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Abstract

In the paper, we consider distribution of eigenvalues of a third-order differential
operator with nonlocal boundary conditions on a segment. The characteristic
operator of the considered spectral problem is an entire function that has an integral
representation. Countability and asymptotics of zeros for an entire function on the
complex plane in sectors with a small span along the imaginary axis is proved.

1 Introduction

We consider the question of zeros distribution for entire functions of the form

2
f@-traze2 [ [ Y ep(olops o) Dy dady, )
[0,5]x[0,6] /=0

here p = ¥z, w; = exp(27ij/3), i = V-1, A is a constant, D(x, y) is an absolutely integrated
function.

The problems on eigenvalues for some classes of differential operators are reduced to a
similar problem. In particular, the following problem on eigenvalues reduces to the studied

question:

¥ () + Pr(x)y (%) + Po(x)y(x) = Ay(x),  x € (0;D),

b

¥(0) = A /0 y(x)o1(x) dx,
b

¥ (0) =2 /0 y(x)oa(x) dx,
b

Y'(0)=2 /0 Y303 (x) dx,

where 01(x), 02(x), 03(x) € Ly(0;b), Py(x), Py(x) € C'(0; b), everywhere solvable in L,(0; b)
multipoint problems are contained among them.
© 2013 Imanbaev et al, licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.


http://www.advancesindifferenceequations.com/content/2013/1/110
mailto:imanbaevnur@mail.ru
http://creativecommons.org/licenses/by/2.0

Imanbaev et al. Advances in Difference Equations 2013, 2013:110 Page 2 of 5
http://www.advancesindifferenceequations.com/content/2013/1/110

Works [1-6] are devoted to study of zeros of entire functions having integral represen-
tations.

Sometimes entire functions of the form (1) are the same as the quasipolynomials, the
zeros of which are studied in works [7—9]. Connection between zeros of quasipolynomials
and spectral problems is reflected in [10, 11].

The following theorems take place.

Theorem 1 Let D(x,y) be an absolutely integrated on the square [0,b)] x [0, b] function.
If D(x,y) is continuous and different from zero in a neighborhood of the square, then zeros
of the function f(z), which are sufficiently large by the modulus, can be located only in the
sectors of an arbitrarily small span

<é€.

Argz+ ©
ez —_—
£2=5

According to results of the monograph [11], there are exactly six critical rays on the plane
p,le,argp =g + %k, k=0,1,2,3,4,5.

Theorem 2 Let conditions of Theorem 1 be realized, and let the value w,D(b,0) + D(0, b)
is different from zero. Then zeros of the function f(z), which are sufficiently large by the
modulus and are belonged to the sector | argz — 7| < &, have the asymptotics

Z2ikr 1 . wnD(b,0)+D(0,b)
3 — -
Vak ‘( ban  ban Db b) )

+g(max(lnka)<\/§¥>;l>>, k>1,

where w(3) is the continuity modulus of the function D(x,y).

Theorem 3 Let conditions of Theorem 1 be realized, and let the value D(b,0) + w,D(0, b)
be different from zero. Then the zeros of the function f(z), which are sufficiently large by the
modulus and are belonged to the sector |argz + 7| < &, have the asymptotics

Yk =

(—Zikn N 1 D(b,0) + 0,D(0, b)
ba)1 ba)1 D(br b)

+g(max(lnka)<\/§¥>;l>>, k>1,

where w(3) is the continuity modulus of the function D(x,y).

Theorems 1, 2, 3 are proved in [12]. In the present paper, we prove the following.

2 Main results

Theorem 4 Let the function f(z) have the form (1). Suppose that the function D(x,y) has
continuous partial derivatives up to the third order by variables x and y in the square
[0,b] x [0,b]. If ;1 D(b,0) + D(0,b) # 0, D(b,b) # 0, then the zeros zx of the function f(z)
have the same asymptotics as in Theorems 2 and 3; the remainder term of which is written
in the form ofg(%).
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Numbers, expressed by logarithms in Theorems 2 and 3, can be included in the remain-
der terms. At the same time, these values make the asymptotics more precise essentially
in Theorem 4.

Proof Let p be changed along the ray p = |p| exp(iyr), where i is a constant. Choose the
point (x9,%0) and the index j, from the condition

max max Re ,o(a)jx + wj+1y) =Re p(a)joxo + a)/'0+1y0).
0</=2 (x,9)€[0,b]2

Consider a critical ray arg p = Z. Then

max max Rep(wx + wj.1y) = Re p(wjoxo + ®jo+1Y0)
0</=2 (x,y)€[0,b)?

is attained on a side of the square [0, 5] x [0, ] at j, = 2.
Integration by parts of f(z) gets the relations

2
D(b,b)
fe)=1+Az+7° ; [_m exp(p(a)jb + a)j+1h))

D(0,b) D(b,0) D(0,0)
-— exp(pa)j+1b) - exp(pa)jb) + m
77+

)0260,‘60;41 Pzijj+1

_/b aD(x,b) 1
0

™ - . exp(,o(a)jx + a)j+1b)) dx

1 9D(b,y)

p2wjwj,y Yy

fb dD(x,0) 1
+ .
0

0x pzwja)/+1

b
- exp(pwjx) dx — f
0

L | aD(0,y)
x exp(p(wjb + wj,1y)) dy + / 5 . ) exp(pwj1y) dy
0 PTWwi dy
1 b ["0D(x,y)
— | d . ; 1Y) dy | 2
" oo [ )] iy -esntotas s ona)ay ] @
Introduce the function
z2D(b, b) z% (D(0,b) D(b,0)
h) = S50 exp(planb + wob) - 5 + 220 ) - explowob),
P wrw0 P WrWo Wow1
and also the difference G(z) = f(z) — h(z). The zeros of the function /(z) are written out as
follows:
:01? _ —2mki 1 w1 D(b,0) + D(O,b)’ k=1,

bw,  bwn ' D(bb)

Consider the square T with the side 2¢ and the center situated in the point p{w,b on the
complex plane pbw,. Choose ¢ such that conditions of the Rushe theorem are realized, and
¢ could be minimal from possible ones. Let us show feasibility of conditions of the Rushe
theorem |G(z)| < |i(z)| on the sides of the square T'. In this order, we compare the majorant
of the function G(z) and the minorant of the function /(z), i.e., we should to verify that
max7 |G(z)| < ming |k(2)].
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Estimate from below the function /(z). Then we get the inequality
|h(z)| > | |2 exp(Re,owob) |w1D(b,0) + D(0,b)| - min{tge; 1 - exp(-¢)}. (3)

The part of summands, entering into the function G(z), includes exponents, the real
numbers of indexes of which are directly less than one of numbers Re pwob and Re p(w:b +
wob). Real parts of the indexes for each of these summands can be estimated by

{Re pwob;ep(wyb + a)ob)}.

The remaining summands of the integral containing exponents with real numbers of
the indexes are equal to one from the numbers Re pwob and Re p(wyb + wob). Using the
smoothness properties of the function D(x, y), we integrate by parts each of these integrals.
Then we estimate them from above. As a result, we get the inequality

o exp(Re pwyb) - (1 +exp(Re pwzb))

’G( ’ | |2

X {exp(,owlb) -|D(®,b)| + (|D(0,b)| + | D(b,0)]) - exp(Re p(ws — wo)b)

3 3pl*> [|dD(b,b aD(0,b
+ = X exp(-Re pwyb) - |D(0,0)| + —ﬁ . (b,5) + 0.5)
2 2 |z|? 0x

5192D(x, b) aD(b,0)| |8D(0,0)
+ ——\|dx+ +

0 x> ox ox

b192D(x, 0) aD(b,b)| |3aD(b,0)
+ ——|dx+ +

0 dx? ay ay

/b 32D(b, y) '8D(O,b) ‘BD(O, 0)
+ ——|dy+ +
o | 9y dy dy

/" 32D(0, ) fb 82D(x,b)

+ —|dy+ —

0 ay? o | Odxdy
b 2D ; 3D ;

+/ 3°D(x,0) dr s // xy)dd (4)
0 ax dy dx 9y?

Now choose ¢ > 0 such that the following inequality holds on the sides of the square T
2
|| ||2 exp(Re pwob) - |a)1D (b,0) + D(0, b)| -min{tgs;l - exp(—s)}

> the right side of the inequality (4).

Then we obtain from here an inequality for choosing ¢:

|w1D(b,0) + D(0,b)| - min{zge; 1 - exp(—e)}

> 2(1 + exp(Re pwsb))

X {exp(Re pawib) - |D(b,b)| + (|D(0,b)| + | D(b,0)]) - exp(Re p(ws — wo)b)

3 3
+ exp(—Re pwob) - [D(0,0)] + E%B}
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where indexes of the following exponents exp(Re pw; b), (Re p(w; — wo)b), exp(—Re pwob)
are negative. For the best estimate, take the most minimal from indexes of these exponents.
For this, introduce the notation:

—Re pbS = max{Re pbw, Re pb(w; — @), —Re pbay },

where § > 0. Because the value p is equivalent to % on the indicated square 7, we have

2(1 + exp(ReZink)) X {exp(— Re pbd) - |D(b, b)| + (|D(0,b)| + |D(b, 0)|)

3 3
x exp(—Re pbd) + 5 exp(—Re pbs) - ‘D(O, 0)‘ + MB}

> |w1D(b,0) + D(0,b)| x min{tge;1 - exp(-s)}.

Denote by A = |w;D(b,0) + D(0, b)|. Then we obtain
dexp(—Rephs) - C+ —— = A
exp(—Re -C+—=Ae.
P P 4k

Since (—Re pb3d) is negative, we have ¢ = Q(%). So, Theorem 4 is proved. O

Remark Results of Theorems 1-3 are correct for the case of D(x,y) is continuous in a
neighborhood of corners of the square [0, 5] x [0, b].
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