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Spectral problems of the form (7' + P)u = Au have a huge range of applications:
hydrodynamic stability problems, elastic vibrations of a membrane, a set of possible states
of systems in quantum mechanics, and so forth. The self-adjoint operators perturbed by
bounded operators are most thoroughly studied. In applications, the perturbed operator is
usually represented by the Sturm — Liouville or Schrodinger operator. At present moment,
the researchers are very interested in the equations not solved with respect to the highest
derivative Lu = Twu + f, which are known as Sobolev type equations. The study of
Sobolev type equations leads to spectral problems of the form Tw = ALwu. In many cases,
the operator T' can be perturbed by an operator P, and then the spectral problem takes
the form (T4 P)u = ALu. The study of such problems allows to construct a solution
of the equation, as well as to investigate various parameters of mathematical models.
Previously, such spectral problems with the perturbed operator were not studied. In this
paper, we propose the method for investigating and solving the direct spectral problem for
a hydrodynamic model.
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Introduction

The method of investigating the problem is based on the theory of regularized traces.
The theory was obtained by applying the following fundamental result of linear algebra to
a class of infinite-dimensional operators.

Theorem 1. (Lidsky’s theorem) If the operator A is nuclear, then for any pair
({en}o2 1, {tn}s2,) of orthonormal bases the following an equality holds:

> (Apn,pn) = Z Atpp, ) = ZA
n=1 n=1

Consider the operators for which Theorem 1 is not true. For such operators we search
for pairs of bases such that
[o¢]
Z[(A@m n) — (A, ¥n)] =0
n=1
To this end, choose a basis formed by eigenvectors of the operator A, and represent
the operator A as a sum of two operators, i.e. A = Ay + B, where the operator B is
in some sense subordinated to the operator A. The problem takes the following form:
(o]

> [(Apn, @n) — (A, )] =

n=1
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= [((Ao+ B)n, ©n) — (Ao + B)tbn, vn)] =

[(A(:Om (Pn) - ((AO + B)ﬂ%ﬂﬁﬂ) + (B‘Pm 9071)] =

[
NE

n=1

Z[)‘n — P + (BWna Spn>] =0.
n=1

The formula of the trace
nlgrgoz = Ai — (Bei, i) =0

is proved for operators having a nuclear resolvent and perturbed by a bounded
operator B [2|. The cases of a relatively compact perturbation and a non-nuclear operator
are studied in [3]: if there exists a number ¢ € [0, 1) such that the operator BA™" extends
to a bounded operator, and a number w € [0,1),w+§ < 1 such that A=(1=9=%) is a nuclear
operator, then there exists a subsequence of numbers {n,,}°°_; such that for w > ?

Nm

Jim (> (=3 + 5 / Z r(BR())aA | =0,

j=0

Similar results were obtained in the case of an existence of «large» gaps in the spectrum
of the operator A.
The method of regularized traces is effective in the case of direct and inverse spectral
problems of the form
(M + P)u = Au,

where the operator M is linear and selfadjoint, and the perturbing operator P is linear and
bounded. Later, the condition that the perturbing operator P is bounded was replaced by
the condition that the perturbing operator P is subordinated to the operator M.

Direct and inverse spectral problems are used to solve the problems of hydraulic
stability, to consider vibrations of a membrane and elastic bodies in the theory of shells,
in quantum mechanics, to study electrical oscillations in an extended line, as well as in
geophysical models of the terrestrial sphere and cosmology. The resolvent method allows
to solve such problems effectively, if the perturbed operator has a nuclear resolvent and is
perturbed by a bounded operator. In the case of an operator with a non-nuclear resolvent,
this method is extremely difficult applied, because it is difficult to find a special function
that transforms eigenvalues of the operator. The problems with an unbounded perturbing
operator can be solved, but the operator must in some sense be subordinated to the
perturbing operator. For the first time, direct and inverse spectral problems of such type
for an operator with a single spectrum were considered in the papers [4], [5]. The spectral
problems for the Dzieczer equation were considered and solved using the Galerkin method
in [6].

In this paper, we consider a direct spectral problem for the Dzieczer equation,
which describes evolution of the free surface of a filtered fluid. We describe theoretical
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basis of the research method and obtain a formula for finding relative eigenvalues of the
considered problem. We assume that the perturbed operator has a multiple spectrum, and
resolvent of the operator is not a nuclear operator. In order to solve the considered problem,
we apply the resolvent method developed by V.A. Sadovnichy and V.V. Dubrovsky [8] to
the relative or L-resolvent of the operator [10].

1. Statement of the Problem

Consider the Dzieczer equation in N-dimensional convex, simply connected domain
QO CRy
(A — Ay = aAu — BA*u + f.

The equation simulates an evolution of the free surface of a filtered fluid. The parameter «
is defined by the formula
g+ k
o= ,
l{hoa
where a is a coefficient of porosity, ¢, is a module for feeding the flow through the free

surface, k is a filtration coefficient, hq is a head on the free surface. The parameters A and
[ are defined by the formulas

2(eq + k)
k2HZ

_ o

A= = —,
3a

8

We define the operators T', L : 4 — § by the formulas

D2 5

N
T = aA — BA?, A:Z@, L=a>-A, (1)
=1 3

and

U= {U € WQICJFQ(Q) : uyag = O},

§={uec W)}, ke {0} N

Let P be a bounded linear operator. Consider the operator T + P and
{v,}2, = o¥(T + P), where v, are numbered in order of nonincreasing of real parts,
taking into account algebraic multiplicity. The problem is to find o(T + P).

2. Main Result

Let us formulate the theoretical basis of the method for solving the considered
problem. Let operators 7' and L act in the separable Hilbert space $). Let operator
T be discrete, selfadjoint, positive, semi-bounded below, and operator L be a linear,
closed, continuously invertible operator. Let P be a bounded operator acting in the same
space §). Denote L-resolvent of the operator M by Ro(pn) = (pL — M)™', and L-
resolvent of the perturbed operator M + P by R(u) = (uL — M — P). Let {\,}>2,
be eigenvalues of the operator M numbered in order of nonincreasing of real parts, taking
into account algebraic multiplicity, {u,}°>, = 9¥(M) be L-spectrum of the operator
M, {v,}2, = 0¥ (M + P) be L -spectrum of the operator M + P. The eigenvalues of

n=1 —
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the operator M + P are also numbered in order of nonincreasing of real parts, taking into
account algebraic multiplicity.

Lemma 1. [7] If||P| < r/2, where 0 <1 < rq, then the operator M + P is discrete, and
(i) if Ro(\) € &, then R(\) € §,, 1 < g < o0,
(i) if \, € C\Q,,, then ui> € C\ Q,.,, s = 1,n,, n, is a multiplicity of
the eigenvalue A, .

Lemma 2. [7| If |PRo(p)|| =¢q <1 for p € ~y,, then the following equality holds:
LR(p) = LRo(p) + Y _[Ro(1t)P)F LRo(p). (2)
k=1

Theorem 2. [9] Let M be a discrete, selfadjoint, positive, semibounded from below
operator, L be linear, closed, continuously invertible operator such that L™ is a bounded
operator, Ro(i) be a nuclear operator and P < 72, then there is a spectral identity:

Mn
qu 77n,Un+Z 1P90n790n "'Oéna (3>

where

© 1\k

Q=Y ( / 11Sp[Ro (1) P)* LRo(p1)dpe.
k=2 Tn

The operators T', M, P defined in the statement of the problem satisfy all conditions

of Theorem 2. Therefore, the relative eigenvalues of the spectral problem for the Dzieczer

equation can be obtained by the formula (3).
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CYIIECTBOBAHUE PEIITEHUS OBPATHON
CTIEKTPAJIBHOM 3AJIAYN IJISI INCKPETHOTO
CAMOCOTIPSI2KEHHOTO TTOJIYOTPAHUYEHHOTO
CHU3Y OIIEPATOPA

E. B. Kupuaaos, I. A. 3axuposa

CuexrpaJsbuble 3a1auu Buga (T + P)u = \u uMeOT OrpoMHyIo 06/1aCTh IPUJIOKEHHUIA:
33890 THIPOJUHAMIIECKON YCTONIMBOCTH, YIPyrue KoJiebaHusi MeEMOPaHBI, OIIPe e/ IeHIe
MHO2KECTBA BO3MOXKHBIX COCTOSHWI CHCTEM B KBaHTOBO# Mexanmke. Hambosee mompobmo
U3y 9EHbI [IJIsi CAMOCOIIPSIY)KEHHBIE OIIEPATOPHI BO3MYIIIEHHBIE OTPDAHNYEHHBIM. B puiiokeHu-
X BO3MYIIEHHBII orepaTop 00brdHO mnpescrasieH omeparopoM lrypma — JlmyBumna wan
[Ipeaunrepa. B Hacrosiiiee BpeMsi OrpOMHBII HHTEPEC UCC/IeI0BaTE el BBI3BIBAIOT YpaBHE-
HUsl HE pa3pelleHHble OTHOCUTEJIBHO cTapiieii npon3Bonuoit Lu = Tu+ f, KoTopble u3pect-
HbI KaK yPAaBHEHUS COO0JIEBCKOTO Tuma. VX n3ydenne IpuBOAUT K CIHEKTPAIHHBIM 3aa9aM
Buma T'u = ALu. Bo mHOrmx ciaydasx omepatop T MOKeT ObITh BO3MYINEH HEKOTOPBIM
orieparopoM P u rorza cuekrpasbhas 3ajga4a upumer sug (T + P)u = ALu. Usyuenue Ta-
KUX 33J1a9 II03BOJIsIeT CTPOUTDH PEeIleHne yYPaBHEHUsI, UCCIEJOBATh PA3JIMIHbIE [TaAPAMETPBI
MaTeMaTUIecKuX Mojejeil. Panee Takue crieKTpaJibHbIE 339l C BO3MYIIEHHBIM OIIEPATO-
POM He m3ydJayinch. B naHHOil paboTe MpejiozKeH MeTO, UCCJIeJOBaHUs U PENIeHUs] TPSIMOii
CHEKTPaJIbHON 3a1a49d NJId OJHOI I'MJIPOJUHAMUYECKON MOIEJIN.

Karouesvie cr06a: 603MYyweHHvlll onepamop; Juckpemmvlti CamMocoOnPANCEHHbLT Onepa-

mop; NOMEHYUUAA.
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