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Abstract. This work presents an approximate construction of the Jost function for Sturm-Liouville
boundary value problem by means of collocation method.

Key Words and Phrases: Sturm-Liouville problem, Jost function, collocation method, Lagrange
polynomial.

2010 Mathematics Subject Classifications: 34B24, 65160

1. Introduction

Assume that ¢ (z) is a real continuous function defined on the semi-axis [0, 00), and
the condition

/wx\q<x>|dx<oo (1)
0

is satisfied.
Consider the following boundary value problem in the space Ls [0, c0):

_y” +q (J:) Yy = )‘23/7 } (2)
y(0) =0.

It is known that this problem is a self-adjoint problem. It has a finite number of negative

eigenvalues A%, ..., \? (see, [1]), the positive real axis A* > 0 is its continuous spectrum. It

is known that the numbers Aq, Ao, ..., A\ are the roots of the Jost function on the upper

half-plane (see [2]). Therefore, it is required to find the Jost function.

If in problem (2) g (z) = 0, then it is easy to find the Jost function. We consider the
case ¢ () # 0. Since in this case it is very difficult to find the Jost function precisely, it is
important to construct it approximately.

The present paper is dedicated to the solution of this problem.

It is known that (see [2]) there is a function K (x,t) such that
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FOva) = [ K (@) eV, 3)

where the function f (A, x) is the solution of problem (2). Then the numbers Aj, Ag, ..., \g
are the roots of the function f (\,0), i.e. the solution of the equation f(\,0) = 0.

To construct the Jost function approximatly we proceed as follows.

1) It is known that (according to condition (1)) Ve > 0 there is a number N > 0 such

that
/ zlq(z)|dx < e.
N

Then the Jost functions of the following new problem and of the previous problem (2),
and also their A\;’s differ from each other by an infinitesimal quantity (see [3])

_ //_|_ ( )
A e } @

where

z), <N,
QN($):{ Q(o) x> N.

So, we have a boundary value problem (4) with a finite coefficient. It is known that, by
substitution, the segment [0, N] may be reduced to [0, 1]. Therefore, for simplicity we can
take N = 1. Then instead of problem (4) we have the following boundary value problem:

M — )\2
I T

2) By the above mentioned relation (3), the Jost function of the problem (5) is as
follows:

2—x
f\z) =M 4 K (z,t) e™dt, (6)
T

and since the function K (z,t) is unknown, the function f (A, z) is also unknown. And
the main problem in the construction of the Jost function is to find K (x,t). The function
K (z,t) is found from some Volterra type integral equation by means of the collocation
method (see [4]).

To find the function K (z,t), the scheme of G.M.Vainikko’s paper on the solution of
multi-dimensional integral equation by the collocation method (see [5]) is used. In his
work G.M.Vainikko has given the solution of Fredholm type integral equations.

The present paper consists of introduction and four sections. The problem statement
and the work plan of the paper are given in introduction. The known properties of the
function K (z,t) is recalled in §2. In §3, lemmas to guarantee the convergence of the
Lagrange interpolation process in the space Ly (D) are proved. A theorem on approximate
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finding of the function K (z,t) and the convergence is proved in §4. In §5 the Jost function
f (X, 0) is constructed.

2. The properties of the function K (z,t)

It is known that the function K (z,t) in expression (6) is the solution of the following
problem:

2 T 9 .

agiaw—q(m)f((x,t)zalgi;’t)’ -
K (z,2—2x)=0,

K (z,2) =1 [1q(s)ds, } (8)

where (z,t) € G, G = { (z,t)] 0<z<1; z<t<2-—z } The latter is known as the
Goursat problem. The existence and uniqueness of the solution of the Goursat problem
are known (see [6]).

It is obvious that to find the numbers A1, Ao, ..., A we have to find the solution K (0, )
0 <t <2 of the Goursat problem (7), (8).
Write the integral equation to which the Goursat problem (7), (8) is equivalent (see

[2]):

1 1 e
K@t=5 [ a@ist [ do [ " a@-pK@-patpa o

where K (x,t) =0 for x > t.
To reduce this integral equation we accept the following notation:

H(a,) = K(a—B,a+p),
x4+t =2u, (10)
t—x=2v.

Then equation (9) takes the form

1 1 v
T =5 [ a@ds+ [(aa [ a@=p)H 0. ()
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since D = { (u,v); 0<v<u<l } and H (u,v) = 0, v > u. We can write equation
(11) as follows:

H(u,v)=%/ulq(S)dH//u’vq(a—ﬁ)H(a,ﬁ)dadﬁ' (12

It is clear that D, , = { a,fB: a€ul],Be€0,v]; v<u }; (u,v) € D, Dy, C D.
Take the following auxiliary function I' (u,v; o, 8):

1 Du Vs
reman={} G550
2 u=v
1
Yy =
01 2 u

Using this auxiliary function I' (u, v; o, 3), we can replace integral equation (12) by the
following Fredholm type integral equation:

1
H(u,v):%/ I’(u,v;a,ﬁ)q(a)da—i—// I (u,v;e, B) ¢ (o — B) H (v, B) dad5. (14)

So, we reduced the finding of the solution of Goursat problem (7), (8) to the finding
of solution of the Fredholm type integral equation (14). Now we find the approximate
solution of integral equation (14) by using the collocation method.

For that we prove some lemmas on convergence of Lagrange interpolation process in
two-dimensional space.

3. Notation and auxiliary results

We will use the following notation throughout work.
Denote by D a bounded closed domain in R? and by xp (u,v) the characteristic func-
tion, (R) integrated in this domain (in Riemannian sense), i.e.

1, (u,v) €D,
X (,v) :{ 0, (u,v)¢ D.

) denotes the square

containing the domain D.
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Let the nodal points

UOna ulna"'7 unny (]‘5)

Vov, UViy,---y Upp (16)

be the roots of polynomials 7,1 (u) and p,4+1 (v), orthogonal with respect to non-negative,
summable weights g (u) and p (v), respectively, satisfying the conditions

L du L dv
/Om<oo,/om<oo. (17)

The polynomials {r, (u)},-, and {p, (v)} 2, are of degrees n and v, respectively. It is
known that (see [7]) nodal points (15), (16) are simple, real and lie in the interval (0,1)
(along the axes u and v, respectively). Write the Lagrange fundamental interpolation
polynomials corresponding to these roots:

ln (u)

lin (u) = (ulm;(u m—— k=0,1,..,n),
wou (v) = w, (v:)y((:)— Vo) 0L )
where
lp (u) = (u —uon) (u—u1p) + oo - (U — Unp) ,
wy (V) = (v —20y) (V=v1) o - (V= V).

Recall some properties of fundamental polynomials:

L (1) = { (1) TNk =0.1, ), (18)
/2ﬂ@mﬂ@&mwduzﬁi#k(Lkz&lwnn% 19)
0

Z / w) 2, (u) du = /O 1 g (u) du. (20)

Write these properties for the polynomial wg, (v):

sl ={ 1 170 Goo=0.1, ) @

1
/0 P () wjy (V)wgy (V)dv =0, j#¢ (j,»p=0,1, ..., v), (22)



50 A.R. Aliev, S.G. Gasymova, D.G. Gasymova, N.D. Ahmadzadeh

Z/ v)wj, (v dv—/olp(’u) dv. (23)

Now construct the Lagrange interpolation polynomial for any function Z (u,v) defined
in the domain D:

=D > Z (ks vow) lon (W) waw (v)  (ukn, v4,) € D (24)

k=0 =0

(summation is taken over the indices k& and ¢, which correspond to the points (ugn, v4y)
in the domain D).

Consider the space L2, (D) (Banach space) of the functions square-summable with
respect to the weight ¢ (u) p (v) in the domain D:

121300 = | [ 900z o) ) (29

Prove the following lemmas.
Lemma 1. The relation

|Z — PTWZHLgp(D) —0, n,v— o0 (26)

is true for each function Z (u,v) (R)-integrable in the domain D.
Proof. Extend the function Z (u,v) to the square 2 in the following way:

[ Z(u,v), (u,v)eD,
T(w, v)—{ 0, (u, v) € Q\D.

Then we get

Pn,uZ = Z Z T (Ukm Uqbu) lkn (u) Wev (7}) = Qn,uT

k=0 =0

Indeed, P, ,Z and the polynomial @, T, being the interpolation polynomial of the func-
tion T, coincide along all the constructed nodal points, i.e. at the points (ug,, vgy)
(k =0,1,....,n; & = 0,1, ..., v). As the functions Z (u,v) and xp (u,v) are (R) —
integrable, the function T (u,v) also is (R)-integrable in the square €2.

Now prove that for the function T (u,v) (R) — integrable in the square,

l

as n, v — oo (as in single variable functlon).
Denote by Y, (u,v) best approximating to T (u,v) algebraic polynomial of order < n
with respect to u, and of order < v with respect to v. Then it is known that the relations



o1

QnpYnw (u,v) =Ty (u,v) and (A + B)? <2 (A? + B?) are true. The best approximation
is B,y (Y). It is clear that

IT (u,v) — YTpp (u,v)] < Epy (Y).

Taking into account what has been said, we have:

R [/ T
{// (¥ =Yow) + (Q”vVTnV_Qn,uT)]PdUdU}Q<

=

=

<{ // \T Yowl* + Qnw T Qn,m?] dudv}2<
< {2//Qg<u>p<v> (B2, (1) +

2 3
+ (Z Z (Yoo (Wkn, Vo) = T (Ukns Vow)) len (1) wey (’U)) dudv} <

1

2 3
(ZZE"V ) len, (1) We (U)> ] dudv} =
k=0 ¢=0

- {QEEW(T)//Qg [1+ (ZZZ,W w) Wy (v )2] dudv}2 =

k=0 $=0

_ {2E,2w (T)//Qg(u)p(v)qul)dudv}% )

= 2E,, (1) Uolg(u)du./olp(v)dvr = 2B, (Y)- M,

where

1

M= [/Olg(u)du-/olp(v)dvr.
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It is clear that E,,, (Y) — 0 asn, v — oco. Therefore, ||T — Qn,,,THLgp(Q) —0asn, v — oo.
At the points (u,v) € D, Z (u,v) = Y (u,v) and Py, 7 (u,v) = Qn, T (u,v). There-
fore, ||Z — Py, Z,ZHL2 < |IT — Qn, ,,T||L2 @ 0 as n, v — oo. Thus, we get that
|Z — P, ,,Z||L2 —> O if n, v = oo. The lemma is proved. <«

This lemma is the analog of the Erdesh-Turan theorem on mean quadratic convergence
of Lagrange interpolation process for one-variable functions (see [8]).
Lemma 2. For any polynomial Zy, (u,v) of the form

Zny (u,v) = Z ZYk¢lkn (u) wew (V) (Ukn, Vo) € D,

k=0 ¢=0
the estimation
(gl < [ Zno |l <C max Yo
£2,(D) nvllrz (o) > ch<mO<o<y o
(ukm U¢V) €D
is true, where
1 1 3
Cyp = [/ g (u)du - /0 p(v) dv} (27)
0
Proof. We have
1
HZnVHL2 (@) = [// 0) | Zy (u, 0) | dudv} =
2 3
// Z Yk¢lkn W¢,/ (U) dudv <
k=0 ¢=0
n 14 2 %
[ o@p@ [ 323 Mok (0w (0)] | e <
@ k=0 =0
2 3
n 14
< | [[ o) | XX maxlViol - lin ()] )] | | <
Q k=0¢—=0
2 3

IN

max i /I ) (6) 3 (o |Z\w¢u P dudo| <

i

(ukn, ’U¢,/) €D
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IN

s |Yk¢\'[/Olgw)du-/;p(v)dvfz

(u;m, U¢,,) eD

= Cyp ;Cnax [ Yio! -

(u;m, U¢,,) eD

It is clear that || Z,, ||,z (D) <1 Znu |12 @) Lemma 2 is proved.«
gp gp
(24) and Lemma 2 yield

IPusllcpysrz o) < Con (28)

where C' (D) is a Banach space of continuous functions on D with the norm

HZHC(D) = Hj)aXD‘Z(Ua v)|.

(wv)e

Lemma 3. If D is a quadratic domain (i.e. if D = ), then for any function Z (u, v)
continuous on D the estimation

1Z = PrsZliz () < 2CopEns (2) (29)

1s true, where

Cyp = [/Olg(u)du-/olp(v)dvr,

n v
— _ k¢
En (Z) = %:qf5 (u%z)lé{[) Z (u,v) kZO;)YWU v

is the best approximation of polynomials Zy, (u, v) to Z (u, v) of degree < n with respect
to u, and of degree < v with respect to v.

Proof. First we note that the continuous function posseses the best approximation (by
the Haar theorem).

From D = Q it follows that for any polynomial of the given form P, ,Z,, (u,v) =
Zny (u,v). Therefore,

Z—-PuZ=(Z—2n)—Pny(Z—Zy)

is true and then

1
1 1 bl
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+ HPH,VHC(D)HL?H,(D)} : (Jfﬁ?p |Z (u,v) = Zny (u, v)].

Using (28), and taking into account the arbitrariness of the polynomial Z,, we get the
validity of the lemma. <«
As far as we know, there is no propriate estimate for || Z — P, ,Z], . (p) In case when
gp

the domain D is of arbitrary form.

4. Finding the function K (z,t) by the collocation method

Denote
1
f) =3 [ T v Bat)do (30)
and
T(uv v; @, IB)IF(U, v &, ﬁ)q(a_ﬁ)' (31)

Then we can write the integral equation (14) in the following form:

H (u,v) = f(u)+ //DT(U, v; , B) H (o, 8) dad. (32)

We solve integral equation (32) by the collocation method. For that, we take the function
lin (u) -wgy (v) as a linearly independent system and look for the solution of equation (32)
in the following form:

Hy, (Ua U) = Z Z Ck¢lkn (u) Wer (U) ) (ukna U(i)u) eD. (33)

k=0 =0

If we substitute expression (33) into (32) and assume that the equation is satisfied, then
we have:

o (1 0) = £ ) = [[ T, 03 0, 8) How (0. 8) dads = . (34
D
To find the unknown coefficients cg, we take {(uin, vj)} € D (i = 0,1, ..., n; j =
0, 1, ..., v) as collocation (nodal) points. Then

{0~ [[ v a9 ol s - s}, _, =0 @)

D - m

U = Vjp
where,i=0,1, ..., n;j =0, 1, ..., v, (Uin, vj) € D. From this system of linear algebraic

equations we can determine cig. By (33), from system (35) we get the following linear
algebraic equation for the vector ¢(™¥) = {cy4}:



V) = A, ™) 4+ P (36)
where
Pof ={f (un)} (37)
is the vector of f (u) at the nodal points u;, and A,, is the matrix
Ay =A{ai jik0} (38)
with
i = [ T (i i 0 D)1k (@) -t (5) dad (39)

(i, k=0,1, ...,m;5, 6 =0, 1, ..., V) ((Wkn, Vpw) € D, (Uin, vj) € D).

Show that c(™*) = {c;,} are uniquely found from linear algebraic equation (36).
Consider the integral equation (32) as a linear operator equation in Lgp (D), i.e.

H=AH+ f.

As the operator Py, , is an operator projecting the function of two variables in domain D
to the Lagrange polynomial, we can write the system of linear algebraic equations (35) as
follows:

Pn,u (Hm/ - AHnu - f) = O, (40)

where

AH = //DT(U, v; a, B) H (o, B) dad.

The polynomial H,, is an algebraic polynomial of degree < n with respect to u and of
degree < v with respect to v. Therefore, Py, , H,,, = Hy,.
So, we can write the system (40) as follows:

Hy, — Pn,VAHm/ = Pn,l/f' (41)
By lemma 1, the Lagrange polynomial of any continuous function of two variables con-
verges to that function in the Banach space Lgp (D)

[Pny — JHC(D)HL%(D) — 0, as n, v — oo.

Then, by the Banach-Steinhaus theorem, the norm of the sequence of operators P,, , is

bounded, i.e.

Prvllepy-srz, oy < M-
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It is known that the operator A is a completely continuous operator from the space
L2, (D) to the space C (D). Indeed, two conditions of compactness, i.e. the conditions of
regular boundedness and equicontinuity, are satisfied in. It is known that

= [[ T o ma /B)dad/B://u’vq(a—ﬂ)H(a, 8) dadp.

1. Show the regular boundedness:

lAH | cpy = H// q (o —B) H (a, B) dads

C(D)
a ﬁ 3
H// lg@pBN2 (g H(a, pydads]| <
wo [g(a) p(B)]? c(D)
1 1 2
5[] {s@penitep) das)
)
2
{ )1} dadp =
u,v (8)]2 (D)
1
= 9()p(B)|H (a, B)|* dadp +
/).
// dadﬁ <
v C(D)
< ‘%M1 dadﬁ =
e C(D)
1 1 g (a - B)P
= = M|+ 5 L= dad
g Miltg s // g(a)p(8) 29

where

M= {1 0 Bz} = [ 9@p @)1 (o, ) dads



o7
Assume that the conditions folg(a) da < o0, folp(ﬁ) df < oo are satisfied. Then

for ¥V (u, v) € D
// la(@= B, a8l < a1,
o 9(2)p(B) -

sup

ie. forV (u,v) € D

[AH lcpy < M.

2. Now we show the equicontinuity. Take Ve > 0. Find 30 for V (u1, v1) € D and
V (ug, v2) € D for that for |u; —ug| <4, |[v1 —va| <6

A0 ) =

For simplicity we take w1 < ug, v1 < vs.

‘(AH)( AH),, | =

u1,v1) _(

:‘//D gD HE ﬁ)dadﬁ—//D g(a—B) H (a, B) dadB

u9,v9

o ["q@-pH (@ pyds— [ do ["q(o-8) H (. 3)d8| =
[ o] [

N

ul 0 g (a

l[/ufda/omg(am(ﬁ)H(a,m?dﬁ];-l/wda Ul%dﬂ -

D=

IA

- M:da/:gm)p(ﬁ)w(a, ﬁ)Pdﬂf- [/da %dﬂ]

o [ ]

[ (s — 1) Nyda g (3 — v1) Nodar|
I R |

<

<
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N
N|=

< <

[v% (ug — up)? NlNg] - [(1 —u2)? (vg — v1)? N1N2:|

I

S ‘[N1N20%52]é - |:N1N2 (1—’LL2)2 (52] S

< (\/NlNqula — V/NiNs (1 — ) 5( <

< ‘\/N1N2 (v1 +ug — 1)‘ 0] <,

where

Ny =supg (a)p(B)|H (a, B)?, Ny =sup 2L
B ap 9(@)p(B)

Thus, choosing

13
N1 N3 (vy +up — 1)’

we get the validity of the above relation so, the operator A maps any bounded set to the
compact set, i.e. the operator A : L2, (D) — C (D) is completely continuous.

Now if we multiply the operators P,, , from the right by the continuous operator, we
obtain the sequence of operators P, ,A € [L?]p (D) = C (D)] converging in norm to the
operator JA = A (J is a unique operator), i.e. we get the validity of the relation

5 =

[PryA— A‘|C(D)HL3p(D) —0 as n,0 =00

If

A, Py, A€ L2, (D)~ C(D)],

then for sufficiently large values of n > ng and v > 1y
j4=Poal || - a7 o<1

Here the operator (J — A)f1 does exist, because the integral equation has a solution and
the operator A in the space Lf]p (D) is a completely continuous operator (also is an inversely
continuous operator). According to the known theorem (see [9]), we get that there exists
the operator (J — P, A)". In other words, equation (35) (or (36)) has a unique solution
for sufficiently large values of n and v, n > ng and v > .

Now estimate the error. Denote by Hj the exact solution. As the operator (J — Pn,,,A)_1
has the inverse, we have

Hu, = (J=Pn,A)  f=(J—P,,A) " (J—A) Hy =



59
= (J =P, A [(J=Pu,A) + (Py,A—A) Hy =
= (J =P, A (J =P, A Hy+ (J —P,,A) " (P,,A— A) Hy =

= Hy+ (J —P,,A)" ! (P,,A— A) Hy

Hence
H,, —Hy=(J —P,,A) " (P,,A— A)H,
Then
||HnV_H0||L2 < HJ PnVAHL2 »(D)—C(D HAH HP”V H, L )
Lgp(D)
where
P = J—P,,.
Thus we get

| Huw, = Holl 1y = O (I1Ho — Py Holl)

Using Lemma 3, we get

[ Hp — HOHLgp(D) <c|Ho—Pn VHOHL2 < 2cCqpEny (Ho)

where c is a constant.

So, we completed the proof of the following theorem.

Theorem. Assume that the kernel q (o — B) is a continuous function in domain D,
the conditions fo gd—a < 00, 01 % < oo are satisfied, and Hy («, B) is a unique exact
solution of integral equation (32). Then for sufficiently large values of n and v, n, v > N
the system of linear algebraic equations (35) (or (36)) possesses a unique solution and
this approximate solution Hy, (o, ) converges to the exact solution Hy (o, ) in the mean

square sense with respect to g (o) p(8). Thus,

HH I{0||L2 (D <c HHO - Pn VHOHLz < 2CCng‘m/ (HO)

where c is a constant.
Thus, we have found the approximate solution of integral equation (32) in the form

v) = Z ch¢lkn (u) wep (V) (Ukn, Vo) € D.

k=0 =0

According to substitution (10),
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H(u,v) =K ((u—-v,u+v) =K (z,t).
So,

r+t t—=x
H( 5 3 )-K($,t).

Then

~ — T+t t—x r+t t—x
K(fﬁ,t)zzzcwlkn( 5 )w¢>u< 5 ):Hnu< 5 T3 >, (Tkns tor) € G.

k=0 ¢=0

This is the approximate solution of integral equation (9) or Goursat problem (7), (8).

Now we can construct the Jost function. But, to find the numbers A1, Ao, ..., Ag, we
must construct f (A, z) in the upper half-plain. In other words, we must construct the
Jost function f (A, 0).

5. Construction of the function f (), 0)

We showed above that the function K (z, t) is of the form

K (2, 1) = znj Z crolin (%”) Wi <75_T”3> (s o) € G. (42)

k=0 ¢=0

TO construct the function f (A, 0), we put z = 0 in (42) and get:

R0.0=33 atato (3 ) (5) 010 €6 (13

k=0 =0

Allowing for (43) in (6), we find the Jost function in the form of the polynomial

fN0) =1+ /02 zn: Zyjcwzkn (%) v (%) eMdt, (0, ty,) € G. (44)

k=0 ¢=0

The authors believe that it would be interesting to try to find the roots A1, Ag, ..., Ak
of polynomial f(A,0).
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