defines a semigroup on X, with an
estimate ||e™*4|| _L(Xo)sMe'ﬂ', and is strongly continuous for 0<<t<<co. Moreover,
e™'4 satisfies : e”'4=Pe~*4=¢""4P for >0, where P denotes the projection from X,
onto D(A); therefore e~*4 defines a C, semigroup on D(A) and, on the other hand,
vanishes on A0 for every t>0.

Proof. Set Y={uc9(A4); D(A)N Au+¢}, and let us consider first the
proof on Y. Since we have:

t
(67HAn—e~t4n) 4 = S e~ ng~" (A4, — A,) udr ,
0

e t4e—ettmyull M7 &gl (A, — A Yl
it follows from Lemma 3.1 that, if uc Y, then e 4=y is convergent in X. Obvi-
ously the convergence is uniform in ¢ on any interval [0, 7]. For an element g
in 9(A), we approximate it by the element in Y; in fact, put u,=n*n-+4)g.
Then, since —nu,+n’(n+A4)™ g€ Au,, u,€Y; in addition, from Lemma 2.5 it
follows that »,—~g in X. This then provides the same result of convergence
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of e7*4ng. Since e*rge P(A), the limit remains in D(A4). Let us now take an
element %4 in A0. kA0 implies that (n+A4)"A=0 for all n> —g@; so that
e~*4sh=e "h; hence e*4h—0 in X for £>0. Finally, since all the elements
fEX, can be written f=g--k uniquely with g€ 9(4) and he A0, we conclude
the strong convergence of e *4» on the subspace X,. As this strong limit, we
define a linear operator e™*4 for t>0. It is now easy to see that these e*4&
L(X,) define a semigroup on X, and satisfy all the desired properties.

On the whole space, however, we do not know in general whether e™/4» is
strongly convergent or not. It is only possible to prove a weaker result. Denote
by L}4((0, 0); X)) the space of functions in (0, o) which belong to LY((0, T"); X)
for any T'<oo. For f&Lf;,((0, «0); X) we consider an integral operator given by

(e74nxf ) (2) = S; e (D)dr, 0<t<oo,n>—8.

Clearly e ~*4»xf is a continuous function on [0, c0) with values in X, and is esti-
mated by

(3.3) (e~ nsf ) ()| x < M S: eI f(r)llgdr, 0<t<oo .
We then prove:

Theorem 3.3. For each f €L};,((0,00); X), e"*4nxf converges, as n— oo, to
a continuous function UsfE(C([0,c0); D(A)) uniformly on any finite interval
[0,T). The mapping Ux is then a linear operator from Lg; ((0,c0); X) to C([0,
00); 9(A)) with an estimate

¢
(34) TN OI<M [ e f)lxdr, 0<t<eo.
Proof. Let us first consider the case when f&C([0, «); X). Fix a num-
ber Ay<< Min{B,; n> —B}. Since \,& ﬂ’5 p(4,), we can write:
n>-

(e7nxf)(2)
— 7\'0 S e_“"")”"()\,o—A,,)'lf(T)dT—A,, s: e—(t—-r)A,,(M_An)—lf(T)dT

t
0
t ge—(t-M4,

BT (o Ay f(r )

=0 [ =4y )
0
By intgtration by parts it amounts to
=% [ I A, fir)dr -+ e 0 ALY O)

—Ow— A O+ | e Ia—A) 7 f (i

t
0



SEMIGROUP FOR MULTIVALUED LINEAR OPERATORS 393

According to Lemma 3.1 and Theorem 3.2, e™*4s(A,—A4,)'—>e *4(N\,—A4)™
strongly on X and uniformly on any finite interval of £. Therefore we conclude
that e~*4=xf converges to a function

(Usf)(®) = 2 || 7 400—A)" fir)dr-+e*4(0a—4)/0)
t
—Ow— A O+ [ =AY f ()l

Obviously the convergence is uniform on any finite interval of ¢, and Uxf is in
C([0, o0); D(A4)). The estimate (3.4) is obtained from (3.3). Let us now con-
sider the case when f is a general function in Lj;,((0, c0); X). But the proof is
immediate if we notice (3.3) and a fact that C([0, T']; X) is a dense subspace in
LY((0, T); X) for any T<<eo.

Up to now we used U to denote a linear operator without considering what

U itself means. Let us observe here that U can be interpreted as a distribution
semigroup generated by —A4. In fact, let p=C7(R). Then, for any fE X,

o0 T
(| gy = | emomp(r—ofat,

where @(t)=0 for all £>T. So that there exists a limit in X

U, p>f = lim {[ e p(t)att £
with
KU, > flx<M e ™| p(t) atllf .
This U is then a distribution with values in .£(X), and U=0 for t<0. Since
the semigroup property of e”*4» implies that

S“’ oA i) (£)dt = S” etinp(t)dt | e tAnp(t)at

0 0 0

for any @, y€C5(R) such that @(t)=+r()=0 for <0, we have: {U, p¥yrp=
U, @><U, ). According to J.L.Lions [12], an .L(X) valued distribution

with this property is called the distribution semigroup. It is also immediate to
see that

(Uxp)(t)f = lim Sl e ¢ gp(r)fdr, 0<t<oco,
n>o Jo

for all pEC5(R), p(t)=0 for t<0, and for all f €X; and this justifies the defi-
nition of Ux in Theorem 3.3.
In view of the above remark we may also denote the distribution semi-
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group U by e7#4, i.e.
(et (1) = lim [ e fl)dr , 0<t<oo
n>o J0

for f € Liia((0, 0); X).
Remark. For n> —g, put

t
S,(t) = S e ndr, 0<t<oo .
0
It is immediate from Theorem 3.3 to verify that, for each ¢,S,(f) converges
strongly, as n—>co, to a bounded operator S(t)&-L(X). The semigroup pro-
perty of e~*4» now implies that

S(1)S(s) = S: (S(str)—S(r)pdr, 0<t,s<oo.

Such a family S(#) of operator is called by Arendt [1, 2] integrated semigroup.
For the univalent linear operator, it is known that an operator 4 is the generator
of a locally Lipschitz continuous, integrated semigroup if and only if 4 satisfies
the Hille-Yosida Condition, cf. Kellerman and Hieber [10].

We now proceed to the study of the evolution equation

duldt+Au>s f(t), 0<t<T,
®
u(O) =1,

with a multivalued linear operator A4 satisfying the Condition (H-Y). Here,
f:[0, T]—X is a given continuous function, u,9(A4) is an initial value, and
u: [0, T]—X is an unknown function.

We shall prove the existence and uniqueness of strict solution of (E) by
using the semigroup e™*4. By the strict solution we mean:

DeFINITION. A function u is called strict solution of (E) if uC*([0, T]; X)
with #(0)=u, and if u satisfies the equation of (E) at every point 0<¢<T; in
particular, u(t)e D(A) for every 0<1<T.

If a strict solution u exists, then u'(0) € {f(0)—Au,} N D(A); this shows that
the condition

(©) D(A)N {f(0)—Auet * ¢

is a compatibility condition to be always satisfied in seeking the strict solution

of (E). Furthermore, if (C) takes place, then the set 9(4) N {f(0)—Au,} always
consists of a single point; the proof is the same as in Lemma 3.1.

Theorem 3.4. Let A satisfy the Condition (H-Y). If feCY[0, T]; X)
and if u,€ 9(A) with the compatibility condition (C), then the function given by
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(3.5) u(t) = e~Hut-(eAxf) (1), 0<t<T,

is a strict solution of (E). Conversely, any strict solution of (E) with fC([0,T];
X) and with u, € D(A) is necessarily of the form (3.5), and hence is unique.

Proof. Let us first prove the existence. Let {g,} =9(4)N {f(0)—Au},
and consider a sequence of function defined by

u,(t) = e-mmo,,,+s' A f(dr, 0<I<T,n> 8,
0

where g, ,=uy+n""{f(0)—go}, n> —B. By Theorems 3.2 and 3.3, u, converges
to the function u of (3.5) pointwisely. In addition, operating A4,, we have:

t ge=(t-T4,
o Or

= —e gt f(t)— S: e "4 f'(7)dr .

Here we used Theorem 2.2 to obtain that

Ao, = —nin(n+A)" =1} {u+n7(f(0)—go)} = f(0)—g

(note that f(0)—g,& Au,). As a consequence, we conclude that 4,u,(¢) also con-
verges to a function f(¢)—g(t) pointwisely, where

(1) = e g+ (e xf) (1), 0<t<T,

Au,(t) = e-mnA,,uo,,,JrS f(r)dr

is a continuous function. Then the proof is immediate. Indeed, from u,(f)=
(No—A4,) "(No—A,)u,(t) for some A< Min{B,; n> —g}, it is verified that u(t)

=Ng—A) " {Nu(t)—f(2)+-g(1)}, ie. ut)eD(A) and g(t)E f(t)—Au(t) for every
0<t<T. On the other hand, letting n—co in

un(t)—ton = || A1)~ Au(r)dr,

we see that u(t)—u, = tg(-r)d—r, ie. uCY[0, T]; X) and u'=g.
. g

Now, let us prove the uniqueness of strict solution. Let u be a strict solu-
tion of (E). Then we have:

de=¢"Awy(r) _

3 e u(t) e ' (7), 0<r<t<ZT.
-

Note here that, since f(7)—u'(7) € Au(r), Theorem 2.2 yields that
A, u(t) = —n {n(n+A)"—1} u(r) = n(n+A4)" {f(r)—u'(7)}, 0<+<LT.

Therefore by integration it follows that
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()=t ty = (- A)7 || 0 ) dr
—tolnt-A) = (7 dr

Let n—oo, then the formula (3.5) is verified from the Theorems 3.2 and 3.3
and from the Lemma 2.5. Indeed, note that

S: e~ f(7) dr (resp. S: e 4! (1) d"')
— (e7% f) (¢) (resp. (e*xu') ()  for 0<Lt<T,

and that e™*4% f(resp. e~*4%u’) takes values in P(4).

ReEMARK. In the case when A4 is univalent linear operator, the existence
and uniqueness of strict solution of (E) under (H-Y) had been first proved by
Da Prato and Sinestrari [4] but without using any semigroup generated by 4.
Afterward, Kellerman and Hieber [10] published a simplified proof using the
integrated semigroup.

4, Abstract Degenerate Evolution Equations

This section is devoted to studying abstract degenerate linear evolution equa-
tions in a Hilbert space. Throughout this section X denotes a Hilbert space
with the scalar product (-, *)x.

We begin with generalizing a known fact that the maximal accretive linear
operators in X generate contraction semigroups on X to the multivalued linear
operators. The definition of ‘“‘maximal accretive’” for the multivalued linear
operators is quite analogous to that for the univalent linear operators. Indeed,

DErFINITION. A multivalued linear operator A4 in X is called accretive
operator if

Re(f,u)y=>0 forall usP(A4) andall fedu.

An accretive multivalued linear operator which has no strict extension of accre-
tive operator is called maximal accretive operator.

It is proved by the similar argument as for the univalent operator (there-
fore we may omit the proof) that a multivalued linear operator A is maximal
accretive if and only if A4 is accretive with a range condition R(A—A4)=X for
some A,<<0.

We then have:

Theorem 4.1. Let A be a multivalued linear operator in X such that A— B
is maximal accretive with some real number B ; more precisely, let

(4.1) Re (f,u)x=Llu|? for all ucDA) andall f<Au
with
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(4.2) RN—A) =X for some M<B.
Then, p(A)D(— oo, B) and an estimate

“(7\'—14)_1“[()()31/'7\'—)8‘ for A<B
holds ; that is, A satisfies the Hille-Yosida Condition (H-Y) with M =1.

Proof. Let A<B. For uc9P(A) and fe(AZ—4)u, it follows from (4.1)
that

Re (Mu—f, u)x2Bllullk or Re(f, u)x<(A—p) Ilull% .

Therefore, |[u|lx<||fllx/IN—B|. This shows that (A—A4)™* is a univalent
operator satisfying

A=A fllx<IA=BI Iflle  for fERM—A).

To complete the proof it therefore suffices to verify that R(A—A)=X for all
A<B. By assumption this is the case when A=2x,. Consider then A\ such that
IA—2| <|M—pB|. For any fEX, put fi={1+(A—%) Ae—4)7} 7' f (note
that ||(A—4) 7| _gx)< |M—817") and put u=(Ao—4)™ f;; then, f=fi+(A—2o)u
and fe(An—4)u; ie. R(A—A4)=X. We shall then repeat the same kind of
argument for A, such that R(\,—A4)=X has been established and shall complete
the proof.

By virtue of Theorem 3.2, a multivalued linear operator 4 such that A—g8
is maximal accretive generates a semigroup e”*4 on the whole space X with an
estimate ||e™*4|| _K(X)Se‘ﬂ', 0<t< oo (remember that X=9)(A4)+-A0 from Theo-
rem 2.6).

In addition, let

E duldt+Aus f(t), 0<:<T,
E) {u(0)=u0

be an evolution equation in X with 4 such that 4—@ is maximal accretive.
In the present case the compatibility condition (C) is only that u,c9(4). In-
deed, since Au,=f,+ A0 with an arbitrary f,& Au, and since 40 is a linear sub-
space (from (ii) in Sec. 2), we observe from Theorem 2.6 that

f(0)—Au, = f(0)—fy— A0 = go+h— A0 = g,— A0 g, ,

where f(0)—fo=gy+h, with g,€9D(A) and k<& A0; hence the condition (C).
We then obtain by virtue of Theorme 3.4 that, if fCY[0, T']; X) and if
u, € 9D(A), then the function

u(t) = e~*4 uo—i—s e~ M4 f(r)dr, 0Lt<T,

t
0
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is a unique strict solution of (E).

Applying these results, let us now study abstract evolution equations in
X which are degenerate with respect to the time derivative.
Consider first:

d(Mv)|dt+Lv = f(£), 0<t<T,

(D-E.1) {Mv(o) o

where M and L are univalent linear operators in X with 9(L)CcD(M). f:
[0, T]—X is a given continuous function, #%, is an initial value, and v: [0, T']—
9)(L) is an unknown function. We change the unknown function to %(¢)=Mov(t);
then, (D-E.1) is rewritten in the non degenerate form (E) with A=LM ™. As-
sume here that

(4.3) Re (Lv, Mv)y>R||Mo|lx  for all v€9(L); and
4.4 RMM—L)=X  forsome r<fB.

Then A—p is shown to be maximal accretive in X. Indeed, let f € A4u; then,
(f, w)x=(Lv, Mv)x with some vEJ(L) such that f=Lv and Mv=u; so that,
(4.1) follows immediately from (4.3). On the other hand, let f €X; from (4.4),
f=( M—L)v with some vE9(L); put here u=Mo, then uc M(D(L))=9D(A4)
and fe(A—A)u, ie. (4.2). Therefore we have:

Theorem 4.2. Let (4.3) and (4.4) be satisfied. For any fEC([0, T]; X)
and any u,& M (D (L)), there exists a unique strict solution v of (D-E.1) such that

(4.5) MoeC[0, T]; X) and LoeC([0, T); X).

Proof. Rewrite (D-E.1) into (E) in the way described above. It is then
easy to see that u=Mw is a strict solution of (E) if and only if v is a strict solution
of (D-E.1) in the sense of (4.5). Similarly, u,€9(A4) if and only if y&
M(D(L))-

Consider next:

M*d(Mo)jdt+Lo=M*f(z), 0<t<T,

(D-E2) {Mv<0)=uo,

where M is a bounded linear operator in X the adjoint of which is denoted by
M* and where L is a univalent linear operator in X. f: [0, T]—X is a given
function, #%, is an initial value, and v: [0, T]—>9)(L) is an unknown function.

Changing the unknown function to #(t)=Mu(t), (D-E.2) is written in the
form
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M#*du|dt+- LM us M*f(t), 0<t<T,
(4.6)

u(0) =u,.
Moreover, introducing a multivalued linear operator
4.7) A= M*"TLM™?,

(4.6) is finally written in the non degenerate form (E).
Assume here that there exists a real number @ with the following condi-
tions:

(4.8) Re (Lv, v)y=>RB||Mv|}  forall veg(L); and
4.9) ROM*M—L)D R(M*)  for some A<f.

Then A—p is maximal accretive in X. Indeed, if f €Au, there exists by (4.7)
some vE9P(L) such that M*f=Lv and Mv=u; so that (f, u)y=(f, Mv)x=
(Lv, v)x; hence (4.1) is verified from (4.8). In addition, for any f&X, there
exists from (4.9) veD(L) such that M* f=AM*M—L) v; put u=Mv, then
vEM™' u and Nu—f €(M*)™! Lo; therefore, in view of Theorem 2.3, us 9(4)
and fe(N—4) 4, i.e. (4.2).

Thus we obtain:

Theorem 4.3. Let (4.8) and (4.9) be satisfied. For any fECY([0, T]; X)
and any u, X such that

(4.10) Uy = Mv, and Lv,€ R(M*) withsome v,9(L),
there exists a unique strict solution v of (D-E.2) in a sense that
(4.11) MwveCY([0, T]; X) and Lve(([0, T]; X).

Proof. It is immediate to verify that a function ¥=Mpw is a strict solution
of (E), where A4 is defined by (4.7) ,if and only if o is a strict solution of (D-E.2)
satisfying (4.11). On the other hand, u,€9)(4) is equivalent to (4.10).

Under a stronger condition than (4.9) it is possible to handle an equation

M*d(Muw)|dt+Lw = g(f), 0<t<T,

D-E.2)’
( ) {Mw(O) =17,.
In fact, assume in addition to (4.8) that

(4.12) AM*M—L has a univalent and bounded inverse on X with some
M<B.
Then, changing the unknown function w(t) to v(t)=w(t)+ (N M*M—L)™ g(t),
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we can rewite (D-E.2)’ into (D-E.2) with
(&) = M(AM*M—L)™ {g'(t)+2 g()}
and with
(4.13) 4y = v+ M(NM*M—L)™ g(0) .
Therefore, the Theorem 4.3 provides:

Theorem 4.4. Let (4.8) and (4.12) be satisfied. For any gC¥([0, T1; X)
and any vy X such that

(4.149) v,= Mw, and Lw,—g(0)€ R(M*) with some w,c9(L),
there exists a unigque strict solution w of (D-E.2)’.

Proof. The only thing to be verified is that, if v, satisfies (4.14), then u,
determined by (4.13) satisfies (4.10). But this is an easy calculation.

ReEMARK. Povoas studied in [14] the strong solution of the equation quite
similar to (D-E.2)’; she proved, under analogous conditions to ours, existence
and uniqueness of the strong solution in the Hilbert space L*(0, T); X) for
g€ L¥(0, T); X) and (essentially) for v,& M (D (L)).

Let us finally consider

Mdu|dt+Lu = Mf(Y), 0<t<T,
#(0) = u,,

where M and L are densely defined univalent linear operators in X with 9(L*)
cP(M*), M* and L* being the adjoint operators of M and L respectively.
(D-E.3) is the adjoint problem of (D-E.1). Using a multivalued linear opera-
tor A=M"! L, (D-E.3) is also written in the form (E).

We assume, with some real number 3, the conditions:

(#15)  Re(L*, M*),28|IM*lli  for E€O(L¥), and
(4.16) RN M*—L*)=X  forsome N<f.

(D-E.3)

Then, by the same argument as for (D-E.1), we conclude that L*¥(M*)'—R is a
maximal accretive operator in X. As a consequence, its adjoint {L*(M*)™'}*—@Q
is also maximal accretive (for the definition of the adjoint of multivalued linear
operators, see the Remark below). Denote A= {L*(M*)™'}* and consider

dujdt+ A% 4(t), 0<t<T,
© {W(O): Y,.

From the Theorem 4.1, there exists a unique strict solution of (£) for any /("
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cable to various hyperbolic differential equations. The main purpose of this
paper is, however, only to check the Assumptions we made in Section 4 in each
example. It remains, as a subsequent work, to analyze more detailed properties
of the strict solutions and to apply them to other problems.

FuncTtioN Spaces. Let Q be a region in R". C¥Q), k=0, 1,2, -, (resp.
C=(£2)) denotes the function space of k-times continuously (resp, infinitely) dif-
ferentiable functions in Q. B*Q), k=0, 1, 2, ---, is a subsapce of C*(Q) consist-
ing of functions with bounded derivatives up to order k. C7(Q) is the space of
functions in C=(Q) with compact supports in Q, C7(Q2)’ is the space of distribu-
tions in Q. H*Q), k=0, 1,2, ---, denotes the Sobolev space with the norm
[l-]l¢ and the scalar product (-, *),; H'(Q)=L*Q) and the norm [|-||, (resp. the
product (-, +),) is abbreviated as ||-|| (resp. by (-, +)) if there is no fear of con-
fusion. The closure of C3(Q) in H*(Q) is denoted by H§(Q); H*(Q)=H{(Q)’ and
the scalar product between H§(Q) and H~*(Q) is denoted by <+, *DHiQ)x H-*Q).

ExampLE 5.1.
5.1) { o(m(x) w)/ot+ow/ox = g(t, x), 0<t<T, —co<a<<oo,
' m(x) w(0, x) = vy(x) , —co<a< o0 .

Here, m(x) is a characteristic function of some measurable set ACR (i.e. m(x)=1
for xe 4, m(x)=0 for xec A), g(t, x) is a given function, v,(x) is an initial func-
tion, and w=w(¢, x) is an unknown function.

Let us consider the problem in X=L*R). Let M be the multiplication
operator of the function m(x), M is a bounded operator on X, and clearly M*=M
and M?=M. Therefore (5.1) can be formulated in the form

{ M*d(Mw)/dt+Lw = g(t), 0<t<T,
Mw(0) = v,,

in X, where L=d|dx with 9(L)=H(R), L being a closed linear operator in X.
Obviously, (5.2) is of form (D-E.2)’ in Section 4 or of form (D-E.2) if g(t, x)=
m(x) f(2, x).

Since Re (Lv, v)=0 for every ve (L), these M and L satisfy (4.8) with
B=0. So the question is whether (4.9) or (4.12) is satisfied. We shall investi-
gate this problem for some specific characteristic functions m(x).

1) A=(—o0,a)U(b, o) (a<b). In this case, (4.12) is valid. Indeed,
consider a problem

(5.3) m(x) v+dvjdx = f(x), — 0 <x<oo,
and seek for any f €L R) a solution v in H'(R). Obviously, (5.3) consists of

three problems: v,+dv,/dx=f(x) in x<a, under v,(—o0)=0; dv,/dx=f(x) in
a<x<<b, under v,(a)=v,(a); and v;+dvs/dx=f(x) in b<x, under vy(b)=1v,(d).

(5.2)
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([0, T'7; X) and any %, 9D(A).
On the other hand, it is verified that
A = {L¥(M*) "} *D(M**) T L¥*D5ML=A4.

This then shows that the equation (E) with A=M "' L which was induced from
the original equation (D-E.3) can be extended to a well-posed equation (&).
Thus we have proved:

Theorem 4.5. Let (4.15) and (4.16) be satisfied. For any f €CY([0, T]; X)
and any u, (L) such that Lu,= R(M), there exists a unique strict solution of the
extended equation (&) induced from (D-E.3).

ReEMARK. Let A be a multivalued linear operator in X. The adjoint
operator A* of A is defined by

g€ P(A¥) if and only if £ is orthogonal to A0 (hence, from (ii)
in Sec. 2 the product (Au, &)y is defined as a single value for
every uc 9)(A4)) and there exists ¢ X such that

(Au, &)x = (u, P)x for all usP(A4);
A¥E = {peX; (Au, E)y = (u, ¢)y  forall usD(A)}.

It is not difficult to verfy that A* is also a multivalued linear operator.
Moreover, analogous results to the univalent operator are verified: ACA**,
(A*)'=(4™Y*, (AB)*CB*A4* for two multivalued linear operators, etc. If 4
is maximal accretive, so is the adjoint A*.

It is also possible to handle an equation

Mdw|dt+Lw = g(t), 0<t<T,
w(0) = w,,

(D-E.3)’ {

in X, if we assume in addition a condition:

(4.17) AM—L has a univalent and bounded inverse on X with some number
M<B.

Indeed, change the unknown function w(#) to u(t)=w(t)+(NM—L)™* g(t), then
(D-E.3)’ is reduced to (D-E.3) with

F(@&) = (M—L)™ {g'()+2 ()}
and with u,=w,+(N,M—L)™* g(0).

5. Examples

We should like to show that the results in the preceding section are appli-
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And by an elementary calculation, a function v given by v=v, for x<a, v=v,
for a<x<b and v=v, for b<x, is seen to be a solution of (5.3) and to belong
to H'(R) with ||v||<Const. [|f||. This shows that, for any feX, (M+L)v=f
has a unique solution v& 9(L) with [|v||< Const. || f||; hence (4.12) with Ay=—1.

2) A=(a, o). Consider similarly the problem (5.3). We observe in this
case that the first problem of (5.3): dv,/dt=f(x) in x<<a, does not admit any
solution in H((— oo, a)) in general for f €L? ((— oo, a)); this means that (4.12)
is no longer valid. To the contrary, (4.9) is valid. In fact, it suffices to show
that an equation

(5.4) m(x) v+dvldx = m(x) f(x), —oc<x<oo,

admits a solution ve H(R) for any f €L*R). And this is true since the equ-
ation is essentially: v+dv/dx=f(x) in a<<x, under an initial condition v(a)=0.

3) A=(—oc,a). Neither of (4.9) and (4.12) is valid. In fact, consider
the equation (5.4); then, since dv/dx=0 for a<x, any solution v in H'(R) must
be: v(x)=wv(a) for all a<<a; so that v(a) must be 0; but this is impossible in gen-
eral, since v+dv/dx=f(x) in x<<a, under the conditions v(— o0)=v(a)=0.

ExampLE 5.2. Consider Maxwell’s equation

oB oD
t F=——"—, t H=—
ro ot ro 8t+]

in R3, where E (resp. H) denotes the electric (resp. magnetic) field intensity,
B (resp. D) denotes the electric (resp. magnetic) flux density, and where J is
the current density.

We assume that the medium which fills the space R3 is linear but may be
anisotropic and nonhomogeneous, that is,

D=¢E, B=uH, J=qoE+]

with some 3X3 matrices &(x), u(*) and o(x), *&R?3, where J' is a (given)
forced current density. Then the equation is:

(5 ) () 5V D (&)= ~57),

or

(5.5) XML 5102 ph@w =g in [0, TR
]

with

(B = () 0o~ (7 s =~(74)
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and with some 6 X 6 symmetric matrices g;, =1, 2, 3.
&(x), u(x) and o (x) are assumed to be real matrices the components of
which are bounded measurable functions in R®. In addition, it is assumed that

(5.6) &(x) is symmetric and >0 for every x=R?;

(5:7) there exist some §>0 and >0 such that
({ve(®)+a@®)} £ E) =S IEIF  for EER?

uniformly in‘xERa; and

(5.8) pu(x) is symmetricand >8>0 uniformlyin x&R3.

Then we can formulate the problem (5.5) in an abstract form

59 { Md(Muw)/dt+Lw = g(t)

Mw(0) = v,

in the space X={L*R?%)}*, using a bounded multiplication operator M=+/¢(x)
on X and a closed linear operator L

L) = fpeX; z a; %EX}
(5.10) o

Ly = é a; (12 +b(x) v .
i=1 0x;

Since M=M?*, the equation (5.9) is of the form (D-E.2)’. Let us verify so that
the Conditions (4.8) and (4.12).
Let first v€ Y={H(R*}*CP(L). Then it is observed that

0v
ox;

(Lo, v) = ( .2::1 a; —+b(x) v, v)

= ———(-v, é a; g‘v +b(x) 'v)—l—(b(x) v, v)+(v, b(x) v),
j= x;

so that
Re (Lv, v) = Re (b(x) v,v) = Re (o (%) E, E),

where v=(E, H). The conditions (5.7) and (5.8) then yield that, for any
XS'—MaX {'Y’ 1} 1)

(5.11) Re (Lo, v) 2 8(||EIP+[|H[)— (€ (%) E, E)—(u(x) H, H)
2 (IIEIF+IHIF)+-MA(E(x) E, E)+(n(x) H, H)}
(5.12) = & [[oll*+n || M.
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This estimate in fact holds for all the functions ve 9(L), for, if veD(L), there
exists a sequence v, & Y such that v,—v and Lv,—Lov in X (consider for example
the mollifier of ¥). Thus it has been in particular verified that (4.8) is valid with
B=—Max {y, 1}.

Let us next verify (4.12), i.e. AM?—L has a bounded inverse on X for
A<—Max {v, 1}. Since (5.12) yields that

[{WM?—L) || =38 ||| forall ve9(L),

it is observed that AM?*—L is one to one and has a closed range. Therefore it
surfices to verify that R(AM?*—L)*={0}. Let we R(AM?—L)™*; then, clearly
weJ(L*) and WM?—L*)w=0. On the other hand, since

( é a; ?;p’ w) = (@, \M? w—b(x)*w)  forall @eCF(R%).
i=1 x;

we observe that we9)(L). Hence, from (5.12)
3 [l +x ||Mw|’<Re (Lw, w) = Re (w, L*w) = A || Mw]l*,

ie. w=0.

ReMARk. Equations of form (5.5), even with some boundary condition,
have been already studied by Duvaut-Lions [18], Lax-Phillips [11], Povoas [13],
etc. Our assumptions are analogous to Povoas [13] in which she studied the
strong solution of (5.5) in QC R?® with some boundary condition.

ExampLE 5.3. Consider an equation of the form

ou/ot+-(a(x)-V)u+Vp = f(t,x) in [0, TIXR?
(5.13) divu =0 in [0, TIXR?
#(0, x) = uy(x) in R3.
Here, a(x) (resp. f(¢, x)) is a given function of x&R? (resp. of (¢, x)€[0, T'] X R?)
with values in RS, u=(u,(¢, x), u,(t, x), us(t, x)) and p=p(t, x) are unknown func-
tions, and #,(x) is an initial function.
Under the assumption that

{a(x)e {B(R%}*® and is a real valued function with

5.14
-19) diva=0 in R3;

let us verify that (5.13) can be formulated as an abstract evolution equation of
the form

(5.15) { duldt+Au> (), 0<!<T,

#(0) = u,,
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in the space X={L*R?®)}? using a suitable maximal accretive, multivalued
linear operator A.
Let X=X,+ Xz be the orthogonal decomposition of X with

X, = clousure of {uc(C7(R%)*; divu =0 in R} in X,

Xg = X7 = {vpeX;pel] (R} .
Let P: X—X, denote the projection. Since (1—P)u=(F[3] i__ %‘ g
[#;]])j-1.0.5 it is observed that 1—P is continuous in the H'-norm also; this
means that P is bounded on {H'(R®)}® and defines a decomposition of X'=
{H'(R%}® with X'=X]4X;, where X;=PX' and X;=(1—P)X'. By the
similar reason, 1—P and P are continuous in the H~!-norm and can be extended
on {HY(R%}?; this then defines a decomposition of X~'={H (R%}® with
X'=X'+X3', where X;'=PX~' and X5'=(1—P) X~'. Moreover,

X;'=closure of {us(Cs(RY)’;divu=0in R} in X7,
X' ={vpeX;peL] (R} .

Now let us define a multivalued linear operator 4 in X by

9D(A4) = {ue X,; (a(x)-V)u+ge X with some geX3'}

C16) | 4u= {(a(w)-v) utg; g€ X5 for which (a(x)V) u+ge X}.

Then the equation (5.15) with this operator 4 can be considered as an abstract
formulation of (5.13) in X.

The operator A4 is in fact shown to be maximal accretive in X. Let uc9(4)
and f € Au; then, f=(a(x)-V)u+g with geXz'. Let py* be the mollifier, and
denote ;= py*@ for p=C5(R?)'. Then if follows from (5.14) that

(far s) = ((a- V) ug, u5)+-([ps*, a+ V] 14, u5)+(gs, %)
= —(us, (@ V) us)+([ps*y a* V] 1, u3)+(gs, s)
= —(uy, f3)+2Re ([ps*, a+ V] u, us)+2Re (g5, 43) .

[ps*, a- V] is the commutator of p,* and a-V, and it is known that [p,*, a-V]—
0 strongly on LA(R?®) as §—0 from a€ {B'(R®)}*. Since gy=Vp, with some
DyEC(R®), and since u,—u; in X with some u,& {C5(R?)}3, div u,=0 (n=
1,2,3, -:-); we see that (g,, #3)=0. Therefore, Re (f, #)=0 i.e. A is accretive.
In order to verify that R(A—A)=X for A<<0, we first notice that R(A—A)
is a closed subspace of X. Indeed, Re (f,u)=0 for f&Au implies that
[l <IfII/IN] for f & (N—A) u; therefore, if f,&(A—A4) u, and f,— f in X, then
u, converges to some # in X; while, 4 is a closed operator by the definition
(5.16); hence, uc9P(4) and fe(r—A)u. Let us next consider an element
v€ X which is orthogonal to R(A—4). Since v is orthogonal in particular to
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A0=Xg, v must be in X,. In addition, since X;C 9)(4) and (a-V) uc Au for
uc X!, we have:

0= (u—(aV)u,v)=<u, \v—(a*V) 0Dyl x1;

therefore, 0={Pw, Av—(a+V) v Oy, x-1={w, A\v—P(a-V) D41« x-1 for any we
X ie. Ao—P(a-V)v=0 in X~*. This then shows that ve9(4) and O
(A—A) v; so that v=0, i.e. R(A—A4)=X for A<0.

ExampLE 5.4. Let

(m(x) .f%)z v—Av = g(t, %) in [0, T]xQ

(3.17) v=20 on [0, T]x0Q
2(0, x) = vy(x), m(x) % 0,%)=v(x) in Q

be a Poisson-wave equation in a (bounded or unbounded) region QCR" with a
smooth boundary 8Q. m(x) and g(¢, x) are given functions; in particular,
m(x) >0 is allowed to vanish in a bounded subset of Q. v=v(?, ) is an unkown
function. And vy(x) and v,(x) are initial functions.

Setting v,=v and v,=0v/8t, we rewrite the equation in a system

(om0 mie) ()2 o) (2) = ()
0 m(x)) 8t \0 m(x)) \v,/ \A 0/\v,)  \g@t,x))
Then an abstract formulation of (5.17) in the space L*(Q) is:

(5.18) {M"(M W)jdt+LW = G(¢), 0<i<T,

MW(©0)=V,,

_ HYQ)
in the product space X=X , where
L¥Q)

- (lan-() = n-(9)

M =(1 0 Visa multiplication operator in X. L=——<0A (1)) is a closed linear

0 m(x)
HAQ)N HY(Q)
operator in X with 9(L)= H>(< o Thus (5.18) is an equation of form
Na

(D-E.2)’ in Section 4.
Assume here that

(5.19) meL”(Q); m(x)>0, x€Q; and for sufficiently large R,
m(x) >8>0, xEQ—Qp, where Qp = {x€Q; || <R} .
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Then M and L are shwon to satisfy the conditions (4.8) and (4.12).
To see this let us first verify:

Lemma 5.1. |[u|li=/|[Vulli+jmu|2 defines an equivalent norm in the
space Hy(2).

Proof. Clearly, |lu||7<Max {1, ||m|| =)} |lull;, »cHs(Q). On the other
hand, let y&C7(R"), 0<4 <1, such that supp v {|x|] <R+1} and ¥»=1 on
{|x| <R}. Then, from (5.19),

[lllo = [Ipruello+11(1—) u”o_<_||‘["“”L2(ng+,)+”u|‘|1.2(n—ng)
<llull g, p+87" [lmull, .
In addition, according to the Poincaré inequality, we have:
”\P‘ul|1.2(n,,+1)SC l|V(1Vu)||L2(nR+,)
< C (V) ullo+(Ville} <C {87 lmullo+ | Vullok

(note that yues Hy(Qg,,)). Hence, |[u]l, < C ||u]|7, us Hy(Q), with some constant

C.
Hereafter we shall equip the space Hg(2) with the norm ||-||7 in stead of

l|+ I, therefore for F=(f°)eX, WFlly=/ THITEET/IE. Let V=(“’°)e_cp(L).
Then, h !

(LV, V)x = —(Vo,, VUp)o—(mv,, mvg)y— (A2, v,)y

= 21 Im (Vvy, V1,)y— (mv,, mvy),.

Hence, Re (LV, V)yx>— {limov,|[5-+||mo,||5} = —|IMV||%, ie. (4.8) is valid with
B=—1.

Let us next verify (4.12) for A<<0 . Consider a sesquilinear form
ax(u, v) = (Vu, Vo) +A(mu, mo)y, u,vEHy(Q)
on Hy(Q). Since ay(u,w)=>Min {1, A%} ||u||7?, Lax-Milgram’s theorem yields
that for any F= (?) € X, there exists a fuﬂction 1,E Hy(Q) such that
1

ay(vg, v) = (Wm? fy—f,v)y,  forall veH Q).
Thanks to the a priori estimate of elliptic operator, this implies that vy H¥(Q) N
Hy(Q) and —Avg+A2 m? vy=rm? fy—f,. Set v,=fy— A0, Hy(LQ), then it is im-

mediate to observe that V= (v“)EQ(L) and WM?—L)V=F. Thus (4.12) is
valid for any A<<0. S
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