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ABSTRACT. In this paper, the eigenvalues of a regular fourth-order Sturm-
Liouville (SL) problems are studed. The eigenvalues depend not only con-
tinuously but smoothly on the problem. An expression for the derivative of
the eigenvalues with respect to a given parameter: an endpoint, a boundary
condition, a coefficient, or the weight function, are found.

1. INTRODUCTION

In the early nineteenth century, Sturm and Liouville published a series of papers
on second order linear ordinary differential equations including boundary value
problems. The influence of their work was such that this subject became known
as Sturm-Liouville theory. Sturm and Liouville were the first to see the need for
finding properties of solutions directly from the equation even when no analytic
expressions for solutions are available. A large amount of papers have been written
since then. Among them, Pdschel and Trubowitz consider the eigenvalue of a regular
second-order SL problem

(1.1) —(py") + qy = My
with Dirichlet boundary conditions
y(a) =0=y(b)

in [1], they show that the n-th eigenvalue A = A, (¢) as a function of ¢ is Frechet
differentiable for ¢ € L*(a,b),p = 1 = w, and give the expression of d)\,. Dauge
and Helffer in [2] show that the Neumann eigenvalues of a regular second order
SL problem on an interval [a,b] are differentiable functions of the right endpoint
b and give the expression of X' (b) and they indicate that a similar equation holds
for the eigenvalues of other separated BC. In [3] Kong and Zettl give a different
proof of the Dauge-Helffer Theorem with substantially weaker hypotheses replace
L?[a,b] by L'(a,b) and they obtained a similar result for coupled BC. In [4], Kong
and Zettl further show that the eigenvalues of regular second-order SL problems
are differentiable functions of all the data: the endpoints, the boundary conditions,
as well as the coefficients and the weight functions and they give expressions for
their derivatives. See Chapter 4 in [5] for an exposition of this theory. In [6],
Battle proves continuity and differentiability of the eigenvalues for a more general
second order problem. In [7], Kong et al. study that any isolated eigenvalue of
a regular self-adjoint or non-self-adjoint ordinary linear n-th order BVP depends
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on the problem with the general boundary conditions. In the classical case, these
properties play an important role in the Bailey, Everitt, and Zettl code SLEIGN2
[8]. Yet, remarkably, this subject is an intensely active field of research today.
Especially in recent years, the research on dependence of the eigenvalues of bound-
ary value problem on the problems has been extended in various aspects. Such
as, the dependence of the eigenvalues of Sturm-Liouville problems with interface
conditions, with transmission conditions, with eigenparameter-dependent bound-
ary conditions, with distributional potentials[11]-[18], et al. At the same time, such
research has also been extended to higher-order situations. For fourth-order case,
Suo and Wang study the dependence of eigenvalues on the problem in [9] use the
same method as [3,4]. Ge, Wang and Suo study the dependence of eigenvalues on
the boundary in [10]. Lv and Ao study the eigenvalues of fourth-order boundary
value problems with self-adjoint canonical boundary conditions in [13]. Li and Ao
et al. study the dependence of eigenvalues of fourth-order SL problems with discon-
tinuous conditions in [11,12,14]. However, they considered the special fourth-order
equation:
(p(2)y")" + q(x)y = Mw(z)y

with ¢ =1 or q # 1.

In this paper, we consider a regular general fourth-order equation with separated
conditions and coupled conditions. we show that the eigenvalues of the problems
are differentiable functions of all the data: the endpoints, the boundary conditions,
as well as the coefficients and the weight functions and we find formulas for their
derivatives. It is necessary to study the dependence of eigenvalues of higher-order
boundary value problems (BVPs), besides its theoretical importance, the continu-
ous dependence of the eigenvalues and the eigenfunctions on the data is also fun-
damental from the numerical point of view. The major general purpose codes for
the numerical computation of the eigenvalues and eigenfunctions of fourth-order
Sturm-Liouville problems are SLEUTH (Sturm-Liouville eigenvalues using theta
matrices) [19] and for more general problems see [20]-[25].

2. NOTATION

Consider the fourth-order symmetric differential equation
(2.1)
(p2(2)y")" =(p1(2)y') +a(x)y = Mw(z)y,x € J = (d',b'), —00 < a' <V < o0,A €R,

where

(2.2) pa2,p1,q,w: (a',b') = R, 1/pa,p1,q,w € Lige(a',b'),w >0 a.e. on(a,b).
Let

(2.3) J = la,b], d<a<b<d

and consider the BC

TN
Y (a y

(2.4) A (p2y"”)(a) +5 (p2y")(b) 0

(p2y")(a) = (p1y')(a) (p2y")'(a) — (p1y’)(b) 0

where the complex 4 % 4 matrices A and B satisfy:
(2.5) rank(A| B) =4
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and
0 0 0 -1
. « - _| 0O 0 1 0
(2.6) ABA*=BEB E=| o | o
1 0 0 O

A fourth-order SL boundary value problem (BVP) consists of Eq. (2.1) together
with BC (2.4). With conditions (2.2), (2.3),(2.5) and (2.6) it is well known that this
problem is a regular self-adjoint fourth-order SL problem. In this paper we fix all
but one of the parameters that determine the SL problem, i.e., all but one of a; b;
A; B; p1;1/pe; q; w and study the dependence of the eigenvalues and eigenfunctions
on that parameter.

From [26], we know that there are three basic types of self-adjoint boundary
conditions (2.4),(2.5),(2.6): separated, coupled and mixed. In the separated case,
there are many forms for the fourth-order problems. As other cases are similar ,
we will only study one form here, and we also study the coupled conditions:

(1) Separated self-adjoint BC .

(2.7) cosay(a) — sinay'(a) = 0,
(2.8) cos a(pay”’)(a) — sina(p2y”) — p1y'](a) =0, 0<a<m;
(2.9) cos By(b) — sin By’ (b) = 0,
(2.10) cos B(p2y”)(b) — sin B[(p2y”") — p1y’](b) = 0, 0<pB<m.
(2) real coupled self-adjoint BC.
y/((l;))) y/(a))
Yy _ y'(a
241 (p2y") (1) -r (p2y")(@) |
(p2y")'(b) = (pry/) (D) (p2y")'(a) = (pry')(a)

where K satisfies

ki1 ki ki3 ki
ko1 koo kos ko4
k31 k3o ksz ksa |’
ka1 kao kaz ks

(212) K = ki €R, detK=1 KEK*=E.

(3) complex coupled self-adjoint BC.

o o

Yy g yla

(2.13) (o)) =K (pa")(@) ’
(b2 b) — (p19/) ) (p2") (a) — (p23/)(a)

where K satisfies (2.12), and —7 <0 <0or 0 <60 <.
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3. CONTINUITY OF EIGENVALUES AND EIGENFUNCTIONS

In this section we establish the characterization of the eigenvalues as zeros of an
entire function and prove the continuity of the eigenvalues and eigenfunctions for
the regular fourth-order SL problems. Let

(31) Q:{w: (aabaAaBapla]-/an‘Lw)}

such that (2.2), (2.3), (2.5), (2.6) hold. For the special case of separated BC (2.7)-
(2.10) we also use the notation

(32) QS = {UJ: (a,b,a,ﬁ,pl,l/pQ,q,UJ)}
and for the coupled case (2.11)-(2.13) we let

(33) QC = {w: (a’ab707Kap1a1/p27q7w)}
when 6 = 0 we shorten (3.3) to

(34) Qrc = {w - (a,b, Kaplv ]_/pg,(],ﬂ))}

We want to show that a small change of the problem results in only a small
change of each eigenvalue and each eigenfunction. This means we have to compare
the spectrum of different problems which may be defined on different intervals.
Each w € € determines a unique SL problem: a, b the interval, A, B the boundary
condition, and the restrictions of py,1/pa, g, w on [a;b] the equation. Observe that
the values of p1,1/pa,q, w outside the interval [a,b] , i.e. in (a’,b") \ [a,d], do not
affect the spectrum of the problem determined by w. To account for this and to
facilitate comparisons between eigenvalues of problems defined on different intervals
we let

(3.5) O = {@ = (a,b, A, B,p1,1/p2, G, )}

where
~ | p1,z € a,b] —— [ 1/pe,x € [a,b]
p1{ 0,z € (a/,b')\ [a,b] ’1/p2{ 0,z € (a/,b)\ [a,b]

and ¢, w are defined similarly. Now we introduce the Banach space
(3.6) X = RXRXMyx4(C)x Myxs(C)x L'(a’,b')x L'(a',b')x L' (a',b") x L' (a’, ")

with its “natural” norm
b/

BTl =13l = lal+ b+ |A]+ 181+ [ (7] + [Upa] + a1 + 1)

where ||A]| is any fixed matrix norm. We maintain that this space X is the “natural”
setting for the study of regular SL problems. Note that,since p1,1/p2, ¢, w are only
assumed to be in Lj.(a’,d'), w is not a subset of X but Q is since D1, 17/]92,(},11)
are in L'(a’,¥'). Now we identify Q with Q as a subset of X. Then Q inherits the
norm from X, and the convergence in () is determined by this norm. It is easy to

see that every point in (2 is an accumulation point of {2 with respect to the norm
in X.
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The isolated eigenvalues of a regular fourth-order SL problem depend continu-
ously on the problem. More precisely we will give in Theorem 1. First we give a
lemma.

Lemma 1. A complex Ny is an eigenvalue of the problem (2.1),(2.4) — (2.6) if and
only if
(3.8) A(w, Ag) = det[A + BP(b,a,p1,1/p2,q,w, Ag)] = 0.

Proof. Where ® is defined in Theorem 1, the proof is omitted since it is routine. i

Theorem 1. Let wy = (ag, by, Ao, Bo, P10, 1/P20, go, wo) € Q. Assume that p =
Mwo) is an isolated eigenvalue of the SL problem (2.1),(2.4) — (2.6) determined by
wo i.e., W is an isolated eigenvalue of the SL problem

(p20(2)y")" =(p10(2)y") +q0(2)y = Mwo(x)y, on [ag,bo], AoYo(ao)+BoYo(bo) = 0.

Then, given any € > 0 , there exists a § > 0 such that for any w = (a,b, A, B,p1,1/p2,q,w) €
Q satisfying the inequality

lw—woll = la—ao| + [b—bo| + [[A — Ao|| + || B — Bol| +

b o e~
/ (17 — 5ol + [ 1/p2 — 1| + 14 — 6| + & — @) <6,
a

’

the SL problem

(p2(2)y")" = (pr(2)y") + a(x)y = Mw(@)y, on [a,b], AY(a)+ BY(b) =0,
has an isolated eigenvalue A\(w) satisfying the inequality
[A(w) — AMwo)| < €.

Proof. for w € Q , and X € R, let ®(b,a,p1,1/p2,q,w, ) be the matrix solution of
the initial value problem

0 1 0 0
;o 0 0 1/p2 O
(3.9) Y' = 0 om0 1 Y on |a,b)
Aw—q 0 0 0
Yy
/
with ®(a) = I where I is the identity matrix, ¥ = ]y) ! .The
2

(p2y")" = (p1v/)
characteristic function A of problem (2.1),(2.4) — (2.6) is defined as follows

(3.10) A(w, A) = det[A+ B®(b,a,p1,1/p2,q,w, )], for weQAER

From Lemma 1, A(w) is an eigenvalue of the problem (2.1), (2.4) — (2.6) if and only
if A(w, AM(w)) = 0. Furthermore, for any w € ,A(w, ) is an entire function of
A and it is continuous in w see Theorems 2.7, 2.8 of [27], and A(wp, ) = 0 It is
obvious that A(wp, A) is not constant in A since p is an isolated eigenvalue. Hence
there exists p > 0 such that A(wp,A) #0for A e S, ={A e C: |\ —pu| =p}. By
the well known theorem on continuity of the roots of an equation as a function of
parameters, see [28] or [29], the statement of Theorem 1 follows. I
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Remark 1. Theorem 1 shows that for any fixed eigenvalue p associated with w = wy
there exists a continuous eigenvalue branch A(w) satisfying M wo) = p. However,
this does not mean that for a fized n, the nth eigenvalue A\, (w) is always continuous
in w, see Remark 3.7 in [4].

Below, each eigenvalue A(w) of the BVP (2.1), (2.4) — (2.6) as a function of w for
w € ), will always be assumed to be embedded in a continuous eigenvalue branch.

Next we state two lemmas needed in the later proofs which are also of indepen-
dent interest. The first states that the unique solution of any initial value problem
of Eq. (2.1) depends continuously on all parameters including the coefficients and
the weight function in L' norm.

Lemma 2. Let (2.2) hold, let ¢ € (a',b') and d,k, f,g € C. Consider the initial
value problem
pay OB ey iy
y(e) = d,y'(c) =k, (p2y")(c) = [, (p2y") (c) — (p1y/)(c) = g.
Then the unique solutiony = y(-,¢,d, k, f,g,p1,1/p2,q, w) is a continuous function

of all its variables. More precisely, given € > 0 and any compact subinterval J of
(a’,b') there exists a 6 > 0 such that if

lc = col + |d — do| + |k — ko| + | f — fol + |9 — go| +

b
312 [ (ool + 1/p2 ~ 1/panl + g = a0l + 0~ wol) <
then
(3.13)
|y(l’, c, da ka fagypla 1/p27 q, 'U}) - y(xa €o, dOv kO, vag()vplOa 1/2920; q07w0)| <e
(3.14)
Iy (z,c,d, k, f,9,p1,1/p2, ¢, w) — ' (, co, do, ko, fo, 9o, P10, 1/P20, Qo wo)| < €
(3.15)

|p2y”(mv c, da kv fvgvpla 1/]927 q, 'lU) - prH(mv Co, dOv kOa vag()vpl(h 1/20207 CIO,’LU())| <e

[(p2y") = (pry (@, ¢, d, k., f, 9,p1,1/p2, ¢, w)—
(3.16) [(p2y")" — (p1y"))(2, co, do, ko, fo, go. P10, 1/P20, 0, wo)| < €
forallx € J.
Proof. This follows from Lemma 3.1 in [4]. I

As a consequence of Theorem 1 and Lemma 2 we obtain.

Lemma 3. Let wg = (ao,bo, Ao, Bo, P10, 1/p20, 90, wo) € Q. Let A = ANw) be an
eigenvalue of SL problem (2.1),(2.4) — (2.6). If Mwy) is simple, then there exists a
neighborhood M of wg in Q such that A(w) is simple for every w in M.

Remark 2. The conclusion of Lemma 3 holds if wg is replaced by one of its com-
ponents and ) by the corresponding subspace of ).

Proof. See [11]. 1
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Definition 1. A normalized eigenfunction u of an SL problem we mean an eigen-
function u that satisfies

b
(3.17) /|u|2w =1.

Theorem 2. Let the notation and hypotheses of Theorem 1 hold.

(i) Assume the eigenvalue A(wo) is simple for some wy € Q and let u = u(-,wp)
denote a normalized eigenfunction of Mwg), Then there exist normalized eigenfunc-
tions u = u(-,w) of AMw) for w € Q such that when w — wo in Q, we have
(3.18)

u(-yw) = ul-,
u'(~,w) - ul('a
pau’(+,w) = pau” (-, wo),

[(p2u”)" = (Pru)] (-, w) = [(p2u”)" = (pru)] (-, wo),

wo),
UJO)’
(.

"

these uniformly on any compact subinterval J of (a’,b).

(i) Assume that A(w) is a eigenvalue of multiplicity 1, (I = 2,3,4) for all w
in some neighborhood M of wg in Q . Then there exist | linearly independent
normalized eigenfunctions ug(-,w) of AM(w) such that when w — wg. we have
(3.19)

ug (-, w) = up (-, wo),

up' (-, w) = ug’(+, wo),
pour” (-,w) — paur” (-, wo),

[(p2ur)" = (prur”)](,w) = [(p2ux")" = (prun)] (- wo),

these uniformly on any compact subinterval J of (a’,b"). Note that in this case,
given | linearly independent normalized eigenfunctions uy of M(w) there exist | lin-
early independent normalized eigenfunctions of A(w) one of which converges to u;
and the other to us and so on as w — wqg in .

Proof. (i) First we show that there exist (not necessarily normalized) eigenfunctions
u(-,w) such that (3.18) holds uniformly on J. For a solution y of (2.1) and an
eigenfunction u(-,w) of a SL problem define

y u
/ u/
S EP T B
(p2y")" — (1Y) (p2u”)" — (p1u’)

to be the corresponding vector solution and vector eigenfunction respectively.
Assume the boundary conditions are separated. Suppose A(wp) is simple. Choose
eigenfunctions v = u(-,w) of w € , w near wy , all satisfying the same initial
condition at ¢ € (a,b). Then the uniform convergence U(-,w) — U(-,wp) on J
follows from Theorem 1 and Lemma 2. Assume the boundary conditions are coupled
with —m < 6 < 7 . Suppose A(wp) is simple. Then by Lemma 3 there exists a
neighborhood M of wg such that A(wg) is simple for all w € M. For all w € M
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choose an eigenfunction v = u(-,w) of A(w) satisfying
1U (a0, )|l = |u(ao, w)| + [u' (a0, w)| + [(p2u”) (a0, w)| + [[(p2u”)" = (p1t)](a0, w)| = 1
and u(z,w) >0 for x mnear aop.
It suffices to show that
(3.20) Ul(ap,w) — Ulag,wo), as w—wy in .
since the uniform convergence on [ag, b] then follows from Lemma 2 and Theorem
1. If (3.20) does not hold, then there exists a sequence w — wp such that
(3.21) U(aog,wo) — Ulag,wy) 1= vg — vg # 0, as w — wp,
Let Yj, Zk,Y be the vector solutions of (2.1) with the same w = wp, A = A(wp)
determined by the initial conditions
Yi(aop) = vk, Zi(ag) = U(ap,wg), Y (ag) = vo, k € N,
respectively. Then by the uniqueness of solutions to initial value problems we have
Ye =U(-,wo) — Zg, on the interval [ag, bo].

Using the BC (2.13) we get
(3.22)

Yi(bo) = U(bo,wo) — Zi(bo) = U(bo,wo) — U(bg, wi) + U(bk,wr) — Zk(bo)
= exp(iy) KoU (ao,wo) — exp(iy) KxU (ak, wi) + U (br, wi) — Z(bo)
= exp(ibly) Ko[U (ao, wo) — Ulao, wr)] + exp(ibl) KoU (a0, wr)

— exp(i@k)KkU(ak,wk) + U(bk7wk) — Zk(b())
= exp(io) KoYk (ao) + exp(ifo) KoU (ao, wr) — exp(i0x) KU (ak, wy)
+U (bg, wr) — Z(bo)

Letting k£ — oo in (3.22) and using Lemma 2 we get
(3.23) Y (by) = exp(iby) KoY (ap)

Since Y (ap) = wvg # 0, Y is a nontrivial vector eigenfunction corresponding to
the eigenvalue A(wp) . Since M(wyp) is simple, there is a constant h # 0 such that
Y = hU(-,wp) . In particular vy = Y (ag) = hU(ag,wp). Letting k& — oo in (3.21)
we obtain that

(3.24) Ul(ag,wp) — lim U(ag,wy) = vg = hU (ag,wo)
k—o0
i.e.
(3.25) klim Ul(ag,wr) = (1 — h)U(ag, wo)
—00

Noting that u(z,wy) and u(x,wp) have the same sign for = near ag , we have that
1 —h > 0 and hence

(3.26) Jim [[U(ag, wi)l| = (1= B) [T ao, wo)l

which contradicts

(3.27) 1U(ao, wr)|| = [|U(ao, wo)| = 1.

(ii) Suppose A(w) is a eigenvalue of multiplicity I, (I = 2,3,4) for all w in some
neighborhood M of wy. Then we can argue as before by choosing eigenfunctions of
A(w) all of which satisfy the same initial condition at ¢ for some ¢ € (a,b) since a



CONTINUITY AND DIFFERENTIABILITY OF EIGENVALUES 9

linear combination of [ linearly independent eigenfunctions can be chosen to satisfy
arbitrary initial conditions.

The above discussion shows that for every self-adjoint boundary problem and
every eigenvalue A\(w) , the eigenfunction u(-,w) and its derivative u'(-,w) and
quasi-derivative (pou)(-,w), [(p2u”) — (p1u/)](-,w) are uniformly convergent in w
on every compact subinterval of (a’,b") . By normalizing the eigenfunctions we
complete the proof. |

4. DIFFERENTIABILITY PROPERTIES OF EIGENVALUES

In this section we show that the isolated eigenvalues depend continuously on all
the data, here we show that this dependence is in fact differentiable. Recall the
definition of the Frechet derivative:

Definition 2. A map T from a Banach space X into a Banach space'Y is Frechet
differentiable at a point xeX if there exists a bounded linear operator dl, : X —'Y
such that for h € X

Tz + h) — T(z) — dTu(h)| = o(h)(h — 0).

Lemma 4. Assumeu and v are solutions of (2.1) with A = p and A = v respectively.
Then

[u(p20") = B(pou”) — u(pr?") + 0(p1u’) — u' (pa0") + V' (pou”)];,
1= [u(p20") — v(p2u”)’ — u(p1?') + v(pru’) — u'(p20") + v’ (p2u)] ()

(41 = fu(p2v") = 0(p2u”) — u(pr?') + 0(pr1u’) — ' (p20") + 0" (p2u")](a)

- (l/,u)/abm_/w.

Lemma 5. Assume a real valued function feLj,.(a’,b'). Then

1
(42) g

Proof. See Lemma 3.2 of [3]. 11

x+h
[ =@ acan)

Theorem 3. (Figenvalue-eigenfunction differential equation for special case of sep-
arated BVPs). Let (2.2) hold. Consider the BVP (2.1),(2.7)—(2.10) with0 < o < 7
and B =7 . Fiz all the components of w except b and let A = A(b) and u = u(-,b).
Then X\ is differentiable a.e. and

(4.3) N (b) = 2u' (b, b)(p2u”) (b,b) — u'(b,b) (p1u’) (b, b), a.e in [a,b).
Proof. For small h, in (4.1) choose u = A(b),v = A(b+ h), and u = u(-,b),v =
u(-,b+ h). Noting that
[u(p20")" = v(p2u”)" = u(p1?') + v(pre) — ' (p20") + V' (p2u”)](a) = 0
u(b,b) =0, (p2u”)(b,b) =0,

we have
b

(4.4) [A(b+ h) — A(D)] /a u(s,b)u(s,b+ h)w(s)ds

= —u(b, b+ h)(p2u) (b,b) — u'(b,b)(p2u”) (b,b + h) + u(b, b+ h)(p1u’)(b,b)
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and
(p2u”) (b, b+ ) = (p2u”) (b, b+ h) — (p2u”) (b + b+ h)

b+h
:7/ (p2”Y (5, b+ h)ds
b

b+h b+h
:1/ @WW@@@+/‘[@MW@w7@wW@w+M@
b b

(pau’) (s,b) — (pau”) (s,b+ h) = 0 as h — 0. By lemma 5,we have

: (p2u/l)(b7 b+h) _ Y
Jim . = —(p2u")'(b, )

(b,b+ h)

. u !
i = = ~u(bb)

Dividing (4.4) by h and taking the limit as h — 0, we get (4.3). I

Theorem 4. (Eigenvalue-eigenfunction differential equation for special case of sep-
arated BVPs). Let (2.2) hold.Consider the BVP (2.1),(2.7) — (2.10) with0 < a < 7
and 3 = 5. Fiz all the components of w except b and let A = A\(b) and u = u(-,b).
Then X\ is differentiable a.e. and
(4.5)  N(b) = —u?(b,b)[A(b)w(b) — q(b)] — u” (b, b)(pou') (b, b) a.e in [a,b).
Proof. Since the proof is similar to that of Theorem 3. For small A, in (4.1) choose
w=Ab), v=XAb+h) and v = u(-,b), v = u(-,b+ h). And from the boundary
conditions, noting that

[u(p20”)" = v(p2u”)" — u(p1?') + 0(prv) — u'(p20") + ' (p2u”)](a) = 0

u'(b,b) =0, (pau”) (b,b) =0

we have

b
(b +h) — A(B)] / u(s, byu(s, b+ h)w(s)ds

(4.6)
= u(b, b)(p2u") (b, b+ h) — u(b,b)(p1u') (b, b+ h) +u' (b, b+ h)(p2u")(b,b)
and
b+h
(pou”Y (b,b+ h) = — / (pou)" (5, b+ h)ds
b

b+h
[(p1u') — qu+ Awu](s,b+ h)ds

b+h

b+h b+h
@wW@ﬁ+hM&+A «gwaw@+@@yé fu(s,b+ h) — u(s, b)]ds

S S—

b+h b+h
—A(b+h) /b u(s,b)w(s)ds — A(b+ h) /b [u(s,b+ h) —u(s,b)]w(s)ds

as h — 0 ,u(s,b+ h) —u(s,b) = 0. By Lemma 5 and the continuity of A at b, we
have

oy, @20/ (b h)
h—0

Similarly

= —(p2u”)"(b,b) = —(p1u')' (b, b) — [A(B)w(b) — q(b)]u(b, D)

!
i 1) (b4 B)

_ A
tim PEILZEL — (ry 0,0)
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and ob )
. u(b,0+ o
e

Dividing (4.6) by h and taking the limit as h — 0, we get (4.5). I

Theorem 5. (Figenvalue-eigenfunction differential equation for separated BVPs).
Let (2.2) hold. Consider the BVP (2.1),(2.7)—(2.10) with0 < a < 7w and0 < 8 < 7.

(1) Fiz all the components of w except a and let A = \a),u = u(-,a) .Then X is
differentiable a.e. and

(4.7)
N(a) = v?*(a,a)[Ma)w(a)—q(a)]—2u/(a, a)(pau”) (a, a)+u'(a, a)(pru')(a, a)+

(p2u")*(a,a)

1
p2(a)
a.e in (a',b].

(2) Fiz all the components of w except b and let X = \(b),u = u(-,b) .Then X is
differentiable a.e. and
(4.8)

N (b) = 2u' (b, b) (p2u”)' (b, b)—u? (b, b) A(b)w () —q(b)] —u’ (b, b) (p1') (b, b)—p%b)(pw”)%b» b)

a.e in [a,b).

Proof. Since the proof of (4.7), (4.8) are similar we just prove (4.8). The proof
is similar to that of Theorem 3 and 4. For small h, in (4.1) choose u = A(b),
v=MAb+h) and u = u(-,b), v = u(-,b+ h). And from the boundary conditions,
noting that

[u(p2t”)" — 0(p2u”) — u(p10’) + v(pru’) — ' (p20") + ' (p2u)](a) = 0
we have

b
[A(b+ h) — A(b)] / u(s,b)u(s, b+ h)w(s)ds

= u(b, b)(p2u”) (0,0 + h) = u(b, b+ h)(p2u”)' (b, b) — u(b, b)(p1u) (b, b + h)
+u(b, b+ h)(pru’)(b,b) — v’ (b, b)(p2u’) (b, b+ h) + u' (b, b+ h)(p2u’)(b,b)

(4.9)

and

b+h
(p2u) (b,b+ h) = —/ (p2u’)"(s,b + h)ds
b
b+h
= - / [(p1v) — qu + Awu(s, b+ h)ds
b

b+h b+h b+h
—— [ oy ndst [ s bds+ [ a)luts.be ) - uls blds
b b b

b+h b+h
—Ab+h) /b u(s,b)w(s)ds — A(b+ h) /b [u(s,b4 h) — u(s,b)|w(s)ds

as h — 0 ,u(s,b+ h) —u(s,b) — 0. by Lemma 5, we have
. 1"\/ b,b+ h ,
tim P2V ODER) 0y 6,) = () (6,0) — OYld) — )b )
i
L o) (b.b 4 )

_ A
tim PESDZEL () (0,0)
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(p2u”) (b, b+ h)

: — AV
Lim Y (p2u”) (b, b)
(bbb,
e
. u(b,b+h) B ,
(4.10) lim === = —u/(b, )

Dividing (4.9) by h and taking the limit as h — 0, we get (4.8). I

Theorem 6. (Eigenvalue-eigenfunction differential equation for coupled BVPs).
Let (2.2) hold. Consider the coupled BVP (2.1) with (2.13), (2.12) where —w < 6 <
.

(1) Fiz all the components of w except a and let A\ = A(a) and v = u(-,a). Then
A is differentiable a.e. and
(4.11)

X (a) = —2Re[u'(a)(p2u")"(a)]+p1(a) I(u’)(a)|2+]ﬁ |(p2u”)(@)”~lu(a) [a(a)~A(a)w(a)]

(2) Fiz all the components of w except b and let X\ = A(b) and uw = u(-,b). Then
A is differentiable a.e. and
(4.12)
2 1

N'(b) = 2Re[u (b) (p2u”)' (0)]—p1 (b) | (u') ()] ") |(p2u”)(0) "+ (b) *[a(b) = A(B)w(b)

Proof. Since the proof of (4.11) and (4.12) are similar we just prove (4.12).The
proof is similar to that of Theorem 3,we have

b

[A(b+ h) — A(D)] / udw

a

= [u(p20") — v(p2u”) — u(pr?’) + v(p1v) — v/ (p20") + ¥ (p2u”)]},

= ((p20")" = (p10), = (p20"), V', —0) (b) " (0)

~/

= ((p20")" = (p10"), = (p20"), V', =0)(a)
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u
/
= ((p20") = (017), = (p20"), ', ~0) (0) o (b)
(") = pre!
u
U/

(413) ((p20")" = (p1?"), = (p20"), 0", =0) (b + ) pott”

(p2u/l)/ _ plu/

(b)

= _[(pQ@”)/ - (plf/)v _(pQEN)a @/a _@)(b + h)

ul

= ((p20") = (p20"), = (p20"), v, —0) ()] ot (b)

(p2u”)" — pru
[(p20")" = (p10")](b + h) — [(p20")" — (p10")] ()

!

lim, h = —(p2u")'(b)
. 'El(b + h) — T/(b) =11
i h (®)

Then we get (4.12). I

Theorem 7. Letw = (a,b, A, B,p1,1/p2,q,w) € Q, Let A\ = A(b) and let u = u(-,b)
be a normalized eigenfunction of \ for the BVP (2.1),(2.4) — (2.6). Assume that
either (i)\w) is a simple eigenvalue or (ii) that A(p1), A(1/p2) is a eigenvalue of
multiplicity | for each p1 and 1/py in some neighborhood M C Q of w. Then X is
continuously differentiable with respect to each variable o, B for the separated BC
(2.7) — (2.10); continuously differentiable with respect to each variable 6,k for the
coupled BC (2.11) — (2.13); continuously differentiable with respect to each variable
p1,1/p2, q,w for the general BC (2.4) —(2.6) in the appropriate sense. Then deriva-
tives are given by:

1.Fiz oll components of w except o and X = A a) and v = u(-,«). Then X is
differentiable and

(4.15) N(a) = 2{u(a)(p2u”)(a) + u'(a)[(p2u")' (a) — (p1u)(a)]} .

2.Fix all components of w except B and X\ = A(B) and u = u(-,8). Then X is
differentiable and

(4.16) N (B) = =2{u(b)(p2u") (b) + v (b)[(p2u")'(b) — (p1u)(D)]}-

3.Fix all components of w except 8 and X = \0) and v = u(-,0). Then X is
differentiable at 0 for any 0 satisfying —m <6 <0 or0 <60 <7 and

(4.17) N(6) = 2Im(u(b) (p2")' (b) + u(b) (pru')(b) + @' () (p2u”) ()]
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4.Fix all components of w except A and let A = A\(K) and v = u(-, K). Assume K
satisfies (2.12). Then X is differentiable and its Frechet derivative is given by:
(4.18)

U

'LL/

pout”!
(p2u”)" — pru/

d\g (H) = —((p2a”") — (p@), —pou”, @, —u) (b)) HK ! (b).

5.Fix all components of w except 1/ps and consider \ as a function of 1/ps €
L'(a,b). Then X is Frechet differentiable and its Frechet derivative is given by:

b
(4.19) D) = [ oo Phih € L@,

6.Fiz all components of w except py and consider X as a function of py € L*(a,b) .
Then X is Frechet differentiable and its Frechet derivative is given by:

b
(4.20) dAp, (h) = f/ [u/[*h, h € L' (a,b).

7.Fiz all components of w except q and consider N as a function of qeL'(a,b) .
Then X is Frechet differentiable and its Frechet derivative is given by:

b
(4.21) d\y(h) :/ lu*h, h € L*(a,b).

8.Fix all components of w except w and consider \ as a function of weL'(a,b).
Then X is Frechet differentiable and its Frechet derivative is given by:

b
(4.22) dy(h) = —A/ lu|*h, h € L'(a,b).

Proof. Since the proofs of (4.15),(4.16) are similar we just prove (4.16). From the
BVP we have
[u(p2v”) = v(p2u”) — u(prv’) + v(pru') — ' (p2v”) + v’ (p2u’)](a) = 0

Hence
b

B+ 1) = A@) [ wow

= [u(p20") — v(p2u”) — u(p1v’) + v(p1u’) — v’ (p20") + v/ (p2u”)]

= [u(p20”)" — v(pau”)" — u(p1v”) +v(pr1u’) — ' (p2v”) + v’ (pau”)] (b)

= tan u'(b)[(p2v”) (b) — (p1v")(b)] — tan(B + h)u'(b)[(p2v")' (b) — (p1v")(b)]
—tan(ﬁJrh) "(0)[(p2u)'(b) — (pru”) (b)] + tan v’ (b)[(pau”) (b) — (pru’)(b)]

—[tan(B + h) — tan BJu’(b)[(p20")'(b) — (p1v")(D)] — [tan(B + h) — tan B]o" (b)[(p2u”)'(b) —

N (B) = —sec?Bu/ (b)[(p2u”)' (b) — (p1u')(b)] — sec? Bu/ (b)[(p2u”)' (b) — (pru')(b)]}
= —tan®Bu/ (b)[(p2u”)' (b) — () (b)] — w' (b)[(p2”)' (b) — (pru) (b)

— tan®Bu’ (b)[(p21")' (b) — (pru') (B)] — ' (D) [(p2u")'(b) — (prt/) (D))

= —2{u(b)(p2u”)(b) + ' (D) [(p2u")' (b) — (1) (D)]},

(pru’)(D)]
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To proof (4.17),

b
A6+ h) — A(09)] / uTw

= [u(p20") — D(p2u”) — u(pr?’) + v(p1u) — v/ (p20") + V' (p2u”)]},

= ((p20") — (m7"), —p2v", 7', =) (D) " (b)

Dividing both sides of above equation by h and taking the limit as h — 0 we obtain

(p2u”) — pru/
= —i[u(pa@”)" —u(pou”) — u(p1@) +u(p1u’) — v’ (po@") + 7 (p2u”)](b)
= 2Im[u(peu”)" + u(pru’) + u'(p2u’)](b)
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To proof (4.18), let v = u(-, K), v = u(-, K + H),
b
MK +H) - )\(K)]/ uTw

= [u(p20") = B(p2u”) — u(p1¥) + V(p1u’) — v’ (p20") + V' (p2u”)],

u
= ((pat"Y ~ (pr7), —pa" T, D)DK | (@
(pa"Y — pua
u
= (")~ (i), D OE ) [ (0
(p2u)" = prut
u
= (") — (pu0), ", T D OH | (@
(pau") — puat
u
= (") — (o), (o) W, —m)OHE | Y (5) + o)
(2" — puat
N 1) ()
u
= (") ~ (o), ~ (). @, —)O)HE | () + o).

Defined by Frechet differential, we obtain (4.18).
To proof (4.19)

b

IN(1/pon) — A(1/po)] / oW

a
b

:/ab)\(l/pgh)uvw—/ A1 /pa)utw

a

b ” b
=/ [(p2nT")" = (p1@)" + qolu —/ [(p2u)" = (pru') + quv

b b b b b b
- / wd(pon”) / wd(py¥) + / qou - / Td(pau”) + / Bd(pya) — / qut

a

b b
= [u(pan®")! — Tpa”Y — u(py®) + T(prd ) — / d(por ") + / T d(pau”)

b

b
= [u(p2n0")" — B(p2u”)" — u(p1?’) + B(pru’) — v (p210") + Ul(pﬂl”)]g + / (pan—p2)0"u”
a
where

[u(p2n?”) = (pou”) — u(p1¥) + V(p1t) — W' (p210") + 0 (p2u”)]} = 0.
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Then
b
A1 /p2n) — A(1/p2)](1 +o(1)) = / (p2n — p2)u”"v" + o(h)
b
/ pap2n 0" + o(h)
b
/ (p2u”) (p2n¥")h + o(h)
/ o) *h + o(h
A(l/th)—A(l/pQ / \p UN‘ h+0 1+0 / |p u//| h+0
Hence

b
Ay /p, () :/ lpot”[*h, h € L'(a,b)
To proof (4.20)

b
A(p1 +h) — A(pl)]/a uTw
= /ab Alp1 + h)uow — /ab A(p1)uow

’ " b "
- / (") — ((p1 + W)Y + qolu — / (")’ — (prd)’ + qul®
b b b
:/ [(pﬁ")//—(Plﬁ')”rcﬁ]“_/ [(pzu”)"—(pw’)’+quw_/ (h")'u

b
= [u(pav”) — B(pou”) — u(p1?') + v(p1u) — v/ (p20”) + V' (p2u)]}, — / (ht')'u

where

[u(pa0”) = B(pau”) — u(pr®') + v(pru) — v/ (p20”) + 0 (pou)]}, = 0.
Then

A(p1 4+ h) = A(p1)](1 4+ o(1 / 1/ |°h + o(h

Alpr+h) = /IUIh+ J(1+o0(1 /|u\h+o

Hence

b
Do (1) == [ WPt e L(ab),
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To proof (4.21)
b
M+ h) = Ma)) [ ww
b b
z/ )\(q—l—h)uﬁw—/ Aq)uow
b

b

N / [(p20")" = (1¥) + (¢ + h)o]u — / [(p2u")" = (pr') + qulv

a a

= [y~ oy vt~ [ o a + gl s [

b
::W@ﬂwy—ﬁ@ﬂ”y—U@ﬁq+ﬁ@wq—U%mﬁq+5ﬁhwﬂz+/‘mm
where
[u(p2v") = T(p2u”) = u(p1v") +T(pru) — o' (p27") + 7 (p2u”)]; = 0
Then
b 2
Ma+ 1) = M@l(1+ (1)) = [ fulh+ o)
b b
Mo+ ) = Ma) = [ fuPho+ o)1+ 0()™ = [ ulh+ o)
Hence

b
dX\y(h) :/ lu|*h 4 o(h), h € L'(a, b)

The proof of (4.22) is similar to that of (4.21) and hence omitted. I
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