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1 Introduction

Spectral problems of differential operators arise in many different physical applications.
There is a vast amount of research papers on the boundary value problems (BVPs) for
ordinary differential operators. A substantial part of the previous work focuses on second-

order problems; see [1-7]. For a regular Sturm-Liouville differential equation of the form

~(@) +aqy=rwy (11)

with different boundary conditions (BCs), Poschel and Trubowitz use the Dirichlet BCs
and consider the mth eigenvalue. It takes the form A = 1,,(q), where g € L*(a,b), p=w=1
in [1]. They prove that A is Frechet differentiable and they give the expression of its deriva-
tive. Dauge and Helffer (see [2, 3]) consider equation (1.1) with Neumann BCs and the
coefficients p,q, w € C* on the interval [a, b] with p(t) > k > 0. They prove that, as a func-
tion of the endpoint b, the Neumann eigenvalues are C! functions. In [4] and [5], Kong
and Zettl study differential equation (1.1) with general self-adjoint BCs. They find that the
corresponding eigenvalues of this problem are C! functions of all its data and they give the
derivative formulas. Battle in [6] studies a more general second-order problem. Further,
in [7], the authors prove the dependence of the kth eigenvalues on all its data.

There are also many papers that deal with the fourth-order spectral problems. Ge et al.

(see [8, 9]) consider the fourth-order differential equation

(py")" +ay = 2wy (1.2)
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with self-adjoint BCs. They study the continuity and differentiability of eigenvalues. Their
method is similar to that of [4] and [5]. In [10-18], the authors treat fourth-order equations
of the form

") = () +aqy=2wy, (1.3)

and they introduce different methods to compute the eigenvalues and eigenfunctions as-
sociated with the above-mentioned fourth-order differential equation.

The dependence of parameters on the 2mth spectral problem has drawn less attention
than the Sturm-Liouville equations and fourth-order differential equations. In [17], Yang,

Wang and Gao study the 2kth-order differential equation of the form

k

ly= (-1 (piry)" = hwy (1.4)

r=0

with separated self-adjoint BCs, rather than the coupled self-adjoint BCs. They consider
the eigenvalues as a function of one endpoint, and show that the eigenvalues of 2kth-order
spectral problems depend not only continuously but also smoothly on endpoints. In [19],
Greenberg and Marletta discuss some numerical methods for self-adjoint boundary eigen-
values problems of (1.4).

In this paper, we deal with a 2mth-order spectral problem with more complicated BCs
which consist of separated self-adjoint BCs and coupled self-adjoint BCs. This kind of
spectral problems is widely used in many research areas, since the dependence of eigen-
values is closely related to the computation of eigenvalues. Based on the theories on the
Hilbert space and complex variable theory, we study the continuity and differentiability
properties of eigenvalues and eigenfunctions of the 2mth-order spectral problem. In ac-
cordance with [20], we pose the conditions 1/p,,, py_1,...,po, w € L}(a, b) so that each of
the initial value problems has a unique solution. Naimark, in [21], shows that these local
integrable properties of the coefficients and weight functions imply not only the existence
but also the uniqueness of locally absolutely continuous solutions. First, by the extension
of 1/pu, pm-1, - -->Po, W, we establish a new space and norm to study the continuity both
of eigenvalues and normalized eigenfunctions. The isolated eigenvalues, being continu-
ous functions, of all the parameters are proved. Based on proofs of the unique solution
of the initial value problem, which is dependent continuously on all variables, we get the
continuity of normalized eigenfunctions.

Next, we fix all but one of A,B,a,b,1/py, pm-1,...,po,w and we study the continu-
ous dependence of eigenvalues on the problem and show that the eigenvalues are C!
functions of the BCs, the endpoints, coefficients and the weight function. By means of
computation, we obtain its derivative formulas. Here differentiability with respect to
1/P s Pm-ts- -+ Po,q or w is the Frechet derivative in the Banach space L'(a, b). Our proof
is fundamental, but it is useful in spectral analysis.

Following this introduction, we give some general results and notations in Section 2.
In Section 3, we give the continuous dependence of the eigenvalues and corresponding
eigenfunctions. Section 4 establishes the differentiability of the eigenvalues on all its pa-
rameters.
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2 Preliminaries
We characterize a 2mth-order spectral problem consisting of differential equations as fol-

lows:

m

ly = Z(—l)i(pi(x)y(i))(i) = w(x)y, x¢€(d,b), (2.1)

i=0

where —00 < a’ < b’ < 00, € Cis the spectral parameter. The coefficient functions p;, 0 <

i < m and weight function w(x) satisfy the following basic conditions:
P Pis W (a’,b’) — R, 1/p,pi € Llloc(a’,b’), w> 0 a.e.on (a',b/), (2.2)

wherei=0,1,2,...,m—1, and LllOC (a',b') denotes the complex-valued Lebesgue integrable
functions on all compact subintervals of (@', ’). Any self-adjoint differential equation with
sufficiently smooth real valued coefficients can be written in this form, so equation (2.1) is
a natural starting point. This equation (2.1) is a wide type of equation which has been re-
searched by many scholars. For example, m = 1 implies the classical Sturm-Liouville equa-
tion, and when m = 2, (2.1) reduces to the beam equation which is one of the important
models in engineering (see [22] for details).

We introduce the quasi-derivatives (up to order 2m1) of a function y, which are the func-

tions y1° = y,y1, ... 4271 given by

Yy =y® k=0,1,2,...,m~1,

y[m] _ pmy(m), (2.3)

[k—l])/ _ (2m—k).

= (y Dam—iy k=m+1,m+2,...,2m,

where y® is the usual kth derivative (see [7], p.185). Then the differential equation (2.1)

can be simplified as
ly = (—l)my[z”’] = Awy. (2.4)

The differential expression / on (', #’) is defined for all functions y such that y1, yi1l, ..,

y2k-1 exist and are absolutely continuous over compact subintervals of (a’, ).

Let
I=[a,b], d<a<b<l, (2.5)
and the BC be of the form
y(a) y(b) 0
y(a) () 0
A : +B : A E (2.6)
y[2m—2] (ﬂ) y[2m—2] (b) 0
y[2m—1] (ﬂ) y[2m—1] (b) 0
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where the complex 2m x 2m matrices A and B satisfy

the 2m x 4m matrix (A|B) has full rank (2.7)
and
0 O 0 -1
0 O 1 0
AQA*=BQB*, Q=|: : : : :[. (2.8)
0 -1 0 0
1 0 0 0

Here by A*, we mean the complex conjugate transpose of matrix A.

Remark 2.1 The differential equation (2.1) together with BCs (2.6)-(2.8) are said to be a
self-adjoint 2mth-order spectral problem. Thanks to [21], we know that the basic condi-
tions (2.2) ensure that the differential expression [ is regular on [a, b]. The problem we
study can be identified with a self-adjoint operator in the Hilbert space L (a, b) (see [22]).
So the spectrum of the problem corresponds to the spectrum of the operator and there
exist an infinite but countable number of real eigenvalues.

It is shown in [23] that the self-adjoint BCs are of three types: separated, coupled and
mixed. Here we study three forms of the separated self-adjoint BCs, one form of the cou-
pled real self-adjoint BCs and one form of the coupled complex self-adjoint BCs.

1. Separated self-adjoint BCs

(1) Separated self-adjoint BCs (I). We have

y(a)cosa — yM(a)sina = 0,

ym (a) cosa —yB] (a)sina =0,
(2.9)

y[2m—2] (a)cosa —y[zm‘” (a)sina =0, «€l0,7);

y(b)cos B —yH(b)sin g = 0,

ym (b)cos B —y[3] (b)sinB =0,
(2.10)

y2m=2(b)cos B — y*" U (b)sinp =0, Be(0,7].
(2) Separated self-adjoint BCs (II). We have

y(a)cosp -y (a)sing = 0,

ym (a)cos ¢ +y[”’+1] (a)sing =0,
(2.11)

Y (@)cosp — (-1)" 1y Na)sing =0, ¢ €[0,7);
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y(b)cos yr — Y (b) sinyr = 0,
Y (b)cosyr + y" U(b)siny = 0,

(2.12)
y[’"_l] (b)cosyr — (—l)m_lyD’”'H (b)sinyr =0,  €(0,m].
(3) Separated self-adjoint BCs (III). We have
y(a) cos n — y>"(a)siny = 0,
y(a) cos n — y12"2(a) siny = 0,
(2.13)
Y U(a)cosn -y (a)sinn =0, nel0,7);
y(b)cost —y?" U (b)sint =0,
y[l] (b)cost — y[2m—2] (b)sint =0,
(2.14)
Y U(b)cost -y (b)sint =0, 1 €(0,7].
2. Coupled real self-adjoint BCs. We have
Y(b) = KY(a), (2.15)
where K satisfies
KQK* =1, K= (k) k;€R (i,j=1,2,...,2m). (2.16)
3. Coupled complex self-adjoint BCs. We have
Y(b) = €KY (a), (2.17)

where K fulfills (2.16), and 6 € (-, 0) U (0, ).

Remark 2.2 A function y is said to be a solution of the 2mth-order differential equation
(2.0), if y©O yt11, . y27m-1) € AC)o(a’, b'), and y satisfies equation (2.1) a.e. on (a, b').

3 Continuity of eigenvalues and eigenfunctions

It is easy to see that all but one of the parameters being fixed can determine a 2mth-order
spectral problem. Then we fix all but one of A, B, 4, b,1/p, pim-1, . . ., Po, W, so we can study
the continuity properties of the eigenvalues and eigenfunctions on that parameter. First
we give a definition of W.

Definition 3.1 Assume (2.2), (2.5), (2.7) and (2.8) hold, then the 2mth-order spectral
problem reads

W ={w = (A,B,a,5,1/pm Pm-1,-..,P0, W) }. (3.1)
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In the case of separated BCs (2.9) and (2.10), we take the form

WSl = {a): (a,ﬂ,a,b,l/pm,pm_l,...,po,w)}. (32)
For BCs (2.11) and (2.12), we take the form

W, = {w = (0, ¥,4,b,1/pmPyt>-..,P0, W) }. (33)
For BCs (2.13) and (2.14), we take the form

W, = {0 =10,7,4,0,1/ppmpmr1,...,P0,W)}. (3.4)
For the coupled BCs (2.16) and (2.17), we take the form

W, ={w=(0,Kab,1/pmpmur-...po,W)}. (3.5)
If 6 = 0 in (3.5), we denote the BCs by

Wrc = {0)2 (I(,ﬂ,b,l/pm)pm—lr~~~rp0)w)}' (36)

By Definition 3.1, we conclude that each of the @ € W defines a unique spectral problem.

In order to investigate the continuous dependence and differentiability of eigenvalues and
corresponding eigenfunctions on the problem, we need to compare the different spectrum
problems determined by different w. Since the values of 1/p,,;, pyyi1, - - ., Po, W, being zeros
outside the interval [a, b], do not change the spectrum determined by w, we can extend
1P Pm-1,---»Po,w to the larger interval (a’, b').
Definition 3.2 We define the new set

W = {® = (A,B,a,b,/pu, Pty -, Do, W)}, (3.7)

where

—_ 1/p,m, b
1/pm= pw %€ lab] (3.8)
0, x € (a',b')\[a, b]

ie., 1717,,, is the extension of 1/p,, to (a’,’) that is equal to zero on (a,b')\[a, b], and

Pm-1- -+, Po and w have similar meanings.

Definition 3.3 A Banach space X is defined as

X= M2m,2m((c) X M2m,2m((c) xR xR

x L'(a,0') x L' (a, ) x --- x L}(d, V), (3.9)

m+2
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and the norm is given by

b m-1
ol =@l = [|All + Bl + |al + |b] +/ <|1/Pm| + Z |pil + |17/|>, (3.10)
@ i=0

where ||-|| is any fixed matrix norm.

Remark 3.1 It is with respect to this space X that we study the dependence of the eigen-

values and eigenfunctions of a regular 2mth-order spectral problem on its parameters.

1
loc

sion of 1/p,, Pm-1, - -+ » Po, W, we obtain 17;9/,,,,19’,;:1, oo, Do, W € LY/, '), thus W is a subset

Since 1/py, pm-1,---»Po,w € L;__(a,b) only, W is not a subset of X. By means of the exten-

of the Banach space X.

Lemma 3.1 (cf. [24]) Suppose that (2.2) holdsand c € (a',b'), m; € C(i=0,1,2,...,2m-1).

Counsider the following initial value problem:

S (=D i)y ) = Awy,
YO =mo,  yM(e) =m,

(2m-2] - Mom-2, y[zm‘” (c) = My,

Y2 (c) = my, e y
then the unique solution y = y(-, mo, m1,. .., Mam_1, 1Pm Pm-1,Pm—2; - - -»P1,Po, W) iS a con-
tinuous function of all its variables. More precisely, given any € > 0 and any subinterval I,
there existsa § > 0. If

2m-1 b m-1
le—col + Y lm;—my| +/ <|1/pm—1/pmo| + Y pi—pigl + |w—wO|> ds <35,
i=0 4 i=0
then, forall x € I,

|y[0](x;0»m0:”’11»--~»m2m—1»1/pm,pm—1ypm—2,..-;po, W)
_ [0]( 1/ )
y X5 €0, Mg, Mg« v s MQ2m-1)r L/ Pmgs P(m-1)gs P(m-2)gs + + - P0g>» WO i <é&,
|y[1](x;6;mo,m11...,m2m71;1/]9m;l7m71,19m72,-wPo, W)

_y[l] (x1 Co, Moy, Mg -+« M(2m-1)g> l/pmovp(m—l)orp(m—Z)ov <3 P0g» W0)| <¢,

[Zm—l](

ly %, C, M0, M1, - .. Mayn1, 1Pis Pnts Pm—2s - -»P0» W)

[2m-1] (x,

-y Co, M0y, Mg -+ o5 M(2m-1)g> 1/pm0:p(m—l)0:p(m—2)0: <-+2P0g» WO)‘ <Eé.

Next, we introduce the characteristic function A(w, L) which characterizes the eigenval-
ues of BVPs (2.1) and (2.6) as roots of A, L).
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Let (2.2) hold and ®(-,a,1/py Pm-1 - - -» Po, W) denote the fundamental matrix solution of

the following problem:
0 1 0 0 0O 0 0 O
0 0 1 0 0O 0 0 O
0 0 e 0 1/p, 0 -~ 0 O
Y = 0 0 Pma O 1 . 0 0fY

0 0 (-1 1p, 0 .0 0 1 0
0 (-1)"p, 0 0 -« 0 0 O

)" (o —rw) 0 0 0 - 0 0 00

on (a,b),

and O(-,a,1/pu, Pm-1, - .., Po, W) satisfy the initial condition ®(a, L) = Iom. Here Ioy, is the
2m x 2m identity matrix. Then A € C is an eigenvalue of the spectral problems (2.1) and
(2.6) if and only if

A(w,A) = det[A + B®(b,a,1/py, pim-t, ..., po, w)]| = 0.

The function A(w, L) = det[A + B®(b,a,1/p,, Pm-1,---,Po,W)] is called the characteristic
function of the problems (2.1) and (2.6).

Next we show that the isolated eigenvalues of a regular 2mth-order spectral problem are
continuous functions of all the parameters. This theorem is a special case of Kong, Wu, Zettl
(see [7], Theorem 3.4) for the continuity of isolated eigenvalues, in which a more generalized
mth-order differential equation is defined using quasi-derivatives.

Theorem 3.1 Suppose that wo = (ao, bo, Ao, Bo, 1/Pimgs Pon-1)gs - - -»P0g» Wo) € W, and . =
Mawg) is an eigenvalue of the spectral problems (2.1) and (2.6)-(2.8), being determined by
wo. We see that Mw) is continuous at we, which means that for any € > 0, there exists a
8> 0. Forany w € W that satisfies

llo—woll = [|A—Aoll +IIB-Boll +|a—aol +|b— bl

14 m-1
+/ |:|1/pm—1/pm0|+2|ﬁ,-—ﬁ};|+|W/—V|76|i| ds <, (3.11)
ﬂ/

i=0
it is implied that
|AM(@) - Mwo)| < &. (312)

Proof This proof is similar to that of Kong, Wu, Zettl [7], Theorem 3.4, so we omit the
details. O

Remark 3.2 From Theorem 3.1, we infer that, for any fixed eigenvalue u associated with
® = wy, there is a continuous eigenvalue branch A(®), such that A(wo) = «. However, this
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does not imply that, for a fixed m, the mth eigenvalue 1, () is always continuous in . In
what follows, for any @ € W, each eigenvalue A(w) of the 2mth-order spectral problems
(2.1) and (2.6)-(2.8), as a function of ®, is embedded in one of the continuous eigenvalue

branches.

The following lemma characterizes the unique solution of any initial value problem of
equation (2.1) which is dependent continuously on all parameters in the norm L.

As a consequence of Theorem 3.1 and Lemma 3.1, we obtain the following.

Lemma 3.2 Assume that wy = (ag, bo, Ao Bo, 1/Pmg» Pon-1)0s Pim=2)9s - - - P0g» Wo) € W and
A = Mw) is an eigenvalue of the 2mth-order spectral problems (2.1) and (2.6)-(2.8). If the
multiplicity of M(wy) is 1, then we see that there exists an M C W, where M is a neighborhood
of wo, such that the multiplicity of A = M) is 1 for each w € M.

Proof Given any solution y of (2.1) and eigenfunction u(-, w) of the spectral problem, we

denote by
Y0 400
i i
Y= and U= (3.13)
yl2m=2] ul2m=2]
y2m-1 yl2m-1]

the vector solution and vector eigenfunction. The multiplicities of the eigenvalues are [ (/ =
1,2,...,2m). Clearly, Lemma 3.2 holds for the multiplicity of the eigenvalues equal to 1. If
the eigenvalues are multiplicity / (/ = 2,3,...,2m), we give a proof of coupled real BCs and
the other two BCs are similar. For wo = {Ko, 20, 80, 1/Pimgs Pn=1)gs Pom=2)g5 - - - P0g» W0} € W,
assume that the multiplicity of A(wy) is I. If the conclusion does not hold, then there exists
some sequence {wyx} C W, such that wx — wo, and for k € M, A(wy) is an eigenvalue with
multiplicity /. Now we choose v1,...,v; € R”, which are linearly independent vectors, and

Ui(s, k), ..., Uj(-, wi) are solutions of (2.1) with A = A(wy) satisfying the initial conditions
Uia, o) =v, j=1,...,1
Then U; (-, w), ..., Ui(-, wi) are all vector eigenfunctions, and they satisfy
Ui(b,ox) =K Uj(a, o), keM,j=1,...,1L (3.14)
Applying Lemma 3.1 and Theorem 3.1 as k — 00 in (3.14), we obtain
Y,(b,w) =KoYj(@,w0), keM,j=1,...,1, (3.15)
where Y; = limi_o, U; (j=1,...,/). Thus Yy,...,Y; (2 </ < 2m) are ! linearly independent

eigenfunctions of A(wy). This is impossible since the multiplicity of A(wy) is 1. This finishes

the proof of Lemma 3.2. g
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Definition 3.4 A normalized eigenfunction u of a 2mth-order spectral problem means

an eigenfunction u satisfying

b
u(s)|*w(s)ds = 1. (3.16)
[ luts)

Following the above definition, we notice that these eigenfunctions are not uniquely
determined by (3.16). In the situation of the multiplicity of the eigenvalue being 1, there
exists a unique real eigenfunction up to sign, and for double eigenvalues, there exist a pair
of normalized linearly independent eigenfunctions, and for a multiplicity [ (! = 3,4, ...,2m)
eigenvalue, the number of the normalized linearly independent eigenfunctions is /.

Theorem 3.2 Assume all the assumptions of Theorem 3.1 are true.
(i) If the multiplicity of the eigenvalue Awo) is 1 for some wy € W, and u = u(-, wo) is a
corresponding normalized eigenfunction of M(wy), then for € W, we see that there

exists a normalized eigenfunction u = u(-, ) corresponding to M(w), as @ — wo, and

”('76‘)) g M('er);
u’(-,a)) g M/(wwo),
(3.17)

u[2m—2 2m—2](

](,Ll)) - I/l[ ')wO)’

[2m-1] (.’wo),

u[zm’l](-,w) —>u
hold uniformly on arbitrarily compact subinterval I of (a',b').

(ii) If the multiplicity of eigenvalue Mwo) is [ (1 =2,3,...,2m), u; = u;(-,wo) (j=1,2,...,1)
is any | normalized eigenfunction of AM(wy), and suppose that the multiplicity of the
eigenvalue M) is [ (1 =2,3,...,2m) for each @ € M, where M is some neighborhood
of wo € W, then there exist | normalized eigenfunctions u; = u;(-, @) (j=1,2,...,1) of

AMw), as w — wo. We have

" (,0) > u”(, wp),
u]['ll('ra)) - u,[l](',wo),
(3.18)

[2m-2]

w2 w) > W wo),

]

M[Zm—l]

2 w) > (- w),

uniformly on arbitrarily compact subinterval I of (a',b').

Proof Firstly, we prove that there are eigenfunctions u(-, w) satisfying (3.17) uniformly on 1.
Suppose (3.14) holds, y is a solution of (2.1) and u(-, w) is an eigenfunction.

(i) Now we consider the case that the multiplicity of A(wp) is 1. Using Lemma 3.2, we
see that there exists a neighborhood M of wy such that the multiplicity of A(w) is 1 for all
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o € M. We select an eigenfunction u = u(-, w) of A(w) for all w € M, and they satisfy

2m-1

||U(c, ) H = Z |u[i](c, a))| =1,

i=0

where ¢ € (a9, by) is an arbitrary point, and u(¢, ) > 0 when ¢ is near c.
It is sufficient to illustrate that

U(c,w) > U(c,wg) as® — wo in W. (3.19)

Then by Lemma 3.1 and Theorem 3.1, the above limit is uniformly convergent on [ao, bo].
Indeed, if (3.19) is not fulfilled, we select a sequence wy — wq in W such that

Ule, Wi) =Y asw— wy, (3.20)

since the normalization at ¢, Y and U(c, o) are two linearly independent vectors in C*.
Let Z be the vector solution of (2.1) at w = wg, which satisfies the initial condition Z(c) = Y,
and A = A(wy) is determined by Z(c) = Y. It follows from Lemma 3.1 that U(¢, wy) — Z(t)
uniformly on any compact subinterval of (&', ) as k — o0. Noticing that wy — wg implies
that ay — a¢ and by — by, we deduce

Ulay, wy) > Z(ag) and  U(bg, wy) — Z(by) ask — oo.
So U(, wx) (k=1,2,...), satisfy the BC,

AU(ax, o) + BU(by, ) = 0,
by taking limits as k — co. We infer

AoZ(ag) + BoZ(by) = 0.

Hence Z is a vector eigenfunction relating to the eigenvalue A(wyp). It is easy to see that
Z is linearly independent to U(-, o) since their Cauchy data at ¢ are independent. This is
impossible since the multiplicity of A(wp) is 1.

(ii) Suppose that the multiplicity of the eigenvalue A(w) is [ (/ = 2,3,...,2m) for w in
some neighborhood M of wy € W. For w € M, let [ linearly independent eigenfunctions
of Mw) be uy,uy,...,u; (I =2,3,...,2m), which satisfy the same initial condition at ay,
where a is determined by wg, wo = (a9, bo, Ao, Bo, 1/Pmgs Pon-1)gs Pon=2)gs - - - L0 Wo) € W.
By the definition of wy, we know that a, varies as wy, i.e., given any wy, there is an
ap corresponding to it. We choose u(-,w) = Z}l-zl dju; (I = 2,3,...,2m), which is an arbi-
trary linear combination of / linearly independent eigenfunctions. It is easy to see that
u(-,w) = le.:l diu; (I = 2,3,...,2m) is also an eigenfunction of A(w) which satisfies an ar-
bitrary initial condition at ay. Now we consider the coupled BCs, and -7 <6 < 7 and
u(-,w) = Z;:l djuj, 0 — wy satisfying

2m-1
[Uao, )| = Y |ulao,w)| =1,

i=0

and u(¢, ®) > 0 when ¢ is near ag.
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It is sufficient to illustrate that
Ul(ag, ®w) — Ulag,wg) as @ — wgin W. (3.21)

By Lemma 3.1 and Theorem 3.1, we find the above limit is convergent uniformly on [ao, bo].
If (3.21) is not fulfilled, then we select a sequence wy — wq in W such that

Vi := Ulag, wp) — Ulag,wr) > Vo #0  as w — wy. (3.22)

Suppose that Z, Y; and Y are the vector solutions of (2.1) satisfying the initial conditions
Zi(ao) = U(ao, Yi(ao) = Viowr),  Y(ag)=Vo, keN,

with the same w = wy, respectively, then the uniqueness of the initial value problem implies
Yi =U(,wp) —Zx  on [ag, by].

Then the BC (2.6) implies

Yi(bo) = U(bo, wo) — Zi(bo) = U(by, wo) — U(by, i) + Uby, wi) — Zi(bo)
= Ko U(ao, wo) — €K U(ag, i) + Ulby, wx) — Zi(bo)
= €™ Ko [U(ao, wo) — Ulao, wx)] + € KoU(ag, i)
- K Ulag, i) + U(bg, i) — Zie(bo)
= Ko Yi(ao) + € KoUlag, wr) — €Ki Ulay, wx)
+ U(bk, i) — Zi(bo), (3.23)
taking limits as kK — oo in (3.23). By Lemma 3.1, noticing Y(a¢) = Vo # 0, we deduce
Y(by) = €KY (ao).
So Y is a nontrivial vector eigenfunction of the eigenvalue A(wg). The eigenfunction
u(,w) = Z,l'=1 diu; (I =2,3,...,2m) of A(w) is an arbitrary linear combination of / lin-
early independent eigenfunctions. Moreover, |U(ao, )| = 1, and there is a constant s #
0 such that Y = sU(-, o) for some d; (j = 1,2,...,1),and Vo = Y(ao) = sU(ao, wo). As k — oo
in (3.22), we obtain
Ulao, wo) - klim Ulag, wi) = Vo = sU(ap, @),
—00
that is,

klim Ulag, wx) = (1 - s)U(ao, wo).

Noticing that the signs of u(x, wy) and u(x, o) are the same when x is near ag,so1 -5 >0
and we also have

lim || U(ao, i) | = (1 - 5)|[Ulao, o) .
k—00
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This contradicts
||V(d0, wk) H = ||U(ﬂ0, a)()) || =1.

The proof of separated conditions is similar to that of coupled conditions, we can use the
same method to the proof and have hence omitted it.

The above discussion illustrates that, for each self-adjoint boundary problem and each
eigenvalue A(w), we can choose the eigenfunction u(-,w) and its quasi-derivative X (k =
1,2,...,2m — 1) convergent uniformly with @ on any compact subinterval of (a’,5’). Then

we normalize the eigenfunctions to end the proof. O

4 Differentiability of eigenvalues on the problems

The results of the previous section will be the key to prove the differentiability of eigenval-
ues. In this section, our aim is to illustrate that the isolated eigenvalues are differentiable
with respect to all the data. For this purpose, we will make use of the definition of Frechet

derivatives and we recall Lemma 3.2 of [5] here.

Definition 4.1 Let X and Y be Banach spaces. A map T : X — Y is a linear map, x € X is
a given point, if it is satisfied by a bounded linear operator dT, : X — Y, for # € X and as
h— 0, and

|T(x +h)-T(x) - de| =o(h),
we call the map T differentiable at x.

Lemma 4.1 We suppose that u and v are two solutions of (2.1) with different X = u and
A =v. Then

2m-1 b
[I/l, V]z . |:(_1)m Z (_1)2m+1—iu[i]1—/[2m—i—l]:|

i=0 a

b
=(u-— v)/ uvwds. (4.1)

Proof Since u and v are solutions of (2.1) with A = p, A = v, respectively, we have
b
(- v)/ uvwds = (w_llu, v) - (u, w_llv)
a

b[ m A . |
:[ [Z(_l)i(pi(x)”(i))(l)T/—uZ(—l)i(pi(x)v(i))(’):| ds.

i=0 i=0
The integration by parts directly leads to the desired result. O

Lemma 4.2 ([5], Lemma 3.2) We suppose that f € Lioc(a', V') is a real valued function. We
deduce that

1 x+h
%iir(l) ZL f)ds=f(x) ae. (a,b).
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In the sequel of this paper, we will investigate the differentiability of the eigenvalue as one
of the components of w, as the other components of w are considered to be the same.

Theorem 4.1 (Eigenvalue-eigenfunction differential equation for special case of separated
BVPs) Assume (2.2) and w = (A,B,a,b,1/pm, pm-1,--.,po, w) € W hold. We suppose further
that either (i) the multiplicity of M(w) is 1 in some neighborhood M C W of w, or (ii) Mw) is
an eigenvalue of multiplicity [ (I = 2,3,...,2m) for each w € M, M CW.
(1) Consider the spectral problems (2.1), (2.9) and (2.10) with 0 <« <7 and = 7. Let
A = MD) be a function of endpoint b, and u = u(-, b) the corresponding eigenfunction.
We see that A is differentiable a.e. and it satisfies:
if m is even, then

3]
X (®) = Y UGN B) + pra ()| B)])

i=1
ae. in (a, b’); (4.2)

if m is odd, then
(3]

()12
X(b) __ (Zu[zi_u (b)u[z(n—i)ﬂ] (b) _pzi_l(b)’u[zi—l] (b)|2) _ %
i=1 "

NE]

a.e. in (a, b/). (4.3)
(2) Consider the spectral problems (2.1), (2.11) and (2.12) with 0 < ¢ < 7w and ¥ = . Let

A = A(D) be a function of endpoint b, and u = u(-, b) the corresponding eigenfunction.
Then X is differentiable a.e. and it satisfies

(pm)»/)(b) = —|u[’”] (19)‘2 a.e. in (a, b’). (4.4)
(3) Consider the spectral problems (2.1), (2.13) and (2.14) with 0 <n<m and t = . Let

A = M(b) be a function of endpoint b, and u = u(-, b) the corresponding eigenfunction.
We see that A is differentiable a.e. and it satisfies

() (B) = = D) ace. in (a,b). (4.5)
Proof (1) For sufficiently small / in (4.1), we denote by u = A(b), u = u(-,b) and v = A(b +

h),v = u(-,b + h) the corresponding eigenvalues and eigenfunctions, respectively. Since
[u,v](a) = 0,u(b,b) = 0 and u!? (b, b) =0 (j = 0,1,...,m — 1), we infer

b
(A(b) — b+ h)) / u(s,b)u(s,b + h)w(s) ds
= (=)™ ul b, D)u " (b, b + h). (4.6)
i=1

By normalizing the eigenfunction and applying Theorem 3.2, we deduce that

b b
/ u(s,b)u(s,b + h)w(s) ds — / W (s, b)w(s)ds=1, h— 0. (4.7)
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When m is even, by (4.6), we obtain

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

I3

= (=" " u? (b, byuP = (p, b + h)

i=1

+ (=)™ (b, byu " b, b + h). (4.8)

LS|
Fori=1,2,...,m/2,u®"=9(b,b) = 0, we obtain

ul? =0 (b, b + by = w0 =N(b, b+ ) — P (b + b, b+ )

b+h
- / (W20 (5, b + h) ds. (4.9)
b

It follows from Theorem 3.2 that as # — 0, uw(-,b +h) — u,[ﬁ(~,b) (/=0,1,2,...,2m-1)
uniformly hold on any compact subinterval of (¢, '), by (4.9) and Lemma 4.2, we get
(1) u2om=0Y(b, b + h)

: _ (_1\m+1(, [2(m-D)])/ . /
%13(1) ; = (-1 (u ) (b,b), ae.in(a,b).

Since (u20m-91y = 3 Ron=D+1 _ (_qym=2i+1p,), 1 52i-D) we conclude that

lim (=1)"u20m=0)(p, b + h)

lim ; = (=112 (B,5) — paia (D) (B, b). (4.10)

In a similar way, for i = n/2 + 1,n/2 + 2,...,n,u®”-(b,b) = 0, we have
PN b+ by = u® 2 (b, b+ h) — u?" 2 (b + b, b + h)
b+h )
=— / w240 (s b+ B ds. (4.11)
b

Now (4.11) and Lemma 4.2 imply that

o ul=(p b+ b
im —— * =

lim ? —uln=0l(p B), ae.in (a, b’). (4.12)

We divide (4.8) by 4, combine (4.7), (4.10) and (4.12), and as & — 0, we get

SN

=3(B) = 3 b, b) (< b, b) ~ poi s () b, )

i=1

_ i 211 b, b)u[z(m—i)+1] (b, b)

4l

N

==Y ul (B, byur 0N (b, b) + oy (b) () (b, b)).

i=1

So, we have (4.2);
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if m is odd, by (4.6) we infer

b
(AM(b) = A(b+ D)) / u(s, b)u(s, b + h)w(s) ds

—

—

= (=" w7, bbb + k) + (1)U (b, b)u" (b, b + h)

i=1

+ (=1 " ul b, )u b, b+ h), (4.13)

m3
2
for i = m —1,u"V(b, b) = 0; we get

u™ (b, b+ h) = u" Vb, b+ h)— " V(b + b+ h)

b+h
= —/ u"(s,b + h)ds
b

b+h o (n) ,b h b+h  [m] ,b
:_/ Mds:_/ Wb (414)
b Pm(8) b Pim(8)
Applying Lemma 4.1, Lemma 4.2 and (4.14), we get
n=1(b, b + h Ul (b, b
lim “ (h +h) = _upm((b) ), a.e.in (a, b/). (4.15)

We divide (4.13) by %, as & — 0 and use (4.7), (4.10), (4.12) and (4.13) to get

—

m—

X B) =Y w2 b, b) (2D (b, b) - po 1 (BB, b)) +

i=1

(@™)*(b, b)
Pm(b)

+ 3 ul (b, byl (b, b + )

m+3

3

= 3"l (b, byul2 =00 b, b) — pyy 1 () () (b, b))
i=1
™)?(b,b)
Pm(b)

N‘

So, we obtain (4.3).

(2) For sufficiently small /1 in (4.1), we denote by . = A(b), u = u(-,b) and v = A(b + h),v =
u(-, b + h) the corresponding eigenvalues and eigenfunctions, respectively. Since [, v](a) =
0,u(b,b) = 0 and u (b,b) =0 (j= 0,1,...,m — 1), we infer

b
(A(b) —-Mb+ h)) / u(s, b)u(s, b+ h)yw(s) ds
2m-1

— (_l)m Z (_1)2m+1—iu[i](b, b)u[2m—i—1] (l’),b + h)

i=n
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= —u" (b, b)ul" (b, b + h)

2m-1
+ (1" ) (b, by (b, b + ), (4.16)

i=n+1

fori=m+1,m+2,...,2m—1,u®"-=1(b, b) = 0. Now proceeding with the proof of (4.12),
we have

ul2m==1(p b + )

lim =—u?"(b,b), ae.in (a,b). (4.17)

Dividing (4.16) by /4, using (4.7) (4.15) and (4.17), as h — 0 we get
2m-1

+ (1" ul) (b, b)ul" (b, b).

i=n+l

(ul™)* (b, b)

=)

By ull(b,b) = 0 (= 0,1,...,m — 1), we obtain —1'(b) = ‘i’jg}'z and (4.4) holds. The proof

of (4.5) is similar to the proof of (4.4), so we omit it. a

Corollary 4.1 Suppose (2.2) holds and we consider the BVPs (2.1) and (2.11)-(2.14) with
O<g<my=m,0or0<n<m,t=m.Let x =ADb) be a function of endpoint b, and u =
u(-, b) the corresponding eigenfunction. If p,, > 0, a.e., then A(D) is strictly decreasing on
(a,b).

Theorem 4.2 (Eigenvalue-eigenfunction differential equation for special case of separated
BVPs) Assume (2.2) and w = (A, B,a,b,1/pm, pm-1,--.,po, w) € W hold. We suppose further
that either (i) the multiplicity of M(w) is 1 in some neighborhood M C W of w, or (ii) Mw) is
an eigenvalue of multiplicity | (I = 2,3,...,2m) for each w € M, M CW.
(1) Consider the spectral problems (2.1), (2.9) and (2.10) with 0 <a <7 and B = 7. Let
A = A(D) be a function of endpoint b, and u = u(-, b) the corresponding eigenfunction.
We see that A is differentiable a.e. and it satisfies:
if m is even, then

)= |u(d) )
A (B) = [ud)| (po(b) - 1(B)W(b)) - S

m=2
2

- (2u[2i](b)u[2m’2i](b)—p2i(b)|u[2i](b)|2) ae in(a,b); (418

i=1

if m is odd, then

2 () = |u()| (po(b) - L(BYW(D))

+ (214[2” (b)ul2m=D1(p) +p2i(b)|u[2il (b)|2) a.e. in (a, b/). (4.19)

i=1

(2) Consider the spectral problems (2.1), (2.11) and (2.12) with 0 < ¢ < 7w and ¥ =7 /2.
Let A = A(b) be a function of endpoint b, and u = u(-, b) the corresponding
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eigenfunction. We see that ) is differentiable a.e. and it satisfies

m-1

3 (b) = |u®)|* (po(0) ~ ABIW®)) + > pi(®) | ®B)|*  a.e. in (a,b); (4.20)

i=1

(3) Consider the spectral problems (2.1), (2.13) and (2.14) with 0 <n < and t© = /2.
Let A = A(b) be a function of endpoint b, and u = u(-, b) the corresponding
eigenfunction. Then A is differentiable a.e. and it satisfies

m—-1

3 (6) = [u@®)] (po(6) - 1 BW®) + 3 _pi®)| B ae.in (a,b)).  (421)

i=1

Proof (1) For sufficiently small /2 in (4.1), we denote by p = A(b), u = u(-,b), v = A(b+ h),v =
u(-, b+ h) the corresponding eigenvalues and eigenfunctions, respectively. Since [u, v](a) =
0 and (b, b) =0 (j=0,1,...,m — 1), we have

b
/ u(s, b)u(s,b + h)w(s) ds
m-1

_ (_l)m Z(_1)2m+1—2iu[2i] (b, b)u[Z(m—i)—l] (b, b+ h)

i=0

m-1
= (1" " ull (b, )u (b, b + ). (4-22)

i=0

If m is even, we get

b
(AM(b) = A + 1)) / u(s, b)u(s, b + h)w(s) ds

m=2

52
= —(=1)"u(b, )"V (b, b + 1) - (~1)" Y " uP) (b, by)ul?" (b, b + h)

i=1

m-1
—u" (b, b)u" Vb, b + h) - Z u? (b, )P0 b+ h), (4.23)

me2
for i = 2m — 1, u?"-1(b, b) = 0; we infer
(=1)"u2" (b, b + h) = (<1)"u>" (b, b + h) = (<1)"u>" V(b + b, b + h)
b+h ,
=- / (1) (u®* 1Y (s,b + h) ds.
b
By ul?) = (u?"-1) 4 (-1)"pyy and (2.4), we obtain

(=1)"u (b, b + )

b+h
- / (1) (™ (s,b + h) — (<1)"po(s)u(s, b + h)) ds
b
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b+h
= / [po(8)u(s, b+ h) — (b + h)ul(s, b+ h)w(s) ] ds
b

b+h b+h
= / po(s)u(s,b)ds + / pol(s) [u(s, b+ h)—uls, b)] ds—Mb +h)
b b

b+h b+h
X / u(s, b)yw(s)ds + A(b + h)/ [u(s, b) —u(s, b+ h)]w(s) ds. (4.24)
b b

Applying Theorem 3.2,as &1 — 0, uEﬁ (b+h) — ull (+b)(7=0,1,2,...,2m—1) uniformly
hold on the compact subinterval of (&, b). We get by (4.24) and Lemma 4.2

()" ulm(p, b+ )
lim
h—0 h

= u(b, b)[po(b) - A(b)w(b)] a.e. in (a, b/), (4.25)
fori=1,2,...,(m = 2)/2,u?=9-1(p, b) = 0. We obtain

uP Db, b+ ) = uP" (b, b+ h) = PO b+ b+ )

b+h
- / (w2000 (s, b + ) ds. (4.26)
b

Applying Lemma 4.2 and (4.26), we get

lim (=1)"ul20m=0-1(p, b + )

lim 7 = (<) (@201 (b,b) ae.in (a,b).

By (uUm-0-11y = y20m=0] _ (_1)m-2ip),52) we conclude that

e CUR ) I

lim ; (1"l (b, b) + (b)) (b, b)

= —ulP" (b, b) + pai(b)u> (b, b). (4.27)
Similarly, for i = (m + 2)/2, (m + 4)/2,...,m — 1, then u?"-)-1(p, b) = 0, hence

e G

_y[20m=0)]
lim p u (b, b). (4.28)

Dividing (4.23) by 4, as # — 0 and using (4.5), (4.10), (4.25), (4.27) and (4.28), we get

oy 2 () (b, b)
() = = BB o) - B + - m
+ 32 (b, b)u0 (b, b) - poy(b) (4?1 (b, b)).
i=1

Then we obtain (4.17);
if m is odd, we get

b
[A(B) - (b +h)] / u(s, b)u(s, b + hyw(s) ds
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m=1
= (-1 |:u(b, b b, b+ )+ ul (b, b)ul? "D (b, b+ h)]
i=1

m-1
— (=)™ Z u? (b, )P0 b+ h). (4.29)

i= m+l

Dividing (4.29) by k, as h — 0 and using (4.7) (4.25), (4.27) and (4.28), we conclude that

—X'(b) = —u*(b, b)[ po(b) - 1(B)w(b)]

m-1

=" A (b, B)ul? N (b, b) + pyu(b) (u?) (b, b)).

i=1

Then we obtain (4.19).

For sufficiently small / in (4.1), we denote by u = A(b),u = u(-,b) and v = A(b + h),v =
u(-, b+ h) the corresponding eigenvalues and eigenfunctions, respectively. Since [u, v](a) =
0,u(b,b) = 0 and ull(b,b) =0 (j = m,m +1,...,2m — 1), we have

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

m-1
_ (_l)m Z(_1)2m+l—iu[i] (b, b)u[Zm—i—l] (b, b+ h)

i=0
= —(=1)"u(b, b)u®" (b, b + h)

m-1
+(=1)" Z(-DMH*W (b, b)u?" (b, b + h), (4.30)

i=1

fori=1,2,...,m—1, ul?"==1(p, b) = 0; hence

uP" b, b+ h) = uP" b, b+ h) = P (b + b+ )

b+h
=- / (=Y (s, b + h) ds. (4.31)
b

By Lemma 4.2 and (4.31), we get

—1)y” [2m—-i-1] b,b h . ,
}llng) (-1)"u ; ( +h) _ (_1)m+1 (M[Zm—l—l]) (b,b) a.e.in (ﬂ, b/)

Combining (==Y = 42m=i _ (_1)"=ip,y®  we get

()= p b 4 )
lim
h—0 h

_ (_1)m+lu[2m—z’] (b, b) _ (_1)2m—i+1pi(b)u[i] (b, b)

= —(=1)*"" p(b)u” (b, b). (4.32)
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We divide (4.30) by 4, as & — 0, and use (4.7) (4.25) and (4.32) to get
m-1
=)' (b) = = (b, b)[ po(b) — L(b)w(b)] - Zpi(b)(u[i])2(b, b).
i=1

We obtain (4.20). The proof of (4.21) is similar to that of (4.20), so we omit it. O

Theorem 4.3 (Eigenvalue-eigenfunction differential equation for separated BVDPs) As-
sume (2.2) and @ = (A,B,a,b,1/p,, Pm-1, - - -, Po, w) € W hold. Consider the BVPs (2.1), (2.9)
and (210) with0 <o <m and 0 < 8 < m,or BVP (2.1), (2.11) and (2.12) with 0 < ¢ < 7w and
0<¢¥ <m,orBVP(2.1),(2.13) and (2.14) with0 < n < and 0 < t < 7. We suppose further
that either (i) the multiplicity of M(w) is 1 in some neighborhood M C W of w, or (ii) Mw) is
an eigenvalue of multiplicity [ (1=2,3,...,2m) for each w e M, M C'W.

(1) Let 1 = Aa) be a function of endpoint a, and u = u(-, a) the corresponding eigenfunc-
tion. We see that ) is differentiable a.e. and it satisfies

[m] 2
¥ (@) = |w(@)| [po(b) - A(B)w(b)] - Ll
Pmla)
m-1
N @ @[ - ("2 @ @)  ace. in (d,b), (4.33)

particularly, if P, Pm-1 - . ., po and w are continuous at a and p,,(a) # 0; then (4.33) holds
at a.
(2) Let A = Ay, and u = u,,. We see that A is differentiable a.e. and it satisfies

®) - |ue) )P
N () = |u®)| [po(b) = A(B)w(b)] - N
m—1
Z !u[l -(- l)m—izu[i] (b)u[Zm—i] (b)) ae. in (ﬂ, b/), (4.34)

i=1

particularly, if bwm, Pm-1 ..., po and w are continuous at b and p,,(b) # 0; then (4.34) holds
atb.

Proof The proofs of (4.33) and (4.34) are similar, so we will prove (4.34) only. For suffi-
ciently small /1 in (4.1), we denote by i = A(b), u = u(-,b) and v = (b + h), v = u(-, b + h) the

corresponding eigenvalues and eigenfunctions, respectively. Since [u, v](a) = 0, we have

b
(A(b) = A (b + ) / u(s, b)u(s, b + W)w(s) ds

2m-1
_ (_l)m Z (_1)2m+1—iu[i] (b, b)u[Zm—i—l] (b,b + h)

i=0
= —(=1)"u(b, b)u*" (b, b + h)

m-1

+ (_l)m Z(_1)2m+l—iu[i] (b, b)u[Zm—i—l] (b,b " h)

i=1
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—ul™(b, b)u (b, b + h)

2m-1
+ (=1 )P (b, b)ul (b, b + ). (4.35)

i=n+1

We divide (4.35) by /1 and take the limit # — 0, use (4.5) (4.17) (4.25) and (4.32), and apply
the continuity of A at b in Theorem 3.2 and Lemma 4.2, so we get (4.34). |

Theorem 4.4 (Eigenvalue-eigenfunction differential equation for coupled BVPs) Assume
that ® = (A,B,a,b,1/pw, Pm-1,- .., po,w) € W and (2.2) hold. We suppose further that ei-
ther (i) the multiplicity of AM(®) is 1 in some neighborhood M C W of w, or (ii) Mw) is an
eigenvalue of multiplicity | (1=2,3,...,2m) for each w € M, M C W. Consider the spectral
problems (2.1), (2.16) and (2.17) with - <0 <.

(1) Let 1 = Aa) be a function of endpoint a, and u = u(-, a) the corresponding eigenfunc-
tion. We see that ) is differentiable a.e. and it satisfies:

if m is even, then

m-1

A(a) = —‘u a)’ (po A(a)w(a)) +2Re Z(—l)iu[i] (2)7?" " (a)
i=1

(a) |7 (a)|’; (4.36)

)

if mis odd, then

¥ (@) = -|u(@)|” (po(@) - Ma)wla) - 2Re Y (~1)1d @)z~ (a)

m-1
_ ()T ()2
) ;p,(a”u @, (4.37)

particularly, if pm, Pm-1, - . ., Po and w are continuous at a € (a',b] and p,,(a) # 0, then equa-
tions (4.36) and (4.37) hold at a.

(2) Let 1 = A(b) be a function of endpoint b, and u = u(-, b) the corresponding eigenfunc-
tion. We see that X is differentiable a.e. and it satisfies:

if m is even, then

)”/(b)=| b )‘ (Po(b) 2ReZ l [l b)u[Zm z](b)

2]
(b) +Zpl(b)|u )| (4.38)

if m is odd, then

m-1

X (B) = [u(®)[ (po(b) - MBYWD)) + 2Re S (1) (b)) (b)

i=1

ul (b) m-1 il 2
- +i2:1:p,(b)’u @), (4.39)
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particularly, if p,, pm-1, - - -, Po and w are continuous at b € [a,b') and p,,,(b) # 0, then equa-
tions (4.38) and (4.39) hold at b.

Proof The proofs of (4.36) and (4.37) are similar to (4.38) and (4.39), respectively, so we
prove (4.38) and (4.39) only. For sufficiently small % in (4.1), we denote by p = A(b),v =
Ab + h) and u = u(-,b),v = u(-, b + h) the eigenvalues and eigenfunctions.

b 2m-1 b
[A(B) = A(b + 1)) / uvwds = [(—1)'" Z(—1)2m+1-fu“19l2m-i-ﬂ} :

i=0 a

If m is even,

b
(k(b)—k(b+h))/ uvwds

cu
L1
__ (1—/[2m—1]’ pm=2 _‘7) ol |®
u[Zm—Z]
u[Zm—l]
cu
i
+ (V[szl], —pem=2l o il _17) (a) (a),
Z,t[2m—2]
u[2m—1]
(u[zm_ﬂ’ _u[2m—2], u[2m—3], cer, _u[Z], utl —M) (b)
_ (u’ B R T} u[szn) b)
O 0 0 --- 0O 0 -1
O 0 0 --.- 0O 1 0
o 0 O --- =1 0 O
o 01 .-~ 0 0 O
0 -1 0 0 0 O
1 0 0 --- 0O 0 O
_ o (u, ull, 42 yleme3l g eme2] u[zm‘l]> (@K"
o 0 o0 ... 0O 0 -1
o 0 0 --- 0 1 o0
0 0 0 -+ -10 0
x :
0 0 1 0O 0 O
0 -1 0 0 0 O
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Z it (M[szl], _ylem=2] g 2m-3] ool _u) (@)
0 0 O 0 0 1 0O 0 O 0 0 -1
0 0 O 0 -1 0 0O 0 O 0 1 O
0O 0 O 1 0 O 0O 0 O -1 0 O
S SRS | SRR P
0 0 -1 0 0 O 0 0 1 0O 0 O
0 1 O 0O 0 O 0 -1 0 0O 0 O
-1 0 O 0O 0 O 1 0 O 0O 0 O
— ¢l (u[Zm—l] —yl2m=21y2m=3] —u?l, _,,,) (4)1(—1,
hence
(u[Zm—l]’ _ylem-2, ol —u) (a)
— e (u[Zm—l]’ _yl2m=2], ul, _u> (b)K,
or
(E[Zm—l]’ _gl2m-2, il _ﬁ> (a)
ot (ﬁ[Zm—l]l _glem-2 i _ﬁ) (b)K. (4.40)
Then
b
(A(b)—k(b+h))/ uvwds
a
u
L
= (P, e, 5) ) (b)
M[Zm—2]
M[Zm—l]
u
4
+(v[2’”-11, =2l , v, —17) (b +h)
u[2m—2]
u[2m—1]
=|:<‘—/[2m—1]’ _plam-2] U _1—,) (b+h)
_(v[Zm—l]’ _jlm-2). il _1—,) (b)]
u
L
« : b). (4.41)
u[2m—2]

u[2m—1]
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Now proceeding as in Theorem 4.1 and Theorem 4.2, we get

V(b4 ) 9P ()

lim h = (A(B)w(b) — po (b)) (D),
—[2m—-i-1] b+h _ sl2m-i-1] b ) ) )
tim — OV O gy ayripmule), i=1,2,...
h—0 h
I el (B e () W7 )
lim = )
=0 h Pm(b)
Sl _ 5l 4
tim VIO gy o1, e,
h—0 h

Dividing (4.41) by 4, as i1 — 0, we obtain

_X(b) = ((Aw — o), _gl2m-11 —plﬁm, _gl2m-2] —pzﬁ[z],
@y, %, <) (b)

u
Ll
42

(b)

ulml

u[2m—2]

u[2m—1]

m-1

= |u(®)|* (M(B)W(B) - po(b)) +2Re > (-1l (B)>" - (b)

i=1

W) e
- E (b) [ (b)|7,
+ D) j:lp( )’u ( )‘

and (4.38) holds.
If m is odd, we infer

b
(A(D) = (b + D)) / uvwds
__ [(1—/[2%1], —pem-2 o gl —T/) (b+h)
_ (V[Zm—l]’ _1—/[2”1—2}’ cee, 1_/[1], —1_/) (b)]

u
Ll

u[2m—2]

u [2m-1]

Page 25 of 35

;m_ly

(4.42)
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and

PP b+ ) -V (b _

tim " OO 5y i,
—[2m—i-1] _ —[2m-i-1] ’ ' .

lim L WV gy iyt ), i=1,2,.m 1,

h—0 h

i U+ h) -9 um(p)

1 = )

h—0 h Pm(b)
=il _ i ,

;i%w —@ ), i=1,2,...,m-1.

We divide (4.42) by A, and take the limit as # — 0 to obtain

_A’(b) =— ((po — W), _ﬁ[Zm—l] +Plﬁ[1], E[mez] +p2ﬁ[2],
—ﬁ[m]/pm, R 5[2]’ —ﬁ[l]) (b)
u

L
2

Ll

M[2m—2]

u[Zm—l]

m-1
= |u(®)[* (MB)W(B) - po(b) —2Re Y (~1)ul’ (b)a>" - (5)
i=1

W)
- i b [ b )
t ;mﬂuw

and (4.39) holds. O

Theorem 4.5 For the BVPs (2.1) and (2.9)-(2.17), let w = (A, B,a,b,1/p,, P15 - .., Po, W) €
W, and ) = M) and u = u(-, ) be the eigenvalue and normalized eigenfunction. We sup-
pose further that either (i) the multiplicity of AM(w) is 1 in some neighborhood M C W of w,
or (ii) Mw) is an eigenvalue of multiplicity [ (I =2,3,...,2m) foreach w € M, M C W. Then
A is continuously differentiable with respect to each variable of w in the appropriate sense.
Their derivatives are given as follows.
1. Let } = M(«) be a function of a, and u = u(-, o) the corresponding eigenfunction. We
see that A is differentiable and it satisfies:

if m is even, then

—1

M) =2Re ) (N @)u> ) (a) + u® N (a)z>" > (a)); (4.43)
i=1
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if m is odd, then

)»/((X) - _2Re Z(u[%] (a)ﬁ[Zm—Zi—Z] (ﬂ) + u[2i+1] (ﬂ)ﬁ[Zm—Zi—l] (ﬂ))
i=0

m=3
2

" V(@) |* - [ (@), (4.44)

2. Let = M(B) be a function of B, and u = u(-, B) the corresponding eigenfunction. We
see that A is differentiable and it satisfies: if m is even, then

-1

K(B)=-2Re > (PN )u" (b) + ul M B)ua>" > (b)); (4.45)

i=1

if m is odd, then

off
w

)\‘/(ﬂ) =2Re (u[Zi] (b)ﬁ[2m—2i—2] (b) + u[2i+l] (b)ﬁ[Zm—Zi—l] (b))
i=0

+ [uV@B) [P+ W b)) (4.46)

3. Let . = M(¢) be a function of ¢, and u = u(-, ¢) the corresponding eigenfunction. We
see that A is differentiable and it satisfies:
if m is even, then

3
)

A(p) = —2Re (u[i] (@) a1 (q) — ulm+ (g)zt2m--1 (a)); (4.47)
=0

N‘

if m is odd, then

I°8)

N(p) =—-2Re (u[i] (a)ﬁ[m—i—l] (a) + b+l (a)ﬁ[Zm—i—l] (ﬂ))
i=0

— W @) - [ @) (4.48)

4. Let A = M) be a function of ¥, and u = u(-, V) the corresponding eigenfunction. We
see that A is differentiable and it satisfies:
if m is even, then

N
IS

M) =2Re Y (uB)ua" " (p) - ™V (p)yu> " (b)); (4.49)
i=0

N’

if m is odd, then

w

N () =2Re Y (uld @)y (b) + ul™ (b)) (b))

i=0

+ [TV B) + [ 0) (4:50)
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5. Let . = M(n) be a function of ), and u = u(-, n) the corresponding eigenfunction. We
see that A is differentiable and it satisfies:

m-1

W)= () (|l @[ + [ul" @) [). (4.51)

i=0

6. Let & = A7) be a function of T, and u = u(-, t) the corresponding eigenfunction. We
see that A is differentiable and it satisfies

S

X = () S (Wl B + [ B)]?). (4.52)
i=0

i=

7. Let . = 1(0) be a function of 6, and u = u(-,0) the corresponding eigenfunction. We
see that A is differentiable and it satisfies

m-1
A(O) = (-1)”"21m2(-1)ium (b)u?m=U(p). (4.53)

i=0

8. Let = M(K) be a function of matrix K, and u = u(-,K) the corresponding
eigenfunction. We suppose that K fulfills (2.16). Then we see that A is differentiable,

and its Frechet derivative is

d)\.]((H) _ (_1)m+1 (ﬁ[2m—1], _E[Zm—Z], . ﬁ[l]’ —ﬁ) (b)
u
i
x HK™! : (b). (4.54)
u[2m—2]
u[Zm—l]

9. Consider ) as a function of po € L}(a, b). We see that A is differentiable and its
Frechet derivative is

b
dhpy(h) = / lu|?h. (4.55)

10. Consider A as a function w € LY(a, b). We see that ) is differentiable and its Frechet
derivative is

b
dhy(h) = -2 / |ul*h. (4.56)
Proof Since the proofs of (4.43)-(4.50) are similar we prove (4.45) and (4.4:6) only. Assume
B #m/2. When h € R is small enough, we denote by u = u(-, 8) and v = u(-, 8 + h) the
normalized real valued eigenfunctions of = 1(8) and v = A(8 + k). By (2.1) we obtain

b 2m-1 b
[A(B) = M(B +h)] / uvwds = [(_1)'" Z(_1)2m+1—iu[i]p[2m—i—1]j| .

i=0 a
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If m is even,

b
()\(,6)—)»(/3+h))/ uvwds

_ [_L”—/[Zm—l] g pgiplem=21 _ Rljem=31 o m=slg2] =20 u[2m—1]v]z'

By the BCs, we conclude

—[2m— —[2m— y[2m=3] _3]— _2]— _1]—
[_uv[2m 1] + u[l]V[Zm 2] u[2]v bt u[Zm B]V[Z] _ u[2m 2]V[1] + u[2m l]v] (ﬂ) -0.

Then

b
(A(,B)—A(ﬂ+h))/ uvwds

= —u(®)*"N(b) + u (B> 2 (b) — uP (B3 (B) 4 - -
+ ul™ ()™ (b) — ul™ (BYv" N ()
+ -+ w23 @) (B) — w2 (B)eN (b) + ul N (b)n(b)
= —tan Bu (B (b) + tan(B + h)uM (V> (b) - tan ful® BV (b) + - .-
— tan Bu" ()" (b) + tan(B + h)ul" (B (B) - - .-
+tan(B + h)u?"=3 (b)) (b)
— tan Bul?" 2 (b)3 (b) + tan(B + W)u*" L)V (b)
= [tan(B + k) — tan(B) ] (™ (B)P*" 1 (B) + B D)2V (B) + - - - + ul" N (BYVIH (b)

+ul™ BN (p) + -+ a3 B)T (B) + w1 (BN (b)), (4.57)

We divide both sides of (4.57) by %, as 1 — 0, and we have

-X(B) = sec? B(uM B)a*" 1V (B) + u B)u>" 3 (b) + - - + ul" N (BYu" ()
+ul™ By ) + - + a3 b)Y (b) + w1 (byul (b))
= tan” Bul) (B)u*" ) (b) + tan® Bul® (B)T>" 2 (b) + - -
+tan’ B w1 (Bl (p)
+ tan® Bul" V(L) (b) + - - - + tan® Bul" ) (b)u" (b)
+ tan” Bul?" V(b)) (b)
+ uB)a?" 1 () + ulP (BYa*" 3 (b) + - -
+ ul™ Dy () + ul™ N (b)u" M (b)
+ -+ a3 (B)aP (b) + " (b)u (b)
= u(®)a*" 2 (b) + ' B)u>" N (B) + - - + w2 ()" (b)
+ u™ (B)a" A (p) + - -

+ulP" 2 (bYa(b) + u (B)u*" (b) + uP (b)) (b)

Page 29 of 35
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oo+ ul™ H(bya" M (b)

+u" )" B) + -+ ulP P B)a (b) + uP N (b)u) (b)

m=1

- 2Re (u[Zi] (b)ﬁ[Zm—Zi] (b) + M[ZHH (b)ﬁ[2m—2i—l] (b)) ,
i=1

and (4.45) holds;
if m is odd,

b
(A(ﬂ)—k(ﬂ+h))/ uvwds

— [MV[ZM_I] _ M[l]v[Zm—Z] + M[Z]l—/[Zm—B] _ _ u[2m—3]1—/[2] + u[Zm—Z]l—/[l] _ M[Zm—l]‘—/]z'

By the BCs, we infer that
[u‘—/[Zm—l] _ u[1]1—/[2m—2] " M[z]v[Zm—s] o ylemesig2] u[2m*2]17[1] _ u[szl]ﬁ] (a) = 0.
Then

b
(X(ﬂ)—k(ﬂ+h))/ uvwds

= u(®)?" (b)) — uM (B2 () + ul (B3 (B) + -
+ ul™ (b)) (b) - u™ (b)7" M (b)
+ - = u? 3B (B) + w22 ()M (b) — PV (B)W(b)
= tan Bul (b)) (b) — tan(B + M)u ()" 1 () + tan ful® (b)T>" 2 (b) - - .-
+ tan Bul” (b)) (b) — tan(B + h)ul™ (V"™ (b) + - --
— tan(B + h)u® 3 (b)vB) (b)
+ tan Bul>"=2 (b)o! (b) — tan(B + h)ul>"(b)v! (b)
= —[tan(B + 1) — tan(B)] () (B)7*" 1 (B) + ul D)V ()
+- o+ a2 (p)

+u™ B (B) + - -+ ulPm BBV () + ulPm (BT (B)). (4.58)
We divide both sides of (4.58) by /4, as # — 0, and we obtain

N(B) = sec? (M (D) M (b) + ulP B)a*" 3 (B) + - + w2 (B)u" 2 ()
+u (b)Y (b) + -+ + ulP" P B)a (b) + u> T (b)) (b))
= tan® ,314[1] (b)a®"1(b) + tan® ﬂu[B] BYa?" 3 (B) + - - - + tan? ,BM["’_Z] (b)u"*2 (b)
+tan? Bul™ (b)a" (b) + - - - + tan® Bul>" 3 (b)u® () + tan? Bul" ! (b)ul") (b)
+ uB)a*" 1 B) + uB Bya?" 3 B) + - + "2 (D) (b) + ul™ (b)u"™ (b)

oy 2m-3l (b)ﬁm (b) + 21 (b)ﬂm b)
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= u(®)a>"A(b) + W B)a>" I (b) + - - -
+ ") B) + " B )
+u N B)E" 3 B) + - -+ WP (B)u(b)
+ull@)a o) + ul O)E>" 2 B) + - -
+ A" B) + ul By () + -

+ u® 3 )l (b) + u? N (b)u" (b)

m=3

I
=2Re (M[Zi} (b)ﬁ[Zm—Zi—Z] (b) + u[2i+1] (b)ﬁ[Zm—Zi—l] (b))
i=0

" |u[’”*”(b)|2 n |”[m](b)|2’

and (4.46) holds. This finishes the proof.

Next, we prove (4.53) and (4.54). Firstly, we show (4.53) is true. Let . = A(0), u = u(-,0)
and v = A(0 + h),v = u(-,0 + h) be the corresponding eigenvalues and eigenfunctions, re-
spectively. When / € R is small enough, we apply (4.40) to infer

b
(AMO) - A0 +h))/ uvwds

2m-1 b
_ |:(_1)m Z(_1)2m+1—iu[i]1—/[2m—i—1]:|

i=0 a

u
y
= (_1)m+1 <1_/[2m_1]1 _‘—/[ZWI—Z], Tty v[l]’ _‘_/) (b) (b)
M[Zm—z]

u [2m-1]

u
i
- (_1)m+1 (v[ZYM71], _‘—/[27}172]’ ) ‘7[1]’ _1_/) (ﬂ) ' (6{)
Z,t[2m—2]

u[2m—1]

u
1]
u
_ (_1)m+1ei9 (l—}[2m—1], _v[Zm—Z], . V[l], _1—/> (b)K (a)
M[Zm—Z]
u[2m—1]

u
L1

— (<1)igih (v[zm-l], _plm=2 ] _§> (h)K : (a)
u[2m—2]

u[2m—1]
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= (=1)"e (1—/[2m—1]’ _pem=2 _‘—/> (h)K
u
Ll
X : (@)(e™ - 1). (4.59)
u[Zm—Z]
u[2m—1]

We divide both sides of (4.59) by 4, as &1 — 0, and we get

u
1
u
2 (0) = (=1)"* je (ﬁ[Zm—l], _glem=2 g _ﬁ) (B)K : @
u[Zm—Z]
u[Zm—l]
u
8y
u
L e R T ) 1O) I [0
u[Zm—Z]
2m-1]

m-1
= (-1"2Im Y (-1 ufp)a>" ),

i=0
and (4.53) holds.

Then we turn to establishing (4.54). Let u = u(-, K), v = u(-, K+ H) for Kand K + H satisfy

(2.16). Proceeding similar to the argument above, we have
b
(MK) - A(K + H)) / uvwds
a

2m-1 b
- [(—1)’” Z(—l)zm"“u[”v[z””ll}

i=0 a
u
U
e e A A e 12] B (O
u[2m—2]
u[Zm—l]
u
L1
— (<) (V[Zm—l]’ _pem=2 _1—/) (@) (@)
u[2m—2]

M[Zm—l]
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u
x4
= (ayme (P, b ek @
M[Zm—Z]
u[2m—1]
u
Ll
— ey (s, g ke[ @
u[2m—2]
u[2m—1]
u
i
:(_l)mez@ <1—/[2m—1]’ _1—/[2m—2], e V[H, _‘_/> (b)H (ﬂ)
u[2m—2]
u[2m—l]
u
ul
=(-1)" (V[Zm_l], =2 il _1—/> (h)HK! )
M[Zm—Z]
u[2m—1]
u
i
= (1™ (ﬁ[2m—1], glm=2 o gl —E) (b)HK! : ®)
u[2m—2]
u[2m—1]
— (<1)™ (V[Zm—l]_ﬁum—l]’ Fm-2l _glmeal gl _ g E—T/> (D)HK!
u
x4
x c | @)
u[2m—2]
u[2m—1]
Then
A+ H) = () = () (@2, g2l gl ) o)
u
L1
xHK' | 1 [ (D) +o(H),
M[Zm—Z]

u[2m—1]



Zheng and Ma Boundary Value Problems (2017) 2017:126 Page 34 of 35

and (4.54) follows.
To show (4.55), we let u = u(-,q),v = u(-,q + h) where h € L'(a, b). Using (2.1) and inte-
gration by parts, then

2m-1

b o R LAY
[(po) = A(po + )] f uvwds = [(-1)'“ Z(—1)2m+1’u[’]17[2m‘1]:| - / uvhds.

i=0 a

For all BCs, we have

2m-1 b
|:(_1)m Z (_1)2m+liu[i]l—/[2mi1]i| =0.

i=0 a

An application of Lemma 3.1 and Theorem 3.1 implies

b
[A(po +h) = A(po) (1 + o(h)) = f \u*hds + o(h).

Consequently,

b o b
Apo + h) — A(po) = |:/ |u|2hds+o(h):| (1+0(h)) =/ lu*hds + o(h),

a

as b — 0 in L'(a, b), and (4.55) is proved. O
In a similar manner, we can deduce (4.56), here we omit its details.

Remark 4.1 The continuity of the nth eigenvalue of the self-adjoint BCs for 2mth-order
spectral problems is more complicated. For regular Sturm-Liouville problems, Everitt,
Moller and Zettl [25] show that the nth eigenvalue is not a continuous function of the
BCs with separated boundary conditions, and similar results are obtained by Kong, Wu
and Zettl [26] for general BCs.

5 Conclusions

The dependence of eigenvalues on parameters is one important branch of spectral theories
of differential operators. It offers theoretical support of approximal calculation of eigenval-
ues, and the derivatives with respect to the parameters give information of monotonicity
of the eigenvalues on the given parameters.

In this paper, with the separated, real coupled and complex coupled BCs, we give the
continuity of eigenvalues and eigenfunctions with respect to parameters. The formulas of
their derivatives with respect to all the parameters are computed in detail. Our results are
new, and the work established in this paper is of quite a general nature and covers a variety
of special cases involved in the problem. As for the discontinuity of the nth eigenvalue, it
is still an open problem till now, and we will work on it later.
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