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On the regularized trace formula for a
Sturm—Liouville boundary value problem
with two delays and two potentials

NATASA PAVLOVIC KOMAZECV000-0002-3375-5667

ABsTRACT. This paper is devoted to a Sturm—Liouville boundary value
problem with two constant delays 71,72 € [77/3,7r) and two potentials
q1,q2 € L2[0,7]. We derive an asymptotic expansion of the charac-
teristic function and obtain asymptotic formulas for the eigenvalues.
Using the Lidskii-Sadovnichii contour integration method, we establish
an explicit formula for the first regularized trace of the corresponding
operator.

1. INTRODUCTION

Trace and regularized trace formulas for differential operators constitute
an important part of spectral theory and have been studied extensively (see:
[1,09,/15]). For classical Sturm-Liouville operators, trace formulas establish
relations between the spectral characteristics of an operator and the coeffi-
cients of the corresponding differential equation, together with the boundary
conditions. Such formulas provide valuable information on the distribution
of eigenvalues and play an important role in inverse spectral problems (see:
[4]). In recent years considerable attention has been devoted to differential
operators with retarded arguments (see:|2,3}|14}/16/-20,22]). Such operators
naturally arise in various applications: control theory, economics, population
dynamics, and related fields. The presence of delays significantly complicates
the spectral analysis. In particular, the structure of the characteristic func-
tion and the asymptotic behavior of the eigenvalues differ essentially from
those in the classical Sturm—Liouville case. Two main approaches are com-
monly used for deriving regularized trace formulas: Levitan’s method and
the contour integration method. Levitan’s method is based on Hadamard’s
factorization theorem and has been applied in [5,/6,(10,|11]. The contour
integration method is related to the argument principle and to the study
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of remainders in complex analysis (see: [|12,21]). In |7], a general method
for calculating regularized sums of zeros of entire functions of class K was
developed. This method made it possible to obtain regularized trace formu-
las for a wide class of problems generated by ordinary differential equations
on a finite interval. The application of this method, known as the Lidskii—
Sadovnichii method, to differential equations with a delay was first presented
in [13].

In this paper, we determine the first regularized trace of a Sturm—Liouville
boundary value problem with two constant delays and two potentials by
using the Lidskii-Sadovnichii method. Namely, we study the equation

2

(1) —"(x) + Y ar(@)y(z — ) = My(x), = €[0,7],

k=1
together with the boundary conditions
(2) y'(0) — hy(0) = 0,
and
(3) y'(m) + Hy(m) =0,
where § <7 < 5 <2 <7 <7, h,H € R\ {0} and \ = 22 is a spectral

parametar. We assume that ¢i(x), g2(x) are real-valued potential functions
from Lo[0, 7], and such that gx(z) =0, z € [0,7%), k = 1,2.

We first derive an asymptotic formula for the corresponding characteristic
function Fr, ,. On this basis, we obtain asymptotic representation formu-
las for the eigenvalues and establish the first regularized trace formula for

problem 7.
2. PRELIMINARIES

Lemma 1. Let y(z,z) be the solution of the differential equation

2
(4) —y" () + Y ar(2)y(z — ) = 2%y(x), z € [0, 7],
k=1

which satisfies the initial conditions y(0,z) = 1, y'(0,2z) = h and for the
functions qi(z), k = 1,2, it holds qx(x) = 0, z € [0,7%). Then y(z,z)
satisfies the integral equation

2 x
h 1
(5) wy(x,z) =coszz+ —sinzr + — Z / qr(t) sin z(x — t)y(t — 11, 2)dt.
z z it
Proof. Equation can be written in the form

2
—y(2,2) + 2%y(2,2) = Y qr(@)y(x — 7, 2).
k=1
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General solution of the homogeneous equation —y” (z, z)+22y(z, z) = 0 with
initial conditions y(0,2) =1, ¢/(0,2) = h is

yo(z,z) = cos zx + — sin zz.
z

By applying the method of variation of constants it is obtained

2 x
h 1
(6) y(z,z) =coszz+ —sinzz + — Z / qr(t)sin z(x — t)y(t — 13, 2)dt.
z =t

Based on the assumption, gx(t) = 0 for ¢t < 7, equation @ reduces to the
integral equation , which should have been proven. O

By the method of steps (see: [10,/13,/14]), it can be easily verified that the
solution of the integral equation on the interval (71, 7] is

2 2
h 1 h
- y(x,z) = cos zx + . sin zzx + 2 kgﬂ bgz) (z,2) + 2 kg_l bi’;) (x,2)+

1. h, @)
+ ?bSQC(:C? Z) + 273b83 (.%', Z)v

where
T
bF) (2, 2) = /qk(t) sin z(x — t) cos z(t — 7x)dt,
Tk
bi’;) (x,2) = /qk(t) sin z(x — t) sin z(t — 7)dt,
Tk
b (z, 2) = / go(t)sin z(z — D (t — 1, 2)dt,
279
bg)c(x, z) = / @ (t)sin z(z — )b (t — 79, z)dt.
279
Let denote

FTI,7'2(7T7 Z) = y/<7T7 Z) + Hy(ﬂ-a Z)'
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For x = 7 from we get the characteristic function

2
From(2) = <—Z + hH> sinmz + (h+ H) cosmz + Z bif)(z)_|_
z

k=1
2 2
H Hh
k 1 k=1 k=1
h H Hh
+ bgg< )+ ?bgl(z) + @) + b (2),
where
bg;)(z) = /qk(t) cos z(m — t) sin z(t — 71, )dt,
Tk
b (2) = / qi(t) cos 2(m — t) cos z(t — 74 ),
Tk
9) B0 = [ @) sinar - 042~ )
279
b3 (z) = / ga(t) cos z(mr — )b (t — 79, z)dt,
272
b((j% (2) = / ga(t) cos z(m — t)bg) (t — 79, z)dt.
279

Here, to simplify the above-given equations for F; ;,(z), we write (z) as
the argument of the functions instead of (7, z). Applying the trigonometric
identities in expressions @D leads to the asymptotic form of the characteristic
function F;, r,(2) given in expression for |z] — o0

™

2
Fro(2) = (_Z + hj) sinwz + (h+ H) cosmz + %ZCOS z(m— Tk)/qk(t)dt
z
k=1

Tk

T 2 ™
H+h 1
(10) +TZ smz(ﬂ'fﬂ@)/qk(t)dtJr 2;/qk(t) cos z(m — 2t + 73,)dt
=17

k=1 4

t—1o

1 7 1
—|—4—Zsinz(7r—27'2)/q2(t) / qg(tl)dtldt+0(| |2>

272 )
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™
When we apply partial integration to integral / qr(t) cos z(m — 2t + 71 )dt

Tk
and introducing notations

T -T2
Jf = /qk<t>, k=12 JP = / a(t / az(tr)dhdt,
Tk
the characteristic function given in can be written in the following form
hH
Frm(2) = (—z + ) sinwz + (h+ H) cosmz
z

2 J(2)
ZJ cos z(m — k) + 4—81nz(7r—27'2)
z
k=1

_l’_

N =

(11)

%) gin z(m— 1)

+ i g(%(ﬂ) + %(Tk)) sinz(m = m) + 0 <| 1I2>

In order to be able to apply the Lidskii-Sadovnichii method, it is necessary
to show that the function Fr, ., (2) is a function of class K.

Definition 1 (|7]). Let f(z) be an entire function which for every integer h
can be written in the form

N-1
= Z eaksz,h(z)
k=0

where oy, are complex constants and
Z —h
Pk h = 2" B 2"k )7 zZ — 00,

ny are integers and ,80 # 0, then the functions f(z) are called functions of

class K. The numbers «a; and Bﬁk) are called parameters of the asymptotics
of the function f(z).

Lemma 2. The characteristic function Fy, ;,(z) of the considered Sturm-—
Liouville problem f belongs to the class K, and we can write it in the
form
2 2
7'1 7‘2 Z iz(n—kr2) Pk + Z e—zz ™ kT2)Pk+3( ) + eiz(ﬂ-_ﬁ)Pii(z)
k=0 k=1
+ (- Tl)Pe(z) + e ™ Py(2) 4 Py(2), |z] = oo,

(12)
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where
hH
(13) Po(s) =2+ o 4 M
(1) A= 1P+ [H;hJF’ + >+q2<72>>}
4@
15) Pa(e) = s Pa(e) = 110+ o | R0+ Lt )]
H
16) Pi() = 11 - 5 | ;’IJFH@( <>+qz<fz>>},
(2)
(17) Pye) =2,
H
18) Ro(e) = 110 - 50 |0 4 L) + )]
hH h
(19) Pi(e) = & g+ o
20) Pz) =0,

Proof. As is known, trigonometric functions can be written in exponential
form

eiﬂz _ e—i7rz ei’fl’Z + e—iﬂz
sinTz = —————, cosTz = ————
21 2
etz (m=1y) + e—2(m—Tx)
cosz(m—1k) = 5 ,
e’L’Z(ﬂ'*ka) _ e*iZ(TI’*ka)
sinz(m — ki) = , kE=1,2.
2Z ) )

Substituting these identities into the asymptotic formula of the characteristic
function given in , we obtain

Frymy(2) = [—QZZ + ZTZ + hJ;H} e + {; - ;—Z + hJ;H} e '
+ ‘gjeiz(ﬂ'—?rz) _ ‘;2(;:6—12 T—279) Z‘] (k) oi2(m=7k)
(21) +21k2 T ot + i)
- lei [H;; th(k) + i(%(”) + Qk(Tk))] e~ )

2
1 1
+ZZJ1(]€)€_%(W Tk)+0<| |2> |Z| — 00.
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When we insert the expressions given by f into equation (21)), we
obtain that the characteristic function can be written in the form ((12)).

Thus, based on Definition 1, we see that the function F .,(z) belongs to
the class K. 0

3. MAIN RESULTS

In this section, we derive asymptotic formulas for the eigenvalues and
establish the regularized trace formula for problem f. It is known, see
[9]. that the spectrum of problem (I)—(3) is discrete and that z, ~ n+o(1),
n — oo. Since the principal objective of this paper is to compute the first
regularized trace of the Sturm-Liouville operator associated with problem
7, it is enough to obtain an asymptotic expansion of the zeros z, of
the corresponding characteristic function in the form

Cl(n,Tk)+02(n’Tk)+O i , k=1,2; n— co.
n n? n?

Using the analogous procedure shown in papers [10] and |11], we obtain that
the zeros of the function F;, .,(z) have an asymptotic shape

Zn(Tk) =n-+

2 2
co1+ Y. ckrcosnTk Y. CpasinnTy
k=1 k=1
() = n+ : PR
(22) cqosinn(ry + 1) + ez sinn(r — 1)
+ 2
c32 SIn 2nm + cgo Sin 2n 1
L C8 | 262 7'2+O<2>’
n n
where
h+H
Co1r = 5
T
J®
= — k=12
Ck1 o ) ) &y
1 k T
Cro = 5.3 |:—Tk<]1< )(h—i-H) — §(qk(7r) +qk(7k))] , k=1,2;
1
e = g5 () (m—m);
1
Cqo = 8—2J1(1)J1(2)(27T — (11 + 72));
T
1
(Jl(z))2(7r —T) — 27TJ2(2)
C62 = .

872
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Since the eigenvalues A, are given by )\, = 22, where z, are the zeros of the
characteristic function, it follows from (22)) that
2 9 2
M (T1,72) = n? 4+ 2co1 + 2 Ck1 COSNTE + — Cr2 sinnT,
n(T1,72) 01 ;kl k n; k2 k

2
(23) + - [caa sinn(T + 12) + cse sinn(1 — 72)]

2 1
+ —(e328in2n7 + cg2 sin2n7y) + o0 () , M — 00.
n n

The first regularized trace is defined as the sum obtained after subtract-
ing from each eigenvalue the leading asymptotic terms responsible for the
divergence of the usual eigenvalue series.

Theorem 1. Let A\, (71, T2), given in expression , denote the eigenvalues
of problem f. Then, the first reqularized trace is given by

00 2
(24) Sl = Z{/\n(Tl,TZ) - n2 - 2601 - Qchl COSnTk} = w3 — <I>2

n=1 k=1

where

2
h+H 1
_ 3 2 2 _ (k)
wg =m(h+ H)’ +h*+ H?, By = ——— —%;Jl .
Proof. The coefficients w, can be determined by means of the following
formula (see: |7,[8L|13])

(25) I;((j’:)) ~ Z w”;f), Z — 00.
’ v=0

Substituting z = —iy into the asymptotic relation and letting y — o0,
we obtain

e h+H hH B
FT177'2(_'L?J) = 73/ |:1+ +F+O(6 2y)

It follows from that

Fl o (—iy) o ML mhlE o o(emma)

(26) 71,72 _ y y
Frum(=4) L Bt 4 B4 Oemmy)
Therefore, relation implies
Fry (1 | h+H w(h+HP?+ 0+ H
27) M v +2 + b+ H) ;_ i +O0(e ™).
Fry np(—iy) Y y y

Using , we obtain the following coefficients:
wo=m, w =1, wy=—(h+H), wy=n(h+H)?>+h+H.
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The quantity ®9 can be evaluated by means of the following formula ([13])
Po(—2,71,72) = ((—2) + 2¢01¢(0) + 2c11Ce0s(0, 1) + 2¢21Ceos (0, T2),

where

C(z) = i %7 Coos(2,7) = i cosnT

n?
n=1 n=1
Accordingly
1 1
C(_Q) = 07 C(O) = _ia CCOS(()?T]{)) = _ia k= 172

Substituting the previously obtained values into the formula for ®2, we ob-
tain

2
h+H 1 (k)
By(—2 _— - =S
2(=2,71,72) - oy kﬂJl
Consequently, the first regularized trace for problem (1)—(3|) is given by

™

2
h+H 1 k
Sy =m(h+ H)?+h2+ H* + +27rk§_1jl()'

This completes the proof. O

4. CONCLUSION

In this paper, we studied a Sturm-Liouville boundary value problem with
two delayed arguments and two potential functions and derived its regu-
larized trace formula by using the Lidskii-Sadovnichii method. The main
contribution of the paper is the derivation of a regularized trace formula
in which the influence of the boundary parameters, the delayed arguments,
and the potential functions is explicitly represented. The obtained result
generalizes the classical trace formulas for Sturm—Liouville operators and
shows how delay terms modify the spectral structure of the problem. The
proposed method provides a useful framework for further studies of spectral
problems with delayed arguments, including higher regularized traces and
inverse spectral problems for more general classes of differential operators.
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