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Abstract. One of the possible versions of quantum mechanics, known as Kuryshkin—
Wodkiewicz quantum mechanics, is considered. In this version, the quantum
distribution function is positive, but, as a retribution for this, the von Neumann
quantization rule is replaced by a more complicated rule, in which an observed value
A is associated with a pseudodifferential operator O(A). This version is an example
of a dissipative quantum system and, therefore, it was expected that the eigenvalues
of the Hamiltonian should have imaginary parts. However, the discrete spectrum of
the Hamiltonian of a hydrogen-like atom in this theory turned out to be real-valued.
In this paper, we propose the following explanation for this paradox. It is tradition-
ally assumed that in some state 1 the quantity A is equal to A if 4 is an eigenfunction
of the operator O(A). In this case, the variance O((A — \)?)v is zero in the standard
version of quantum mechanics, but nonzero in Kuryshkin’s mechanics. Therefore,
it is possible to consider such a range of values and states corresponding to them
for which the variance O((A — \)?) is zero. The spectrum of the quadratic pen-
cil O(A%) —20(A)\ + \?E is studied by the methods of perturbation theory under
the assumption of small variance D(A) = O(A?) — O(A)? of the observable A. Tt

is shown that in the neighborhood of the real eigenvalue A of the operator O(A),
there are two eigenvalues of the operator pencil, which differ in the first order of

perturbation theory by +i4/ (D).

Key words and phrases: models of quantum measurements, perturbation of discrete
spectrum, complex eigenvalues, operator pencils

1. Introduction

The Kuryshkin-Wodkiewicz quantum mechanics [1] is an example of a dis-
sipative quantum system. The quantum part of the measuring device is the
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‘environment of an open quantum system’. In the process of quantum mea-
surement, an open quantum system interacts with its ‘environment’. We
study the result of this interaction [2|-[12]. Therefore, wave vectors must have
a finite lifetime, inversely proportional to the imaginary part of eigenvalues.

In this version of quantum mechanics, the von Neumann quantization rule
was abandoned and observable quantities are assigned to pseudo-differential
operators, not necessarily self-adjoint. Therefore, the appearance of the
imaginary part of the eigenvalues is not surprising. However, our studies
of hydrogen-like atoms have shown that the operator corresponding to the
Hamiltonian is essentially self-adjoint, so its discrete spectrum turned out to
be real [13], [14].

This is quite surprising, since the von Neumann rule can be derived from
general considerations, if we assume that the relation between the quantities
A = g(B) is inherited by their operators A = ¢(B) |15, P. 36]. Violation
of this property inevitably means that the Kuryshkin-Wodkiewicz theory
must be interpreted within the framework of the measurement theory and
imaginary eigenvalues must appear. In this paper, we point out a spectral
problem that has properties that are correct from this point of view.

2. Quantization in Kuryshkin—Wodkiewicz mechanics

Consider a Hamiltonian system with coordinates ¢ € R™, momenta g € R",
and Hamiltonian H. We will assume that the Hamiltonian and all observables
considered below belong to a commutative ring M, for example, to the
polynomial ring R[p, ¢] or the ring C*°(R™)[p].

In classical statistical mechanics, the state of the system is described by
the distribution function f, in quantum mechanics by the wave function
¢ € L?*(R™). In statistical mechanics, the mean value of the observable
quantity A € M is given by

) = [[ A, fapaa,

R2n

and in quantum mechanics by the expression

(A) = [ v*(q)Av(q)dg,
/

where A is the operator corresponding to the observable A. In 1966, Cohen
[16] proved that these two equalities for the mean cannot be combined in one
theory, if it is assumed that the density takes strictly positive values, and the
transition from mechanical quantities to operators is carried out according to
the von Neumann rule.

However, if this rule of ‘quantization’ of mechanical quantities is abandoned,
then it is possible to construct a version of quantum mechanics in which the
average can be calculated by both formulas and the density takes positive
values. Instead of the von Neumann rule, this theory uses a more complicated
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mapping of the commutative ring M into the ring of linear operators on the
space L2(R"): O : M — L(L*(R") — L?(R"™)).
This correspondence does not satisfy the Neumann rule, i.e., generally

speaking, O(A) # A(p,q), but it is linear, namely: for any A, B € M and
any k € C

~

1. O(A+ B) = O(A) + O(B),

2. O(kA) = kO(A),

3. 0(0) =0,

4.0(1)=FE

In the early 1970s, V. V. Kuryshkin [1] not only proved the existence of

such mappings, but also proposed an explicit construction for them. In
doing so, it was necessary to extend the class of operators, in which the
mapping O takes value, from the class of self-adjoint differential operators to
a non-commutative ring of non-self-adjoint pseudo-differential operators. The
resulting new version of quantum mechanics was called Kuryshkin—-Wodkiewicz
mechanics.

It turned out that ‘perturbed operators’ satisfy a certain condition for the
proximity of the new quantization rule to the von Neumann rule:

O(A) = A(p,§) + V,

where the addition of V to the standard quantization rule is an operator
compact in the sense of Jorgens [17]|. Therefore, the lower bounds of the

essential spectra of the operators @(A) and A(p, q), as well as the points of
the discrete spectra of these operators, may not coincide, but the structure of
the spectrum is preserved: the points of the discrete spectrum lie below the
continuous spectrum [18].

For what follows, the explicit form of the mapping O is not important.

For hydrogen-like atoms, we explicitly computed O(p,L) and O(g) for any
function g of coordinates q [14]. Tt turned out that in all these cases self-
adjoint operators are obtained. This implies, in particular, that the spectrum

of the operator O(H) consists of a continuous part, which coincides with the
spectrum H (D, ¢), found in standard quantum mechanics, below the lower
boundary of which lie the discrete spectrum points, which are slightly different
from the points of the discrete spectrum of the operator H(p, 7). However,

all these points are real due to the self-adjointness of the operator O(H ).

3. Spectral problem for a quadratic pencil
Let A € M be an arbitrary observable. For brevity, we take
O(4) = A, O(A2?) = A2+ D.

If the von Neumann rule is not satisfied, then two eigenvalue problems arise
here:
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1) classic problem

~

OA— XNy =0
or R
A = M
2) eigenvalue problem for a quadratic operator pencil

~

O((A=X)*)p =0

or

(A— AE)2¢ + Dip = 0.

In standard quantum mechanics, D =0 and these problems are indistin-
guishable. The meaning of the first one has been discussed many times, but
the second problem has a clear meaning. Expression

(4, O((A = A)?)) = (A= A)?)

is the mean square deviation of the observable value A from the value \ for
the system in the i state. In mechanics with a positive distribution function,
which is the Kuryshkin-Wodkiewicz mechanics, this value coincides with

(A=N)%) = //(A(p, q) — A)? fdpdq

and therefore is non-negative. The same is true in standard quantum mechan-
ics, but for a different reason:

(A= N2) = / (1 — N2d(,5,1) > 0.

R

If we assume that D is small, then the eigenvalues of these spectral problems
are close to each other. Let us study this circumstance in more detail.

But first, we note that in [19] we were looking for the 1 states that provide
a minimum to this expression for fixed values of the parameter \, for which

we took the eigenvalues of the operator A. It turned out that the minimum
values are nonzero, that is, there is some nonzero variance. However, the
problem can be formulated differently: to find the values of A and the states
1, at which the mean square deviation of the observed value A from A is

minimal. On the eigenfunctions of the pencil O((4 — \)?), this standard
deviation is zero, therefore, on the pencil eigenfunctions, the mean square
deviation of the observable A from the eigenvalue A has a minimum, i.e., zero
value. Thus, we can observe the value A in ‘pure’ states corresponding to

the eigenfunctions of the operator A, or in ‘pure’ states that provide zero
root-mean-square deviation A from some value other than (A).

We have already used perturbation theory [19] to find states with minimal
variance, but now we will apply it to finding eigenfunctions of a quadratic
pencil.
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4. Spectrum of a quadratic pencil

Let us introduce a small parameter € and consider the problem
(A— \E)2¢) + eDip = 0. (1)

Let Ay be a single eigenvalue of the operator /i, and v, be the normalized
eigenfunction corresponding to it. Let us study the eigenvalues of a quadratic
pencil lying in a small neighborhood of this eigenvalue.

If the space under consideration is finite-dimensional, then all eigenvalues
are roots of the determinant

det((A—\E)? +eD) =0.
In a neighborhood of the point (A, &) = (Ay,0) the determinant
det (A —AE)” = det(A —AE)”
has a zero of multiplicity 2, so
det((A—\E)? +eD) = a(Ag— N2 +eb+ ...

As is known from the theory of uniformization of curves [20], the curve
aXAg—A)?+eb+-=0

in the plane Ae has a node at the point (Ay,0) through which two arcs of this
curve pass, which can be represented as two Puiseux series:

Thus, in the vicinity of a single eigenvalue of the operator A there are two
eigenvalues of the quadratic pencil:

)\:Aoi)\l\/g‘i_.... (2)

This can be justified in the case of infinite-dimensional spaces, for completely
continuous operators A, D this can be done using the well-known results of the
perturbation theory of multiple eigenvalues [21]. Of course, in quantum theory,

the operator A is pseudo-differential, and the question requires additional
study. For the time being, we assume without further justification that
the formally developed perturbation theory can be justified for this class of
operators as well.

To find the first coefficient in the expansion, as in regular perturbation
theory, we multiply (1) by ,:

(¥, (A — AE)2)) = —e(1, D). (3)
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Since the operator A is self-adjoint, we have

(g, (A= AE)2) = (A — NE)24hg, ) = (Ag — N)2(10g, ¥) = X3 (g, ).

Substituting this expression into (3) and reducing by e, we get

A2 (1, 1) = — (g, D).

Hence, in the limit £ — 0, we have A2 = — (1, D).
Substituting this expression into (2) and setting ¢ = 1, we have: in the
neighborhood of eigenvalue A, of the operator A there are two eigenvalues of

the quadratic pencil O((A — X)2), namely A = X\, & i1/ (¢, D) + ... where
D = O(A?) — A2.

5. Conclusion and discussion

Let us now discuss the physical meaning of the resulting splitting of the

eigenvalue of the operator O(A). The standard deviation of the observed
value A from the value \ for a system in the v state is given by

(4. 0((A= X)) = (A= 22,

This expression is non-negative both in standard quantum mechanics and
in Kuryshkin—-Wodkiewicz mechanics. It reaches zero on the eigenvectors of

the quadratic pencil O((A —A)?).

In standard quantum mechanics
O((A=N)?) = (A= ))?

and therefore the eigenvectors of the pencil coincide with the eigenvectors of
the operator A. Therefore, the minimum standard deviation will be on those

values of A that are eigenvalues of the operator A. They are traditionally
considered as observed values of A.
In the mechanics of Kuryshkin-Wodkiewicz

O((A=XN)?2)=(A—N2+D

and, as we just found out, the minimum standard deviation will be at
those values of A\ that differ from the eigenvalues ), of the operator A

by +iv/ (1, D).

Thus, the observed values of A will slightly differ from the eigenvalues of

the operator A If <b> > 0, then this difference will manifest itself in the
appearance of an imaginary additive, as one would expect in a dissipative
quantum system. From this, two conclusions can be drawn.
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Firstly, the transition to the root-mean-square deviation makes it possible to
remove the difficulty with the reality of the spectrum of self-adjoint operators
and obtain the expected dissipation in the Kuryshkin-Wodkiewicz mechanics.

Secondly, one of the two eigenvalues into which the eigenvalue A splits has
the sign of the imaginary part corresponding to dissipation, and the second
inevitably has a sign indicating antidissipation. We have already encountered
a similar circumstance in the development of perturbation theory in the
mathematical theory of waveguides [22], [23]: the spectral parameter A should
be considered as a point on the Riemann surface, only one sheet of which is
physical, to which attention has been first drawn by V.P. Shestopalov [24]. In
the case of Kuryshkin-Wodkiewicz mechanics, the eigenvalues of the operator

O(A) are branch points on the Riemann surface, one of whose sheets describes
a dissipative quantum system.
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KoMmmiiekcHable cCOOCTBEHHBbIE 3HAUYEHNY B KBAHTOBOU
Mmexannke Kypsoimmknana—BynakeBuda

A. B. 3opun ', M. JI. Mausix" 2, JI. A. CeBacTbsinop'"?

I Kagpedpa npuriadnoti ungopmamuru u meopuu eeposmmocmet
Poccutickuti yrusepcumem dpyostcov, Hapodos
ya. Muxayzo-Maxnaas, d. 6, Mocxsa, 117198, Poccus
2 O6Bedunénmvitl umemumym A0epHLE UCCAe08aHUT
ya. 2Koauwo-Kropu, 0. 6, ybra, Mockosckasn oba., Poccus, 141980

AnHoTtanus. PaccmarpuBaercss oiHa W3 BO3MOXKHBIX BEPCUIl KBAHTOBOW MEXaHUKU,
M3BECTHAasi KaK KBaHTOBas mexaHnka Kypsimkuna—Byakesuua. B sroit Bepcun cy-
IIIECTBYET TOJIOXKUTEJIbHAST KBAHTOBAasT (DYHKIUS pacipeiesieHns, HO, B PACILIaTy 3a
9TO, IpaBujIo KBaHToBaHud o Helimana 3ameneno 0oJiee CIOKHBIM IIPABUIOM, IPU
KOTOPOM HaOJII0aeMoii BeJinduHe A CTaBUTCS B COOTBETCTBUE ICeBAOANEdEpEHIIn-

anpHbIi omepaTop O(A). DTa Bepcust mpencTaBisger coboil mpuMep JUCCUITATHBHOM
KBAHTOBOW CUCTEMbBI U TIO3TOMY OXKHJIAJIOCH, YTO COOCTBEHHDBIE 3HAYEHUS TAMUJIBTO-
HUAHA JIOJKHBI UMETh MHUMbIe dacTu. OJHAKO TOYEUYHBIN CIEKTP raMUJIbTOHUAHA
BOJIOPOJIOTIOOOHOTO aTOMa B 9TON TEOPUHU OKA3aJICs BEleCTBEHHBIM. B HacTostieit
cTaThe MBI IIPeIJIaraeM CJeayolnee 00bICHEHUE 3TOr0 mapajokca. T paIuiuoHHO pHU-
HHUMAIOT, YTO B HEKOTOPOM COCTOSIHUM 1) BejnunHa A paBHa A, el 1) — cOOCTBEHHAS

dbynxmus oneparopa O(A). Ipu srom mucnepcus O((A — X)?)v pasua mymo B cran-
JIAPTHO# BEpCUM KBAHTOBOI MEXaHUKe, HO He PaBHA HyJi0 B Mexanuke KypbimkuHa.
ITosTOMYy MOXKHO PACCMOTPETH TAKOi CIHEKTP 3HAYEHWII M COOTBETCTBYIOMIAX UM CO-
crostamit, ipu Kotopwix gucniepcus O((A — \)?) pasra nymmo. B crarhe uccienosan
criekTp KBaaparmanoro myuka O(A2?) — 20(A)\ + A2 E meTonaMu Teopun BO3MYyTIie-

~ ~

Huit B Ipenosoxennn Majoctu mucrepcnn D(A) = O(A?) — O(A)? mabmonaemoit A.
ITokazaHo, 9TO B OKPECTHOCTU BEIIECTBEHHOI'O COOCTBEHHOIO 3HAYEHUS A\ OIEPaToOpa

O(A), umeercst 1Ba COOCTBEHHBIX 3HAYEHUsI OLEPATOPHOIO IyYKa, KOTOPbIE B IIEPBOM
HOPsIJIKEe TEOPUU BO3MYIIEHUI PAa3/indaiorcs Ha Beudauny +i4/ (D).

KuaroueBbie ciioBa: MOJEJIN KBAHTOBBIX I/I3MepeHI/IIt/'I7 BO3MYIIECHUE TUCKPETHOI'O CIIEK-
Tpa, KOMIIJIEKCHbIE COOCTBEHHBIE SHa4Y€HUd, IIYIKHN OIIEPaTOPOB



