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GENERATION OF ANALYTIC SEMI-GROUPS
BY SECOND-ORDER DIFFERENTIAL OPERATORS
WITH NONSEPARATED BOUNDARY CONDITIONS

JOSE M. GALLARDO

ABSTRACT. We investigate under which boundary condi-
tions a second order differential operator of the form Lu =
u” + q1(z)v/ + qo(x)u generates an analytic semi-group in
LP(a,b), 1 < p < co. The boundary conditions are not sup-
posed to be separated:

Bi(u) = a;u(a) + bju'(a) + c;u(d) + diw/(b) =0, i=1,2,

and this allows us to obtain quite general results. The genera-
tion of analytic semi-groups is proved by showing the estimate

IR : L)|| < M7}

for the resolvent operator in a suitable sector of the complex
plane.

1. Introduction. We consider the formal second-order differential
operator [ given by

l(u) =u" + q(2)u' + qo(z)u, =z € (a,b),

where each ¢; is a regular function. We associate to the operator | two
linearly independent nonseparated boundary conditions:

B;(u) = a;u(a) + bju'(a) + cyu(b) + diu'(b) =0, i=1,2
with complex coefficients. The formal operator [, together with the
boundary forms {Bj, By}, defines a linear operator L, in the Banach
space L?(a,b), 1 < p < o0, as Lyu = [(u) with domain

D(Ly) = {u € W?*?(a,b) : B;(u) =0,i =1,2}.

Here W2 (a,b) stands for the Sobolev space of order (2, p).
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Our purpose is to determine the cases, depending on the boundary
conditions, for which the operator L, is the generator of an analytic
semi-group of bounded linear operators in LP(a,b). As is well known
(see [5, T]), sufficient conditions for assuring that an operator L on a
Banach space X is the generator of an analytic semigroup are:

e The resolvent set p(L) contains a sector of the form
Ssr={reC:largA—7r)| <A #r}

for some 7/2 < 6 <7 and r € R.

e A positive constant M exists such that

(1.1) IR : )| < YA€ Sy,

M
A—rf’
where R(\: L) = (M — L)~ is the resolvent operator associated to .

It is convenient to note that we are using the definition of analytic
semi-group given in [5], where we do not assume that the domain of L
is dense in X. When this happens, the semi-group generated by L is a
Co-semi-group (strongly continuous).

In order to invert the operator Al — L, we introduce the Green’s
function G(z, s; A) of the differential system

lu) —du=u"+q(2)u + go(z)u — Au = f in (a,b),
(1.2) Bi(u) = aqu(a) + biv/(a) + cru(b) + diu'(b) = 0,
Bs(u) = asu(a) 4+ bot(a) + cou(b) 4+ dou’(b) = 0,

)
)
where f is an arbitrary function in L?(a,b). In this way we can express
each resolvent operator R(\ : L,) as a Hilbert-Schmidt operator:

b
(1.3) R()\:Lp)f:—/ G(-,s;N) f(s)ds, Y f e LP(a,b).

By means of an adequate expression for G(z,s;\), we will be able
to obtain bounds of the form (1.1) for a generic class of boundary
conditions that are called regular. For doing this we will use (1.3) to
bound R(A : L,) both in the spaces L'(a,b) and L>(a,b), and then, by
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interpolation, we will deduce the bound (1.1) in LP(a,b) for 1 < p < co.
In the case of regular boundary conditions, we can assume that the
operator L,, is the generator of an analytic semi-group of bounded linear
operators on LP(a,b).

The first references about differential equations with nonseparated
boundary conditions are the papers by Birkhoff [2-4] in which he
gave an expression of the Green’s function for a general n-order dif-
ferential equation with nonseparated boundary conditions and studied
some spectral properties of the associated operator. While doing this,
Birkhoff introduced the so-called regular boundary conditions. A mod-
ern treatment of the work by Birkhoff can be found in the book of
Naimark [6].

To conclude this introduction, we briefly outline the structure of the
paper. We begin with some algebraic considerations on the boundary
conditions. Later, in Section 3, we give a suitable expression for
the Green’s function of system (1.2). We also define a function, the
characteristic determinant, that allows us to determine the spectrum of
the operator L,. In Section 4 we introduce some useful simplifications
in order to avoid complicated calculations. The principal part is
Section 5, where we obtain the bound (1.1) in the case of regular
boundary conditions. In the last section we establish the results about
generation of analytic semi-groups on LP(a,b), 1 < p < co.

2. Algebraic preliminaries. Consider the differential system

l(u) = u" + qru’ + qou in (a,b),
(2.1) Bi(u) = aju(a) + biu'(a) + c1u(b) + div/(b) = 0,
By (u) = agu(a) + bau/(a) + cou(b) + dav’(b) = 0,

where q; € C'([a,b], C), g0 € C([a,b],C) and the boundary conditions
{Bj, Bz} are linearly independent, i.e., the coefficient’s matrix

_ (a1 b a 4
A= <CL2 by c2 do >
has rank two. We define the unbounded linear operator

L, : D(L,) C LP(a,b) — LP(a,b)
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as Lyu = l(u) for every u € D(L,), where
D(L,) = {u € W?P(a,b) : Bi(u) =0,i=1,2}.

That is, L, is the LP-realization of problem (2.1).

By making some algebraic considerations on the boundary conditions,
it is easy to see that the definition of the operator L, does not depend on
the representation of these boundary conditions. In fact, the boundary
conditions {Bj, Bo} are uniquely determined (up to a multiplicative
constant) by the numbers A;;, 1 < i < j < 4, where A;; is the
determinant of the 2 x 2 matrix formed with the ith and jth columns
of A. We have the following result, whose proof is elementary:

Proposition 2.1. For some 1 <1< j <4, A;; #0 and
A12A34 + A14A23 — A13A424 = 0.

Conversely, let a;;, 1 <1 < j <4, be complex numbers that satisfy the
equation
a12a34 + a14023 — a13a24 = 0,

with some a;; nonzero. Then a 2 x 4 matriz A of rank two exists and
a number r # 0 such that

Al-j:raij, 1<i<y <4,

The matriz A is unique up to products for a nonsingular matriz.

3. Characteristic determinant and Green’s function. We
shall define two functions which will play a key role henceforth. The
first one, the characteristic determinant, is an entire function of one
complex variable that allows us to completely determine the spectrum
of the operator L,. The second one, the Green’s function, will help
us to study the resolvent set of L, in order to obtain the appropriate
bounds for assuring the generation of analytic semi-groups.

Take an arbitrary A € C. Let uj(x) = ui(x; \) and ua(x) = ua(x; )
be two solutions of the equation {(u) = Au with boundary conditions
given, respectively, by u1(a) = 0, uj(a) = 1 and ug(a) = 1, uh(a) = 0.
It is clear that the functions {u1,us} form a fundamental system of
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solutions of the equation {(u) = Au in the sense that any other solution
can be written as u = Cqiu; + Cous for certain constants C; and Cs.
We define the characteristic determinant A(X\) as

(3.1) A = gﬁi; 53553 '

If A(M\) # 0, the constants Cy,Cy can be determined in a unique way
and vice versa. This means that the homogeneous problem

l(u)—Au =0 1in (a,b),

B1 (U) = 0,

B2 (U) = 0,
has a nontrivial solution if and only if A(X) # 0. We then have the
following result.

Proposition 3.1. A number A € C is an eigenvalue of the operator
Ly, if and only if it is a zero of the characteristic determinant. That is,
the point-spectrum of L, coincides with the set of zeros of A.

By construction, A(A) is an entire function. Therefore, either

e A(X) =0, so the spectrum of Ly, is C, or

e A()) is not identically zero. Then the set of zeros is at most a
determinable set with no accumulation points.
In the following, we will suppose that the second condition holds.

Let X be such that A(X) # 0 and consider the function

ur(z)  up(x)  glw, s A)
(3.2) N(z,s;\) = | Byi(u1) Bi(uz) Bi(9)s
Ba(u1) Ba(u2)  Ba(9)x
(the symbol B;(g), means that the operator B; is made over the func-

tion g(x, s; \) with respect to the variable x). The function g(z, s; \) is
defined as follows:

Uy ((xg Ua ((x))
1|ui(s) wus(s
ui(s) ua(s)
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where it takes the + sign for > s and the — sign for = < s.

Proposition 3.2. The differential system

l(u) = u=f in(ab),
(3.4) Bi(u) =0,
Bg(u) = 07

in which f € LP(a,b) and A(X) # 0 has a unique Green’s function
G(z, s; \), which is given by
N(z,s; )

(3.5) G(z,s;\) = AV

The proof of this proposition is quite simple and we refer the reader
to [6, Section ITI-7]. The first reference we have for formulae (3.2)—(3.5)
is the paper [3] of Birkhoff.

The existence of a Green’s function allows us to express the solution
of problem (3.4) in integral form:

b
u(x) :/ G(z,s;\) f(s)ds, =€ la,b].

As f € LP(a,b), the solution u belongs to W?P(a,b) and it satisfies the
boundary conditions B;(u) =0, ¢ = 1, 2.

We can now translate the above facts to the terminology of operator
theory. Every A € C such that A(X) # 0 belongs to p(L,), and the
associated resolvent operator R(A : Lp) can be expressed as a Hilbert-
Schmidt operator:

b
M —L,) ' f=R\:L,)f = —/ G(-, s;\) f(s) ds,
f € LP(a,b).

4. Some simplifications on the original problem. We are going
to make some modifications of the original problem in order to simplify
the calculations to be made in Section 5.
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We begin by considering the differential problem (3.4) on the interval
(0, 1) instead of (a,b) by the linear transformation x — (x—a)/(b—a).
Then the system becomes:

ZEU) =v" + v + Gov i in (0,1),
(4.1) l}l(v) = a1v(0) + lzlv'(O) + () + ({11/(1) =0,
By (v) = aov(0) + bav'(0) + éav(1) + dov’(1) = 0,

where §; is of class C* and §p is continuous in [0,1]. As in [6, Section

IT], we are going to eliminate the term §;v’ in the expression of [(v).
Consider the C?-diffeomorphism ¢ given by

42 e=ew( -y [ @) tep

and let My : L?(0,1) — L?(0,1) be multiplication by ¢:
Myu = ¢u, we LP(0,1).

It is clear that My is a bijective bounded linear operator; its inverse is
given by qulv = ¢~ 1v. M, also establishes a bijection from W7 (0,1)
to itself.

Now we multiply system (4.1) by ¢ to get:

l(u)=u" + qu in (0,1),
(4.3) < Bi(u) = a1u(0) + byu'(0) + c1u(l) + di/(1) = 0,
By (u) = agu(0) + bau’(0) + cau(1) + dou’(1) =0,

b
(4.4) ¢ = ao(1) +di¢' (1), d; = d;p(1),

We also have that I(v) = ¢l(u).
Associated to problems (4.1) and (4.3), we have, respectively, the
operators L, and L, defined as

Ly =1(v), D(L,) ={veW?P0,1): B;(v) =0,i=1,2},
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and
Lyu=1(u), D(L,)={ucW??P(0,1): B;(u) =0,i=1,2}.
Both operators are related in the following way:
L, = MyL,M;",

where the equality must be understood as an operator equality:
D(Ly) = D(MyL,M, ") and Lyu = MyL,M; 'u for each u € D(Ly).
Then we have the following straightforward result.

Proposition 4.1. The resolvent sets of the operators L, and ip are
the same:

P(Lp) = P(Lp)-

As a consequence, their spectra are equal and, for every X € p(L), we
have the following relation between the associated resolvent operators:

R(\:Ly) = MgR(\: Ly)M "

We can write the operator L, as follows:
Ly =T, + Qp,
where T,u = v and Q,u = qu for every u € D(L,) = D(T},) = D(Qp)-

It is clear that @), is a bounded linear operator, and the following holds.

Proposition 4.2. If A € p(T},) verifies ||[R(X : T,)|| < [|Q,]I71/2,
then A € p(Lp) and we have the following inequality

[1ROA = L) || < 2[|R(A = Tp) |-

Proof. As ||R(X: T,)Qpl| < [|R(A : Tp)||@Qpll < 1/2, we have that the
operator I — R(A : T,)Q, is inversible and

oo

I —R(\: Tp)Qp]il = Z[R(A 1 T3) @)™,

n=0
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(45) I = ROGT)Q) ) < 1/(1—1/2) = 2.
Let Ry =[I — R(\:T,)Qp *R(A\:T,). In D(L,) = D(T},) we have:

Ry(M —Lp) =[I — R(X\: Tp)Qp}_lR(A cTp) (M —Ty) — Q)
[l — R(\: Tp)Qprl[I —R\:T,)Qp = 1.

This means that Ry = R(A: L,) so A € p(L,). Finally,
IR(A = Lp)|| < 2[|R(A : Tp)l,

which is an immediate consequence of (4.5). O

Proposition 4.2 allows us to pass from the problem of obtaining
appropriate bounds on the resolvent of the operator L, to the same
problem for the operator T,,. The advantage is that for the operator
T, the calculations to be made are much simpler.

5. Bounds on the resolvent set of the operator 7,. Due
to the considerations made in the previous section, we will center our
attention on the operator 7}, defined as

Tyu=4", D(T,)={ueW?P(0,1): B;j(u) =0,i= 1,2},
where B;(u) = a;u(0) + bjw'(0) + cu(l) + d;u/(1), i = 1,2. We also
consider the characteristic determinant A(X) associated to T),.

Let A be an arbitrary complex number. If A(\) # 0, we know that
A € p(T},) and the associated resolvent operator is given by

(5.1) R(/\:Tp)f:—/o Glsi N f(s)ds, feLP(0,1),

where G(z, s; \) is the corresponding Green’s function.

The idea now is to use the formula (5.1) to obtain a bound on
R(X : T,) of the form M/|\|, where M is a constant that does not
depend on A. These are the kind of bounds that we need in order to
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assure the generation of analytic semi-groups. For doing this, we will
bound (5.1) both in the spaces L°(0,1) and L'(0, 1), and then we will
use interpolation results in order to bound R(A : T},) in all the scale of
spaces LP(0,1), 1 < p < 0.

We must make a last consideration. Instead of the fundamental
system of solutions of the equation u” = Au constructed in Section 3,
we consider this one:

up(t) = e Pt uy(t) = et

where A\ = p? # 0, and the associated characteristic determinant, that
will also be denoted by A(A). In this way, we have simple expressions
for the system {uj,us} that can be substituted in the formula for
G(z,s;A). Note that the condition A(A) = 0 does not imply that
A is an eigenvalue.

For A = 0, the above functions {u1,us} are not linearly independent.
So we choose u;(t) = t and us(t) = 1. By substituting them in the
formula for A(\), we have that A = 0 is an eigenvalue if and only if the
following condition holds

At + Az + Ag + Azg — Aoz = 0.

5.1. Bounds in L%°(0,1). Suppose that A # 0 is such that
A(A) # 0. Then, from (5.1) we deduce that

1
IRON: Too) fll oy = sup / Gz, 5 M)||£(s)] ds

0<z<1

1
(o [ GG 1ds) o
0

0<z<1

IN

1 1
= su N(x,s;\)|ds.
AT 22, f, Vs

Hence we must bound supg<,<; fol |N(z, s; )| ds in an appropriate way.

Take an arbitrary ¢ € (7/2,7) and consider the sector 35 defined as

S5 = {\ € C: |arg(\)| < 8, \ # 0}
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For a given A € Y5, we define p as the square root of A with positive
real part

p= N2 exp((arg(N)i/2)), arg() € (~3,0).

A fundamental system of solutions for the homogeneous equation
u” — Au = 0 is given by

ui(z) = e %, ug(x) = ef”.

We can evaluate the boundary forms {Bj, B2} in the functions above
to obtain

Bi(u;) = a; + (=1)7bip + eV 4 (=1)id;pe 1P,
1<4,5<2.

By substituting the above expressions in (3.1), we deduce the following
formula for the characteristic determinant, valid for A\ = p? # 0 with

|arg(p)| < 6/2,

A(X) = —(Asp® + (Azz — A1a)p — Ays)e?
(5.2) + (Agap® + (A1s — Ags)p — Arg)e ™
+2(A12 + Asq)p

(the numbers A;; were defined in Section 2). From (5.2) we can see
that, if A(X) is not identically zero, a number r > 0 exists such that
A(X) # 0 for all A € X5 with |A| > 7. So we have that the sector 5,
defined as

Sspr=r+X;={ e C:lagA—r)| <dA#r}

is contained in the resolvent set p(Tso).

Now we must obtain a suitable expression for the numerator N(z, s; \)
of the Green’s function G(z,s;A). To do so, we will make use of the
formulas given in Section 3. First of all, we obtain from (3.3)

1
4—(69(175) — P52 if > s,
s = |

L) o) i <
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Evaluating the boundary forms in g(z, s; \), we obtain

0
Bi(g). = aig(0,5:0) + bi 5 (0,51 )
Feig(L,5:X) +di g2 (1,52)
ePs

= (a; —bip—cie”" +d;pe”")—
(a p—cie pe )4p
e Ps

+ (—a; — bip + c;e” + d;pe”) )

for ¢ = 1,2. The next step is to substitute the expressions obtained
before in the determinant (3.2) that defines N(z,s;A). After a long
calculation, we obtain the following formula

ep(@+s) oy _
N(z,s;\) = (A13 — (A1a + Asz)p + Agsp®)e™”
e—p(LE+S) 2
+ Z—p(A13 + (Aia + Aoz)p + Agap®)e”
+p(z, 55 7),
where
v1(z,85A) if x> s,
5.3 TA) =
(5:3) ple, i) {(pg(x,s;)\) ifr<s.

The functions ¢;(z, s; A) are defined by

op(s—2)
p1(z,830) = % [(— A1z + (Aoz — A1g)p + Agup?)e” — 2A12p)
eplz—s) .
+ 2 [(—A13 + (A1a — Aa3)p + Agup”)e " + 2A412p],
and
op(s—2) -
902(I7 55 >‘) = 2P [(_A13 + (A14 - A23)p + A24p )6 s 2A34p]
oP(e—) 2
+ [(—A13 4+ (A2 — A1a)p + Agap™)e’ — 2A34p)].

2p
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From the above expressions, we can bound |N(z, s; A)| as follows

IN (2, s50)| < %em (p) p(z+3)Re (p)

r
G eI ot 5
p

where
L(p) = |Axs| + (|Ara] + |A2s])|p| + |Azal|p]*.

In a similar way, we have that

(z—s)Re (p)
[o1(2,5: )| < (2l4sallo] +Tlp)e ) —5
+ @lialp] + T(p)ere ) L),
and (r—s)Re (p)
xz—s)Re (p
(53 0| < (2l4salle] +T(p)e™ ) —
(s—z)Re (p)
_ (&
+ (2[Azal|p| + T (p)e 1 (p))T

The next step is to bound fol |N(z,s;\)| ds:

1 1
/ |N(x75;A)|dS§M€—Re(p)/ @R (9) g
0 0

2|p|
1
n L(p) JRe (p)/ o (@R (0) gg
2|p| 0

1
+/W%&W%,
0

that is to say,

1
/ |N(z,s;\)|ds
0
r

(p) R —zR, - -
< (e"Re () _ g=wRe(p) 4 ((1=0)Re(p) _ o(z=1)Re(p))
2[p[Re (p)

1
+/W@&W®
0



882 J.M. GALLARDO

In order to bound fol |o(x, s; A)| ds, we can use (5.3) to write:

1 x 1
/w,s;ws:/ |¢1<x,s;x>|ds+/ (oo, 51 0)| ds.
0 0 x

Now we evaluate each summand separately. First we have

@ gla=s)Re (p)

/ (o1 (@, 55 V)| ds < (2] Aallp] + T(p)e R @) / < s
0 0 2[p|

v g(s=a)Re (p)

T (2 Asallp] + T(p)eRe @) / T s
0 2|P|

— F(p) (eRe (p) _ e—Re (p))
2[p[Re (p)

+ e(@z=1)Re(p) _ o(1-2)Re (P))

| A1z

“Re (p) _ ,—Re (p))
Re (p) ( )

In the same way, we have

1 1 (a—s)Re (0)
[ eaasinlds < @laallp] + (et @) [ s
@ . 2|p|
1 o(s—z)Re (p)
+ @l + D)™ 0) [ s
I'(p) R “R —2R Re (p)
_ (e e(p) _ g=Relpr) 4 ¢ xe(p)_ewep)
2[p[Re (p)
[Asa] \ (1-2)Re (o) _ (@—1)Re (p)
Re () (e e ).

Finally we obtain

' T'(p)
N(z,s;\)|ds < ———(ef® () _ ¢~Re(p)
| sl < o )

TArel
Re (p)
| A4
Re (p)

(e™Re(p) _ g=wRe (p))

(e0=)Re () _ o(o=1)Re (p))

Y
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that can also be written as

1
/O IN(z, 50| ds < [ Asa]|p|(e7Re () — =oRe (0))

1
oIRe ()
+ [Azy||p|(eA 2R (P) _ cl@=DRe (0))
+ I‘(p)(eRe (p) _ o—Re (p))].

Now taking the supremum in the preceding inequality, we deduce

eRe(p) _ g—Re(p)

sup /0 \N(m, S, /\)| ds < ((|A12‘ + |A34D|p| + F(p)) |p|Re (P)

0<z<1
From the definition of I'(p), we finally obtain

1
sup / IN (2, s50)|ds < (|Aua| + ([Ar2| + [Ara| + [A2s| + [As4])|p]
0

0<z<1
eRe(p) _ g—Re(p)

Consider now the function H(p) defined as

H(p) = (|Asz] + (|Axz2| + [A1a] + Azs| + [Asal)|p]

eRe(p) _ g—Re(p)
+ |A24||P|2)W

Then we have the following bound

1 / ' H(p)
——— sup N(z,s;0)|ds < ————.
B 022, Jy NIV = LRely)
Note that |arg(p)] < /2, so Re(p) > |p|cos(6/2) > 0. Then the
following inequality holds

1
sup / |G(z,s;M)|ds =
0

0<z<1

! H(p)
su G(z,s0)|ds < ————,
106Nl < i

and from this we obtain the final bound

H(p)

(5.4) RO : Too)|| < 0s(8/2) P2
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valid when |arg(p)| < §/2. Note that the function H(p) only depends
on p and the coefficients of the boundary conditions {Bj, Bo}. In
the cases where H(p) is a bounded function we deduce from (5.4) the
desired bound in the space L>°(0,1):

IR : Too)ll < 73 = o7
o2 Al
where M is a constant independent of .

It is clear from the previous comments that we must now determine
the cases for which the function H(p) remains bounded as p — oo in
the sector ¥5. From the definition of H(p), it is natural to consider
five different cases, depending only on the boundary conditions. These
cases are:

(i) A2sa #0
(ii) Aaqs =0 and A4 — Aoz # 0.
(iii) Agg = A1g — Aa3 =10, A13 # 0 and Ao + Azq = 0.
(iv) Aoy = A1y — Aa3 =0, A13 # 0 and Ays + Azq # 0.
(V) Aoy = Ajy — Agg = A3 = 0.

We will now analyze each case separately.

Case (1). We suppose that Agy # 0. It is convenient to write the
formula (5.2) for the characteristic determinant in the following form

1

A(N) = Aggp?e? [(e72P — 1) + ——((A1g — Agz)e 2P
Asup
+ 2(A12 + A34)€_p + (A14 - A23))
Ass )
+ 1—e 7).
Az p? ( )

Choose an arbitrary constant ro > 0 and take p € C such that
|arg(p)| < §/2 and Re (p) > ro. Then we have that |[e=?| = e Re(P) <
e~ " and

e — 1 =le " +1]|e™” — 1| > [1—e R W2 = (1 —e7")2
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Therefore, we deduce

1
IAN)] > |Aoa||pPeRe @) (1 —e70)? — ————(| A1y — Agsle™ "
| A2a|pl
+ 2| A1 + Azqle™"0 + |Arg — Ass|)
|A1s] _9
_ Al 2oy
Agall o )

Now choose a constant 71 > 0 such that, if |p| > 1, then

1
mﬂflm — Agsle™ ™ 4+ 2|Ajp + Agy| + |A1s — Aos|)
|A1s| 2 (1—em)?
+ Bl ey <L
Aaallol A

Thus, for |p| > 1, we have

1 — e T0)2
A0 2 5 Al ) = a2 @),

where ¢; = [(1 — e~"0)2?/2]. Hence, from the above inequality and the
definition of H(p), we obtain the following bound:

|Aq3] |A1o| + |Ara| + |A2s| + |As4| ) _2R.
H(p)<c ( +1 | (1—e2Re ()
®) < e TgalloP [Azalle ( )
|Aq3] [A1a| + [Ara] + |Aos| + |Asal ) —ro\2
< + +1)(1—e"")° =: My,
Q@uf Al (1=e) =M

taking into account that
(1 — e 2Re (p)) = (14 Re (p))(l _ ¢~ Re (p)) <14e M,

This shows that the function H(p) remains uniformly bounded.

Case (ii). Suppose now that Asqg = 0 and A4 — Asg # 0. Then the
function H(p) has the form

Re(p) _ g—Re(p)

(&
H(p) = (JAss| + (1A + | Aual + [ dss] + | AsaDlo) — 5557
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and the characteristic determinant is given by

A(N) = ((A14 — A2z)p + Asz)e” + ((A1a — Azz)p — Asz)e™”
+2(A12 + Aza)p.
As in the previous case, we choose p such that |arg(p)] < J/2 and

|p| > 7o, where 79 > 0 is a constant to be chosen conveniently. We can
write

A(X) = (A1g — Asz)pe” (1 +e Py gdiz ¥ s,
A14 - A23

A13 1

and therefore
[AN)] > [A1g — Ass||ple™e )

. (1 _ 672Rc (p) _ 2 |A12 + A34|67RC (p)
|A14 - A23|

_ |A13‘ |1 _ e—2p|)
|A1a — Aasl|p|
< [A1g — Ags]|pleRe )

|A14 - A23|
|A13‘ (1 _ 62’)"())) .

[ Ag — Ass||pl
Now, if we choose rg > 0 such that

Corg oAzt Aga| 01
e +2 =TT < |
|A14 - A23| 2

we deduce the following inequality, valid for Re (p) > r1:

1 |A1s] _
AN > A — A eRe(p)(———l—Fe 2roy |,
| ( )‘ = | 14 23||p| 2 |A14 —A23||p|( )

Taking now 7 > 0 such that, for all |p| > 71, the following inequality
holds:
| Ass|

— (1 + 6_2T0 <
|A14 - A23||P|( )

A~ =



GENERATION OF ANALYTIC SEMI-GROUPS 887

Then we have that
1 Re (p)
[AN)] > Z|A14 — Aasllple .

Combining the previous bound with the expression for H(p), we obtain

Hip) < 4|Al3| + (| Ava| + [Ara] + |Azs| + [Asza])|p] €ReP) — e=Re (@)
- |A14 — Aas||p] eRe(p)

_ ( |A13] |[A12] +[A14] +]A2s] +|A34>(1_e—2Re ),
|A1s—Aazs||p| |A1g — Aog|

Finally, for every |p| > r1 with |arg(p)| < §/2, we have

|A13] |[A1o|4|Ara|+]A23|+]As4]
H <4
(p) < <A14—A23|7"1 [A1q — Agg|

)(1+e7“0) =: M,

which proves that H(p) remains bounded.

In what follows, we will suppose that Aoy = A4 — As3 = 0. Then
H(p) can be written as

(55) H(p) = (|Ays| + (|Avs| + 2| Ara] + |Asa])|p])

and the characteristic determinant is given by
(56) A()\) = A136p - A1367p + 2(A12 + A34)p.

The last three cases arise now in a natural way.

Case (111) We suppose that A24 = A14 - A23 = 0, A13 ;é 0 and
A1z + Ags = 0. We can write (5.5) and (5.6), respectively, as follows:

eRe(p) _ o—Re(p)

H(p) = (|A13] + 2(|A12| + ‘AMMPDW’

and
AN\) = Aze ™ — Ajze ™ = Ajzef (1 — e ).
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Then we have

_ [Ausl + 2| Az + [Awal)lp] 1 — e

H .
2 |Aq3] |1 —e2¢|

It is clear that the term (1 —e~2R¢())/|1 — ¢~2¢| remains bounded for
|p| large. Thus, we consider two subcases:

o |Aja| + |A14] # 0. In this case, it is easy to see that H(p) is not a
bounded function.

[ ] |A12| + |A14| = 0. Then

1 — ¢—2Re(p)

H(P):m7

and it remains bounded for |p| large. Note that this case is equivalent
to the case
Arg = A1y = Aoz = Ags = A3q = 0,

which implies 413 # 0.

Case (IV) Aoy =0, A1y — Ass = 0, Aq3 # 0 and Ao + Asy # 0.
From (5.5) we see that the dominant term in the numerator of H(p) is
|ple®e (®) but in the denominator is |e?|. This shows that H(p) is not a
bounded function.

Case (v). Agq = A1y — Aoz = A3 = 0. We have that

eRe (P) —_ efRe (p)
H(p) = (|A12| + 2| A14| + [Asz4])|p| W,

and
A(/\) = 2(1412 + A34)p.

‘We must consider two subcases:
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° A12 —+ A34 # 0. Write

H(p) _ |A12‘ + 2“414‘ + |A34‘ (eRe (p) _ e—Re(p))7
2| A1 + Azl

and observe that H(p) is not bounded for |p| large.

e Ao+ A3y = 0. Then

and as Ao + A1z + A4 + A3y — Asz = 0, then O'(Too) = C. This
case will not be considered, since we cannot speak about generation of
semi-groups.

In the cases where H(p) is bounded, we have proved the existence
of positive constants r and M; such that |R(A : Teo)|| < My/|A| for
A = p? with |p| > 71 and |arg(p)| < §/2. Define r = r?/sin(8) and
M = M;(1+ 1/sin(d)); then the sector r + X5 = X5, is contained in
p(Ts) and, for every A € s,., we have

My |A—r| M, r M
AT < < I+07) < ’
IR ol < Bl < e (14 ) <

because |A| > 7.

Proposition 5.1. Choose § € (n/2,m), consider the sector X5, and
suppose that the coefficients of the boundary conditions { By, B2} satisfy
one of the following conditions:

o Aoy # 0.
L] A24 =0 and A14 —A23 #0
o Aip = A1y = Az = Agy = A3y = 0.

Then positive constants r and M exist such that X5, C p(Tx), and the
following inequality holds

[RON: Too)|l < V€ s,

M
A=rl’
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5.2. Bounds in L'(0,1). The spirit of this section is similar to the
previous one. From (5.1) we have

IRO: T o) = / (RO T1))()] da

</01 /01G<x,s;A>||f<s>dsdx
=/01 (/OllG(w;A)ldw)lf(s)lds

1
g( sup / G(m,s;/\)|dx)||f|L1(0’1),

0<s<1Jo

when A(M) # 0. As we have just calculated an expression for
|N(z, s; A)|, we can use it in order to bound fol |N(z,s; A)| dx:

1
/ [N (z,s; M) dx < |( |) / e(zts)Re(p) gy
0

1
+ 1;|(p|) Re(p)/ —(z+s)Re (p) dx

/|goxs)\\dx

Evaluating the integrals, the previous inequality can be written as

1
/ [N (z,s;\)|dx
0

< F(p) (esRC (p) _ estc (p) + e(175)13{0 (p) _ e(sfl)Rc (p))
2[p|Re (p)

1
+ [ ot V] da.
0

Now from (5.3) we have

1 s 1
/Iso(fc,S;A)\dff:/ |¢2<x,s;x>\dx+/ o1 (2, 5 )| dz,
0 0 s
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and we bound each summand separately. On one hand,

s o(@—s)Re (p)

/ (oa(z, 5 0)| d < (2] Azallp| + D(p)eRe @) / T s
0 0 2|P|
s o(s—2)Re (p)
4 (2| Al [p| + T (p)e R @) / s
0 2|P|

— F(p) (eRe (p) _ efRe (p)
4 elsmDRe(p) _ ,(1=s)Re (P))

sRe(p) _ ,—sRe (p)
Re ()¢ e,

and on the other hand,

L (a=s)Re (p)

1
| e sl < @laslol + e ™) [ e da
S S

1 (s—2)Re (p)

1 (2 Asa]lp] + T(p)eRe @) / T

L'(p) Re(p) _ —Re(p) , ,—sRe( R
_ W) re(r) _, 4 eRe(p) _ goRe ()
3NpfRe () )

[A12] | (1-6)Re(p) _ (s—1)Re(p)
e — € .
Re (p)( )

Adding, we obtain

| A1a|
Re (p)

|A34| sRe (p) —sRe(p)

— (e —e

Re (p) ( )
L) ((Re(o) _ o=Re (o)

Ip|Re (p)

1 —s s—
= M[ |A12||p|(e(1 JRe(p) _ (s—1)Re (p))

+ [Aga[[pl (e ) — =T 0)
FT(p)(eRe ) — eRe )

1
/ IN(z,s:\)|dx < (e(1=9)Re(p) _ o(s—1)Re (p))
0
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from which we deduce

eRe(p) _ c—Re(p)

1
sup /0 [N (2, 8:0)| de < ((|Ar2| + [Asa])p] + T(p)) pRe (o)

0<s<1
The above expression can also be written as
1
H
sup [N Gesi V] do < DRl eRe) — el
0<s<1Jo lp/Re (p)

where H(p) is the function defined in the previous subsection. Hence
we have obtained that

1 1
1

su G(xz,8\)|dx = —— su / N(z,s;\)|dx <

p/ Gl s e = TR 2, f, s )

H(p)
[p[Re (p)’

which implies

H(p)
cos(d/2)[p|*’

Note that the second member of this inequality is the same as in (5.4),
so the previous study of H(p) is also valid in the case treated here.
Therefore we have the following result, analogous to Proposition 5.1.

IR =Tl <

Proposition 5.2. Under the hypotheses of Proposition 5.1, positive
constants v and M exist such that X5, C p(Th), and the following
inequality holds

M
RO\ T3 < D VAE sy

Remark 5.1. Tt is clear by construction that the constants M and r
in Propositions 5.1 and 5.2 are the same.

In his early works [2-4] about nonseparated boundary conditions,
Birkhoff distinguished a class of boundary conditions that he called
regular. For regular boundary conditions, he was able to obtain good
spectral properties. The regular conditions of Birkhoff are exactly the
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same that we consider in Proposition 5.1. This fact motivates the next
definition.

Definition 5.1. The nonseparated boundary conditions

{ Bi(u) = a1u(0) + b1’ (0) + cyu(l) + diu/(1) = 0,
By (u) = asu(0) + bau' (0) 4+ cou(l) + dou/(1) = 0,

are called regular if their coefficients satisfy one of the following three
conditions:

o Ayy #0,
[ A24 =0 and A14 —A23 ;é 0,
o Ay = Ay = Agg = Agy = A3y = 0.

Remark 5.2. From Proposition 2.1 it is straightforward to verify
that this definition does not depend on algebraic manipulations on the
boundary conditions.

Suppose that the boundary conditions {Bj, Bo} are regular. Then
we have a bound for the operator R(A : T},) of the form

IR :Tp)| < VAeXs,, p=1,o00.

M
A=rl’

From the Riesz-Thorin interpolation theorem [1], we deduce a similar
bound in every LP(0,1), 1 < p < oo,

M
ATy < P DNSIDIT
IRV )l € [mer, YA€

where M, and r are positive constants depending only on §, p and
on the coefficients of the boundary conditions. We now have all the
elements to establish the main result of this section.

Theorem 5.3. For 1 < p < oo, consider the differential operator
Tyu = u" with D(T,) = {u € W?P(0,1) : By(u) = Ba(u) = 0}, where
the boundary conditions {By, B2} are regular. Fiz an arbitrary 6 €
(7/2,7) and consider the sector ¥5 = {A € C : |arg(\)| < §, A # 0}.
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Then positive constants v and M, exist such that Y5, = r + X5, C
p(T,), and the resolvent operator associated to N\ € X5, satisfies the
following bound in the space LP(0,1):

M,
(T < —2—.

To conclude this section, we give some examples of nonseparated

boundary conditions, both regular and irregular, in L2(0,1).

Example 5.1. Consider the classical case of separated boundary
conditions:

au(0) + bu’(0)

{Bl (U) 0,
Bso(u) = cu(l) + du'(1) = 0.

The coefficient’s matrix is
a b 0 0
A= (0 0 ¢ d) ’

and it is easy to prove that the conditions are always regular. The
operator T5 is always self-adjoint.

Example 5.2. Consider the generalized periodic boundary condi-
tions
{ Bi(u)
Bs(u)
where r # 0. The coefficient’s matrix is
10 —r O
A= (O 1 0 —r) ’

We have that Aoy = 0 and Ay — Asg = —2r # 0, which means that
the conditions are regular. The operator T is self-adjoint only in the
cases r = 1 (periodic conditions) or r = —1 (anti-periodic conditions).

u(0) —ru(l) =0,
u'(0) —ru/(1) =0,
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Example 5.3. Consider a nonclassical case of nonseparated bound-
ary conditions, as follows

{ Bi(u) = u(0) — u(1) - u'(0) = 0,
Bs(u) = v/ (0) + 2u(1) + «/(1) = 0.

The coefficient’s matrix is, in this case,
1 -1 -1 0
A= (0 12 1) '
As Asy = —1, the conditions are regular, but T3 is not self-adjoint.

Example 5.4. As a case of nonregular boundary conditions, consider
the following initial value conditions

{ Bi(u) = u(0) =0,
By (u) =/(0) = 0.

In this case, the characteristic determinant is given by

As Ayg + A3+ Ayy + A3y — Aoz # 0, then A = 0 is not an eigenvalue.
We then have that o(T) = @. The Green’s function is given by

1 .
Gz, 5 A) = { (T — ) ifa> s
0 if x < s.
If we take the function fy = 1, we have that
! 1
[R(A: T2) fol(x) = / G(z,s;M)ds = F(epm —e PP+ 1),
0

from which we deduce

IR : To)] / RO\ : To) fol ()2 da

1 1
= —4/ |ep””—e_’””+1|2dx,
P Jo
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and the last term goes to infinity as |p| — co. So it is not possible to
obtain the adequate kind of bounds on R(\ : T5).

6. Generation of analytic semi-groups. We recall a well-known
result that gives sufficient conditions for an operator to be the generator
of an analytic semi-group [5].

Theorem 6.1. Let X be a complex Banach space, and consider
a linear operator L : D(L) ¢ X — X. Suppose that constants
d0€(m/2,m), M >0 and r € R exist such that

e p(L) D X5, ={AeC:larg(A\—1)| <0, #r},
o |[ROAN:L)|| < M/IA—r], for all X € s,
Then L is the generator of an analytic semi-group of bounded linear

operators on X, {e'},>o. When the domain D(L) is dense in X, the
semi-group generated by L is strongly continuous.

Now fix 1 < p < oo, consider the operator 7}, and suppose that
the boundary conditions {Bj, B2} are regular. Then Theorem 5.3
guarantees the existence of positive constants r and M, such that the
sector X5, is contained in the resolvent set p(T,) and

M,
T < P DIF I
IR T <€ 2 vae s

This shows that the hypotheses of Theorem 6.1 are satisfied, so we
deduce the following result.

Theorem 6.2. Take 1 < p < 0o and consider the linear operator
T, : D(T,) C LP(0,1) — LP(0,1)

defined as Tyu = v’ with D(T,) = {u € W?P(0,1) : B;(u) = 0,i =
1,2}. Suppose that the boundary conditions {B1, B2} are reqular. Then
T, is the infinitesimal generator of an analytic semi-group of bounded
linear operators on the space LP(0,1). If p # oo, this semi-group is
strongly continuous.
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Now a natural question arises: how do the changes made in Section 4
affect the results obtained here? We are going to see that an analogue
of Theorem 6.2 can be stated.

Consider the operator Lyu = u” + qu, for u € D(L,) = D(T},). We
can take r sufficiently large for

1 _
||R()‘ : Tp)” é 5”@;0” 17 VA € Eé,ra

where @, is the operator Q,u = qu with domain D(Q,) = D(T}).
Proposition 4.2 assures that A € p(L,) and

2M
‘, Ve Eg’T.
r

1RO = Lp)ll < 2[[R(A = T) || < Do

As a consequence, we have the following result:

Corollary 6.3. Let 1 < p < 0o, and consider the linear operator
L,:D(L,) C L?(0,1) — L*(0,1)

defined as Lyu = v +qu with D(L,) = {u € W*?(0,1) : B;(u) = 0,i =
1,2}. Suppose that the boundary conditions {B1, B2} are regular. Then
L, is the infinitesimal generator of an analytic semi-group of bounded
linear operators on LP(0,1). If p # oo, this semi-group is strongly
continuous.

In Section 4 we had obtained the operator L, from the more general
operator L,v = v" 4+ §1v" + gov with domain D(L,) = {v € W?P(0,1) :
B;(v) =0,i = 1,2}, where the boundary conditions were given by

{Bﬂm:awmmiwmn+amn+dwm)—m
Bs(u) = aov(0) + bot' (0) + éav(1) 4 dgv’ (1) = 0.

From the relations (4.4), it is easy to see that the boundary conditions
{B1, B2} are of regular type if and only if {B;, B2} are.

The operators L, and L, were related as follows:

L, = MgL,M;*,
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where My is the multiplication operator by the function ¢ defined in
(4.2). From Proposition 4.1, we have that p(L,) = p(L,) and, as a
consequence of Corollary 6.3, X5, C p(L,). We also have the following

equality
R(\: Ly) = MyR(A: Ly)M ", VA€ p(Ly) = p(Ly).
So for every A € 5., we have that

M

1ROV E)l = Mo RO )M < RO L)l < e

This shows that Theorem 6.2 is also valid for the operator L,,.

Finally, note that the linear change made to pass from the interval
[0,1] to [a,b] does not affect the results obtained. In particular, the
regularity of the boundary conditions is maintained through this change
of variables. This observation allows us to give the main result of this
work:

Theorem 6.4. We consider the second-order differential system with
nonseparated boundary conditions given by

l(u) =u" + q1(z)u’' + go(z)u in (a,b),
Bi(u) = aqu(a) + biv'(a) + cyu(b) + diu'(b) = 0,
Bs(u) = agu(a) 4+ bot(a) + cou(b) + dou’(b) = 0,
where ¢1 € C([a,b],C) and qo € C([a,b],C). Suppose that the

boundary conditions are reqular, i.e., their coefficients verify one of
the following conditions:

o Ayy #0.
L] A24 =0 and A14 —Agg 7£ 0.
o Aip = Ay = Az = Agy = A3y = 0.

Fiz 1 < p < oo and consider the LP-realization of the differential
system, that is, the linear operator L, : D(L,) C LP(a,b) — LP(a,b)
defined as

Lyu=v"+ q(2)u + go(z)u
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with domain D(L,) = {u € WP (a,b) : B;(u) = 0,i = 1,2}. Then L,
is the generator of an analytic semi-group {e'P};>q of bounded linear
operators on the Banach space LP(a,b). If p # oo, the semi-group is
strongly continuous.

When p = oo, we can obtain a strongly continuous semi-group on
a certain subspace of L>(a,b). Define X as the closure of D(Ls) in
L*>(a,b). Let Ly be the part of L in Xy, that is, D(Lg) = {u € D(Lwo) :
Loou € Xo} and Lou = Loou for u € D(Lg). Then the operator Ly
verifies the hypotheses of Theorem 6.4 and has domain D(Lg) dense
in Xj so it generates an analytic semi-group {e‘f°},~ on X that is
strongly continuous. We also have the following relation

etloy = etl=y, Yue Xo,t>0.
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