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On the Completeness and Minimality of Eigenfunctions
of a Non-self-adjoint Spectral Problem With Spectral Pa-
rameter in the Boundary Condition

Tehran Gasimov

Abstract. The article considers the following spectral problem:
-y +aq(@)y=Ny, z€(0,1),
y(0) =0,

y'(0) = (ax +b)y(1),

where ¢(z) is a complex-valued summable function, A is a spectral parameter, a and b are arbitrary
complex numbers (a # 0.) The theorems on completeness and minimality of eigenunctions of a
spectral problem in L,(0,1) ® C' and L,(0,1) are proved.
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1. Introduction

Consider the following spectral problem:
_y/,+Q(x)y: Ay, x€ (07 1)7 (1)

y(0) =0,
(2)
y'(0) = (aA + b)y(1),

where ¢(x) is a complex-valued function, A is a spectral parameter, a and b are arbitrary
complex numbers (a # 0.) The purpose of this article is to prove the corresponding the-
orems on the completeness and minimality of a system of eigenfunctions of the spectral
problem (1), (2) in the spaces L,(0,1) @ C' and L,(0,1). There are numerous articles
and monographs on the study of the spectral properties of problems posed for ordinary
differential operators and including spectral parameters in the boundary conditions (see,
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e.g., [1,2,3,4,5,6,7,8, 9,10, 11, 12, 13, 14]). One can cite articles from recent works
[15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26]. Special mention should be made of the works
[8, 9, 14, 25, 26] directly related to our paper. So, the case ¢ () =0, b = 0 is considered
in [8, 9], and in [14] under the additional condition ¢ (z) = ¢ (1 — z), it is considered the
case b = 0. Other generalizations of the boundary conditions (2) are also found in [25, 26],
where questions of the uniform convergence of spectral expansions and also, under an

additional condition ¢ (z) = ¢ (1 — z), the basis properties of eigenfunctions in the spaces
L, (0,1) are studied.

2. Auxiliary facts and initial results

In order to obtain the main results, we need some abstract results on complete and
minimal systems in the direct sum of a Banach space with a finite-dimensional one. A
system {un}, cn of a Banach space X is called complete in X if the closure of the linear
span of this system coincides with the entire space X, and is called minimal if no element
of this system is included in the closed linear span of other elements of this system. Recall
also that a system is complete in X if and only if there is no nonzero linear continuous
functional that annihilates all elements of this system. A system is minimal in X if and
only if it has a biorthogonal system.

Let X1 = X®C™ and {uy}, .y C X1 be some minimal system, and {ﬁn} CXj=

neN
X* @ C™ is its biorthogonal system :

~

Up, = (Un;anla‘--yoénm); Up = ('&n§/6n17---7/6nm)~
Let J = {n1,...,n,} be some set of m distinct natural numbers and N; = N\J. Assume
0 = det HBmJ” ij=1,m"

The following theorem is true.

Theorem 1. [27, 28] Let {i,},,cy be minimal in Xy with conjugated system {gn} v C
ne

X7. If § # 0, then the system {un}neNJ is minimal in X. In this case, the orthogonally
conjugate system has the form

29;; — 1 /Bnl Bnll /Bnml
S| e
ﬁnm /Bnlm ce ﬁnmm

If {@n} e is complete and minimal in X1 and & # 0, then {un}, oy, is complete and
minimal in X. If the system {ly}, c is complete and minimal in X1 and § = 0, then the
system {un},cn, i not complete in X.
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Accept A = —p?. Let us denote the forms included in the boundary conditions (2) as
follows:

(3)
Uz (y) = 4/'(0) — (ap® +b) y (1).

After these notation, the problem (1), (2) can be written as follows:

—y" +q(z)y+p’y =0,z € (0,1), (4)

Ur (y) =0,
(5)
Uz(y) =0

It is known that there is a system of fundamental solutions y; (x) and y2(z) of the equation
(4) in the interval (0,1) and these solutions are regular functions of p and at large values
of |p| with respect to the variable x € [0,1] uniformly satisfy the following asymptotic
relationships:

o (@) = (™ 140 (1)),

ys () = (pun)lerea [1 +0 (%)} ,

here j = 0,1; p belongs to one of the four S -sectors [29, p. 62], and wy, wy are different
square roots of —1, numbered so that for p € S the inequality Re(pwi) < Re(pws) holds.
For example, for the sector Sy = {,o 0<argp< 2} we have wy = i, wy = —1.

The solution of the equation (1) (or (4)) should be in the form of

y(x) = c1y(w) + caya(z).

Let us choose the constants ¢; and co so that the function y(z) satisfies the boundary
conditions (5). Then to find the constants c;, ca we get the following system of algebraic
equations:

Ui (y1) + Ui (y2) = 0,

aUa(y1) + c2Ua(y2) = 0.

It is known that there is a non-trivial solution of this system of algebraic equations when
its main determinant (characteristic determinant) A(p) equals zero. Thus, the number
A = p? is a eigen value of the spectral problem (1) - (2) if and only if it is a solution of
the following equation:

Ui (y1) Ui (y2)
A(p) = = Ui (1) U2 (y2) — U2 (y1) U1 (y2) = 0. (7)
Uz (1) Uz (y2)
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Considering the asymptotic formulas (6) in the expressions of U; and Us in (3), we obtain
the following asymptotic relations:

Uy () =1+ 0(5), Ui (o) = 1+o<;>,

[ S

Ga) = ip [1+0G)]| = (e + 0 |1+ 005)].

p

Us (1) = —ip [1 + 0(;)] ~ (ap® + b)e" [1 + O(M .

By substituting these asymptotic relations in the expression of A(p) in (7) and using
Birkhof’s sign [A] = A+ O ( ) we obtain:

1] [1]

ip[1] = (ap® + b)e 1] —ip[1] — (ap? + b)e™* [1]

A(p) =

Calculating the determinant A(p) and consider that when the complex number p enters
the sector Rep >0, Imp > 0, the inequality Re(ip) < 0 < Re(—ip) satisfies, then we
get the following asymptotic relation:

A(p) = (ap® +b) e [ezif’ -140 C})] —2ip[1] =

» A 2ip 1
2 ) 21 )
= b Ples” —1— P+0(-)]. 8
(ap®+b)e [e ap2+b€ + (p)] (8)
So, the eigen values of the problem (1),(2) are the root of the equation
. 2ip 1
Ao(p) =€*P —1— Y 4+0(=)=0. 9
o(p) = ¢ e+ o0) )

Note that the number A = —g (iie. p= :I:\/%i ) cannot be an eigen value, because in

this case the function y(z) satisfies the initial conditions y (0) = 0, ¥ (0) = 0, from
which y (z) = 0 is obtained . The roots of the equation f (p) = €2 — 1 = 0 are the
numbers pp = wk,k = 0,£1,..... Since A(p) is an even function, we will consider only
the roots of this function in the right hemisphere. Draw a circle ~; with the same radius
d (0 <6 < %) around each point pi. If we denote the region outside these circles by
Qs, then the function f(p) = €2 — 1 in this region is bounded by a definite positive
constant from below. Indeed, since the function f(p) is a periodic function with a period
m, it suffices to investigate this function in a vertical stripe bounded by the straight lines
Rez = £7. While in this stripe the following relations

lim [f(p)] = +oo,

Imp——o0

lim | f(p)| =1,

Imp—+o0
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are true. Since the function f(p) does not vanish outside the circle vy in this band, it
is bounded from below by an absolute value positive number « outside the circle vy. At

large values of |p| the inequality ‘O(%)‘ < «a is also satisfied. Therefore, according to
Rouché’s theorem, at sufficiently large values of k, equation (9) has only one root inside
the circle 7%, and if we denote it by p;, then from equation (9) we get the asymptotic

formula

pr =1k + O (/1) . (10)

In addition, since the function f(p) = e?” — 1 is bounded below by a certain positive
number in the domain Qs it follows that for sufficiently large |p| the function Ag(p) =
e — 1 — azziibeip + O(%) is also bounded below by a certain positive number in domain
SoNQs .

Taken into account the asymptotic formula (6) for sufficiently large |p| we get the
inequality

A(p)] = Mslpf*e”, (11)

where the constant My independent of p, only depends on the number § > 0.
Thus, the following theorem is proved.

Theorem 2. The characteristic determinant A(p) of the spectral problem (1),(2) has the
following properties:

1. there exists a positive number Ms such that, in domain So N Qs for the sufficiently
large |p| the inequality |A(p)| > Ms|p|®e™ holds;

2. The zeros of the function A (p)are asymptotically simple and have asymptotics as
follows:
1

pkzwk:—FO(k

>,k:0,1,2,....

3. Construction of the Green function of the spectral problem (1), (2)

To construct the Green function of the problem (1), (2), it is necessary to obtain an
integral representation for the solution of the corresponding non-homogeneous equation.
Let us write the non-homogeneous equation as follows

—y +q(z)y =y + f(z),2z € (0,1). (12)

When the number A is not an eigenvalue, if we apply the method of variation of the
constant to find the solution of equation (12) that satisfies the boundary conditions (2),
we obtain the following formula for the solution y(x) of this equation:

1
y(z) = e (@) + ext() + /O 9. €) F(€)de, x € (0,1), (13)
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where
ﬁ (11 (&) y2(z) —y2 () y1(x)), x>E,

D=

~

g(x,§) =
—3wig W1 (©y2 (@) =2 (&) w1 (2) 2 <&,

W (z) is the Wronskan of the functions y;(z), y2(x) , i.e.

) (8
W(E)_‘ (&) ya(8) ’

Let us claim that the general solution (13) of equation (12) satisfies the boundary condi-
tions (2), i.e. is the solution of the boundary value problem (12), (2). This means that the
constants c1, co must be solutions of the following non-homogeneous system of algebraic
equations:

aUi(y) + U () + [ Ur(g) f(£)d€ = 0.

c1Uz(y1) + c2U(y2) + [y Uz(g) f()d€ = 0.

Since A is not an eigenvalue, the main determinant of this system is differ from zero, and
therefore there exists only one solution. Solving this system and substituting the found
values of the constants ¢; and ¢z in equation (13), we obtain the following formula:

1
yio) = [ Glogn 1@ de (1)
0
In formula (14) G(z,&, p) is a Green’s function and defined as follows:
1 yi(z)  wya(z) g(x,9)

G(x7§ap):m Ul(yl) Ul(y2) Ul(g) 71'766[071]7 (15)
PPl Us(p) Uy Uslg)

where
.8 S @) + 2@ (@), ==
g\x,q) =

“H©n@) T 2@n@),  T<E

28 ; _ wn(

2(0) = 2 2@ = -1,

Us (9) = —3 (Us (32) 21 (6) + Us (1) 22 (6)),
U (9) =~ (1 (€3 0) + 22 (©) 41 (0)) — (a? +8) 5 (21 (©) 42 (1) + 22 (€ 3 (1).

So, the following lemma is proved.

Lemma 1. The Green function of the spectral problem (1),(2) is defined by the formula
(15).
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4. Evaluation of the linearized operator’s resolvent. Theorems on the
completeness

Let us now reduce the study of the spectral problem (1), (2) to the study of the spectral
problem Ly = Ay for an operator L acting in the space L,(0,1) @ C. The operator L is
defined as follows:

D(L)={j§ € Ly ®C:§= (y(x),ay(1)),y € W;(0,1),U(y) € Lp(0,1),y(0) = 0},
for € D(L) it is true L = (I(y); y (0) — by(1)).

Lemma 2. Operator L is a closed operator with a compact resolvent and is dense every-
where in the domain L,(0,1) & C . The eigenvalues of the operator L coincide with the
eigenvalues of problem (1), (2). Each eigen or associated function y(x) of the problem
(1), (2) corresponds to an eigen or associated vector y = (y(x),ay(1)) of the operator L.

Proof. Let’s define the function F'g = y(0) for the vector § = (y (z),ay (1)), y(x) €
W2 (0,1). It can be easily checked that the functional F' is bounded in space W2(0,1) &
C' and unbounded in space L,(0,1) @ C. Then the considered operator L is a finite-
dimensional contraction of the maximum operator L, defined as follows:

L:L,oC—L,®C,
D(L)={seL,@C:j=(y()ay(1),y € W2(0,1),L(y) € Ly (0, 1)},

Ly=(1y) 50 —by(1)), ¥jeD).

Then (see [30, 31]) we obtain that the operator L is a closed operator with a compact
resolvent and its domain is dense everywhere. The second part of the lemma is examined
directly.

Note that since the operator L is closed and dense defined everywhere, it has an adjoint,
and the adjoint operator L* will be the linear operator generated by the spectral problem

—2" 4 q(@)z = Az, (16)

z(1) =0,
- (17)
2 (1) = —(a\ + b)z(0),

in the space Ly(0,1) & C, where ¢ = p%l.
_ To construct the resolvent operator R () = (L — Al )~1 take an arbitrary element
f=(f(z),B) € L,(0,1) @ C and consider the operator equation (L — AI)y = f. To solve

this equation, it is necessary to find a solution to equation (12) that satisfies condition
y(0) =0,
(18)
y'(0) = (aA +b)y(1) = B.
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It is obvious that, for each regular number A the element § = (y(z, A),ay(1,\)) € D(L)
will be the solution of the equation Lj — A = f if and only if the function y(z) will be a
solution of the non-homogeneous equation (12), (18). We can present the solution y(z, \)
of equations (12), (18) in the form of the sum of two functions:

y(x,\) = éd(z, A) + h(z, A)

thus, ¢(z, A) is the solution of the problem (12), (18), and h(z, ) is the solution of the
problem (1), (18). The representation (14) for the function ¢(z,\) has already been
obtained. Now let’s take a representation for the function h(z, A) Let’s denote it briefly
by h(z). Then let us seek it in the form

h(z) = a1y1(z) + agya(z), z € (0,1), (19)

where the constants a1, as must be the solution of the following system of algebraic equa-
tions:

or
a1U1(y1) + a2Ui (y2) = 0,

a1Uz(y1) + a2Us(y2) = B.

By solving this system of equations, we have

al = —

: 5
N

If we substitute them in (18), we obtain

h(z) = Afp)(_Ul (4291 (&) + Us (1)), (20)

Thus, if the number A is a regular point of the operator L, then we obtain the following
representation for the solution y(z, A) of the problem (12), (18):

1
B
y(z,A) = /0 G, &, f)f(§)ds + m(—%(m)w(ﬂ?) + Ur(y1)y2(z)) (21)
where G(z,&, \) is a Green function and is determined by equation (15) .

Now we can proceed to a direct estimate of the resolvent R (\) = (L — A)™" . Let Qs
be the image of the domain Qs in the complex A -plane under the mapping A = p?.

Theorem 3. For the resolvent of the operator L, which linearizes the spectral problem
(1),(2), in the domain Qg for large values of |A| the following estimate is valid

M
RN < —5
RIE

: (22)
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Proof. Let f = (f(z),p € L, ® C be an arbitrary fixed element. To estimate the
resolvent it is necessary to estimate the vector (y (z),ay (1)) € L, & C. Let us show that
if p € Qs, Imp > 0, then for sufficiently large |p|, for the solution y(zx, p) of the problem
(12), (18) uniformly with respect to the variable = € [0, 1] the following inequality

C
(y(z, p)| < Tl

is true; where the constant C' is independent of p, but depend only on element f &
L,(0,1) & C and 4. Let us accept A = —p?, p = s+ ir,7 > 0. Then according to (21) the
following representation

A (p) (=Ur(y2)y1(x) + Ur(y1)y2(z)) =

1
y(w)z/o G (x.€.p) £ (€) d +

1
_ /0 Gz, £, p)[(E)dE + h(x. p)

is true, where

h(z. p) = 5—U1(92)y1 (-2(—;)[]2(:(/1)3/2(_1-).

Using asymptotic formulas (3), we can write the following:
Ur(y2)yi(z) = e*[1] - [1] = e'*[1] = O(1), (Rei p < 0),
Ua(n)y2(z) = e **[1(ip[1] = (ap? +b) M = ap?e P2 1] = O (7).
Note that these asymptotic formulas uniformly satisfy with respect to the variable x €
[0,1]. Considering these asymptotic formulas in (23), we obtain that as |p| — oo, the
increase in the numerator of the fraction in (23) is like O(e™). On the other hand, taking
into account the inequality (11) and the above estimate of the increase in the numerator
of the fraction in (23), for sufficiently large |p| in the domain Qs the following estimate
: M,
(@, p)| < Mse™™ < =5 (24)
Pl
is obtained, here the constant M(; is independent of p.
Now, let us estimate the function ¢(z, p). Taking into account the asymptotic formulas
(3) in the following expressions

(23)

a(6) = I @) =228,
we have:
() = y2(&) _ e~Pe[1] _ e e (1] :e_ipg :iefipg
1 @ [T ST
hl€) ual6) 1] 0]

ipetPt[1]  —ipe~t5[1]
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 we Sty R
28 =700 w© N A TR R
iperS[1] —ipe"P¢[1] SRO
v1(6) ya(6)
(26)
Consider the function G(z,&,p) in the case of x > & (the case of z < £ is considered
similarly).

The determinant (12), which determines the function G (z,&, p), can be transformed as
follows: multiply the first column of the determinant by %22 (£), and the second column
by —%zl(f ) and add to last column. Using asymptotic formulas (3), (25), (26), we obtain
the following formulas for the elements of the last column of the determinant in (15)

1

P =g(z,6)+ %m (7) 22 (&) — 52 ()21 (&) =

= So1(©(2) + 522 () + Jui ()(€) — Sy ()71 (6) =
— (@) 22 (6) = ¥ [1] (e ) W] = — " O], D)
Py=Ui(9) + 322 () U () ~ 321 () Us (32) =

- _%Zl(g)Ul(QQ) - 1Zz(ﬁ)Ul(yl) + 1'Z'Q(E)Ul(yl)_

2 2
~54 OV ) = =21 Ui () = e M- = —-e¥ [, (28)
Py= —321 (©)5(0) ~ 322 () 1(0) — 5 (ap? +1) 51 (€) 2 (1)
—5 (0 + D22 (1) + 522(€) 41 0
— 52O 0 + B (1) — 321(Eal0) + lap? + D=1 (E)al) =
= =21 () 52(0) = (ar® +) 22 € wn (1) = ip [1] 5o 1] -
(@ + ) (e 5] = — (1) - 2 E D o0 (29

Substituting formulas (27), (28), (29) into the formula (15) of the Green function, we

obtain:
vi(x)  ye(z) P 0P
U, =

OO 5 R,

P
Alp) P,
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e’ (1] e (1] — Leir==91]
ip[l] — (CL,O2 + b)eip[l] —ip[l] — (CZ,O +be fzp[ ] %ﬁ‘f‘biew(lfﬁ) [1] - %eipg[l]

Since the last formula contains 0 <z <1, 0<¢ <1, x> ¢ and Re( ip) <0 the powers
of the exponents included in the determinant are complex numbers, the real part of which
is not positive. We have shown that the function Ay(p) is bounded below by some positive
number. Thus, the function G(z,¢, p) for large values of p € Sy N Q5,0 < & <z <1, and
|p| satisfies the following inequality

X

Gla,€.p)]| < |C| (30)

this inequality is satisfied uniformly with respect to the variables x and £. Now, taking into
account the inequalities (20) and (30), we obtain the following estimate for the solution
y(x, p) of equations (12), (18) for the fixed element f € L,(0,1) & C:

1
y(x,m:'/o G (2,6, p)  (€) de + h (. p)| <

1
g/ G (2.6, )| |f (€)] dé + |h(x. p| <

|p|/|f )l de + |5]) <

“IIf

- Ipl Ly@&C’

Hence, we have the inequality

Ca
< il 0
s, < 1],
Since the estimate (31) is satisfied uniformly with respect to the variable x € [0, 1], the
estimate for |y (1)| is obtained by writing = 1 in (31). Thus, the inequality (22) is true
for each A\ € Q.
Theorem is proved.

Using the Theorem 3, let’s prove the following theorem, which is the main result of
this section.

Theorem 4. The system of eigen and associated elements of the operator L is a complete
and minimal system in the space L, (0,1) @ C, 1 < p < oo.

Proof. The minimality of the system of eigenvectors and associated vectors of the
operator L in the space L, (0,1) @ C, 1 < p < oo, is a consequence of the fact that the
resolvent of the operator L is a compact operator in this space [32]. Therefore, we prove
the completeness of this system. According to Theorem 2, the resolvent of the operator
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L satisfies estimate (22) . This estimate means that the resolvent R(\) = (L — AI)™*
satisfies the inequality

C
IR (P < Fj’ pE Qs |pl =10 (32)

Let us assume that the system of root vectors of the operator L is not complete in space
L, (0,1)® C. Then there exists a vector g € L, (0,1) & C orthogonal to all root subspaces
of the operator L, i.e.

(Quf.g) =0.f €L, (0, C, n=0,12 ..

and hence Qg =0, n =0,1,2,...; here (),, denotes the Riesz projectors of the operator
L: )
Qn =

=— R(\)dA.
270 Jix—an|=r

In this case it is obvious that Q}, n € Ny, (Ng = N U{0}), will be the Riesz projectors of
the adjoint operator L*. It follows that R (A, L*) ¢ will be an entire function in the entire
A - plane. On the other hand, based on estimate (32), the inequality
* Cs 2
[N L) < ’)\T, AEQs, A= 705 (33)
2

is true. Then, by the maximum principle, inequality (33) is satisfied in the entire A-plane
and R(\,L*)g — 0 as |A\| — oo, and by Liouville’s theorem this means that an entire
function R (X, L*) g is a constant function. Then differentiating this function and taking
into account that %R (A, L*) = R%(\, L*) we obtain that R? (\,L*)§ = 0. Since for all
A € p(L*) the operator R (A, L*) is single-valued, we obtain that § = 0, which means
that the root vectors of the operator L form a complete system in the space L,(0,1) ® C.
Theorem is proved.

From Theorem 4 it also follows that the system of eigenfunctions and associated func-
tions of the spectral problem (1),(2) is overflowing in space L,(0,1), and in this system
one function is superfluous. Therefore, we clarify the question of which function can be
excluded from this system while maintaining the completeness and minimality properties.
Let the system {Z,},~, be biorthogonal system to {g,},—,. It is a system of root vectors
of the adjoint operator L* moreover 2, = (z, (z),azy (0)), where z, (z) is an eigenfunction
or an associated function of the adjoint spectral problem (16),(17).

The following theorem is true.

Theorem 5. The system {yn(x)};ozovnino, obtained from the system of eigen and as-
sociated functions {yn(T)}; 20 zny: Of the spectral problem (1),(2) after removing any
eigenfunction yn, (x), corresponding to a simple eigenvalue, is complete and minimal in
the space L,(0,1), 1 < p < oo. In this case, the biorthogonal system has the form

{Un(z)}:2 where

n=0,n#ng’ (0)
Zn

O () = 2 () — T(O)

Zng (T) .
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Proof. As follows from Theorem 1, a sufficient condition for the completeness and

minimality of the system {yn()},Z0 ,n, 13 the condition 2, (0) # 0. For any simple
eigenvalue \,, this condition is satisfied, because, otherwise, we get that the function
Zn, () is a solution to equation (16), satisfying the initial conditions zy, (1) =0, 2, (1) =
0, so this solution is trivial, i.e. =z, (z) = 0, which contradicts the fact that it is an
eigenfunction. Thus, the assertion of the theorem follows from Theorem 1.
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