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Abstract. In this paper, we investigate the second-order Sturm-Liouville problem
with two additional Nonlocal Boundary Conditions. Nonlocal boundary conditions
depends on two parameters. We find condition for existence of zero eigenvalue in
the parameters space and classified Characteristic Curves in the plane and extended
plane is described as torus. The Characteristic Curve on torus may be of three types
only. Some new conclusions about existence and uniqueness domain of solution are
presented.
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1 Introduction

During the last decade there has been a growing interest in the investigation
various problems with nonlocal boundary conditions and numerical methods
for them. Problems with nonlocal integral conditions were investigated by
Cannon [2, 1963] and Kamynin [17, 1964], Bitsadze and Samarskii have in-
vestigated elliptic boundary value problem [1, 1969]. II'in obtained necessary
and sufficient conditions for the existence of a subsystem of eigenfunctions and
adjoint functions (as a basis) for Keldysh’s bundle of ordinary differential op-
erators [11].

Initially, these conditions were nameless, but later called nonclassical. For
the first time the concept of nonlocal boundary conditions probably was used
in [15, 1977], where one-dimensional parabolic equation with integral condition

1
/0 u(z, t)de = p(t) (1.1)
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was considered. This term is used already in Samarskii and Nikolaev book
[22, 1978 (Russian Ed.)]. I’in and Moiseev [13, 14], Sapagovas and Ciegis [24]
investigated the existence and uniqueness for second order ordinary differential
equations with various NBC. Survey of other results in theory and applications
for problems with NBC is presented in [9, 10, 12, 18].

The investigation of existence and properties of solution for stationary prob-
lems with NBC is connected with Sturm-Liouville problem with NBC [27] and
Green’s function properties for stationary problems with NBC [19, 28]. Prop-
erties of spectrum and particularly conditions when zero eigenvalue exists are
useful for investigation multi-dimensional and non-stationary problems or sta-
bility numerical methods and convergence of iterative methods [3, 16, 23, 25].

In paper [6] the second order linear stationary equation with nonlocal
boundary conditions was investigated

=~ (p() 2) +ale)u = £, 2 € 0,1) (1.2)

u(0) = v0(ko,u) + fo, 0 =0, (1.3)
u(l):71<k17u>+f17 71205

where kg and kq are linear functionals:
1
(ko,u) := apu(ap) —I—/ Bo(x)u(x) dx, (1.5)
0

(k1,u) == agu(ay) —l—/o B1(z)u(z) dz. (1.6)

and u € C%(0,1) N C0,1] for 0 < po < p € C*0,1], 0 < ¢ € C[0,1] and
weights 8; € L1(0,1). The existence, uniqueness and stability of the solution
for this problem were proved.

In the domain [0, 1] we introduce meshes

@h:{02x0<x1<---<xn:1}, whzwh\{xo,xn}

with step sizes h; = x; —x;—1,1 < i <n, hg = hp+1 = 0 and semi-integer mesh
wijo = {i1lwi g = (@ +2i41)/2, 0< i <n—1}
with step sizes ;1 = (hi + hiy1)/2, 0 < i < n. A mesh w will denote one of
the meshes ", w", (IJ{I/Z. We denote h = jmax h;. Let F(w) be a space of real
<i<n

valued functions which are defined on the mesh w and F [0,1] is a space of real
valued functions on [0, 1].
We define the following mesh operators
Ziy1 — Z; _ Zivr =21
(62)i41 = ZT ZeF@"), (02)i=——2—"2, Z¢€ F(wly).

[N

hi+%

We can use the same notation for continuous and discrete norms, inner products
and linear functionals, e.g.:

1
(u,v) :=/0 u(z)v(x)dx, (U,V):= ZUi%hH%’
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where u,v € F[0,1], U,V € F(@").
In papers [4, 6] analogous results for finite-difference scheme

LU := —§(PSU)+ QU = F  in w", (1.7)
Uli=o = 70({Ko,U) + fo, 70 =0, (1.8)
Ulizn = (K1, U) + f1, m 20 (1.9
were established. In discrete case linear functionals are defined by
(Ko, U) := agU(ao) + (Bo, U), 1.10)
(K1,U) := anU(a1) + (B, U), (1.11)

where U, By, By € F(@"), 0 <po < P € F(w}),), 0 < Q € Flw"), F e F(w")

and Z be a linear interpolant

~ T; — & Xr — T;—

Z; for x € [Ii,l,xi].

In these two papers [4, 6] the dependence of solution on parameters vy and 4
was investigated. The main result of these papers is that the solution for differ-
ential problem with NBC (1.2)—(1.4) or solution for FDS with NBC (1.7)—(1.9)
exists and is unique for all 7o > 0 and 7; > 0 except points on hyperbola or
line(s). So, sufficient and necessary conditions for existence of unique solution
for stationary problem were found. In [5] the one dimensional parabolic equa-
tion with three types of integral nonlocal boundary conditions is approximated
by the implicit Euler finite difference scheme. Stability analysis is done in the
maximum norm and it is proved that the radius of the stability region depends
on the signs of coefficients in the nonlocal boundary condition.

The analysis of characteristic function for stationary problem with one clas-
sical boundary condition (yy = 0) and another NBC [26, 27, 29] and investi-
gation of auxiliary stationary problems [16, 21, 23, 25] show that restrictions
70 = 0 and y; > 0 are not necessary, and in general case we can take vy, 71 € C.
In this paper we assume that vg,v; € R.

The structure of the paper is as follows. We introduce some notations in
Section 2. In Section 3 we investigate second—order linear equation with two
additional functional conditions. Then we reformulate results of paper [6] for
problem (1.2)—(1.3) (problem (1.7)—(1.9)) in the case 79,71 € R in Section 4.
We investigate Characteristic Curve for equation (1.2) with NBC on torus in
Section 5 and formulate main result of this article in Lemma 3. Finally, we
give some conclusions.

2 Notation

Now we introduce a few notations related to linear functionals. Let F'(X) :=
{u | w: X — R} be a linear space of real functions, where X can be any

set. If we have vector-function w = [wy,...,w,] € F"(X) := [[ F(X), and
i=1

Math. Model. Anal., 16(1):1-22, 2011.
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x = (v1,...,2,) € X", then we consider matrix-function [w]: X™ — M, «»(R)
and its functional determinant det[w]: X™ — R:

wi(xr) ... wi(xy)
[w](x) = [wi,...,w](x1,...,2n) := ,
wp (1) oo we(xy)
wy(z1) ... wi(xy,)
Diw](z)=det|w](x) =det[wy, ..., wy](x1,...,2n):=]| .. .
wp(z1) oo wp(Tn)

We consider the space F*(X) of linear functionals in the space F(X), and
we use the notations (f, w), (f(-),w(-)), (f(z),w(x)) for the functional f value
of the function w. For example, if f is a regular functional, then (f,w) =

Ji f(@)w(e) dz; 6, is a functional if (5,,w) = w(z). If f € F*(X), g € F*(Y),
then we can define the linear functional (direct product) f-g € F*(X x Y):

(f(2) - 9(y), w(z, y)) := (f(2), {9(y), w(z,y))), w(z,y) € F(X xY).

Analogously, we can define the direct product for f = (f1,..., fn), fi € F*(X})

F=f-forifu=F-(foroo fu) e F (] X0
i=1
We define a matrix
(frow) ..o (fn,w1)
M(f)[w] =
<fluwn> <fn7wn>
for f = (f1,...,fn), w=[ws,...,w,], and determinant
) (frow) oo (faswi)
D(f)[w] := (f(x), Dw](x)) = . = det M (f)[w].

<f1'7 wn> e <fn7wn>

For example, D(dg)[w] = <5m(y),D[w](y)> = D[w](z).

3 Problem with Two Additional Conditions

In papers [4, 6] the maximum principle was used for investigation of stability.
So, the condition g > 0 was proposed. In this paper we require ¢ € C0,] only.
We consider the second-order ordinary linear differential equation (LDE)

Lu =" +r(x) + qx)u = f(z), (3.1)
where 7, q, f € C[0,], too. This equation can be rewritten in self-adjoint form

(1.2) [8], where p(z) = exp(fy r(t)dt) > po >0, p € C*[0,1], ¢ = —qp € C[0,1],
f=—fp e C[0,l]. But in this paper we do not distinguish these two forms.
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General solution for equation (3.1) has a form u = cyup + c1u1 + uy, where
{ug,u1} is a fundamental system of the corresponding homogeneous equation

' +r(z)u + q(z)u =0, (3.2)

and uy is a particular solution of the nonhomogeneous equation (3.1) and ¢, ¢1
are constants of integration. Function f on the right hand side influences only
properties of solution .

If r,q € C[0,]] then fundamental system {ug,u;} exists [8], i.e. we have
linearly independent solutions wug,u; € C?[0,1]. On the other hand, if we
know fundamental system {ug,u;} of the homogeneous equation (3.2) then
Wronskian

uo(x)  ui(x)
Wluo, u1](z) == | , , #0 for z € [0,1].
up(x)  ui(z
Let us write equation
Up ur u ” u u
uhy uh o u | = Wie,ur]u” —| W+ T u=0. (3.3)
1" " " Uy U Uy U
o u w 0 U1 0 Ui
0 U1

This equation is equivalent to differential equation (3.2) with

Up Uy

T[UO;Ul] =W " /W[u07ul]a Q[UO;Ul] =
0o W

and r,q € C[0,1]. If {@g, @1} is another fundamental system, and [ag, 41| =
P[UO, ul], where P € GLQ(R), then T[ﬂo,ﬂl] = ’I”[UO, ul], q[ﬁo,ﬂl] = q[’UJO,’UJl].

Finally, the coefficients r,g € C[0,!] define all the solutions, i.e., the two
dimensional linear space S := {u € C?[0,1] : Lu = 0}, which can be described
by the fundamental system {ug, u1 }, and conversely, the two dimensional linear
subspace in C?(0, ] fully determines r, ¢ € C[0,1]. So, properties of fundamen-
tal system determine properties of coefficients, and conversely.

Suppose, we know the fundamental system {ug,u;} for the homogeneous
differential equation (3.2). Then general solution of this equations has form

u(z) = coug(x) + cruq (). (3.4)

In paper [6] functions ug and u; were defined as solutions with classical
boundary conditions:

of B0y w{umoy @9

Such solutions may not exist for non positive g(x). So, in this article we use
fundamental system defined by initial conditions:

UQ(O) = 1, (751 (O) = O,
@) { uh(0) = 0; ) { ! 1. (36)

Math. Model. Anal., 16(1):1-22, 2011.
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The unique solution for problems (3.1),(3.5) and (3.1),(3.6) exists if homoge-
neous problems

Lu =0, Lu =0,
{ w(0) = 0, u(1) = 0; { w(0) = 0, w'(0) =0 (3.7)

have unique solution, respectively. The second problem always has the unique
solution, but the first one may have non unique solution. These two examples
of boundary conditions show that investigation of such homogeneous problems
with homogeneous boundary conditions is important task for investigation of
nonhomogeneous problem, too.

In general case {ug,u;} can be any fundamental system. We have two
unknown constants of integration ¢y, ¢1. So, we use two additional conditions:

(Loyu) =0, (Li,u) =0, (3.8)

where Lo, L1 € S* are linearly independent linear functionals and L = (Lo, L1).
We introduce new functions

_ D(6x, L) [u] D(Lo, 0. [u]

vo(z) == DI vi(x) = D)) (3.9)

These two solutions are well-defined, because the following lemma is valid [28].

Lemma 1. Let {ug,u1} be the basis of the linear space S. Then the following
are equivalent:

1. Functionals Lo and Ly are linearly independent;

2. Functions vo(z) and vi(x) are linearly independent;

3. D(L)[u] # 0.
The two basis {vg, v1} and {Lg, L1} are biorthogonal:

<Li, ’Uj> = 5@‘, i,j = 0, 1, (310)

and Wronskian (see, [28]) is equal to
(3.11)
Remark 1. 1f {@g, 41} is another fundamental system, and [@g, @1] = P[ug, u1],

where P € GLy(R), then

D)@ — D@ ~  DE)a@ —  D(L)[ul

So, definition of v(x) := [vo(z),v1(x)] is invariant with regard to basis {ug, u1}.

Corollary 1. If D(L)[u] # 0, then homogeneous problem (3.2) with two addi-
tional conditions (3.8) has only trivial solution.
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So, in this case zero is not eigenvalue for problem (3.2) with additional con-
ditions (3.8) and we can write solution of nonhomogeneous problems using
Green’s function [20, 28].

Remark 2. The case D(L)[u] = 0 will be realized if one of these functionals can
be expressed by the other one. So, in this case we have only one functional
equation, for example, (Lo,u) = 0. If Ker Ly = S (dim Ker Ly = 2), then we
have a trivial case Ly = 0, i.e. u = cou1 + c1uq is solution for all ¢y, ¢;. In the
case Ker Ly # S (dimKer Ly = 1) we have a nontrivial solution @(z) and all
solutions are u = cu(x).

Ezample 1. Let us consider differential equation () is parameter)
u +Au=0

with two types of conditions which correspond to boundary conditions (3.5)
and (3.6):

Lo=6(x), Ly=0d(z—1), (3.12)
LO == 5(17), Ll == —5/($), (313)

where (§(x),u) = u(0), (§(x —1),u) = u(1), (0'(z),u) = —u/(0), and denote
q=+/Xfor A >0, ¢= =\ for A < 0. Fundamental system

{2allong) sinla) for A >0, X # 72k%, k € N,
{ag,u1} =< {l—uz,z} for A =0,
sinh((1—x sinh(z
{ s(igﬂhq )q)’ Sin;} (;1)} for A <0

corresponds to functionals Lo, L1, and fundamental system

{sinh((l—lﬂ)‘Z) sinh(zq) for A > 0,

sinh ¢ ? sinhgq

{up,ur} = {1,x} for A =0,
sinh((1—=« sinh(z

{ s(igﬂhq )q)’ Sin;} (;1)} for A <0

corresponds to functionals Ly, L1. We have

~ sing/q for A > 0,
D(L)[u] =< 1 for A =0, D(L)[u] = W[u](0) =1
sinhgq/q for A < 0;

for (3.12) and (3.13), respectively. If A = 72k?, k € N, then D(L)[u] = 0. In
this case the first problem (3.7) has nontrivial solutions (i.e., zero eigenvalue
exists) and fundamental system do not exists.

If A # 72k?, k € N then formulae (3.9) give relations between two funda-
mental systems

_ D(, L) [u]

T DD L

) =

Math. Model. Anal., 16(1):1-22, 2011.
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. D, L)) D(Lo,8,)/]
xy 1) |W 0,0z)|U
'LLO(I) = T N T = u1(.fC) = T AT\ =1
D(L)[u] D(L)[u]
So, there is no difference which fundamental system is used.
If A = 7%k2, k € N then linear functionals Ly, L; are not linearly indepen-

dent. In this case fundamental system exists for the case of functionals (3.13),
but there is no fundamental system for the case of the functionals (3.12).

4 Sturm-Liouville Problems with NBC

The main aim of this paper is to investigate existence condition for zero eigen-

value for problems with two nonlocal boundary conditions. So, we formulate

Sturm-Liouville problem with two nonlocal boundary conditions (as functional
condition):

—(p(x)u’) + q(z)u = I, (4.1)

<k07 > Y0 <’I’L0, U>, Yo S R7 (42)

<kla > 71 <n17 ’LL>, QIS Rv (43)

where p(z) > po > 0, p € C*0,1], ¢ € C[0,1]. We can write many problems
with NBC in this form, where (k;,u) := (k;(z),u(x)) is a classical part, and
(ni,u) :== (ni(z),u(x)), i =0, 1, is a nonlocal part of boundary conditions. For
example the functionals n;, ¢ = 0,1, can describe the multi-point (¢; € [0,1],
j=1,...,m) or integral NBCs

m

=3 (oule) + m (), (noult)) = / se(t)ult) dt,

Jj=1

and the functional k;, ¢ = 0,1, can describe the local (classical) boundary
conditions

(Ko, u(t)) = aou(0) + Bou’(0),  (k1, u(t)) = aru(l) + fru(1),

where the parameters |o;| + [5;] > 0, ¢ = 0,1. If 79,71 = 0, then problem
(4.1)—(4.3) becomes classical.

Remark 3. Equation (4.1) can be rewritten in the form
—(p(z)u’)" + (g(z) = Nu = 0. (4.4)
So, we can restrict to investigation only of the case A = 0.

If we take L; = ~n; — k;, i« = 0,1, then we can rewrite the condition
D(L)[u] =0 as

D(ng,n1)[ulyorr — D(no, k1)[ulyo — D(ko,n1)[ulyr + D(ko, k1)[u] = 0. (4.5)

We call the solution of equation (4.5) a Characteristic Curve for problem (4.1)—

(4.3) and denote a set of it’s points in plane R,YO 4, by the letter C.
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Remark 4. If {ug, @1} is another fundamental system, and [ug, u1] = P[ug, u1],
where P € GLy(R), then

D(ng,n1)[@] = D(ng,n1)[u]det P,  D(ng, ki)[a] = D(ng, k1)[u] det P,
D(ko,’nl)[’l—l,] = D(ko,nl)[u] detP, D(ko,kl)[ﬁ] D(ko,kl)[u] det P.

Thus, equation (4.5) (and equations (4.8)—(4.10)) is invariant with regard to
fundamental system {ug, u1} and notation “Characteristic Curve” corresponds
to this point of view.

The plane algebraic curve of the second degree (conic section)
A2? + Bry+Cy* + Dr+ Ey+ F =0 (4.6)

may be classified by the discriminant B2 —4AC. If the conic is non-degenerate,
then equation (4.6):

1. if B2 — 4AC < 0, represents an ellipse;
2. if B2 — 4AC = 0, represents a parabola;
3. if B2 — 4AC > 0, represents a hyperbola.

There are seven degenerate cases: two parallel lines (corresponding to an el-
lipse with one axis infinite and the other axis real and non-zero, the distance
between the lines); a point (corresponding to degeneration of an ellipse); a pair
of intersecting lines (corresponding to degeneration of an hyperbola); a straight
line (a line with multiplicity 2, corresponding to degeneration of a parabola or
two parallel lines); empty set (A = B=C =D = FE =0, F # 0); a plane
(A=B=C=D=E=F=0);aline(A=B=C=0,D#0o0r E #0).
It is easy to prove (see, [28]):

D(ng,n1)[u]  D(no,k1)[u]

D(ko,nl)[u] D(k()’kl)[u] = D(no,ko)[u]D(nl,kl)[u] (47)

So, we can rewrite the equation (4.5):

( D(nmkl))('}/l _ D(k(),’n,l)) — D(k(),no) D(nl,kl) lf D(no,nl) # O7 (48)

Yo — D(ng,n1) D(ng,n1) D(no,n1) D(ng,n1)’
DO Y0 + DU = 1, if D(ng,na) =0, D(ko, k1) # 0; (4.9)
D(no,k1)70+D(ko,n1)71 =0, if D(ko,kl) =D(n0,n1) =0. (410)

Corollary 2. Problem (4.1)—(4.3) in the classical case (790 = 0 and v; = 0) has
zero eigenvalue if and only if D(ko, k1) = 0.

Corollary 3. If D(ng,n1) # 0 and D(ko,no)D(n1, k1) # 0 then A = 0 is eigen-

value of problem (4.1)-(4.3) if and only if the point (vo,71) lies on hyperbola

(4.8). The hyperbola has vertical and horizontal asymptotes: vy = %,
_ D(ko,n1)

’Yl - D(no,nl)'

Math. Model. Anal., 16(1):1-22, 2011.
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Table 1. Classification of the Characteristic Curves.

Case curve in plane R? matrix A R% R% R% Case curve on T?
1 whole plane 1 A=0 1 1 1 3 whole torus
0 0 .
2 empty set 2 (0 a11) 4a  3b 3a 2 two circles
3 line 3a (g agl) 3b  4a 2 2 two circles
3b ( o 0) 32 2 4a
ailo 0
3c (O am) 4c  4c 3¢
0 an
3d ( o0 ) 4b  3d 4b
aio aii
3e ( 0 am) 3¢ 5b 5b 1 circle
ailo 0
3f ( 0 “°1> S5e  5d  5c
aio ail
4 two lines 4a (ago 8) 2 3a  3b 2 two circles
aoo ao1
ab ( o a0 ) 34 4b  3d
4c (%0 O) 3¢ 3¢ 4c
ailo 0
4d (“00 “°1>, detA=0 4d 4d 4d
aio ail
5 hyperbola 5a (aoo am), det A#0, b5a 5a ba 1 circle
aio ail
5b ("8“ 0 ) 5b 3¢ 3
ail
5c ("3” ‘“’1) 5 Se  3f
aii
5d (“00 0 ) 5¢ 3f  Se
aio aii
5¢ (“00 “°1> 3f  5c  5d
ailo 0

Corollary 4. If D(ng,n1) # 0 and D(ko,no)D(n1, k1) = 0 then A = 0 is eigen-

value of problem (4.1)—(4.3) if and only if the point (yp,71) lies on the union

of vertical and horizontal lines (4.8): v = ggzgz;, "= géz‘;zg

Corollary 5. If D(ng,n1) =0, D(ko, k1) # 0 and D(ng, k1) # 0 or D(kg,n1) # 0
then A\ = 0 is eigenvalue of problem (4.1)—(4.3) if and only if the point (yo,71)
lies on the line (4.9).

Corollary 6. If D(ng,n1) = 0 and D(ko, k1) # 0 and D(ng, k1) = D(kg,n1) =0
then A = 0 is not eigenvalue of problem (4.1)—(4.3) (the case of empty set).

Corollary 7. If D(ng,n1) = D(ko, k1) = 0 and D(ng, k1) # 0 or D(kg,n1) # 0
then A\ = 0 is eigenvalue of problem (4.1)—(4.3) if and only if the point (yo,71)
lies on the line (4.10). The point (0,0) (the classical case) is on this line.
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Corollary 8. If D(ng,n1) = D(ko, k1) = D(ng, k1) = D(ko,n1) = 0 then A =0
is eigenvalue of problem (4.1)—(4.3) for all 79,1 (whole plane).

Let denote matrix

a= (o o) = Gy Dik))- am

From Corollaries 2-8 we get classification of Characteristic Curves in the plane
R* := R? _ . Each matrix A corresponds to one of the five types of Charac-
teristic Curves. More detailed classification is shown in Table 1 (in this table
ai;, 1,7 = 0,1 are nonzero elements). We have 16 types of matrices overall and
one type is split into two cases( det A = 0 and det A # 0). So, the next lemma

is valid.

Lemma 2. A Characteristic Curve for problem (4.1)~(4.3) in the plane R? can
be one of the following five types:

1. If D(ng,n1) = D(ko, k1) = D(ng, k1) = D(ko,n1) = 0 then the curve is
whole plane;

2. If D(ng,n1) = D(ng, k1) = D(ko,n1) = 0, D(ko, k1) # O then the curve
15 empty set;

3. If D(ng,n1) =0, D(ng, k1) # 0 or D(ng,n1) =0, D(ko,n1) # 0 then the

curve is line;

4. If D(ng,n1) # 0 and det A = 0 then the curve is union of vertical and
horizontal lines;

5. If D(ng,n1) # 0 and det A # 0 then the curve is hyperbola.

Remark 5. We see, that Characteristic Curve in the plane R? cannot be alge-
braic curve such as ellipse, parabola, point, parallel lines, double line.

Remark 6. If det A # 0 then the line (Case 3) is neither vertical nor horizontal
(see Cases 3e,f in Table 1), otherwise we have single vertical or single horizontal
line (see Cases 3a-d in Table 1).

Ezample 2 [see [6]]. In this example we analyze Characteristic Curve for the
nonlocal boundary conditions given in [6]: | =1, kg = 6(z) and k1 = 0(z — 1),
ie. (ko,u) = u(0) and (k1,u) = u(1l). We use fundamental system (3.5). In
this case we have:

N e N

S Sl o e T
. UQ(O) ul(O) - 1 0 _—

D(ko,nl)[u]_ <7’Ll,’U,0> <n1,u1> N <7’L1,’U,0> <7’L1,U1> _< b 1>.

Math. Model. Anal., 16(1):1-22, 2011.
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N 1o
\ Yo \ > \ >
----------- o T\ Y,

(a) D(ngp,n1) <0 (b) D(no,n1) =0 (¢) D(no,n1) >0

=)

Figure 1. Characteristic Curve for Bitsadze-Samarskii type nonlocal boundary
conditions in the case 0 < &o,&1 < I.

Y V) 4 V) 4
0 ,YO 0 ,YO 0 ,YO
(a) D(ng,n1) #0 (b) D(ng,n1) =0, (¢) D(ng,n1) =0,
(no,uo) #0 (n1,u1) #0

Figure 2. Characteristic Curve for Bitsadze-Samarskii type nonlocal boundary
conditions in the case det A = 0.

So, we have the same equation for Characteristic Curve as in [6]:
D(no,nl)[u]%% — <7’L0, U0>’}/0 - (nl,u1>”yl +1=0 (412)
and

. D(?’Lo, nl)[u] <n0, ’LLO>
A o ( (nl,u1> 1

) , det A =—(ng,u1) - (n1,up).

In this example the Characteristic Curve can be (see Table 1) one of the fol-
lowing four types (A # O):

1. If D(no,n1) = (no,uo) = (n1,u1) = 0 then the curve is empty set;

2. 1f D(ng,n1) = 0, (ng,up) # 0 or D(ng,n1) = 0, (n1,u1) # 0 then the

curve is line;

3.If D(ng,n1) # 0 and det A = 0 then the curve is union of vertical and
horizontal lines;

4.1f D(ng,n1) # 0 and det A # 0 then the curve is hyperbola.
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Let us consider the case when the maximum principle is valid. For example,
consider equation —u” + u = 0. If functionals ng = §(z — &), n1 = §(z — &),
0 < &,& < 1 are used, then we have the Bitsadze-Samarskii type nonlocal
boundary conditions: u(0) = you(&p), u(l) = y1u(&1). For the fundamental
system (3.5) from the maximum principle it follows 0 < (nj,u;) = w;(§;) < 1,
1,7 = 0,1. In this case we have

det A = —<TLO,’U,1> . <7’L1,U0> <0

and from Lemma 2 and Remark 6 we derive that the Characteristic Curve
can be hyperbola (D(ng,n1) # 0) or line (D(ng,n1) = 0). The Characteristic
Curve crosses the coordinate axes at the points 79 = 1/(ng, ug) > 0 and v, =
1/{n1,u1) > 0 (see Figure 1).

If we take in the Bitsadze-Samarskii type nonlocal boundary conditions
& = 0 or & = 1 then we get the degenerative case det A = 0, i.e. the union
of vertical and horizontal lines (see Figure 2(a)). The lines intersection point
corresponds to the case when both nonlocal boundary conditions are trivial. If
ng = 0(x — &), n1 = 0 then D(ng,n1) = 0, {(n1,u1) # 0, det A = 0, and the
characteristic curve is a vertical line (see Figure 2(b)). Finally, for ng =n; =0
we have classical boundary conditions u(0) =9 -0=0, u(1l) =~ - 0= 0, and
the Characteristic Curve is empty set.

Ezxample 3. For the boundary value problem

u” 4 70 = 0, (4.13)
u(0) = y0u’(0), u(l) =y1u(0) (4.14)

we cannot use the fundamental system (3.5). In this case we use fundamental
system (3.6), i.e. {ug,u1} = {cos(mx),sin(wx)/7}:

CJuo(0) wi(0)] | 1 0 B
Dokl =1 ) w@)| = o) wy| = =0

_|uo(0) w0 _| 0 L] .
Dokl =) 0y )] = uot) w(ny = W =
D(ko,n1)lu] = ZEES 2128; =0;

_|uo(0) wy(0) |0 1)
Dlnomolel =1 o) w()| =l o =7

and Characteristic Curve consists of two lines (Case 4b)
Yo(11+1) =0. (4.15)

Math. Model. Anal., 16(1):1-22, 2011.
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V

-
g
»i‘
b

RxR~T?

Figure 3. Plane, cylinder and torus, O = (0,0), X = (o0, 0),
Y = (0,00), B = (00,0), in the plane R2.

5 Characteristic Curve on Torus

The example of NBC (4.2)—(4.3) is

1 1
u(O):'yo/O a(z)u(z)de, u(l) :”yl/o B(x)u(x) dx. (5.1)

Sometimes instead of NBCs (5.1) conditions (one or both) are used for Sturm-—
Liouville problem:

1 1
/0 a(x)u(x)dz =0, /0 B(x)u(x)dz = 0. (5.2)

Formally, we can say that such cases are realized for vy = 0o or 71 = co. More
general problem will be if we consider NBCs:

/ a(z)u(z) dz = Fou(0), / B(x)u(z)dz = H1u(1). (5.3)
0 0

Now left hand side of these BC is “classical” and right hand side “nonlocal”.
In the case NBC (4.2)—(4.3) we must investigate problem (4.1) with NBC:

<7’Lo, u) = ’70<k07 u)u ’70 S ]Ru <n17 u) = ’71 <k17 u)u ’71 e R. (54)
The Characteristic Curve in the plane R? := ngo,% is described by equation

D(ko, k1)7091 — D(ko, n1)50 — D(no, k1)1 + D(ng,n1) = 0.

So, we have five cases again (see column R? in Table 1). If NBCs have form

<k05 U> = 70<n07u>5 Yo € R, <TL1,’UJ> = :Yl <k17u>a :Yl eR; (55)
<TLO,’U,> = :Y0<k07u>a :YO € R, <k15 U> =M <TL1,’UJ>, M E R, (56)
then Characteristic Curves in the planes R3 := ngo,%? R3 = ngom are

D(no, k1)voy1 — D(no,n1)vo — D(ko, k1)y1 + D(ko,n1) = 0,
D(ko,n1)50m — D(ko, ki)Y — D(no,n1)y1 + D(no, k1) = 0.
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B
)
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x S5 X Y 5l Yy B < B o S o
B Y B [¢ o X 0 X Y B Y

Figure 4. Torus T2 and planes R2, ]R%, ]R%, Rg.

If Characteristic Curve C in the plane R? is described by matrix A (see
(4.11)) then Characteristic Curve in the planes R?, R3, R3 is described by
matrices

A= <a11 a1o> A= <a01 a11> A= <a1o an) ,

o1 Qoo aoo @10 aoo  Go1
accordingly. Columns R?, R3, R2 in Table 1 show the type of Characteristic
Curve C in these planes. For example, line in the case 3f) corresponds to
hyperbola in the planes R?, R3, R3 (the cases 5e,5d,5c¢).

If v, #0 and 4; # 0, ¢ = 0,1 , then relation between these parameters are
i = 1/~;. Now we consider that 7; € RU{oc} = R = RP!, i.e. real projective
line, which is a homogeneous space, in fact homeomorphic to a circle S*.

Topologically, a torus (see Figure 3) is a closed surface defined as the prod-

uct of two circles: T? = S x S'. We can consider the parameters planes R?,
R?, RZ, R? as four charts which form an atlas for the torus (see Figure 4).

Lemma 3. On torus Characteristic Curve for problem (4.1)—(4.3) can be one
of the following three types:

(1) If A € GL3(R) then the curve is homeomorphic to a circle, and this curve
winds around the torus one time (one time in one direction and one in the
other direction);

(2) If O # A & GL2(R) then the curve is the union of two circles (strictly
latitudinal’ and strictly ‘longitudinal’) with one common point;

(3) Otherwise (i.e., A = Q) the curve is whole torus.

Proof. Let begin with Case 4d in the plane R?. In this case Characteristic
Curve C is the union of two (vertical and horizontal) lines 79 = a # 0, 71 =
b # 0 with intersection point (a,b) (see Corollary 3). In the plane R? we again
have the union of two lines 49 = 1/a # 0, 41 = 1/b # 0. Points (1/a,0) and
(0,1/b) in this plane corresponds to points (a,00) and (00,b) in R2. So, line

Math. Model. Anal., 16(1):1-22, 2011.
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(1) (2)

Figure 5. Characteristic Curve on torus in Case 1 Figure 6. Domain of
and Case 2. regularity R and connected
components.

lo = {(a,71): 71 € R} in the R? is part of a curve I, U {(a,00)} in the R2
which is homeomorphic to a circle, and the line I, := {(70,): 70 € R} in R? is
part of a curve I U {(co,b)} in the R2 which is homeomorphic to a circle, too.
The point of intersection of these two curves is (a,b). In Cases 4a, 4b, 4c we
have the same situation, but a or b are zero. So, the line [, or the line [, can
be axes. If only the vertical line [, is axis in the plane R? (Case 4b) then we
have one horizontal line in the plane R? (Case 3b) and it is better to use the
plane RZ for investigation of vertical line [, in the point ¥ = (0,00). We note,
that if [, and [, are axes then in R? Characteristic Curve is empty set (Case
2), and in planes R3, R we have only one line. Finally, Case 4 (two lines in
R?) corresponds to the circles on torus. Moreover, we have two circles in Case
2, 3a, 3b, 3c, 3d, too, because the case of two lines is in one of the planes R?,
R3, RZ (see Table 1).

In Case 3e we have line [ in R? and we must investigate the point B =
(00,00). In the plain R? this point is in origin and we have a line again. So,
[ U B is homeomorphic to a circle. Moreover, we have circle in Case 5b, too
(see Table 1). This case corresponds to hyperbola and axis are it’s asymptotes.
If we add points X = (00,0) and ¥ = (0,00), then we get curve which is
homeomorphic to a circle. All other hyperbolae (Cases ba, 5¢, 5d, 5e) have
vertical and horizontal asymptotes and give such curve, analogously. A line in
Case 3f is hyperbola (Case 5e) in R?.

If A = O then we have whole planes R?, R?, R3, R3. So, in this case
Characteristic Curve is a whole torus. Note, that in the case A # O we have
two circles on torus if and only if det A = 0. Lemma is proved. O

Case 1 and Case 2 are presented in Figure 5.

Let us consider two Characteristic Curves C; and Cy which correspond to
matrices A; and Ao, respectively. We can define distance between curves as
distance between matrices. If we introduce matrix elementwise max norm

A = max{laool,Jao ] Jaxol Jara ]} for A = ( ) ,

aip aii
then a set of Characteristic Curves becomes metric space with distance

d(Cl,Cg) = ||A1 - A2||
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For max norm an inequality
| det Ay — det Ao| < ([|A1] + [[Az]]) [A1 — Az (5.7)

is valid. So, a difference between matrix determinants can be estimated via
A1 — A,

Remark 7. GL2(R) is open set in R*. So, small changes of coefficients of matrix
A do not change Characteristic Curve type (i.e., we have circle on torus again).
Meanwhile, if det A = 0 or A = O then there exist matrices from GL2(R)
in the neighborhood of the matrix A. In the plane R? the first case on torus
corresponds to the cases: 3e, 3f (line) and 5 (hyperbola). Matrices of hyperbolae
make open set in GLy(R), too. If we consider special cases of nonlocal boundary
conditions the class of matrices can satisfy condition det A = 0 or can describe
lines only.

Every strictly ’latitudinal’ circle vy = const € R or strictly ‘longitudinal’
circle y; = const € IR on torus crosses Characteristic Curve. The intersection
is a circle in Case 3, a point in Case 1 and a point or circle in Case 2.

We name the point (79, 1) which does not belong to Characteristic Curve
reqular point. All regular points make a domain of regularity R. For Case 3 R
is empty set.

Corollary 9. The domain R C T? is a path-connected open set.

Remark 8. The domain R C R? may consist of a few connected components
(one, two or three).

Remark 9. One of main results of paper [6] was that we can change continu-
ously parameters vy and 77 in the plane R? from point (0, 0) (classical boundary
condition) to some area Ry limited by Characteristic Curve in the first quad-
rant (in the paper [6] only the case 7p,71 = 0 was considered). The second
order problem with nonlocal boundary conditions as in Example 2 has unique
solution in all points of this area. It is easy to expand this area into bigger
domain if we use negative vo and 1, but we cannot cross the Characteristic
Curve if we want to connect two points in different connected components.

On torus the domain of regularity R is path-connected open set and R4 C
R. We can connect two points of this domain by continuous path. Moreover,
the path can be union of two parts and each of them belongs to circle vy =
const € R or circle Y1 = const € R on torus. For each point in the domain R
there exists only one other point in this domain such that we need to use three
such parts in the case det A # 0. For some points we need only one such path.
In Figure 6, we have three connected components in R? and one on torus. The
area Ry corresponds to results of paper [6]. The domain with points A and
B under the left part of hyperbola is one of the three connected domains in
the plain. On torus we can continuously move to points C, D, X, too. If we
connect origin O and point X then we must use path with three linear (the
vertical or horizontal) parts.

Math. Model. Anal., 16(1):1-22, 2011.
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Figure 7. Characteristic Curve for integral nonlocal boundary conditions.
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R%: v =1/70 R?: A1 = 1/40 R3: 41 =0 RZ: v1 =90
(a) (b) (c) (d)

Figure 8. Characteristic Curve and area paradox.

Ezample / [integral NBCs|. For functionals ng = 1, ny = 1 we have integral
type nonlocal boundary conditions [6, 7]:

u(0) —70/0 u(zx) de, u(l)—’yl/O u(zx) du. (5.8)

In this case 0 < (nj,u;) = fol wi(z)dr < 1, i = 0,1. Since D(ng,n1) =
D(1,1) = 0, the Characteristic Curve in R? is a line (see Figure 7(a)). If we
investigate problem with integral boundary conditions on torus then in the
planes R?, R3, R2 we have hyperbolae (see Figure 7) and they correspond to
nonlocal boundary conditions:

1 1
/ u(z)dx = Hou(0), / u(z) de = Fu(l); (5.9)
0 0
u(0) = 70/0 u(z) de, /0 u(z)dr = F1u(l); (5.10)
/ u(z)dx = Au(0), u(l)=m / u(z) dx; (5.11)
0 0

respectively. Note, that the first boundary condition (5.10) coincides with the
second condition for v9 = 41 = 0 and the origin of the coordinate plane belongs
to hyperbola. On torus problems with boundary conditions (5.8)—(5.11) is the
same problem and Characteristic Curve is the circle on the torus. In Figure 7
we see four various maps of this curve. The area R (see the first quadrant)
shows the domain investigated in [6]. In all maps we see a path between points
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Ay =05,y =1) and E(y0 =2, = 1):
A(0.5,1) = B(0,1) —» C(—1,1) = D(o0,1) = E(2,1),

and each closed interval [A, B], [B,C], [C, D], [D, E] is finite in at least one of
the planes R?, R?, R3, R%.

Ezample 5 [an area paradox|. Let us consider nonlocal boundary conditions
(see Example 2, too)

u(0) = you(1), u(l)=r1u(0). (5.12)

In this case the Characteristic Curve in plane R? is voy1 = 1.

If we consider problem on torus then this curve is hyperbola or line in the
planes R?, R%, R? (see Figure 8). The domain R, and domains corresponding
to Ry in these planes are shown in Figure 8(a)-(d). In the plane R? the formula
for the Characteristic Curve is 91 = 1 and boundary conditions are

u(l) = Fou(0), u(0) = Fru(L). (5.13)

These conditions are the same as (5.12), thus domain R for parameters (31, Jo)
must be the same as in Figure 8(a).

If we consider the domain of regularity R on torus then we do not have this
paradox. Note, that in this example classical boundary conditions u(0) = 0
and u(1) = 0 correspond to two points O(0,0) and (0o, 00) on torus (or (0,0)
in planes R? and R?).

Let us consider the two cases of the boundary conditions

<k0a u> = 70<n07u>a <k17u> =N <TL1, u>7 (514)
<K0,U>=’70<NQ,U>, <K1,U>:’)/1<N1,U>, (515)

and denote Py, ; 1= (ki, uj) — (K;, U;), §nyj = (ni,uj) — (N;, Uj). We have two
matrices

_ (D(ng,n1) D(no, k1) _ [D(Ny,N1) D(Ny, K1)
A= (Pl Dhew). = (Do N Dieie))-

From inequality (5.7) it follows

|D(no,n1) — D(No, N1)| < C1||M (no, n1)[uo, u1] — M (No, N1)[Uo, Ui]||
< Cymax{[@ngol; [Pnyol, [Pro1ls [Pny1]}-

Similar inequalities are valid for
|D(no, k1) — D(No, K1), |D(ko,n1) — D(Ko, N1)|, |D(ko, k1) — D(Ko, K1)|.
Finally, we get estimate

[A1 — Az < Cjﬁzlg?i{@mh [P} (5.16)

Math. Model. Anal., 16(1):1-22, 2011.
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Corollary 10. The Characteristic Curve continuously depends on functionals in
boundary conditions.

Remark 10. Lemma 3 is valid for the discrete Sturm-Liouville problem

LhUh = —5(PhUM) + QMUM =0 in WP, (5.17)
(K, U™ = 5Ny UM, (KT, U™ =y (N, UM, (5.18)

(v0,m) € T2
A proof is the same as for the differential case.

Remark 11. If we consider differential problem (4.1)—(4.3) (the case A = 0) and
discrete problem (5.17)—(5.18), then
O = (kg u) — (KM UM, o8 = (n;,u) — (NP,U"), i=0,1,

denote approximation errors in boundary conditions. Let C and C"* be Char-
acteristic Curves for differential and discrete problems, respectively. If @Zi =
O(h®), & = O(h*), then from (5.16) we get | A1 — As|| = O(h®), i.e., Char-
acteristic Curve C is approximated by Characteristic Curve C* with the same
order as functionals in the boundary conditions.

Remark 12. For complex v; € C = CU{oc}, i = 0,1 we must use C x C instead
of torus R x R. This is an open problem for future investigations.

Another open problem is classification of points in the regularity domain:

e Subsets where all eigenvalues are positive, or exists one or a few negative
eigenvalues;

e Subsets where exists constant eigenvalue points or multiple eigenvalue
points (see, [29]);

e Qualitative analysis of spectrum dependence on vy and <; and other
parameters in NBCs.

Conclusions

In this article the Sturm—Liouville problem with NBCs depending on two pa-
rameters is investigated. Zero eigenvalue existence conditions are investigated
and geometric interpretation of the results are given. We propose to investigate
these results not in a plane but on torus. Classification of Characteristic Curves
in the plane and on the tore is done. Obtained results can be generalized to
n-th order equation with n NBCs.

Acknowledgement. The author appreciate Prof. R. Ciegis for his valuable
comments and discussion, and anonymous reviewers for their constructive sug-
gestions.
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