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Preface

Quantum mechanics has brought a gigantic breakthrough to physics since its introduction more
than a century ago. It has led to many discoveries at the microscopic level, initiated new pathways
to unsuspected properties of matter, and produced new and amazing usable applications. This
Special Issue of Symmetry is devoted to recent advances in theoretical developments in quantum
mechanics. It is part of the global effort to provide a continuous supply of information to the research
community. This volume gathers contributions in various directions and their contents are best
described chronologically by their abstracts, which are hereafter listed for the convenience of the
reader.

We thank the authors for their significant contributions to this Special Issue “Quantum
mechanics: Concepts, Symmetries and Recent Developments”, the reviewers and editors for their
invaluable work and help insuring the quality of the papers, and finally, the professional and

responsive staff of MDPI for making this Special Issue a success.

Tuong Trong Truong
Guest Editor
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Abstract: Quantum mechanics of unitary systems is considered in quasi-Hermitian representation
and in the dynamical regime in which one has to take into account the ubiquitous presence of pertur-
bations, random or specific. In this paper, it is shown that multiple technical obstacles encountered in
such a context can be circumvented via just a mild amendment of the so-called Rayleigh-Schrodinger
perturbation—expansion approach. In particular, the quasi-Hermitian formalism characterized by an
enhancement of flexibility is shown to remain mathematically tractable while, on the phenomenologi-
cal side, opening several new model-building horizons. It is emphasized that they include, i.a., the
study of generic random perturbations and/or of multiple specific non-Hermitian toy models. In
parallel, several paradoxes and open questions are shown to survive.

Keywords: unitary quantum mechanics; non-Hermitian Schrodinger picture; generalized perturbation
theory; ambiguity of physical Hilbert space

1. Introduction

The exact or approximate solutions of the time-independent Schrodinger equation

lYn) €M, n=01,... 1)

H{¢u) = En[¢n),
play a key role in our understanding of the structure of quantum bound states or resonances.
Often, it is believed that up to some truly exotic exceptions the division line which separates
the case of bound states from the case of resonances also separates Equation (1) in which H
is Hermitian from Equation (1) and in which H is non-Hermitian. Incidentally, the latter
belief has been shattered after 1998 when Bender with Boettcher [1] revealed that the class
of the “anomalous” non-Hermitian Equation (1) yielding bound states can be larger than
expected, also incorporating certain models in which the Hamiltonians have the form
of superposition of the most common kinetic energy ~p? with an equally standard (but
complex) local interaction potential.

In the latter models, widely known as “PT-symmetric” [2-6], the manifest non-
Hermiticity of the Hamiltonian
H+#H'

has been found to coexist with the reality of the spectrum. Thus, it was immediate to
conclude that the unitarity of the evolution can be guaranteed not only in the conventional
textbook spirit (i.e., via the self-adjointness of the Hamiltonian [7]), but also under certain
additional technical conditions [8], via the Dieudonné’s [9] quasi-Hermiticity requirement

HO®=0H. 2)

One can then speak about quantum mechanics of unitary systems which are slightly
modified and reformulated in the so-called quasi-Hermitian representation.
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In this framework, one of the most important features of the modification may be
seen in its innovative approach to the concept of perturbation, which is found to be, in this
setting, counterintuitive. This is for three reasons. The first one is that in this formalism
(cf., e.g., its reviews in [10] or [11]), we are allowed to change the physical Hilbert-space
norm. Thus, in a preselected “perturbed” Hamiltonian H(A) = Hy + A H; the size (and,
hence, influence) of the perturbation cannot always be kept under reliable control. Often,
an enhanced sensitivity to perturbations is observed. For this reason, in open quantum
systems, a few more remarks on this subtlety will be added below.

The second reason and paradox emerges when we consider just a closed quantum
system in which the influence of H; # H{ is guaranteed to be small. Still, the correct
probabilistic interpretation of the system remains ambiguous, mainly again due to the non-
uniqueness of the physical Hilbert-space inner-product metric © (again, a more detailed
support of this observation will be given below).

Thirdly, even if we decide to ignore the latter ambiguity and even if we pick up just
any one of the eligible metrics (which would reduce the scope of the theory in a not quite
predictable manner of course), such a choice of the geometry of the physical Hilbert space
would still vary with A. This is, probably, the most challenging problem that is also to be
addressed in our present paper.

Preliminarily we may notice and emphasize that in the language of mathematics, the
problem may be formulated easily because the underlying auxiliary, unitarity-of-evolution-
guaranteeing operator @ (if it exists [8]) can be perceived as representing just an invertible
and positive definite ad hoc physical-Hilbert-space inner-product metric, ® = @' > 0. In
the related reformulation of quantum theory, all of the measurable predictions only require,
therefore, the evaluation of the following metric-dependent matrix elements:

an = (Pu|OA|Py) . 3)

The knowledge of the wave function and of the operator A representing an observable
of interest must be complemented here by the guarantee of observability AT@ = ® A of
course [8,10].

One of the most influential sources of interest in certain special classes of non-Hermitian
Hamiltonians with real spectra lied in quantum field theory [12] and, in particular, in the
role played there by perturbation theory [13-15]. One of the most important subsets
of the underlying phenomenological Hamiltonians H is formed, therefore, by the one-

parametric families
H=HA)=HO)+AV #H' (4)

where A is a complex number and where the component V representing the perturbation
should not be, in some sense, too large [15].

Under this assumption, a powerful tool of the construction of the solutions of Equa-
tion (1) lies in the use of power-series ansatzs

Ey = En(A) = En(0) + AEY + A2EP) 4 .. ®)

and ) ,
9n) = [$a(A)) = [ (0)) + A [y + A2 [piP) + ... ©)

A serious obstacle emerges when we turn our attention to the unconventional quasi-
Hermitian models. In light of Equation (2), the metric will become manifestly A— de-
pendent in general, ® = ©(A). In contrast to the conventional perturbation-expansion
constructions, it becomes necessary to complement the standard pair (5) and (6) of the
Rayleigh-Schrodinger perturbation—expanison ansatzs by their new, operator—expansion
partner, say, of the power-series form

O(A) =000)+10W + 220 4 ... . @)
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This means that the non-Hermiticity (4) of Hamiltonian makes a consequent implementa-
tion of the Rayleigh-Schrédinger perturbation-expansion approach to the quasi-Hermitian
bound state quantum physics complicated.

The consequent theory requires an explicit or implicit reference to as many as five
separate but mutually interrelated Hilbert spaces in general (cf. [16]). The main theoretical
benefit of such a five-Hilbert-space reformulation of quantum mechanics lies in an exhaus-
tive classification of admissible perturbations. In this sense, our present paper can be read
as a more pragmatically oriented follow up of [16].

As an introduction, a few basic features of the theory may be found summarized in
Appendices A-D. With this background in mind, Section 2 will add two illustrative exam-
ples explaining not only an overall motivation of using non-Hermitian Hamiltonians but
also the existence of the deep mathematical differences between the use of perturbation
expansions in the closed and open quantum systems.

In Section 3, we will turn our attention to the physical consequences of these differ-
ences. We will point out that in the related literature the necessity of an unambiguous
separation of the closed-system quantum physics from the open-system quantum physics
is not always sulfficiently carefully observed. This note will be complemented by an outline
of the role of random perturbations in realistic models. A critique of a few recent results
will be given in which the depth of the difference between the closed and open systems
has been underestimated. This will be followed by a clarification of one of the related
paradoxes connected with the usage of the concept of the so-called pseudospectra [17]. For
the description of the influence of the random perturbations, the usefulness of the concept
of pseudospectra remains strictly restricted to the studies of the open quantum systems.
In the quasi-Hermitian models, the transition from spectra to pseudospectra cannot be
recommended because it does not lead to any enrichment of the information about the
dynamics of the underlying closed quantum systems.

In Section 4, we will finally return to the quasi-Hermitian perturbation theory. We will
recall the mathematical challenge represented by the necessity of the construction of an
additional operator expansion (7). In the climax of our paper, we will offer a new, alterna-
tive, upgraded formulation of the quasi-Hermitian version of the Rayleigh-Schrodinger
perturbation series in which the latter necessity will be circumvented.

An extensive discussion and summary of our results will be presented in the last
two sections, Sections 5 and 6. The essence of the innovation (and, first of all, of a sig-
nificant simplification of the formalism) will be shown to lie in an implementation of the
biorthogonal-basis ideas [18] as taken from their application in a different, non-stationary
quantum dynamics context [19].

2. Merits of Non-Hermitian Hamiltonians

From a purely pragmatic point of view, Schrédinger Equation (1) can be perceived
as a linear eigenvalue problem in which, in the majority of applications, the possible non-
Hermiticity of the Hamiltonian would make the construction of solutions less stable and
technically more difficult. This is a generic statement which is well known [11,17]. People
often seem surprised when they encounter a quantum system for which the technically
friendliest representation of Hamiltonian happens to be non-Hermitian.

2.1. Dyson-Inspired Simplifications of Schrodinger Equations

A compact account of history of the recent quick enhancement of interest in the closed
and stable quantum systems controlled by an “anomalous” Hamiltonian H # H' can be
found in [11]. The emergence of such a class of models can look, at first sight, surprising.
Nevertheless, one of the oldest demonstrations of the technical advantages of using a
non-Hermitian H emerged many years ago, viz., during Dyson’s entirely pragmatic, well-
motivated, and purely numerical study of a specific real-world many-body problem [20].

An impact of the latter quantum-many-body result remained, for a couple of years,
restricted just to nuclear physics [21]. The idea only acquired a new life and broader
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response after Bender with Milton [12] revealed that the study of non-Hermitian models
may be also of immediate relevance in quantum field theory.

In such a broadened methodical context, a particularly elementary and fully non-
numerical sample H/M) = p2 + VUM)(x) of such a Hamiltonian has been proposed,
in 2006, by Jones with Mateo [22]. Via an exactly solvable toy model, these authors
demonstrated that, in some cases, given a conventional self-adjoint Hamiltonian
HUM) = p2 + vUM)(x), one can profit from its replacement by an isospectral alternative
HUM) — P>+ v (M) (x), which is non-Hermitian. Indeed, the former operator where the
potential contained two components

oUM(x) = —2x +4x* 8)
could be perceived as more complicated than their avatar H/M) with
V(]M)(x) = —x* )

containing just the single interaction term. Moreover, the single-term potential (9) is
symmetric with respect to the product of parity and time-reversal, i.e., in comparison, it is
less complicated than its left-right-asymmetric two-term partner (8). One can really speak
about a simplification h/M) — HUM) in principle at least.

Both of the latter Hamiltonians predict the same real (i.e., measurable and stable)
bound-state spectrum which is discrete and bounded from below. The conventional one,
viz., operator h/M) is self-adjoint while its non-Hermitian avatar H/M) is merely quasi-
Hermitian (cf. definition (2)). From an experimentalist’s point of view the isospectrality of
the two alternative Hamiltonians makes the two representations of the same closed quantum
system indistinguishable. For mathematicians, the differences are also not too deep because
the main source of difference, viz., the inner-product metric needed in Equation (2), has
been found, in [22], in an exact, closed and really elementary operator form

©UM — exp|p/48—2p). (10)

This makes the non-Hermiticity of H/M) just a minor, easily surmounted complication.

2.2. Analytic Continuations and Non-Unitary Open Systems

From the point of view of experimental physics, the truly exceptional exact solvability
of the Jones” and Mateo’s interaction (9) is not so impressive because the coordinate x is
complex (see its definition in [22]). This makes the standard probabilistic interpretation of
the “simplified” system unclear because the value of x (tentatively treated as the position
of a particle) ceases to be a measurable quantity.

A new physics has to be then sought in a return to differential Schrodinger equations
in which the coordinate x remains real. In the light of the paradox (or rather of the danger)
of the non-observability of coordinates, one is forced to consider the asymptotically less
anomalous potentials in which the line of coordinate x could still be kept real. One of
such illustrative examples can be found in our older paper [23] where we studied the
perturbation expansions (5) of the energies generated by the two-parametric imaginary
cubic oscillator Hamiltonian

2 2
HUC)(f,¢) = f% + %xz +igad. (11)
Indeed, such a differential-operator model is still non-Hermitian and P7T - symmetric, i.e.,
it is formally closely analogous to Equation (9). Moreover, knowing that after identification
A = g, ie., in the weak-coupling regime, the conventional small-anharmonicity expansions
would diverge, we were able to transfer the role of a small parameter to the other coupling
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and choose A = f. As a consequence, we achieved a very good convergence of our resulting
perturbative strong-coupling series (5) for the energies.

Later, we found a complementary inspiration in [24] in which Bender and Dunne set
f =1and A = g and studied the alternative, divergent but resummable weak-coupling
expansion. They were interested in just the ground state energy, and they managed to
construct the Rayleigh—Schrodinger perturbation series

1

ECPI(A) ~ 3

+ Y A (12)
n=1

up to very large orders by having evaluated the necessary integer-valued coefficients
non-numerically,

b1 =11, bp = —930, b3 = 158836, by = —38501610, ... . (13)

At n > 1, they managed to fit these coefficients using an amazing asymptotic formula

n+1/2
by ~ (—1)n+1?§n)3/2r(n+i> [1—1—(’)(}11)] . (14)
Via an appropriate resummation of the divergent series (12), this enabled them to obtain,
at any not too large real coupling A, a very good (they even wrote “excellent”) agreement
with the known and real numerical value of the ground-state energy E(BP)(A).

As a climax of the story, Bender and Dunne also proposed a phenomenologically
meaningful physical output of their considerations. For this purpose, they re-interpreted
their asymptotic estimate (14) as a support of the possibility and consistency of an analytic
continuation of the function E(BP) (1) to the (cut) complex plane of A. On these grounds,
they were able to evaluate the imaginary part of E(P) (i) and to interpret the result as
a prediction of a measurable decay width of another quantum system described by an
analytically continued Hamiltonian

H:p2—|—xz/4—(—:x3 (15)

(cf. Eq. Nr. 5in [24]). In other words, the initial non-Hermitian operator (11) has been
reinterpreted, via analytic continuation, as a more or less standard physical quantum
Hamiltonian supporting an unstable (but still observable) ground state.

2.3. Dyson Maps and the Modified Concept of Locality

In the overall framework of quasi-Hermitian quantum mechanics (QHQM) of closed
systems as formulated, in the Schrodinger picture, by Scholtz et al. [8], we paid attention,
in our recent paper [16], to the consistent applicability of the theory in the presence of
perturbations. We pointed out that even in the non-perturbative version of the theory
it made sense to realize the description using three separate Hilbert spaces (cf. diagram
Nr. (10) in [16] or Equation (Al) in Appendix A).

One of these spaces is denoted here by symbol £. By assumption, it is just a hypo-
thetical and, for practical purposes, inaccessible space. Only the other two are relevant,
both hosting operator H and differing just by the respective forms of inner products. The
first space (viz., K) is just auxiliary and unphysical. The second one (denoted here as #) is
physical and, for this reason, a unitary equivalent to £, with the equivalence mediated by a
mapping ().

The latter (often called Dyson [25]) mapping is related to the metric by formula

O=0"0#1. (16)

In a way dating back to the Dyson’s paper [20], the key message as delivered by our
paper [16] is that after one makes the Hamiltonian A— dependent and after one imple-
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ments the perturbation-expansion philosophy, one has to distinguish between the “physics”
(represented by the perturbed H(A) at any A # 0) and “mathematics” (represented by the
exactly solvable H(0)). In other words, both of the Hamiltonian-supporting Hilbert spaces
K and H become A— dependent.

Incidentally, at both A = 0 and A # 0, the knowledge of factorization (16) would
enable us to return also to the above-mentioned toy-model interaction (9) in which the
“false coordinate” appeared to be complex, x ¢ R. Due to the exact solvability of the model
and due to the extreme simplicity of the related metric (10), one could also introduce a
closed-form Dyson-map operator

QUM — exp(p*/96 - p) (17)

and define a correct (i.e., by construction, quasi-Hermitian) coordinate-representing operator
QUM) acting in K and H using formula

-1
qUM) = QUM) QUM) (Q(]M)) =q". (18)

This is the definition of a suitable (albeit a bit artificial) observable tractable as a coordinate.
From the point of view of consistency of the theory, the choice of the self-adjoint q//™) (or,
directly, of the quasi-Hermitian Q(/M)) is more or less arbitrary.

The relation (18) can itself be re-read as the closest analogue of connection between the
more common energy-operators alizs Hamiltonians (cf. relation (A2) in Appendix B). Such
a constraint can be complemented by some additional phenomenological requirements. For
example, it is possible to start from the “inaccessible” textbook Hilbert space £ and choose
the left-hand side “input information” qUM) as a diagonal operator with the equidistant
spectrum simulating the position on a one-dimensional discrete lattice or on its suitable
continuous-spectrum limit [26,27].

3. Norm-Ambiguity Paradox and Its Consequences

A concise outline of the non-Hermitian but unitary theory of closed systems is relo-
cated to Appendices A-D. Using the notation of diagram (A1) in Appendix A, let us now
emphasize that in most applications the information about dynamics is carried just by the
Hamiltonian H acting in an auxiliary Hilbert space K in which H # H'. As a consequence,
the choice of metric ®, compatible with the quasi-Hermiticity condition (2), remains non-
unique [8]. The relevant (i.e., physical, ®— dependent) size of the perturbations V in (4) is,
therefore, indeterminate.

This is a paradox, the relevance of which becomes particularly serious in the realistic
models of quantum systems in which one cannot ignore the possible occurrence of random,
uncontrolled, statistically distributed perturbations.

3.1. Random Perturbations and Pseudospectra

In the most common textbook version of quantum mechanics of the perturbed unitary
systems living in £, the evolution is generated by the perturbed Hamiltonians, which are
self-adjoint.

b(A) =h(0) + A by =b'(A)

(see [28] or Equation (A2) in Appendix B). The stability of the system may then be tested
using all perturbations, the norm of which is bounded, ||h;]| < €. For this purpose,
the spectra of the perturbed Hamiltonians could be calculated using the A— dependent
Schrodinger equation in £,

H(A) [Pn(A) == Eu(A) |[pu(A)>=, n=0,1,... (19)

plus, say, the Rayleigh-Schrodinger perturbation-series ansatz (5).
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As a result, one would obtain, in principle at least, a union of all of the possible
perturbed spectra, i.e., the set

U o((0)+Ahy) (20)

Allball<e

which should lie, for stable systems, just inside a small vicinity of o(h(0)), i.e., of the
unperturbed spectrum. In such a setting, it is recommended to recall the Roch’s and
Silberman’s observation [29] that the set (20) coincides with the so-called pseudospectrum
oe(h(0)) of h(0), i.e., with the set that is defined as the following union of the spectrum and
of the domain in which the resolvent of h(0) remains large [17],

7e(5(0)) = o(h(0)) U{z € C|[|(h(0) —2z) || > e}, (21)

One can cite [30] and conclude that “if § is self-adjoint ...”, the pseudospectra “give no
additional information”.

3.2. Norms in Non-Hermitian Models

Let us repeat that as long as the Hamiltonians in question are kept self-adjoint, the
Roch’s and Silberman’s observation simplifies the analysis of the influence of random
perturbations because it just shows that the smallness of perturbations immediately implies
that at the sufficiently small e the difference between the sets 0. (h(0)) (pseudospectrum)
and o(h(0)) (spectrum) becomes negligible.

The situation becomes thoroughly different when a quantum Hamiltonian H is chosen
“highly non-self-adjoint” because then, “the pseudospectrum o, (H) is typically much larger
than the e—neighborhood of the spectrum”. There is a subtlety in such a proposition (cited
from [30]) because in the context of the general non-Hermitian Schrodinger Equation (1),
one has to distinguish, in a way already emphasized in the Introduction, between its
open-system and closed-system interpretations.

In the former, “resonances-describing” subcase, we would have to complement
Equation (1) by the specification of the conventional Hilbert space endowed with the
usual, metric-independent norm. In diagram (A1), such a space is denoted by the dedicated
symbol /C, with the norm of V denoted as || V|| as usual. Hence, in such a case (not, by
the way, of our present immediate interest), we may formally set ® = [ and # = K in
Appendix A.

In the other, “bound-states-describing” subcase (which is of our present interest) we
may still follow the same conventions as introduced in Appendix A. Thus, with ® # I and
with H # K we have to treat Schrodinger Equation (1) as living in an amended, physical
Hilbert space H.

Unless one asks questions about norms, only the dual versions of the vector spaces
K and H are different. Still, precisely the difference between the operator norm of V in
K (denoted as usual, ||V]|) and in #H (to be denoted differently, say, as §V) becomes one
of the most essential aspects of the respective alternative definitions of the Hilbert-space-
dependent pseudospectra.

3.3. Pseudospectra in Quasi-Hermitian Models

As long as we are not going to study resonances, we may just restrict our attention to
the random perturbations in quasi-Hermitian (i.e., by definition, in the hiddenly unitary)
closed quantum systems. In principle, their description in the alternative physical Hilbert
spaces £ and H is then equivalent. In practice, nevertheless, one may observe that the
predictions of the measurements as constructed in the textbook Hilbert-space representation
are impractical and less user-friendly. Then, we are forced to treat the knowledge of the
union (20) of the perturbed spectra in £ as “technically inaccessible”.
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After we decide to move to H, we must also remember that the corresponding physical
norm §V§ of perturbations becomes different and, first of all, ® dependent. The key and
meaningful question to ask is then the question about the structure of the union

U o(H(O)+AV) (22)
AMVE<e

of the spectra of all of the slightly but randomly perturbed systems living in H.
The above-cited theorem can be recalled again. After one defines the pseudospectrum

ve(H):==c(H)U{z€C|4§(H-2)""t >e'} (23)
in H, one immediately obtains the Roch-Silberman relationship

U o(H(0)+AV) =0c(H(0)). (24)
AMVE<e

This is our desired ultimate formula. In the correct and physical Hilbert space # in which
the Hamiltonian is made self-adjoint, this formula defines the sensitivity to perturbations
in terms of the correct physical pseudospectrum (23). Its explicit numerical construction is
facilitated and made useful. Obviously, once we require our random perturbations to be
small in H, we may again recall Proposition Nr. 3 in [30] and conclude that in full parallel
with the Hermitian models also in the quasi-Hermitian picture of dynamics the spectrum
and pseudospectrum carry equivalent information about the sensitivity of bound states
to perturbations,

0e(H(0)) € {z € C | dist (z,0(H(0))) < const x e} . (25)

At the small values of €, the pseudospectrum is formed just by a small vicinity of the spectrum. In
the terminology of [30], such a pseudospectrum is “trivial” because small random perturbations
cannot destroy the stability of the underlying closed quantum system.

4. Amended Rayleigh—-Schrédinger Construction

Let us temporarily return to the open-system theory where one does not need to
define any nontrivial inner-product metric because the evolution is non-unitary (cf., e.g.,
monographs [31] or [32]). In Section 2, we recalled, for illustration, the work in [24]
as a typical sample of a more traditional approach. Bender and Dunne used there a
Hamiltonian (11) for the purposes of the description of a complicated physical phenomenon.
The physical Hamiltonian itself, as sampled by Equation (15), has only been deduced after
an analytic-continuation redefinition of the model.

In our present paper, our strategy is different, with our attention restricted to the
unitary, closed and stable quantum systems in which the unitarity of evolution coexists
with the non-Hermiticity of H. In this setting, we intend to describe an amendment of the
QHQM perturbation-expansion recipe in which the metric-related technical obstacles will
be circumvented using a reformulation of the theory as recently proposed, in a different
context, in [19].

4.1. The Choice-of-Space Problem Revisited

The requirement of unitarity of the evolution may make the QHQM perturbation
theory discouragingly complicated, mainly due to the operator-expansion nature of the
newly emerging series (7) representing the metric. In a way outlined in Appendix C, the
theory has to be formulated in as many as five Hilbert spaces (cf. our present diagram (A13)
or analogous diagram Nr. (20) in [16]). The standard, reference-providing space £ of
textbooks has to be accompanied by the doublet of the preferred representation spaces,
viz., by IC(A) pertaining to the ultimate dynamical scenario and by K(0) representing the
solvable unperturbed system. The remaining pair of their amended physical partners
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consists of the predictions-offering 7{(A) (carrying the ultimate picture of physics) and
1(0) (i.e., its unperturbed A = 0 partner).

The five-Hilbert-space pattern looks complicated. Concerning its applicability, one
has to be a bit skeptical. In what follows, we intend to show that a fairly efficient remedy
of the skepticism can be based on a more or less straightforward reformulation of the
theory in which the specification of the metric will be re-interpreted as an upgraded
form of transition from K to the correct physical Hilbert space H. A motivation of our
present modification of the theory lies in an undeniable appeal of the Rayleigh-Schrodinger
perturbation-approximation philosophy, which may be characterized, in the conventional
textbook setting, by its enormous technical simplicity. In this sense, we intend to show that
this simplicity need not get lost after one moves to the innovative QHQM framework.

Our attention will be concentrated upon the mathematical consistency aspects of the
theory. We will emphasize that it is possible to overcome the most unpleasant conceptual
complications emerging when one deals with a realistic quasi-Hermitian Hamiltonian of
a unitary quantum system which is allowed to vary with a parameter. The theory will
be re-analyzed in a way inspired by several publications, a sample of which is recalled in
Appendix C.

Attention will be paid to the models in which the parameter-dependence remains weak
and tractable by the techniques of perturbation theory [15]. In the first step of amendment
of the conventional approaches, we will modify the very concept of a state, keeping in mind
that in conventional textbooks, the state is usually characterized by aket-vector element of
a physical Hilbert space (i.e., by |¢) € H). The most immediate inspiration of a change in
such a definition may be deduced from Equation (3), in which it is sufficient to abbreviate

(MO () = (p(A)| € K (26)
or, after the Hermitian conjugation in our mathematical representation space,
OM)lp(A)) = lp(A)) € K. 27)

These abbreviations enable us to rewrite Equation (3) in a more compact form,

a(A) = (u(A)|Alpn (1)) (28)

out of which the metric ®(A) seems to have “disappeared”.

An easy resolution of such an apparent paradox is that we moved back from auxiliary
K to physical H. After some elementary algebra, we also reveal that the parallels between
the “old” ket vectors |,(A)) € K and their “new” partners of Equation (27) (which
could be called “ketkets”) can even be extended, yielding an identically satisfied “parallel”
eigenvalue problem

HY(A) [gn (D)) = Ea(A) [9u (1)), gu(M)) €K, n=0,1,... (29)

(with the same real spectrum of course) or, after the mere Hermitian conjugation in /C,
equivalently,

(Pn(MIHA) = ($u(V[En(A),  (yu(M)| €K', n=0,1,.... (30)

Now, we are prepared to realize that for vectors, the “physical” Hermitian conjugation as
defined, hypothetically, in the “hidden” Hilbert space H just replaces the ket |1, (1)) € H
by the “brabra” (,(A)| € H'.

To summarize, we come to the conclusion that in the correct physical Hilbert space H,
the most natural representation of an n—th bound state of the quantum system in question
will not be provided by any ket but rather by the elementary projector

on(A) = mm»W«wnw. (31)
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The main advantage of such an upgrade of conventions is two-fold. First, formula (31)
remains the same in both of the Hilbert-space representations in K and in , and second,
using the standard definition

an(A) = Tr[Agn(A)] (32)

of the probability density, one immediately rediscovers the above-mentioned equivalent
measurement-predicting prescription (3). Moreover, the use of formula also opens the way
from pure states to mixed states and quantum statistical physics [33-35].

4.2. Rayleigh-Schridinger Construction Revisited

In the light of our preceding considerations, the essence of our present innovation
of the QHQM Rayleigh-Schrodinger construction of the series (5)—(7) [with an implicit
reference to the “measurement-prediction” Formula (3) alias (28) alias (32)] can be seen to
lie simply in the replacement of the almost prohibitively complicated operator-expansion
formula (7) by the alternative and formally sufficient new ketket-expansion ansatz

W) = 190N +A D) + A% [p) + ... (33)

In other words, we will still have to start from the entirely conventional decomposition (4)
of the Hamiltonian and from the related order-by-order re-arrangement

[H=EQ©) +A(v—ED) = a2E@ — [ [j0) + A [p@) + A2 |p@) +.. | =0 (34)

of our initial perturbed form of Schrodinger Equation (1). The innovation only comes when
we reject the recipe of our previous proposal [16] (based on the reconstruction of ®@(A)
via the clumsy power-series ansatz (7)) as unnecessarily (and, what is worse, more or less
prohibitively) complicated.

In our present upgraded recipe, one simply complements Equation (34) by its associ-
ated partner for ketkets,

[Hf—ﬂm+Auﬁ—Em)—ﬁE®—.J[m»+Awm»+Aﬂ¢ﬂ»+”}:0.@m
Obviously, an enormous simplification of the construction of the measurable predictions (32)
is achieved. Indeed, in comparison with the complicated formulae in [16], the construction of

the necessary recurrences for the sequence of corrections becomes immediate, making use
only of the slightly upgraded projector

IT=1-[0){0] =}, I/ {l (36)

>0

and leading to the easily deduced formulae for the energies, say,

EW = (o[vjo), E@ = (ojvizjg?), .. 37
as well as to the kets .
|¢WZHE@—HmeW’ %)
@y 11— v — e

(etc.) and, analogously, for the ketkets,

1

O =t—-—
‘¢»_HEm—WWW

'v7jo), (40)
1

mrﬁ[w — EWITtpM)y), (41)

@y =1
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etc.

Summarizing, one only has to remind the readers that the full-fledged version of
the present amended QHQM perturbation theory is only needed when we really have to
predict the results of measurements of the observable represented by a preselected operator
A. In applications, we are often interested in just the evaluation of only one of the values of
the energy (which is, moreover, defined as one of the eigenvalues of the Hamiltonian). In
practice, such a value is often known to be real. In such a case, naturally, what is needed is
just the more or less standard construction of the single power series (5). We may conclude
that precisely such simplified calculations were performed in papers [23,24], with the
details recalled in Section 2 and in Section 2.2 above.

5. Discussion
5.1. Key Role Played by the Proof of Reality of Spectrum

In the early studies of non-Hermitian Hamiltonians with real spectra [1,2,12,36], the
authors admitted that the non-Hermiticity of H(A) could make the standard probabilis-
tic closed-system interpretation of the states questionable. For example, Bender and
Dunne [24] circumvented the problem by claiming that their expansion (12) offers only
“strong evidence” that the quantity E(A) is an analytic function, which can be continued to
the cut complex plane of couplings g = A2.

Later, emphasis has been shifted to the requirement of the reality alias potential
observability of the would-be bound-state energy-level spectrum of H representing a
necessary condition of existence of an amended inner product. A direct and truly innovative
closed-system physical interpretation of models started to be sought in the reconstruction
of metric ® = O(H) [3,10].

In the context of QHQM perturbation theory, for several reasons (some of which have
been discussed above), the necessity of the proof of the reality of the energy spectra also
acquired a new urgency. In its analysis, as performed in our preceding paper [16], we
emphasized that the scope of the QHQM perturbation theory is in fact “too broad”. In
comparison with the constructive strategy of conventional textbooks (where the trivial
physical inner-product metric is chosen in advance), the more flexible QHQM theoretical
framework forced us to admit that our © must be treated as perturbation dependent. The
two conventional Rayleigh—Schrodinger power series (5) and (6) had to be complemented
by the third item (7) representing the metric and making the construction of the model (i.e.,
of its correct physical Hilbert space) almost prohibitively difficult.

In this context, one of our present main results is that we managed to simplify the
construction by replacing the difficult operator expansion (7) by its mere ketket-vector
alternative (33). Nevertheless, even after such an upgrade of the recipe the (rarely easy!)
proof of the reality of the spectrum will still keep playing the most important role of a
necessary preparatory step in applications.

5.2. The Requirement of Completeness of the Set of Observables

We achieved a simplification of the non-Hermitian version of the Rayleigh-Schrodinger
formalism by making the operator—expansion (7) of the metric “invisible”. The price to pay
was the loss of insight into the correspondence between the reality of spectrum and the
choice of the class of admissible perturbations. In fact, the study of this correspondence is
nontrivial, requiring, probably, a return to the study of explicit expansions (7).

The question remains to be kept in mind as a truly interesting and challenging future
project, nevertheless. One of the reasons is that it is closely related to the paradox of the
ambiguity of the metric. Indeed, it is well known that the operator ® endowing a given
Hamiltonian H with a self-adjoint status in ‘H need not be unique. As a consequence, even
the norm of perturbation V in ansatz (4) can vary so that also the conventional condition of
its “sufficient smallness” could be difficult, if not impossible, to prove.

The ambiguity of © = O(H) has been identified in [8], resulting from an incom-
pleteness of our information about the system’s dynamics. Indeed, the emergence of any

11
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independent candidate A for an observable (which would have to be quasi-Hermitian with
respect to the same metric, AT® = @ A) would suppress the ambiguity of ® whenever such
a candidate appears not to be reducible to a function of H, A # A(H). This means that a
unique © will be obtained only after one specifies a complete set of irreducible observables
H (= Ag) and A (= A1) and, perhaps, A, etc. [8].

In a way discussed in [8], one is usually forced to work with only an incomplete
irreducible set of preselected observables A;. This means that the ambiguity of the metric
can only rarely be fully suppressed. One may try to circumvent the problem by making a
more or less arbitrary choice of one of the eligible metrics. The same strategy is, after all,
widely accepted in the conventional textbooks using trivial ©® = I.

In the framework of unconventional QHQM, an exhaustive explanation of the prob-
lem of the ambiguity of the norm can already be found in [8], where one reads that
the variability of our choice of the metric just reflects an incompleteness of the input
information about dynamics. This means that such an ambiguity disappears when our
knowledge of H becomes complemented by the knowledge of a sufficiently large (i.e.,
in mathematical language, “irreducible”) set of some further operator candidates for
the observables.

In this sense, we arrive at a new paradox. Either we postulate such a knowledge or not.
Naturally, the abstract theory would only be fully satisfactory in the former case. In such a
case, nevertheless, the A dependence of the Hamiltonian and metric would be inherited by
an induced and strongly counterintuitive A dependence of all of the further (i.e., necessarily
quasi-Hermitian) observables A; with j > 0.

5.3. The Coordinate-Non-Observability Paradox

Among all of the differential-operator candidates for a closed-system quantum Hamil-
tonian possessing a real energy-like spectrum as sampled by Equation (11) above, one
of the most interesting alternative models was studied by Buslaev and Grecchi [2]. One
of the truly striking features of their model (which made it qualitatively different from
Equation (11)) was that for the purposes of its mathematical consistency it was necessary
to keep the “coordinate” complex (i.e., x ¢ R, in the asymptotic domain at least). This
is a contradictory situation because such a variable cannot in fact be interpreted as an
observable quantity.

The puzzle has been clarified by an explicit reference to perturbation theory in combi-
nation with the techniques of analytic continuation. In a way discussed also in section 2
above, Buslaev and Grecchi revealed a hidden, perturbation-series-mediated connection
between their manifestly non-Hermitian “complex-coordinate” oscillator and the safely
self-adjoint Hamiltonian

§AHO) = — A 4 |72+ A |7 (42)

describing an entirely conventional quartic anharmonic oscillator [14,37]. They were aware
of the divergence of the related Rayleigh-Schrodinger perturbation series (5), but their
analysis revealed the existence of an intimate relationship between operator (42) (defined
as self-adjoint in the most common physical Hilbert space L?(R?)) and its specific non-
Hermitian isospectral descendant.

In [2], the same idea has been shown to work also in application to another, mul-

tiparametric multiplet of ordinary differential Hamiltonian-like operators H,SBG) with

n=1,2,...,K (with, incidentally, K = 7). A special status has been again enjoyed by the

element Hl(BG) = h(BG) which was required, in the most conventional Hilbert space L2(R),

to be self-adjoint. The last element H I(<BG) of the sequence appeared to be non-Hermitian but

parity-time-symmetric alias PT - symmetric. For our present purposes, we may abbreviate
H I(<BG) = H(BG) (i.e., drop the last subscript) and notice that the above-mentioned Jones

and Mateo isospectrality relationship finds a direct analogue in formula

b(BG)  F(BG).

12
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This is not too surprising because the Jones and Mateo Hamiltonian /M) is just a parameter-
free special case of the Buslaev and Grechi multiparametric operator §(EC). Thus, after
a multiparametric generalization of Jones” and Mateo’s Dyson operator (17), a new light
could be thrown upon the concept of locality in non-Hermitian physics (cf. [38] and also
formula (18) in Section 2.3 above).

Incidentally, Jones” and Mateo’s “direction of simplification” becomes inverted since
the evolution controlled by H(PS) has to be reclassified as a more complicated picture of
dynamics. Still, the message which survives is that the physical interpretation is directly
provided by the Rayleigh-Schrodinger perturbation series of Equation (5).

5.4. A Detour to Meaningful Complex Spectra

In the conventional applications of perturbation theory, one starts from the knowledge
of a preselected family of Hamiltonians

H(A) = Hy + A Hy (43)

in which the unperturbed operator Hy is assumed maximally user-friendly or even, often,
diagonal. The specification of the admissible perturbations AHj is then rather routine, made
in accordance with both the phenomenological and mathematical model-building needs [15].
Family (43) is chosen, in most textbooks, as a mere sum of two self-adjoint operators.

We have already emphasized that once one admits a manifest non-Hermiticity of one
or both of the operator components of the Hamiltonian in an auxiliary Hilbert space IC,

Ho # Hj, H #H{ (44)

the technical costs of such a weakening of the conventional assumptions may be high
(cf. [3,8,10,11,39,40]). Even when one decides to keep the working Hilbert space perturbation-
independent, K(A) = K(0) = K, a number of challenging questions survive. One of the most
important ones follows from the possible loss of the reality of eigenvalues,

E(A) =E(0)+AEM +A2E@ 4 ecC. (45)

Then, one has to accept the open-system philosophy and to treat the Rayleigh-Schrédinger
expansions just as an ansatz which could work even when E(A) ¢ R and even when the
series is divergent.

The feasibility of such an alternative model-building strategy has been confirmed, e.g.,
by Caliceti et al. [36] (cf. also a more recent review of the field in [41]). In essence, the
latter authors revealed that in a number of specific toy models the conventional ansatz (45)
may still serve as a productive constructive tool, yielding, at the small and real coupling
constants, the real (i.e., energy-like) as well as complex (i.e., resonance-representing) low-
lying spectra after standard resummation.

5.5. Real Spectra and the Paradox of Emergent Instabilities

The reality of spectra of the Hamiltonians has independently been noticed in the
context of quantum field theory [12]. This attracted the attention of the physics community
to the applicability of expansions (45) in the non-Hermitian setting of Equation (44). The
authors of the innovated studies of imaginary cubic anharmonic-oscillator Hamiltonians

(CAHO) > pr o .3
H (n,v) = o + T +ivx (46)
identified either A = y (say, in the “strong-coupling expansions” of Ref. [23]) or A = v (say,
in the “weak-coupling expansions” in [24]).

Even when having the strictly real bound-state-like spectra, the latter model-building
efforts were criticized by mathematicians [17,30]. They recommended a replacement of
the mere search for eigenvalues (characterized as “fragile”) by a more ambitious con-

13
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struction of pseudospectra. We have to point out that the mathematically well-founded
latter recommendation has been based on a conceptual misunderstanding. Fortunately,
a disentanglement of the misunderstanding was straightforward. It proved sufficient to
distinguish between the closed and open systems and to show that the construction of
pseudospectra only makes sense (and offers new information) in the latter case (for more
details, see also Section 3 above).

From a purely mathematical point of view, one should not be too surprised by the
latter conclusion and, in particular, by the “wild” [30] behavior of open systems exhibiting
emergent instabilities because the theory behind the closed systems is different. For them,
the constructions and predictions obtained in the two alternative “physical” Hilbert spaces
L and H are, by definition, equivalent. Thus, no paradox can be seen in the existence of the
mechanism due to which the pseudospectra of closed systems remain well behaved even
when the representation of dynamics itself is non-Hermitian.

Another, even more straightforward explanation of the existence of the emergent
open-system instabilities becomes best visible when the system in question happens to
lie close to a Kato’s exceptional-point singularity [42—44]. In such a vicinity, indeed, the
operator of metric ® becomes singular and dominated by a projector [45]. Perturbations
Hj, which are small with respect to the correct physical Hilbert-space norm (in our present
notation this means that §H;f < 1) may still be, simultaneously, very large with respect to
the conventional open-system norm as defined in the standard regular limit of ® — I (i.e.,
||H1|| > 1). As a consequence, perturbations may be expected to lead to the “wild” forms
of pseudospectrs (20) as sampled, via a number of elementary examples, in [30].

5.6. Ultimate Challenge: Models Where the Metric Does Not Exist

To a compact introduction in the overall QHQM theory, as provided in Appendix A,
it makes sense to add that a truly enormous increase in the popularity of the formalism
has been inspired by Bender’s and Boettcher’s claim [1] that the reality of spectra is a
phenomenon which can be observed in an unexpectedly broad class of models which
are not only phenomenologically attractive but also mathematically user-friendly. These
results set the scene for an intensive subsequent study. It is of no surprise that whenever an
operator H proves non-Hermitian (in K) while its spectrum {E, } is “bound-state-like” (i.e.,
real, discrete, and bounded from below), one feels tempted to consider the possibility of its
quantum quasi-Hermitian Hamiltonian-operator interpretation.

In [1], the temptation has been further supported by the detailed analysis of the specific
ordinary differential Hamiltonian-like operators

HBB) (n) = ——— — (ix)"*2, n>0. (47)

These operators are, in general, complex and manifestly non-Hermitian but still possessing
the strictly real and discrete bound-state-like spectra. On these grounds, Bender and
Boettcher conjectured that such operators could be treated as Hamiltonians in certain
unconventional, “analytically continued” quantum theories.
functional analysis, they proved that for at least some of the toy models where H had the
elementary differential-operator form (47), an acceptable metric ® which would satisfy
relation (2) does not exist at all. This weakened the enthusiasm because at least some of
the local interaction benchmark models cannot be endowed with any admissible physical-
Hilbert space H.

One of the ways of circumventing such a mathematical disproof of quasi-Hermiticity
has been found in a transition to the open system reinterpretation of the models [5]. As a
benefit, such a change of strategy simplified the mathematics because one could simply
set © = I. A return to the old open-system philosophy behind models (47) appeared even
productive in mathematics. In a way outlined in Section 5.5 above, it led to the discovery of
certain unexpected spurious approximate solutions of Equation (1) emerging at the energies
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which were far from the spectrum [30]. Thus, it was immediate to conclude that in place of
the spectrum, the much more useful descriptive tool can be sought in the pseudospectra.

In a way which we described in Section 3 above, the pseudospectra directly character-
ize the influence of random perturbations upon dynamics of the systems. Incidentally, their
analysis has been shown to make sense only in the open-system cases in which the spectra
of H are not real. Aslong as Im E,; # 0 at some 7, the Hamiltonian cannot be Hermitian,
H # H'. Thus, we may set ® = [ and identify H = K. In contrast, the knowledge of
pseudospecta is not needed in the other, stable-bound-state scenario, partially because the
implication [Im E, # 0] = [H # H'] cannot be inverted.

It is possible to conclude that for the closed systems with the Hamiltonians sampled
by Equation (47), the question of their acceptability is still open. The reason is that the
physical Hilbert space defined in terms of the correct inner-product metric ® = @(H) need
not exist. Thus, whenever we decide to stay inside the QHQM theory and require that

[H # H'| & [ImE, = 0], Vn

we must keep in mind that the status of many popular illustrative examples has to be
reconsidered as inconclusive, with an acceptable physical interpretation being still sought
in several new directions [47-55].

In fact, Scholtz et al. [8], were probably already aware of the similar mathematical
subtlety because they complemented the quasi-Hermiticity requirement (2) by a few further
consistency-supporting sufficient conditions. Among them, the most prominent amend-
ment of the theory seems to be their mysterious requirement of the boundedness of H.
Unmotivated and counterintuitive as it might have looked in the past, it was probably one
of the lucky parts of the formulation of QHQM by Scholtz et al. [8] because, in retrospect, it
excludes the contradictory differential unbounded-operator models (47) as unacceptable.

6. Summary

In the textbooks on quantum theory, the authors have to distinguish between the
models supporting, and not supporting, the presence of resonances. The notion of pertur-
bation plays a fundamental role in both of these implementations of the theory. This is for
two reasons. The first one is realistic: Whenever one tries to prepare and study a quantum
system, stable or unstable, it is hardly possible to achieve its absolute isolation from an
uncontrolled environment. One has to guarantee the negligibility of influence of such an
environment using, typically, non-Hermitian Hamiltonians and open-system models with
complex spectra and random perturbations.

The second reason is mathematical: Even if we manage to guarantee that the system in
question is, up to negligible errors, isolated, perturbation theory re-appears as a powerful
tool suitable for calculations and for an efficient evaluation of predictions. Naturally,
a consistency of perturbation-related constructions needs a guarantee of a “sufficient
smallness” of the perturbation. Such a guarantee is a task, an explicit formulation of which
depends on the model-building details. Our present attention has mainly been devoted,
therefore, to the physics of stable bound states (and just marginally to unstable resonances)
in a way motivated by the recently increasing popularity of the so-called non-Hermitian
Schrodinger representations of the stable and unitary quantum systems.

In the literature, the presentation of this subject may be found accompanied by the emer-
gence of multiple new and unanswered questions. In our paper, we picked up a few of such
questions which we were able to answer. Basically, our answers may be separated in sev-
eral groups. In the first one, we felt inspired by the authors who studied the pseudospectra.
We imagined that in such an area of research the application of innovative mathematics is
not always accompanied by a clear explanation of physics. In this setting, we conjectured
that a key to the resolution of certain emerging apparent paradoxes can be found in distin-
guishing, more consequently, between the traditional non-Hermitian quantum models with
©® = I (for the study of which the pseudospectra have been found truly indispensable [17])
and the more recent and sophisticated closed-system theories in which the specifica-
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tion of the correct inner-product metric proves nontrivial and Hamiltonian-dependent,
©=0(H) # I

In this way, we managed to explain that in certain applications (sampled by the
random-perturbation studies) there is practically no difference between the use of the
QHQM and standard quantum mechanics. A slightly different conclusion has been
achieved when we turned attention to a more explicit study of the Rayleigh-Schrodinger
perturbation expansions. The differences, not too well visible in the mere calculations of
energies [23,24], appeared immediately deeply relevant when one becomes interested in
practically any other observable quality /quantity of the system.

The latter feature of the theory has already been observed (and not found to be too
welcome) in our preceding paper [16]. Our detailed analysis of the structure of the QHQM-
version of perturbation theory led us there to a few rather skeptical conclusions concerning
the applicability of the formalism in its full generality. In our present paper, we managed
to show that the strength of the latter discouraging results can perceivably be weakened
when one reconsiders the theory and after one reduces its scope to just the description of
its experimentally verifiable predictions.

In this spirit, we proposed replacing the next-to-prohibitively difficult operator-valued
solution of Equation (2) (specifying the perturbation-dependent metric ©®(A) needed
in Equation (3)) by the vector-valued solution of Equation (29) entering the modified
form (28)) of the same prediction which is, even by itself, much easier to evaluate.

In conclusion, it is probably worth adding that along the same methodical lines one
could also get beyond the framework of the Schrodinger picture in which the opereators
of observables are mostly assumed time independent, A # A(t). In the future, perhaps,
the same methodical ideas might prove applicable also in the non-stationary context and
models and in the interaction-picture extension of the hiddenly unitary-evolution formalism
as proposed a couple of years ago in [56].
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Appendix A. Quantum Mechanics in Quasi-Hermitian Representation

A comprehensive outline of the formulation of unitary quantum mechanics in which
the conventional requirement of Hermiticity of the Hamiltonian is replaced by an apparently
weaker, metric-dependent quasi-Hermiticity constraint (2) can be found not only in the
older review by Scholtz et al. [8] but also in a few newer papers (e.g., [3,10,57]) and books
(e.g., [4,11]). In the interpretation of review [39], the formalism is based on the simultaneous
use of a triplet of Hilbert spaces (say, [£, KC, H]) connected by the Dyson-inspired [20]
mutual correspondences, as displayed in the following diagram:

’ hypothetical space of textbooks ‘

L= ‘Cunfriendly
(physical but not used)

map Q! equivalence.
/ SN (A1)
’ friendly representation space ‘ simplification ©— ’ ultimate amended picture ‘
%
K = Kinathematical H = thysical
(unphysical) (represented in KC)

In such an arrangement, by assumption, the two lower-line Hilbert spaces K and H
coincide as linear modules or vector-space sets of the ket-vector elements |¢). Thus, we can
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write |) € K and/or |¢) € H and treat the Hamiltonian H (carrying the input information
about dynamics) as an operator defined and acting in both of these two spaces.

The difference between K and H lies in two conventions. First, the former, auxiliary,
manifestly unphysical Hilbert space K is definitely preferred as the more user-friendly one.
The standard Dirac’s notation is applied to the bra—vector elements of its dual marked by a
prime, (| € K'. Second, the correct physical Hilbert space # is only treated as represented
in K using the mere change of the inner product,

(Yalipp) = the inner productin IC, (¢,|®|¢,) = the (mimicked) product in H .

The bra—vector elements of the dual physical vector space are, in the notation of Ref. [58],
denoted as “brabras”, (| € H'. They have the metric-dependent representation

(¢l = (vj©

in K’. Thus, we can treat these brabras as the Hermitian conjugates of the kets in the
physical Hilbert space . In parallel, we can also introduce the “ketkets” |)) = © |y) as
the Hermitian conjugates of the brabras with respect to the simpler, conventional inner-
products in the unphysical but preferred representation-Hilbert-space K.

Appendix B. Rayleigh-Schrodinger Construction in £
A factorization ® = QFQ) of the metric enables us to define the textbook L-space
self-adjoint avatar of our Hamiltonian
h=QHQ t=p". (A2)

It acts in the upper component £ of diagram (A1), which is just the conventional physical
Hilbert space of textbooks. The latter Hilbert space can be perceived as the set of the
“spiked-ket” elements |1 == Q |ip) € L and of their Hermitian-conjugate “spiked-bra”
duals <y| = (p| Q" € L£'. By definition, the hypothetical and practically inaccessible
operator b is an L—space image of our preselected Hamiltonian H. Hence, the the above-
mentioned links of £ to the other two spaces imply that the Hermiticity of h in L is
equivalent to the (hidden) Hermiticity of our H in H. In contrast, the same operator H is
non-Hermitian in the mathematical manipulation space /.

In the context of perturbation theory with h = h(A) = hy + Av in Schrédinger equation

H(A) [Yn(A) == Eu(A) |[pu(A) =, n=0,1,... (A3)

the standard power-series ansatz for energies (5) is complemented by its wave-function
analogue

Pu(A) = = [Yn(0) = +A [ = +A2 P = ... (A4)

The Hermiticity (A2) is then an important mathematical advantage. In particular, this
property enables us to treat the unperturbed Schrodinger equation

(ho — En(0))[n(0) = =0 (A5)

as a standard eigenvalue problem, preferably solvable in closed form. Next, we may recall
any textbook and write down the first-order-approximation extension of Equation (A5),

(B0 — Ex(0) |9 = +(0 — E{V) |9 (0) = =0 (A6)
as well as its second-order extension

(o — Ea(0)[15” = +(0 — E{)) 9 = +(—E)|9u(0) = =0 (A7)
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etc. In this manner, we may reconstruct the sequence of the corrections to the energy,

EY =<4, (0)] 0|1 (0) =, (A8)

E) =< (0) o]yl > (A9)

(etc.) as well as the analogous sequence of the corrections to the wave-function ket-vectors

M, _ 1
@, _ 1 _ My,
(etc.) where the symbol
Q=1I—[9n(0) = <¢pu(0)] (A12)

denotes an elementary projector “out of model space”.

Appendix C. Open Questions behind Quasi-Hermitian Perturbations

In the ultimate physical Hilbert space H in which H is self-adjoint, it would be possible
to introduce a dedicated superscript marking the space-characterizing conjugation and to
rewrite Equation (2) as follows,

H=Ht.=0'H'O.

Nevertheless, once we move to the preferred representation space C, the latter notation be-
comes redundant because the relation H = H7 finds its rephrasing in the quasi-Hermiticity
constraint (2) in K.

In applications, we have to re-read Equation (2) as restricting an assignment of metric
O to a preselected non-Hermitian operator H. Such a metric will necessarily vary with
the Hamiltonian in general, ® = @(H). The same observation applies to its Dyson-map
factor, O = Q)(H). Both of these comments have already been formulated in [16]. We
pointed out there that whenever one decides to consider any one-parametric family of
Hamiltonians H = H(A) (including also the perturbed Hamiltonians of Equation (4) as a
special case), the physical meaning of the quantum system can only be deduced from its
textbook probabilistic interpretation in £ at every A.

This means that the change in the parameter will imply the change of diagram (A1).
The independence of the unperturbed and perturbed versions of Schrodinger Equation (1)
lead to the necessity of working, at every non-vanishing parameter A, with as many as
six separate Hilbert spaces. Even though we can merge £(A) = £(0) = £ and use the
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single textbook space for reference, the union of the two respective diagrams (A1) with
A =0and A # 0 still has to be replaced by their five-Hilbert-space concatenation.

elementary initial elementary initial
. Hermitization @(0)

‘ auxiliary space K(0) ‘ — ‘ correct space H(0) ‘
(unperturbed limit) (unperturbed limit)
map Q(0) \ /\/ equivalence at A=0
hypothetical merged

‘ inaccessible space £) ‘ (A13)
of conventional textbooks
map Q(A) P NN equivalence at A#£0
A — dependent ultimate A — dependent ultimate
. Hermitization ©())
‘ auxiliary space KC(A) ‘ — ‘ correct space H(A) ‘
(perturbed regime) (perturbed regime)

In [16], we emphasized that the general QHQM formalism remains consistent and
applicable even when the A —dependence of the Hilbert space metric ©(A) is not smooth.
Nevertheless, we proposed that for the perturbed models of Equation (4) characterized
by a smooth A—dependence of the Hamiltonian, it makes sense to also postulate the
analyticity of @(A). Still, our concluding comments concerning the practical feasibility of
the calculations were skeptical. In contrast, one of the key messages, as delivered by our
present paper, can be seen in a significant suppression of the latter skepticism.

Appendix D. Biorthonormalized Unperturbed Bases

In Hilbert space K, our Hamiltonians are assumed non-Hermitian, H # HY. In
Section 4, we emphasized that we therefore have to complement the conventional
Schrodinger equation (i.e., Equation (1) for the ket vectors) by its conjugate partner speci-
fying their H-space duals. This goal is achieved either via Equation (30) for the “brabra”
vectors or, equivalently, via Equation (29) for the “ketket” vectors.

Temporarily let us simplify the mathematics and assume that dim C < oo [59]. Then,
for the reasons explained in diagram (A13) of Appendix C, we must distinguish between the
equations at A = 0 (the unperturbed limit) and at A # 0 (the perturbed regime). In the former
case, let us now rewrite both of the A = 0 Schrodinger equations in a more compact notation,

H|n) =E,|n), n=0,1,...,dimK-1, (A14)

H'n)) =E,|n), n=0,1,...,dimK-1. (A15)

In the framework of perturbation theory in its most elementary form, the solutions of
such an advanced, “doubled” quasi-Hermitian bound-state problem are usually assumed
available in closed form. We will also require that all of the unperturbed eigenvectors form
a biorthonormalized set (i.e., one has ({1 |¥n) = dun), which is complete. Thus, we will
have, at our disposal, the spectral decomposition of the identity operator,

dim -1
[n) {(n| =1. (A16)
n=0

Formally, one can even postulate the validity of a spectral representation of the unperturbed

Hamiltonian,
dim -1
H(0)= )., |n)Ea(0)({(n|. (A17)
n=0
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Finally, recalling [58], one can write down also the multiparametric definition
dim -1

©0)= Y [m)xa(0){(n] (A18)

n=0

of all of the metrics which would be formally compatible with the Dieudonné’s quasi-
Hermiticity constraint (2) at A = 0. In parallel, the related Dyson-map factor O = Q(0)
appearing in Equation (16) and in diagrams (A1) and/or (A13), as well as in the explicit
definition | > = Q) |¢) € L of the elements of the hypothetical space of textbooks can be
formally represented by the sum
dim -1
Q0) = Y, In= xu(0) (nl. (A19)
n=0

Depending on the representation, one can insert here (y| € H' or (| = (y|© € K'.
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Abstract: The concept of quantum ratio has emerged from recent efforts to understand how New-
ton’s equations appear for the center of mass (CM) of an isolated macroscopic body at finite body
temperatures as a first approximation of quantum mechanical equations. It is defined as Q = R,/ Ly,
where the quantum fluctuation range Ry is the spatial extension of the pure-state CM wave function,
whereas Ly stands for the body’s linear size (the space support of the internal bound-state wave
function). The two cases R;/Lg S 1and R;/Lg >> 1 roughly correspond to the body’s CM behaving
classically or quantum mechanically, respectively. In the present note, we elaborate on this concept
and illustrate it through several examples. An important notion following from introduction of
the quantum ratio is that the elementary particles (thus, the electron and the photon) are quantum
mechanical even when environment-induced decoherence places them into a mixed state. Thus,
decoherence and classical state should not be identified. This simple observation, further illustrated
by consideration of a few atomic and molecular processes, may have significant implications for the
way that quantum mechanics works in biological systems.

Keywords: quantum mechanics; classical mechanics; macroscopic bodies; quantum fluctuations

1. Introduction: The Quantum Ratio

The concept of quantum ratio emerged during the efforts to understand the conditions
under which the center of mass (CM) of an isolated macroscopic body possesses a unique
classical trajectory. It is defined as

= M

where R, is the quantum fluctuation range of the CM of the body under consideration
and L is the body’s (linear) size. The criterion proposed to tell whether the body behaves
quantum mechanically or classically is [1]

QO>1, (quantum), )

or

Q<1, (classical) , (©)]

respectively.
Let us assume that the total wave function of the body has a factorized form

Y(ry,1p,...1n) = Yem(R) i (81, 82, ... En—1) 4)

where ¥ ¢y is the CM wave function, the N-body bound state is described by the internal
wave function ¢;,,;, {#1,%,...En_1} are the internal positions of the component atoms
or molecules, R is the CM position, and r; = R+ (i = 1,2,...,N). In the case of a
macroscopic body, N can be as large as N ~ 10?°,10%, etc.
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1.1. The Size of the Body
Ly is determined by ;,;;. A possible definition of Ly is

Lo=Maxi7i, 7 = (@il &) [ine))/?, ©)

though the detailed definition is not important here. L is the spatial support (extension) of
the internal wave function describing the bound state a macroscopic body, and from some
scales upwards, might well be described as a classical bound state due to gravitational or
electromagnetic forces; however, their size is always well defined). It is the (linear) size
of the body. Even though Ly might somewhat depend on the body temperature T (the
average internal excitation energy), it is well defined even in the T — 0 limit. It represents
the extension of the ground-state wave function of the bound state describing the body.

For an atom, the definition (5) correctly provides the outermost orbit in the electronic
configuration. Ly varies from 0.5 A to hundreds of A for atoms and molecules. The atomic
nuclei (composed of protons and neutrons), which are bound more strongly by short-range
nuclear forces, have smaller size Ly on the order of Fermi ~107!3 cm. For mesoscopic to
macroscopic bodies, Ly varies vastly depending on the composition, the types of the forces
which bind them, and their particular molecular or crystalline structures. For the earth (the
radius) Ly ~ 6400 km.

An exception is the case of the elementary particles, which have Ly = 0. This has a
simple implication according to (2): having Q = oo, the elementary particles are quantum-
mechanical.

It might be argued that length scales (i.e., small or large) are relative concepts in
physics; at distances much larger than Ly, any body looks pointlike. More generally,
when changing the scales of distances or energies, the physics might look similar. A more
rigorous formulation of this idea (scale invariance) is that of the renormalization group in
relativistic quantum field theories in four dimensions, e.g., theories of the fundamental
interactions [2-5]), or in lower-dimensional models of critical phenomena [6].

Scale invariance holds if the system possesses no fixed length scale (nonrelativistic
quantum mechanics, having only # with the dimension of an action as the fundamental
constant in its formulation, shares this property [7]). The so-called quantum nonlocality
is one of its consequences. However, in specific problems the masses and the potential
explicitly break scale invariance in general. For a class of potentials, such as the delta-
function or 1/7? potentials in D = 2 space dimensions, the system possesses exact scale
invariance [8]. From the point of view of the theory of fundamental interactions, the
absence of a fixed length scale means that physics at low energies does not depend on the
ultraviolet cutoff A. Thus, we need to introduce the regularization (and renormalization)
of the theory because of the presence of ultraviolet divergences. In other words, the theory
is of renormalizable type, that is, a quantum field theory without any a priori mass (or
length) parameter.

For the questions of interest in the present work, however, it is important, and we
do know, that the world we live in has definite length scales, such as Bohr’s radius and
the size of atomic nuclei. In other words, terms such as microscopic (from elementary
particles and nuclei to atoms and molecules) and macroscopic (much larger than these)
have well-defined concrete meanings.

These fixed sizes (or length scales) characterizing our world are set by the fundamental
constants of nature (f, ¢, c) and by the parameters in the theory of the fundamental (strong
and electroweak) interactions [2-5], namely, the quark and lepton masses, W and Z masses.
See Section 2.1 for more on this topic.

1.2. Quantum Range R,

The quantum fluctuation range R, is determined by ¥c1(R). In principle, it is just the
(spatial) extension of the pure-state wave function ¥y (R) describing the CM of the body.
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However, it is a much more complex quantity than Ly, and depends on many factors. In
quantum mechanics (QM) there is no a priori upper limit to R,. Take for instance the wave
function of a free particle, 1; while it might be thought that the normalization condition
[|¢|| = 1 necessarily sets a finite quantum fluctuation range, this is not the case. As is well
known (Weyl's criterion), a particle can be in a state arbitrarily close to a plane-wave state,

o<, ©

i.e.,, in a momentum eigenstate, which has R; = co. This fact, the absence of a priori upper
limit for Ry, is another consequence of the fact that QM laws contain no fundamental
constant with the dimension of a length.

Given a body, R; will in general depend on the internal structures, excitation modes,
and body temperature. These cause self-induced (or thermal) decoherence due to the
emission of photons which carry away information and seriously reduce R;. If the body
is not isolated, its R, is severely affected by the action of environment-induced decoher-
ence [9-14] upon the surrounding temperature, flux, etc. Moreover, R, depends on the
external electromagnetic fields, which may split the wave packets, as in the Stern-Gerlach
setup, as well as on possible quantum-mechanical correlations (entanglement) among
distant particles. R; may depend also on time.

An important question concerns the width of the wave packet of the CM of an iso-
lated (microscopic or macroscopic) particle, Acys. This should not be confused with Ly.
Being the spread of a single-particle wave function, Acys is a measure of the quantum
fluctuation range

Rl] Z ACM ’ (7)

though R; can be much larger than Acys in general.

As for the relation between Acys and Lo, Acps corresponds to the uncertainty of the
CM position of the body. For a macroscopic body, an experimentalist who is capable of
measuring and determining its size Ly with some precision will certainly be able to measure
the CM position R with

Acm S Lo, or even with Acpy < Ly . (8)

Nevertheless, such a relation neither holds necessarily nor is required in general.
A macroscopic body, especially at exceedingly low temperatures near T = 0, may well
be in a state of position uncertainty (the width of the wave packet)

Acpy > Ly - )

Using (7), such a system is seen to have Q > 1, and as such is quantum mechanical. Many
attempts to realize macroscopic quantum states experimentally by bringing the system
temperatures close to T' = 0 have been made recently [15-26].

Vice versa, a well-defined CM position (8) set up at time ¢ = 0 does not in itself tell
whether the system will behave quantum mechanically or classically.

A free wave packet of an atom or molecule with initial position uncertainty Acys will
quickly diffuse (the diffusion rate depends on the mass) and acquire R; ~ Acp > Lo (see
Table 1, taken from [1]). In the Stern—Gerlach setup, with an inhomogeneous magnetic
field, the (transverse) wave packet of an atom or a molecule with spin will be split in two
or more wave packets, which can become separated even by a macroscopic distance (R;)
such that R; > Lo, Q > 1 (see Section 2.3 for more about this).

On the other hand, a macroscopic body does not diffuse (see Table 1). Its CM wave
packet does not split under an inhomogeneous magnetic field either [1]. Therefore, if the
CM position of a macroscopic body is measured with precision (8) at time ¢ = 0, the relation
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R; S Lo (Q $1)is maintained in time. Such a body evolves classically with a well-defined
trajectory obeying Newton’s equations [1].

Table 1. Diffusion time of the free wave packet for different particles. Conventionally, we take the
initial wave packet size of 1 u = 10~% m and define the diffusion time as the At needed for its size to
double. For a macroscopic particle of 1 g, the doubling time is 10'° s ~ 10'! yrs, which exceeds the
age of the universe.

Particle Mass (in g) Diffusion Time (in s)
electron 9 x 1028 1078
hydrogen atom 1.6 x 10~ 1.6 x 1073
Cyp fullerene 8 x 10722 8x 1073
astoneoflg 1 101

1.3. The Microscopic Degrees of Freedom Inside of a Macroscopic Body Are Quantum Mechanical

The present discussion on the quantum ratio is concerned with the question of how
classical behavior for the CM of a macroscopic body emerges from QM. An important fact to
be kept in mind is the following: even if a macroscopic (or a mesoscopic) body might behave
classically as a whole due to environment-induced or self-induced (or thermal) decoherence
and to its large mass [1], the internal microscopic degrees of freedom, electrons, atomic
nuclei, and photons remain quantum mechanical (see Sections 2.1, 2.2 and 3). All sorts of
quantum-mechanical processes (e.g., tunneling) continue to be active inside the body, even
if various decoherence effects may be significant. These quantum phenomena constitute
the essence of the physics of polymers and general macromolecules, and consequently
of biology. They hold the key to the answers to many questions in biology, genetics, and
neuroscience that are unanswered today (see for instance [27,28]). The consideration of
the present note has nothing to add directly to these questions; however, see a few related
general comments in Section 3 below.

2. The Quantum Ratio Illustrated

In this section, the quantum ratio is illustrated via several examples.

2.1. Elementary Particles

The elementary particles known today (as of the year 2024, see [29]) are the quarks,
leptons (electron, muon, T lepton), the three types of neutrinos, and the gauge bosons (the
gluons, W, Z bosons, and photon), with the masses listed below (Tables 2—4).

Table 2. The quark masses in MeV/c?; the errors are not indicated. 1 MeV /c? ~ 1.782661 x 10~% g.

| 216() | 467(@) | 934() | 127x10%() | 418x103 () | 1727x103 (1) |

Table 3. The lepton masses, with the e, #, and T masses in MeV/ 2.

| 0.51099895 (e) | 105658() | 177686(1) | m, #£0; my<08eV/? |

Table 4. Gauge bosons and their masses.

photon gluons W= (GeV/c?) Z (GeV/c?)
0 0 80.377 £ 0.012 91.1876 £ 0.0021

The fact that the processes involving these particles are very accurately described by
the local quantum field theory SU(3)gcp x {SU(2)r x U(1)}cws up to the energy range
of O(10) TeV means that

Lo <O(10 ¥ em . (10)
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In future, these elementary particles might well turn out to be made of some constituents
unknown today, bound by some new forces yet to be discovered. For present-day physics,
their size can be taken to be

Lo=0 .. Q=o. (11)

Thus, the elementary particles are quantum mechanical. The virtual emission and absorp-
tion of a particle of mass m provides the physical “size” h/mc, known as the Compton
length, of any quantum-mechanical particle; however, this should be distinguished from
the size Ly defined as the extension of its internal wave function.

This notion is generally taken for granted by physicists, even if no justification is
(was) known as such. Here, as we are inquiring as to whether a certain “particle”, be it an
atom, molecule, macromolecule, a piece of crystal, etc., behaves quantum mechanically or
classically, and under which conditions, it perhaps makes sense to ask whether or why an
elementary particle is quantum mechanical. Introduction of the quantum-ratio criterion
offers an immediate (affirmative) answer to the first question and explains the second.
By definition, the elementary particles have no internal structures, and consequently no
internal excitations. Thus, there is no sense in talking about their body temperature or
thermal decoherence.

Note that any quantum particle, such as an electron, behaves “classically” under
certain conditions (the Ehrenfest theorem), e.g., when it is well-localized, free or under
homogeneous electromagnetic field, and within the diffusion time; however, this is not
what we mean by a classical particle.

The observation that the elementary particles (Tables 2—4) are quantum mechanical
in the light of the quantum ratio (10) and (11) might sound new; however, it is really not.
Actually, it reflects the common understanding that matured around 1970 in the high-
energy physics community (e.g., 't Hooft, Cargese lecture [30]) that the laws of nature at
the microscopic level are expressed by a renormalizable and relativistic local gauge theory
(a quantum field theory) of the elementary particles. Such a theory describes pointlike
particles (Ly = 0). Quantum gravity or string theory effects, possibly relevant near the
Planckian energies Mp; ~ 1019 GeV, do contain a length scale ~10732 ¢m, but it is beyond
the scope of the present work to consider whether and how these affect the discussion of
quantum or classical physics at the larger distances (>107!® cm) that we are concerned
with here.

The scale or dilatation-invariance of this type of theories is broken by the necessity of
introducing an ultraviolet cutoff, a mass scale Ayy, to regularize, renormalize, and define
a finite theory (quantum anomaly). Remarkably, the scale invariance is restored by the in-
troduction of the renormalized coupling constants (defined conveniently at some reference
mass scale 1) and by giving them an appropriate p dependence (the renormalization-group
equations); see, e.g., Coleman’s 1971 Erice lecture [31].

The fixed length or mass scales of our world, mentioned in Section 1.1, concern the in-
frared fate of such dilatation invariance. These fixed scales can ultimately be traced to (i) the
vacuum expectation value (¢°) ~ 246 GeV of the Higgs scalar field in the SU(2) x U(1)
Glashow-Weinberg-Salam electroweak theory, and (ii) the mass scale Agcp ~ 150MeV,
dynamically generated by the strong interactions (quantum chromodynamics). These
break scale-invariance. All fixed length scales, from the microscopic to the macroscopic
world we live in, follow from these and from some dimensionless coupling constants in the
SU(3)gcp x {SU(2) x U(1)}ws theory; for instance, the nuclear size is typically on the
order of the pion’s Compton length, 1/ mc, and m2, ~ m, 4Agcp. The proton and neutron
masses (~940 MeV/c?) are mainly provided by the strong interaction effects ~ Agcp. The
Bohr radius is % /mee.

27



Symmetry 2024, 16, 427

2.2. Hadrons and Atomic Nuclei

Atomic nuclei, together with various hadrons (the mesons and baryons), are the
smallest composite particles known today. Until around 1960, the mesons (7, K, ...) and
baryons (p, n, ...) used to be part of the list of “elementary particles”, together with
leptons. As the theory of strong interactions (the quark model, and subsequently quantum
chromodynamics, a non-Abelian SU (3) gauge theory of quarks and gluons) was established
around 1974-1980, they were replaced by the quarks and gluons as more fundamental
constituents of nature.

The atomic nuclei are bound states of the nucleons, i.e., protons (p) and neutrons (n).
They are bound by the strong interactions, and their size is on the order of

Loy~AY3fm, 1fm=10%cm=10"7, (12)

where A is the mass number. The Coulombic wave functions in the atoms and molecules
have extension (Rq) of the order of A; thus,

Qzﬁzowﬂ. 13)

The atomic nuclei are quantum mechanical.

To say that the atomic nuclei are quantum mechanical because of the atomic exten-
sion (13), however, is certainly too reductive. The atomic nuclei indeed may appear without
being bound in atoms. For instance, the « particle is the nucleus of the helium atom, but
may come out of a metastable nucleus through « decay and propagate as a free particle.
It possesses a size on the order of (12), much larger than the typical size of an elementary
particles (10), but for processes typically involving the distance scales much larger than
1 fm, it behaves as a pointlike particle, i.e., quantum mechanically, just as any elementary
particle does. Similarly for the proton, the nucleus of the hydrogen atom, with Ly ~ 0.84 fm.

2.3. Stern—Gerlach Experiment

The next smallest composite particles known in nature are the atoms. They are Coulom-
bic composite states made of electrons moving around a positively charged atomic nuclei,
almost pointlike (at the atomic scales) and O(103~10%) times heavier than the electron.

Let us consider the well known Stern—-Gerlach process of atoms with a magnetic
moment in an inhomogeneous magnetic field. To be concrete, we take as an example the
very original Stern—-Gerlach experiment with the silver atom [32] Ag, with mass and size

mag~179x1072g,  Lo~144x10%cm. (14)
With the electronic configuration and the global quantum number

[Kr]4d"5s', 281, ; (15)

the magnetic moment of the atom is dominated by the spin of the outmost electron,

14 8s, (16)

T 2m,c
where g is the gyromagnetic ratio ¢ ~ 2 of the electron. [Kr| above indicates the zero
angular momentum-spin (L = S = 0) closed shell of the Kripton electronic configuration
describing the first 36 electrons.

The question is whether the silver atom, which is certainly a quantum-mechanical
bound state of 47 electrons, 47 protons, and 51 neutrons and has a mass ~100 times that of
the hydrogen atom, behaves as a whole (i.e., its CM) as a QM particle with spin 1/2 or as a
classical particle of magnetic moment .
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The beam of Ag is sent into the region, 3.5 cm long, of an inhomogeneous magnetic
field B = (0,0, B(z)), dB(z)/dz # 0, as it proceeds in, e.g., the £ direction. The beam width,
which reflects the apertures of the two slits used to prepare the well-collimated beam, is
about ~0.02-0.03 mm wide (the transverse wave packet size of the atom can be taken to be
of this order; the silver atom, having a mass roughly 100 times that of the hydrogen atom,
has a diffusion time on the order of 10~2 s (see Table 1), meaning that the diffusion during
the travel of 3.5 cm is entirely negligible). After passing the region of the magnetic field, the
image of the atoms on the glass screen shows two bands clearly separated by about 0.2 mm
in the direction of Z. In other words, at the end of the region with the magnetic field, the
atom is described by a split wave packet of the form

P =P1(0)[ 1) +¢2(1)|]) (17)

with the centers of the two subpackets i1 and ¢, at r = r; and r = 1y, respectively, where
|z1 — 22| ~ 0.2 mm. The spatial support of the wave function i can be taken as about that
size. It follows that

Rg o 02mm
Lo ~ 14-108cm

with the Ag atom as a whole behaving as a perfectly quantum-mechanical particle.

Q= ~10°>1, (18)

Actually, the fact that the wave packets are divided in two by an inhomogeneous
magnetic field does not necessarily mean that the system is in a pure state of the form (17);
the wave function of the form (17) corresponds to a 100% polarized beam, where all incident
atoms are in the same spin state

mw+mw—(”), 12+l = 1. 19)

C2

If the beam is partially polarized or unpolarized, the spin state is described by a density
matrix p. The pure state (19) corresponds to the density matrix

2 *
(pure) _ |C1| €16y > 20
3 ( et e )7 @)

whereas a general mixed state is described by a generic Hermitian 2 x 2 matrix p with
TI'p:l, piiZO, i:1,2. (21)

In an unpolarized beam, p = %1.
What the Stern—-Gerlach experiment measures is the relative frequency with which the

atom arriving at the screen happens to have spin s, = % or spin s; = —%. Let
10 00
m=1nai=(y o), m=lbui=(g 1) @)

be the projection operators on the spin-up (down) states; according to QM, the relative
intensities of the upper and lower blots on the screen are

ﬁT:TrHTP:PH} ﬁ¢:TrH¢P:P22/ 011 +pn=1. (23)

The prediction about the relative intensities of the two narrow atomic image bands from
the wave function (17) and from the density matrix (23) is in general indistinguishable, as
is well known. In other words, what the Stern—-Gerlach experiment shows is not whether
the atom is in a pure state of the form (17) or in a generic (spin-) mixed state (23), but rather
that the silver atom is a quantum mechanical particle.
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Indeed, the prediction for a classical particle is qualitatively different. If classical,
each atom would move depending on the orientation of its magnetic moment, tracing a
well-defined trajectory

; dpx  dpy dp; d
mi=p, F:WZO' E:FZ:—E;bB. (24)
It would arrive at some generic point on the screen. If the initial orientation of the mag-
netic moment were random, after many classical atoms had arrived they would leave a
continuous band of atomic images, rather than two narrow well-separated bands, as has
been experimentally observed and as QM predicts.

Vice versa, if the orientation of the magnetic moment/spin is fixed (and the same)
for all incident atoms, then classical atoms will produce only one narrow band, whereas
QM atoms will leave two separate image bands. These considerations clearly tell that the
concepts of mixed state and classical particle should be distinguished. We extend these
discussions further in Section 3, taking into account the effects of environment-induced

decoherence as well as the large spin limit and their respective relations to the classical
limit (24).

2.4. Atomic and Molecular Interferometry

Many beautiful experiments exhibiting the quantum mechanical feature (wave char-
acter) of atoms and molecules have been performed (or proposed) using various types of
interferometers [33-42]. One of the most powerful approaches uses Talbot-Lau interferom-
etry [33,36-39].

The essential part of all these experiments makes use of the so-called Talbot effect [43].
In a typical setting, an atomic or molecular beam passing through the first slit is sent to the
diffraction grating (G, in Figure 1), which consists of many slit apertures set with period d.
After passing through the diffraction grating, the wave function of the atom or molecule,
which originated from a point source, has the form

P(x2) =~ Z¢i(x2) , (25)

where ¥;(x;) is the (transverse) wave packet of the atom (molecule) which has passed
through the i-th slit. Just behind the diffraction grating, the distribution of the atom
(molecule) has a modulation such as in Figure 2, with each peak corresponding to the
position of a slit opening.

The coherent components of the wave function (25) corresponding to the different
paths shown in Figure 1 interfere constructively or destructively depending on the vertical
position x3 on the imaging screen, which is set at a distance L, from the diffraction grating.
In the so-called near-field diffraction-interference effects, the intensity modulation behind
the diffraction grating (Figure 2) is reproduced (self-imaging) on the screen Gz [33,36-39,43],
where L, takes definite values related to the Talbot length (here, 4 is the period of the slits in
the diffraction grating and A5 = %, is the de Broglie wavelength (with p the longitudinal
momentum) of the atom or molecule),

d2

LT: 5 7
AgB

(26)
as shown in Figure 1. The details of the calculation for the sum over paths can be
found in [36]. By introducing the geometrical magnification factors My = (L1 + Lp) /Lo,
M; = (L1 + Ly)/ Ly, the sum over the different paths of Figure 1 is shown to provide
(for instance, at L, = 2M,Lr) the intensity pattern |{(x)|? behind the diffraction grating
reproduced at G3, with an enlarged period Myd. For L, = M,Lt, the same intensity pattern
appears except shifted by a half-period; thus, x3 — x3 + Mpd /2.

30



Symmetry 2024, 16, 427

N
e
s x-?)
e ~
// . \\\
~.
// -~ ~- SN
1 -~ ~ ~.
1 v -~ | ~< ~.
7 - ~, So
e =~ ~
s S
P ~ ~.
~.
Z- ~o O\
z ~ \
A I
~ —————— S
~— | —_————— X
- —_———
\\\ —”—,
~o ’,,_,
~ | ——
—

Figure 1. The Talbot effect. The intensity modulation of the molecules immediately after the passage
of the diffraction grating G, (Figure 2) is reproduced due to the sum over paths at an imaging plane
G3 placed at definite distances L, related to the Talbot length (26) from G,.

Figure 2. The intensity pattern of the atom (or molecule) behind the diffraction grating G,. Each peak
corresponds to a slit opening.

In a Talbot-Lau interferometer, which is a variation of the above, the imaging screen is
replaced by a vertically movable (i.e., in the x3 direction) transmission-scanning grating
with an appropriate period d’ (see Figure 3). In this way, the occurrence of the interfer-
ence fringes—the Talbot self-imaging—is converted to the total transmission rate of the
molecules (atoms), which varies periodically as a function of the vertical (x3) position of
the scanning grating Gz as a whole. Another advantage of the Talbot-Lau interferometer
is the possibility of introducing the incoherent source beam hitting the first grating. Even
though the coherent sum over paths is relevant only for the atoms (or the molecules) which
have originated from a definite source slit, the use of an incoherent source can increase the
total counts after the third transmission grating, significantly improving the statistics of
the experiments.
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Figure 3. Talbot-Lau interferometer; G, is the diffraction grating, the thick lines are the slit openings,
Gj3 is a vertically movable transmission-scanning grating, and G; are the source slits.

For the purpose of discussing the quantum fluctuation range and the quantum ratio,
these details of the setup are not really fundamental; we need simply to know the transverse
spatial extension of the wave function (25). This in turn can be taken as the height of the
diffraction grating Gp, H in Figure 3. The detection of the Talbot effect or Talbot-Lau
fringe visibility is a proof that the transverse wave packets in (25) are indeed in coherent
superposition, i.e., that it is a pure state. Thus, we take the quantum fluctuation range R,
in Table 5 from the experimental total height H of the diffraction grating G, (Figure 3).

A large quantum ratio implied by such a quantum range (along with the size) is
certainly an indication that these atoms and molecules are quantum mechanical, even
though such an observation does not supersede the direct evidence of quantum coherence
and interference effects presented in [33,36-39].

Table 5. The size (Ly), quantum fluctuation range (R;), and quantum ratio (Q = R,/Lg) of atoms
and molecules in various experiments. The mass is in atomic units (au), Lo is in Angstréms (A), and
Ry is in mm. In all cases, the momentum of the atom (molecule), its masses, the size of the whole
experimental apparatus, and consequently the time interval involved are all such that the quantum
diffusion of the (transverse) wave packets are negligible.

Particle Mass Ly Ry Q Exp Miscl
Ag 108 1.44 0.2 ~10° [32] Stern-Gerlach
Na 23 2.27 0.5/0.75 ~10° [39]
Cno 840 9.4 16 ~107 [36-38] T < 2000 K
Cno 840 9.4 ~0.001 ~103 [38] T > 3000 K

On the “Matter Wave”

A familiar concept used in articles on atomic and molecular interferometry [34-42]
is the “matter wave”. This might appear to summarize well the characteristic feature of
quantum-mechanics, namely, “wave-particle duality”. Actually, such an expression is more
likely to obscure the essential quantum mechanical features of these processes rather than
clarifying them. It appears to imply that beams of atoms or molecules somehow behave as
a sort of wave; however, this is not quite an accurate description of the processes studied
in [34-42].

The wave—particle duality of de Broglie, the core concept of quantum mechanics, refers
to the property of each single quantum-mechanical particle, and not to any unspecified col-
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lective motion of particles in the beam (the “wave nature” of atoms or molecules observed
in the interferometry [34-42] must be distinguished from many-body collective quantum
phenomena, such as Bose-Einstein condensed ultra-cold atoms described by a macroscopic
wave function). This point was demonstrated experimentally by Tonomura et al. [44] in a
double-slit electron interferometry experiment a la Young, with exemplary clarity.

Exactly the same phenomena occur in the case of any atomic or molecular interferom-
etry. For each single incident atom or molecule, it amounts to the position measurement at
the third imaging screen. For each incident particle, the result for the exact final vertical
position at Gz is not known; in accordance with QM, it cannot be predicted. Only after
the data with many incident particles are collected do we observe the interference effect
reflecting the coherence among the components of the extended wave function (25), in
accordance with QM laws.

From the data in [34—42], it is not difficult to verify that the average distance between
the successive atoms (or the molecules) as compared to the size of their longitudinal wave-
packet (which can be deduced from the momentum uncertainty Ap) is many orders of
magnitude larger. For instance, in the case of the sodium atom experiment [39], the ratio
is about 6 cm/47 A~ 107. In the case of Cy [38] this ratio seems to be even greater. The
atoms or molecules do arrive one by one.

As the correlation among the atoms or molecules in the beam is negligible (as it should
be) and the position of each final atom/molecule is apparently random, the resulting
interference fringes, such as are manifested in Talbot (or Talbot-Lau) interferometers, is all
the more surprising and interesting. What these experiments show goes much deeper into
the heart of QM than the words “matter wave” or “wave—particle duality” might suggest.

3. Decoherence Versus Classicality

The atomic and molecular experiments discussed in Sections 2.3 and 2.4 are all per-
formed in a high-quality vacuum [32—42]. This is necessary lest the scattering of the atom
or molecule under study with environmental particles, e.g., air molecules, destroy their
pure quantum-state nature and destroy their ability to exhibit typical quantum phenomena
such as diffraction, coherent superposition, and interference. These processes are known as
environment-induced decoherence [9-14]. Under environment-induced decoherence, the
object under consideration becomes a mixture, and the diffraction, coherent superposition,
and interference phenomena typical of pure quantum states are lost.

Howeuver, this does not necessarily mean that the system becomes classical. Being in a mixed
state is necessary in order for the system to behave classically, but is in general not suffi-
cient [1]. Unfortunately, there seems to be a widespread and inappropriate identification in
the literature between the two concepts of mixed (decohered) states and classical states.

Consider the free electron; its decoherence rate/time has been studied under various
types of environments [9-14]. For instance, in the 300 K atmosphere at 1 atm pressure, a
free electron decoheres in 10713 s [11]. When it interacts subsequently with other systems,
however, it does so quantum mechanically, not as a classical particle. When it leaves the
region with “environment”, it emerges as a free particle, in a pure quantum state. The same
can be said of the photon, as well as of any other elementary particle.

A related remark may be made about cosmic rays. The gamma rays (photons), neutri-
nos, protons, etc., which are produced in the hot and dense interiors of stars, once outside
of stars, travel through cosmic space (a good approximation of vacuum) as free quantum
particles in pure states.

In the experiment of [38], Cyp molecules are excited by a laser beam before they enter
the interferometer. When the average temperature of the molecules exceeds 3000 K, the
Talbot-Lau interference fringe signals are found to disappear, showing that the molecules
became mixed states, in agreement with the decoherence theory (here, decoherence is
caused by the excitation of the molecules and the ensuing photon emission, so it is more
appropriate to talk about thermal (or self-) decoherence [38,45] rather than environment-
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induced decoherence). The quantum fluctuation range R, takes the order of the diffraction
grating period d; this value is provided in Table 5. However, this does not mean that the
Cyg molecules become classical; rather, what we can conclude from [38] is that thermal
decoherence places the molecule in an incoherent mixed state.

Below, we consider two more test cases in which the difference among the pure state,
decohered mixed state, and classical state can be seen very clearly. These considerations
can have far-reaching consequences; for instance, they may indicate a way out of the
“no-go” verdict for the relevance of quantum mechanics in brain dynamics [12]. They
may even be fundamental in all microscopic processes underlying biological systems (see
Section 1.3) [27,28].

3.1. Stern—Gerlach Setup, Decoherence, and Classical Limit

The original Stern—-Gerlach (SG) process has been discussed already (Section 2.3). What
this experimental result shows is that the silver atom behaves as a quantum mechanical
particle, either in a pure or (spin-) mixed state.

Here, we discuss the SG process again in more detail in three different regimes: (i) for
a pure QM process; (ii) under environmental decoherence (i.e., for an incoherent mixed
state); and (iii) for a classical particle. The main aim of this discussion is to highlight the
differences between these different physical situations as sharply as possible.

3.1.1. Pure QM State
For definiteness, let us take an incident atom with spin s = % directed in a definite but
generic direction n = (sin 6 cos ¢, sin  sin ¢, cos 0), i.e.,
¥ = y(r,) |n), 7)
where , ,
In) =c1|1) +c2/d), 1 :e_l‘f’/zcos%, czzel‘f’/zsin%, (28)

and (r,t) describes the wave packet of the atom moving towards the % direction be-
fore entering the region with an inhomogeneous magnetic field B. The Hamiltonian is
provided by

pZ
p= - s, B=(0,0,B(z)), dB(z)/dz#0. (30)
2m,c

and the time evolution of the system is described by the Schrodinger equation
ihoY =HY, (31)

where the total energy is conserved.

After the atom enters the inhomogeneous field B, the upper and lower spin compo-
nents of the wave function split; thus, we write

Yi=pi(n )| 1) + ()] 1) . (32)

The up- and down-spin components 1 , satisfy the Schrodinger equation (yp = 2;2 - is the

Bohr magneton, and recall the well known fact that the gyromagnetic ratio g ~ 2 of the
electron and the spin magnitude 1/2 approximately cancel)

2y, = (P + B(z) (33)
atll’l,z— o T HB P12 .
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We assume that, prior to entering the region with the magnetic field, the wave function
P(r,t) is a compact wave packet (e.g., a Gaussian with width a) moving towards the
£ direction.

From (33) and their complex conjugates, the Ehrenfest theorems for the spin-up and
spin-down components follow separately:

Slen=(p/mh, iph =~ (V(ksB)), 9
d d
gt = (p/m)2, 2 {p)2=+{V(isB(2)))2, (35)

where (r); = (1|r|¢1), etc. That is, for a sufficiently compact initial wave packet ¢ (r, t),
the expectation values of r and p in the up and down components ¥(r, t) » respectively
follow the classical trajectories of a spin-up or spin-down particle. At the end of the region
with the magnetic field B (we assume that the transit time of the whole process and the
mass of the atom are such that the free quantum diffusion of the wave packets is negligible;
see also Appendix A) it is described as a split wave packet of form (17). Even though the
two subpackets might be well-separated by a macroscopic distance |r;—r;|, they are still in
coherent superposition. Its pure-state nature can be verified by reconverging them using a
second magnetic field with the opposite gradients and studying their interferences (i.e., the
quantum eraser).

A variational solution of (33) in the case of a linear potential B(z) = by z is provided in
Appendix A. The splitting of the wavepacket is illustrated in Figure 4a.

P1(r) P1(r)
P (T) "4y (r)

(a) (b) (c)

Figure 4. The spin-up and spin-down sub-wavepackets of the silver atom evolve independently
under the Schrédinger equation both in vacuum ((a), pure state) and in a weak environment (37)-(39)
(b), where the decoherence is represented by an unknown and to-be-averaged-over relative phase «
between 1 (r) and ¢, (r). Here, (c) represents a unique classical trajectory.

3.1.2. Environment-Induced Decoherence

Let us now consider the SG process (27)—(30) again, this time in a poor vacuum, e.g.,
in the presence of non-negligible background. The decoherence of a well-separated split
wave packet such as (17) due to interactions with environmental particles has been the
subject of intense study [9-14]. The upshot of the results of these investigations is that
environment-induced decoherence causes the pure state (17) to become a mixed state at
t > 1/A, described by a diagonal density matrix

PO P() = pr @Y () [+ () (ND) DA, -l >A, (36)

where A is the decoherence rate [9-14] and A is the de Broglie wavelength of the environ-
mental particles. The density matrix (36) means that each atom is now either near 1y or
near ry. The prediction for the SG experiment, however, is the same as in the case of the
spin-mixed state (partially polarized source atoms) (23); it cannot be distinguished from

35



Symmetry 2024, 16, 427

the prediction |c1|? : |c|? for the relative intensities of the two image bands in the case of
the pure state.

Actually, the study of the effects of environmental particles on any given quantum
process is a complex and highly nontrivial problem involving many factors, including
the density and flux of the particles, the pressure, the average temperature, the kinds of
particles present, the type of interactions, and more [9-14]. Thus, a simple statement such
as (36) might seem an oversimplification.

Without going into the detailed features of the environment, we may nevertheless
attempt to clarify the basic conditions under which a result such as (36) can be considered
reliable. Following [11], we introduce the decoherence time Tz ~ 1/ /Mg as a typical
timescale over which decoherence takes place. In addition, the dissipation time t4s; may be
considered as the timescale in which the loss of the (energy, momentum) of the atom under
study due to interactions with environmental particles become significant. Unlike [11],
however, we shall not consider 74, the typical timescale of the internal motion of the object
under study; roughly speaking, the size Ly that we introduced in defining the quantum
ratio (1), that is, the space support of the internal wave function, corresponds to this
(Tayn o Lo). The quantum—classical criteria suggested by [11] might appear to have some
similarities with (2) and (3); however, the former seems to leave unanswered questions
such as “what happens to a quantum particle (T, < Tgec), att > 74,.?” This is precisely
the sort of question which we are trying to address here.

We also need to consider the typical quantum diffusion time T;;¢¢, and finally the
transition time Tirans, which is the interval of time that the atom spends between the source
slit and the image screen (or at least the final reference position in the direction of motion).

First of all, we assume that the velocity of the incident atom, its mass, and the size of
the whole apparatus are such that the free quantum diffusion (the spreading of the wave
packets) is negligible during the process under study. Furthermore, the environment is
assumed to be sufficiently weak that the effects of energy loss, momentum transfer, etc.,
can be neglected to a good approximation. As shown in [9-14], the loss of phase coherence
is a much more rapid process than the dynamical effects affecting the motion of the particle
under consideration.

In other words, we consider the time scales
Tiec K Ttrans <K Tdiffr Tiss - (37)

The first inequality tells us that the motion of the wave packets is much slower than the
typical decoherence time. Considering the atom at some point, where it is described by a
split wave packet of the form (17) with the centers separated by

[t] — 12| > a, (38)

where 4 is the size of the original wavepacket, we may treat such an atom as if it were at
rest and first take into account the rapid decoherence processes studied in [9-14] (a sort of
Born—-Oppenheimer approximation). Furthermore, we can take the environment particles
with a typical de Broglie wavelength A such that

1<K AL | —1; (39)

the environment particle can resolve between the split wave packets but not between the
interior of each of the subpackets 11 (r) or ¢, (r).

In conclusion, under conditions (37)-(39), each of the split wave packets proceeds just
as in the pure case (no environment) reviewed in Section 3.1.1, and their average position
and momentum (i.e., the expectation values) obey Newton’s Equations (34) and (35). Each
of the subpackets describes a quantum particle in a (position) mixed state, that is, near
either 11 or rp. After leaving the region of the SG magnets, it is just a (pure-state) wave
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packet 1 (r) or ¢ (r). The two possibilities no longer interfere, in contrast to the pure split
wave packet studied in Section 3.1.1 (see Figure 4b).

Needless to say, if any of the conditions (37)—(39) are violated, the motion of the
atom would be very different; for instance, Tj;ss < Tirans would mean totally random
motion for the atom. Even in such a case, however, the effects of the environment-induced
decoherence/disturbance are quite distinct from the motion of a classical particle, with a
unique smooth trajectory, as discussed below.

3.1.3. Classical (or Quantum?) Particle

A classical particle with the magnetic moment directed towards
n = (sin @ cos ¢, sin 6 sin ¢, cos ) (40)

is described by Newton’s Equation (24). The way in which the unique trajectory for a
classical particle emerges from quantum mechanics has been discussed in [1], where the
magnetic moment is an expectation value

~

eil;
¥ (fy; L)Y = 41
;< [+ 5 ) = (41)
taken in the internal bound-state wave function ¥ and where y; and ze;fl_ I- denote the intrinsic

magnetic moment and that due to the orbital motion of the i-th constituent atom (molecule)
withi=1,2,...,N. Clearly, in general, the considerations made in Sections 3.1.1 and 3.1.2
for a spin 1/2 atom with a doubly split wave packet cannot be generalized simply to (or
compared with) a classical body (41) with N ~ O(10%).

Nevertheless, logically one cannot exclude particular systems (e.g, a magnetized metal
piece) with all spins directed in the same direction, for instance. Thus, one might wonder
how a quantum mechanical particle of spin S behaves under an inhomogeneous magnetic
field in the large spin limit, i.e., S = %, N — co.

The question is whether the conditions discussed in [1] for the emergence of classical mechanics
(with a unique trajectory) for a macroscopic body (and see Section 5 below) are sufficient, or whether
some extra condition or mechanism is needed to suppress possible wide spreading of the
wave function into many subpackets (see Figure 5) under an inhomogeneous magnetic field.

Figure 5. The distribution |c;|? in k, i.e., in possible values of S;, =S < S, < §,foraspin S =5
particle in the state (42) with 6 = 77/2 (center, bue dots) and 6 = 71/4 (right, orange dots).

The answer is simple but somewhat unexpected. Consider the state of a particle with
spin S directed towards a direction n:

(S-n)|n) =S|n), n = (sinf cos ¢, sin 0 sin ¢, cosH) . (42)
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Assuming that the magnetic field is in the z direction (along with its gradients), we need to
express |n) as a superposition of the eigenstates of S,

N
n) =) o |S: =M), M:—gﬂc, (k=0,1,...,N). (43)
k=0

The expansion coefficients cj are known (to obtain (44), consider (42) as a direct product
state of N spin % particles, all oriented in the same direction (28)). Collecting terms with a
fixed k (the number of spin-up particles) provides (44)

1/2 _ N
o = (IID e_iM¢/2<cosg)k(sin§)N k, Yo lalf=1, (44)

k=0

where (I,j ) are binomial coefficients, N!/k!(N — k)!. Using Stiring’s formula, we find the
distribution in various S, = M at large N and k with fixed x = k/N to be

x> = eNF) = k/N, (45)
with
f(x) = —xlogx — (1 —x)log(l—x)+ 2xlogcos% +2(1—x) logsin% . (46)

The saddle-point approximation, valid at N — oo, provides us with

)2
fx) ~ M , Xp = coszg ; (47)
thus,
e[ — 8(x = xo) (48)

inthe N — oo (x = k/ N fixed) limit. The narrow peak position x = xq (see (43)) corresponds to

S:=M=N(x—1)=5(2cos?§ —1) =S cosb. (49)

Thus, a large-spin (S > 1) quantum particle with the spin directed towards n in a Stern—
Gerlach setup with an inhomogeneous magnetic field B = (0,0, B(z)) moves along the
single trajectory of a classical particle with S; = S cos 0 instead of spreading over a wide
range of split subpacket trajectories covering —S5 < S, < S! (see Figures 5 and 6).

0.025

0.010

500 1000 1500 2000

Figure 6. The distribution in possible values of S for a spin S = 10 particle in the state (42), with
6 = 71/2 (center, blue) and 6 = 71/4 (right, orange); the particle starts to appear classical.
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This somewhat surprising result means that QM takes care of itself in showing that
a large-spin particle (S/fi — o0) follows a classical trajectory which is consistent with
the known general behavior of the wave function in the semi-classical limit (7 — 0) (of
course, this does not mean that the classical limit necessarily requires or implies S — o).
If the value S >> % is understood as being due to the large number of spin 1/2 particles
composing it (see the previous footnote), the spikes (47) and (48) can be understood as
being due to the accumulation of an enormous number of microstates giving S, = M).

3.2. Tunneling Molecules

As another example, let us consider a toy version of an atom (or a molecule) of mass
m moving in the z direction with momentum pj, now with a split wave packet in the
transverse (x, y) plane:

¥ =P yp(xy),  (xy) =api(ny) +opa(xy), (50)

where 11 and ¢, are narrow (free) wave packets centered at rj = (x1,y1) and rp = (x2,12),
respectively. This is somewhat analogous to the wave function of the silver atom (17) or
of the C79 molecule (25). Actually, we take a wave packet xp, (p,z) for the longitudinal
wave function by considering a linear superposition of the plane waves ¢/??/", with the
momentum p narrowly distributed around p = py. For instance, a Gaussian distribution
~ e (P=P0)/P in p yields a Gaussian longitudinal wave packet in z of width ~ 271/b.
At times much smaller than the characteristic diffusion time t < 2%;’, the particle is
approximately described by the wave function shown below. The exact answer has the
2 2
f? - 4h2(1+il;2t/2mh)
function multiplied by (1 + ib*t/2mh)~1/2. These are the standard diffusion effects of
a free Gaussian wave packet of width a = 2ii/b. Moreover, if the longitudinal wave
packet and the transverse subwave packets are taken to be of a similar size, then the free
diffusion of the transverse wave packets (and consequently the t-dependence of ¥ (x,y))
can be neglected).

Gaussian width in the exponent replaced as and the overall wave

. .2 _ﬁ(z_Lot)Z
‘Ijasymp ~ elpgz/he—zpot/2mhe an? m ¢(x,y) ) (51)
Assuming that such a particle is incident from z = —oo (t = —o0), moves towards
right (increasing z), and hits a potential barrier (Figure 7)
0, > a,
V= 2> a (52)
V(z), —a<z<a

with a height that is above the energy of the particle (approximately provided by the

longitudinal kinetic energy E =~ %), as the longitudinal and transverse motions are
factorized, the relative frequencies (probabilities) of finding the particle on both sides of
the barrier (barrier penetration and reflection) at large t can be calculated by standard
one-dimensional QM. (In [7,46], it was proposed to use the phrase “(normalized) relative
frequency” instead of the word “probability”, as the traditional probabilistic Born rule
places human intervention as the central element of its formulation, and distorts the way
quantum mechanical laws (the laws of nature!) look. To the authors’ view, this has been the
origin of innumerable puzzles, apparent contradictions, and conundrums entertained in the
past; see [7,46] for a new perspective and a more natural understanding of the QM laws).
The answer is well known; the tunneling frequency is provided, in the semi-classical
approximation, by
o I eIV B

Prunner = ‘C‘Z ’ ’ (53)
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(V(z) —E >0, —ag < z < ap). The particle on the right of the barrier is described by the
wave function

b2 t
ipoz/hefip%t/the*E(Z’pWO)Z

¥(xy), (54)

II[penetmted ~ ¢ Yosymp = ce

where c is the transmission coefficient of (53). The transverse coherent superposition of the
two components (sub-wavepackets) (50) remains intact (see Figure 7).

e t — 0o

[ )
A ® @« -

t— —00

Figure 7. In the left-hand figure (A), an atom (molecule) arrives from z = —co and moves towards
the potential barrier V(z) at —a < z < a (independent of x and y). It is described by a wave packet
(split in the transverse direction as in (50)). The wave function of the particle at ¢ — oo, shown on the
right-hand side (B), contains both the reflected and transmitted waves. The coherent superposition of
the two sub-wavepackets in the (xy) plane remains intact.

Now, we can reconsider the whole process with the region left of the barrier (z < —a)
immersed in air (or, as in the Cy experiments [38], the incident molecules can be bombarded
by laser beams, become excited, and emit photons before they reach the potential barrier).
While the precise decoherence rate depends on several parameters, in general the incident
particles are decohered in a very short time, as in (36) [9-14]. The particle to the left of
the barrier (we assume that the environmental particles (air molecules) have energies
much less than the barrier height, and remain confined in the region left of the barrier)
is now a mixture; each atom (molecule) is either near r; = (x1,y1) or r; = (x,¥2) in the
transverse plane. When the particle hits the potential barrier, it tunnels through it with
relative frequencies (53) and emerges on the other side of the barrier as a free particle.
It has the wave function (54), with ¢(x,y) replaced by 1 (x,y) with relative frequency
lc112/ (Je1]? + |e2]?) and by 7 (x,y) with frequency |c2|?/ (|c1|? + |c2]?). While this is a
statistical mixture, each part is a pure quantum mechanical particle. See Figure 8.

Our discussion above assumes that the air molecules (the environmental particles)
are just energetic enough (i.e., their de Broglie wave length is small enough) to resolve the
transverse split wave packets (see (36)) while at the same time being much less energetic

2

than the longitudinal kinetic energy 27]7?1 and with sufficiently small flux. In writing (54),
we have assumed that the effects of the environmental particles on the longitudinal wave
packet are small, even though the tunneling frequency may be somewhat modified, as it is
very sensitive to its energy.
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Figure 8. In the left-hand figure (A), an atom (molecule) arrives from z = —oo and moves towards the
potential barrier at —a < z < a4, as in Figure 7. In contrast to the process in vacuum shown in Figure 7,
however, this time the half-space on the left of the potential barrier contains air. The molecule is
now in a mixed state due to the environment-induced decoherence. Its (transverse) position density
matrix becomes diagonal; it is either near (x1,y71) or near (x,y). The wave function of the particle
at f — oo, shown in the right part (B), still contains a small transmitted wave as well as the reflected
wave, however, without coherent superposition of the two transverse wave packets.

Obviously, in a much warmer and denser environment the effects of scattering on our
molecule would be more severe, and the tunneling rate would become considerably smaller.
Even then, our atom (or molecule) would remain quantum mechanical (the situation is
reminiscent of the & particle track in a Wilson chamber; « is scattered by atoms, ionizing
them on the way, but traces a roughly straight trajectory. When it arrives at the end of the
chamber, it is the same & particle, and has not become classical).

4. The Abstract Concept of a “Particle of Mass m”

It is customary to consider an otherwise unspecified “particle of mass m” in order
to discuss model systems in both quantum mechanics and classical mechanics. We will
see that considerations based on such an abstract concept of a particle cannot be used to
discriminate classical objects from quantum mechanical systems or as a way to explain the
emergence of classical mechanics from QM.

Let us consider a 1D particle of mass m moving in a harmonic-oscillator potential

_ P me?
T T2

(55)

The coherent state is defined by a |8) = B|B) , where a is the annihilation operator. Its well
known solution in the coordinate representation is just the Gaussian wave packet

B h
xo—\/;(ﬁ%-ﬁ*)EACOS?’ po—im(ﬁ*_ﬁ)—mwAsinw, (56)

_ 2
#(x) = (xlp) = Nexp| - o0 i 202 &7
with "
D = ((Ax)*) = e (58)
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The Schrodinger time evolution can be expressed as the time variation of the center of mass
and its mean momentum, xy — xo(t) , po — po(t) ,

xo(t) = A cos(¢ + wt) po(t) = mw A sin(¢ + wt) , (59)

while the wave packet shape and size (58) remain unchanged in time. This looks exactly
like the motion of a classical oscillator of mass m and size D!

It is sometimes thought that such a behavior on the part of the coherent states carries
the key to understanding the emergence of classical mechanics from QM. However, there
are reasons to believe that this may not be quite the correct way of reasoning.

In order to see that such an identification/analogy cannot be pushed too far, consider
quenching, i.e., suddenly turning off the oscillator potential, setting w = 0 at t = ty. The
particle starts moving freely, with the initial condition (xo(to), po(to))-

The problem is that there is no way to tell what happens at t > t;. A quantum
mechanical particle would diffuse with a rate depending on its mass, as in Table 1. A
classical particle does not diffuse. The expression “a particle of mass m” does not tell
us whether it is a quantum or a classical particle, or what the true size of the body Lg
(unrelated to D) is.

Note that by describing this body as a “particle” it is tacitly assumed that its physical
size is irrelevant (i.e., Ly = 0) to the modeled harmonic oscillator problem. However, the
physical size Lj of the particle does matter. If its (unspecified) size were truly zero it would
be quantum mechanical, as Q = R; /Ly = oo.

The lesson to be drawn from this discussion is that a model system based on an abstract
“particle” concept in which the information about L is lacking cannot be used to study
the emergence of classical physics from quantum mechanics. Allowing for decoherence
effects and selecting a particular class of mixed states as privileged ones by introducing
some criteria may not lead to a satisfactory understanding of how classical physics emerges
from QM.

5. Discussion

An immediate implication of the introduction of the quantum ratio concept is that
elementary particles are quantum mechanical. This is the case even if under certain
conditions, such as envirornment-induced decoherence, they may be reduced to mixed
states. They remain quantum mechanical. The distinction between the concept of mixed
(quantum) states and classical states is essential. As the electron and photon are elementary
particles, they remain quantum mechanical even in the warm and dense environments of
biological systems.

We have studied the quantum ratio of some larger particles (atoms and molecules) via
examination of various interferometry experiments, which indeed show that these particles
behave quantum mechanically in vacuum.

In Section 3, we have provided an extensive discussion of several real and model
examples involving atoms, molecules, and elementary particles in order to highlight the
reasons that environment-induced decoherence [9-14] in itself does not make the affected
particle classical, as is often stated or tacitly assumed.

Though in a slightly different context, the so-called negative-result experiments or
null measurements [47,48] tell a similar story. There, the exclusion of some of the possible
experimental outcomes (a non-measurement) by use of an intentionally biased measure-
ment setup, implies the loss of the original superposition of states. However, the predicted
state of the system remains a perfectly quantum mechanical one, even though it now
exists in a more restricted region of Hilbert space; see [49] for a recent review and careful
re-examination of the interpretation of these negative-result experiments.

All of these discussions naturally lead us back to the recurrent theme in quantum
mechanics, namely, mixed states versus pure quantum states. As is widely acknowl-
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edged, there are no differences of principle. As famously noted by Schrodinger, complete
knowledge of the total closed system X (its wave function, the pure state vector) does not
necessarily mean the same for a part of the system (A C X).

Only in exceptional situations in which the interactions and correlations between the
subsystem of interest (“local", A) and the rest of the world (“rest", 2./ A) can be neglected,
and as such where the total wave function has a factorized form

vE ~ gt @ o4 (60)

can we describe the local system A in terms of a wave function. Whenever the factoriza-
tion (60) fails, system A is a mixture described by a density matrix.

Quantum measurement is a process in which the factorized state (60), where 4 is the
quantum state of interest and the measurement device ® is part of ®*/4, is brought into
an entangled state, triggered by a spacetime pointlike interaction event [7,46,49].

Even a macroscopic system can be brought to the pure-state form 4, as in (60), at
sufficiently low temperatures. At T = 0, any system is in its quantum-mechanical ground
state; see [15-26] for efforts to realize such macroscopic quantum states experimentally at
very low temperatures.

Vice versa, the classical equations of motion describe the CM of a macroscopic body at
finite temperatures. When the following three conditions are met,

(i) for macroscopic motions (i.e., i ~ 0), the Heisenberg relation does not limit the
simultaneous determination (i.e., the initial condition) for the position and momentum

(if) thereis a lack of quantum diffusion due to large mass (i.e., a large number of atoms
and molecules composing the body)

(iii) there is a finite body temperature, implying thermal decoherence and the mixed-state
nature of the body

then the CM of a body has a unique trajectory [1]. Newton's equations for it then follow
from the Ehrenfest theorem. If the quantum fluctuation range R; is not larger than the size
of the body, i.e., if Q = R;/Ly < 1, then such a trajectory can be regarded as the classical
trajectory of that body.

To summarize, introduction of the quantum ratio is an attempt to move beyond the
familiar ideas on the emergence of classical physics from QM, such as large action, the
semiclassical limit (or # — 0), and Bohr’s correspondence principle (or environment-
induced decoherence) [9-14]. Clearly, there is no sharp boundary between where and
when QM or classical mechanics respectively describe a given system more appropriately.
The quantum ratio is a proposal for an approximate but simple universal criterion for
characterizing the two kinds of physical systems: quantum (Q > 1) and classical (Q < 1).
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Appendix A. Variational Solution for SG Wavepackets
The Schrodinger Equation (33) can be solved by separation of the variables

Y(rt) = x(x, )y t)p(zt) . (A1)
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As the motions in the x and y directions are free ones, we focus on ¢(z, t).
We recall Dirac’s variational principle [50]. Consider the effective action

iyl = [ dt (p(e)](0: — ) l(e) - (42)
Then, the variation with respect to |¢) and (|
(H;E;P] =0 forally with (p|yp)=1, (A3)

i.e., requiring that the effective action I be stationary against arbitrary variations of the
normalized wave function, which vanish at t — £o0, is equivalent to the exact Schrodinger
equation (this has been applied in a study of semiquantum chaos in a double-well oscillator
in [51], but can be used in quantum field theory as well with suitable wave functionals;
see [50,52] for example).

An important property which follows immediately is that orthogonal superpositions
of variational trial eigenstates of the Hamiltonian evolve independently without interfering
with each other. Let |[) = |¢1)| 1) + [¢2)]])) be the sum of the two orthogonal spin-up
and spin-down eigenstates of

L1
H= %pzz + ubg zo, (A4)

in the Stern—-Gerlach setup (with B = (0,0, bpz)). Then, the effective action becomes a sum
of two independent terms, [(¢1]... 1) and [(¥y|. .. |2), which can be varied separately.
We choose the following normalized Gaussian trial wave functions, which are suitable
for the effectively one-dimensional problem of particles with mass m and with the magnetic
moment p moving in a magnetic field o byz transverse to the beam direction (i.e., £):

9(zt) = @rG()) Fexp { — (g —ic() =2 +ip(t)(z—2(t) }  (A9)

where G(t),o(t), p(t),z(t) are the variational-parametric functions, (t),z(t) describe the
momentum and position of the wave packet, and G(t), o(t) describe the quantum diffusion.
Substituting this into (A2) yields

_ .1 5 , . 2 5, 1
Tw’]/df{iﬂz 7P ﬂFybonrh[aG ~0?G -G ]} (A6)

Independent variations with respect to G(t), 0 (t), p(t), z(t) give

1 .
E= P, p=TFub, (A7)
G = e , o= —302+ic;*2 ) (A8)
m m 8m

Note that, in the magnetic field of linear inhomogenuity B = (0, 0, by z) under consideration
here, the center of the wave packet p(t),Z(t) moves as a classical particle and the diffusion
effects G(t),0(t) are the same as for a free wave packet.

The solution of Equations (A7) and (A8) is

N
~—~
=
—

1 1

%(:Fiyboﬂ +pot) +20;  p(t) =Fubot+po ,

i i, i 1

= —_ — —( — 9
G(t) mt—l—Go , o(t) 4(mt—i—Go) , (A9)
where %, P, and Gy set the initial conditions at t = 0. The diffusion of the wave packet

}IG_l —ic = %(%t + Go) ! is the same as in the free case, as noted already. We understand
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this as being due to the fact that, in the linear field B;(z) = by z, the force is constant and
the same for each part inside the wave packets ¢ »(z). The effect of quantum diffusion is
negligible for t < mGyp, where Gy is the initial wave packet size.

Substituting (A9) into (A5) yields our variational solution of the Schrodinger equation.
The wave packets for spin-up and spin-down states remain in coherent superposition but
move independently (see Figure 4).
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Abstract: The loss of any symmetry in a system leads to quantum problems that are typically very
difficult to solve. Such a situation arises for particles with anisotropic mass, like electrons in various
semiconductor host materials, where it is known that they may have an anisotropic effective mass. In
this work, we consider the quantum problem of a spinless charged particle with anisotropic mass
in two dimensions and study the resulting energy and eigenstate spectrum in a uniform constant
perpendicular magnetic field when a Landau gauge is adopted. The exact analytic solution to the
problem is obtained for arbitrary values of the anisotropic mass using a mathematical technique that
relies on the scaling of the original coordinates. The characteristic features of the energy spectrum
and corresponding eigenstate wave functions are analyzed. The results of this study are expected to
be of interest to quantum Hall effect theory.

Keywords: charged particle; magnetic field; anisotropic mass; Landau states

1. Introduction

Great advances in the fields of nanotechnology and low-dimensional systems have
enabled the precise, controlled fabrication of materials at atomic and molecular scales. The
electron’s quantum mechanical nature is very pronounced in this regime. Therefore, there
is a great potential payoff that electronic devices built on nanoscale may manifest many
desirable quantum properties. This means that current science and technology may be at
the cusp of major developments that can fundamentally change our life for many decades to
come. Low-dimensional systems, in particular two-dimensional (2D) systems of electrons
are seen as some of the most fascinating systems for meeting the technological challenges
of the future [1-5]. The great interest in 2D systems of electrons stems from the fact that
the combination of low-dimensionality, confinement, discreteness of the electron’s charge,
electron’s quantum spin and interaction/correlation effects can lead to very intriguing
quantum phenomena [6,7]. The application of new and extraordinary experimental tools,
in conjunction with the production of novel materials, has created an urgent need for a
better understanding of the many novel unexpected physical phenomena that are observed
under these conditions [8,9].

The application of a strong uniform constant magnetic field perpendicular to a 2D
system of electrons dramatically changes its physics. As a matter of fact, a 2D system of
electrons in a perpendicular magnetic field exhibits remarkable quantum phenomena at
very low temperatures. Two novel specific physical phenomena, the integer quantum Hall
effect (IQHE) [10] and fractional quantum Hall effect (FQHE) [11], stand out as two of
the most important discoveries in condensed matter physics over the last decades. The
appearance of plateaus in the Hall resistance plot as a function of the magnetic field was an
unexpected finding. The Hall resistance on these plateaus is quantized at Ry = h/ (v e?)
values, where / is the Planck constant, e is the magnitude of electron’s charge and the
quantum number v is the integer (1, 2, etc.) for the IQHE or fractional (1/3,1/5, etc.) for
the case of the FQHE.
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The IQHE has a simpler explanation that originates from the quantum physics of
single-particle states in a perpendicular magnetic field. On the other hand, the FQHE
represents a particular example of a novel collective quantum liquid state of matter that
originates, in a unique way, from strong electronic interactions/correlations. For both
cases, the first step in comprehending the phenomena is to consider the solution of the
quantum problem of a spinless charged particle in a 2D system subject to a perpendicular
magnetic field. This quantum problem was solved by Landau a long time ago [12]. The
model typically assumes that charged particles (for instance, electrons) with a fixed given
isotropic mass are confined in a 2D system that is subjected to a strong, uniform, constant
and perpendicular magnetic field. The main feature of the quantum solution is that the
resulting energy spectrum consists of massively degenerated discrete quantum states
known as Landau levels which are separated from each other by an energy gap. For a given
Landau level, the eigenstate spectrum of the many degenerated wave functions describes
states with the same kinetic energy quantized by the application of the magnetic field.

Within the realm of quantum mechanics, the kinetic energy of an electron moving in a
perpendicular magnetic field is quantized to values of fiw./2,3hw./2,5h w.:/2, and so
on, where i = h/(2 ) is the reduced Planck’s constant and w, is the cyclotron angular
frequency. The energy gap between two neighboring Landau levels is i w, while i w:/2 is
known as the lowest Landau level energy. The number of eigenstates in each Landau level
represents the degeneracy of that level and is proportional to the value of the magnetic field
(B) and to the area (A) of the 2D sample, Ns = B A/®y where &y = h/e is the magnetic
flux quantum. Note that the degeneracy, N, of each Landau level increases with increasing
the magnetic field. A key parameter that controls the properties of the system is the filling
factor, v, which is defined as the ratio of the number of electrons, N, to the degeneracy
(number of available states) of each Landau level, v = N/N;. In fact, the filling factor
represents exactly the quantum number, v, in the expression for the Hall resistance plateaus,
Rp. This means that IQHE occurs when the filling factor, v, is an integer, while the FQHE
happens when v is fractional.

In the extreme quantum limit of a very high perpendicular magnetic field, the de-
generacy of each Landau level becomes so large that all electrons may be accommodated
in the lowest Landau level, with a negligible admixture of higher Landau levels. In fact,
some of most important FQHE liquid states occur when the lowest Landau level is frac-
tionally filled with electrons. Under these conditions, the kinetic energy of the electrons
is essentially quenched to a constant value (that corresponds to the lowest Landau level
energy per electron). The electrons also have a quantum spin that couples to the magnetic
field. The energy associated with this coupling is known as Zeeman energy and this is
smallest when the quantum spin of the electrons is aligned with the magnetic field. For this
reason, and to simplify the treatment, one may assume that the quantum spin of electrons
is “frozen” by the magnetic field and, therefore, the electrons may be seen as effectively
spinless charged particles.

As the magnetic field varies, the stabilization of the novel quantum phases of electrons
happens at special filling factors that generally have odd denominators. Among them,
the most robust FQHE states correspond to filling factors v = 1/3 and 1/5 and are well
described by Laughlin’s theory in terms of trial wave functions [13]. Differently from
odd-denominator-filled states in the lowest Landau level, even-denominator-filled states
with filling factors v = 1/2, 1/4 and 1/6 do not show typical FQHE features and behave as
isotropic compressible metallic Fermi liquid states [14]. The composite fermion theory [15]
for the FQHE sheds light on the Fermi-liquid nature of such even-denominator-filled states.
On the other hand, Wigner crystallization occurs when the filling factor becomes around,
or less than, v = 1/7, as seen in various studies [16-20].

As discussed above, the 2D model of a charged particle in a uniform constant perpen-
dicular magnetic field has many applications in quantum mechanics ranging from theories
of magnetism a century ago [21,22] to quantum Hall effect phenomena during the last few
decades [23-32]. The model in which a charged particle has a given constant isotropic
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mass was solved exactly by Landau in a work where the so-called Landau gauge was first
introduced [12]. The exact solution of the stationary Schrédinger equation in this case is
relatively straightforward for such a gauge due to the possibility of separating variables
and writing the overall wave function as the product of a plane wave for one position
variable and a displaced one-dimensional (1D) harmonic oscillator for the other one.

However, it is well known that any loss of symmetry in a quantum system leads to
mathematical problems that generally become much more difficult to solve. A common
situation of this nature arises when we deal with particles such as electrons trapped in
semiconductor materials. For these conditions, the electrons may possess an anisotropic
effective mass. The purpose of this work is to consider the 2D model of a spinless charged
particle with anisotropic mass in a uniform constant perpendicular magnetic field and show
that this quantum problem has a simple and exact analytic solution, despite the presence
of mass anisotropy. The mathematical approach that we use is based on the introduction
of “new” scaled distorted coordinates. The method allows one to transform the original
problem of a charged particle with anisotropic mass in standard coordinates to that of a
charged particle with isotropic effective mass in “new” scaled distorted coordinates.

The paper is organized as follows: In Section 2, we explain the quantum solution for the
case of a charged particle with constant isotropic mass in a uniform constant perpendicular
magnetic field. In Section 3, we provide the exact solution when the mass is anisotropic
and point out the key details of the adopted mathematical method. In Section 4, we discuss
the subtle effects that may come from the anisotropic mass of electrons in quantum Hall
systems. In Section 5, we provide some concluding remarks.

2. Results—Isotropic Mass

In this section, we focus our attention on the quantum problem of a spinless particle
with a constant isotropic mass, m > 0, and charge, g, moving in 2D space in the presence of
a uniform constant perpendicular magnetic field. We clarify that by a constant quantity
we mean one that does not change with time. A particle with a constant isotropic mass is
a rather conventional one. For instance, it can be an electron with a bare mass, m,, and a
negative charge in studies of 2D electronic systems under ideal conditions. For more realistic
experimental situations, one must take into account the fact that 2D systems of electrons
are often created at the interface of a semiconductor heterojunction and/or heterostructure,
such as GaAs/ AlGaAs. Since electrons are typically confined in the conduction band of a
given host semiconductor, the mass, m, for this case would represent the electron’s effective
band mass for those structures that are known to have a constant isotropic effective mass
(for example, it is known that the effective band mass of electrons is isotropic and has the
value, m = 0.067 m,, in a GaAs host semiconductor).

Providing certain details to the solution of this known problem is beneficial for un-
derstanding how the emerging new problem of a particle with anisotropic mass can be
mapped back to the known results. To begin with, the magnetic field perpendicular to the
2D plane is written as follows:

B=(0,0,B,). (1)

Any magnetic field is given in terms of a vector potential, so that

B=V xA(x,y), (2)
where V = (%, %, %) is the nabla or del operator, %, %, % are partial derivatives and
A(x,y) is the vector potential for the given magnetic field. The choice of A(x,v) is not
unique. The simplest choice is the so-called Landau gauge, which may take the following

two flavours:
A(x/ ]/) = BZ (0/ xl 0) 7 (3)

or .
A(x,y) = B.(—y,0,0) . 4)
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In this work, we choose the Landau gauge in Equation (3).
The general quantum Hamiltonian is

v Ls o 2
H*ﬁ{P—q (x,y)] , ®)
where j = (px, py) is the 2D linear momentum operator. The x and y components of the
2D linear momentum operator may be explicitly written as follows:

ﬁx:—ih—x ; Py =—ih—, (6)

where i = \/—1 is the imaginary unit and 7 is the reduced Planck’s constant. One must
notice that the interaction of the particle’s quantum spin with the magnetic field (the
Zeeman effect) is not included in the Hamiltonian of Equation (5), since, for simplicity, we
are assuming a spinless charged particle.

One can write the quantum Hamiltonian as follows:

H:ﬁ{ﬁx_qAX(xfy)r‘Fﬁ[ﬁy_qu(x/y)r- @)

For the Landau gauge in Equation (3), the quantum Hamiltonian in Equation (7) becomes

g P (y—qB:x)° 1 [
2m 2m 2m

. 2
P2+ (py —qB:%)7] ®)
The stationary Schrédinger equation to solve is

HY(x,y) =EY¥(xy), ©)

where E is the energy and ¥ (x, y) is the wave function. In order to solve this equation, one
envisions the particle as being constrained in a 2D area, Ly Ly, where —L, /2 < x < +Ly/2,
0<y<Lyand Ly — o and L, — co. Hence, in the x-direction, one has —co < x < +oco.
On the other hand, periodic boundary conditions (PBC) for the wave function are imposed
in the y-direction:

Y(x,y) =Y(x,y+Ly). (10)

Given the form of the Hamiltonian in Equation (8) and the PBC choice in Equation (10),
one searches for a wave function that solves Equation (9) as a product of a plane wave state
in the y-direction and a function that depends on coordinate x in the other direction:

eikyy
v'Ly

The overall normalization of the wave function must be such that

+o00 Ly 2
dx dy|¥(x,y)|c=1. (12)
—00 0

Y(x,y) = D(x) . (11)

A substitution of the expression from Equation (11) into Equation (9) gives

A2 2
Px (h ky -9 B; x) o
[Zm + B P— ®(x) =E P(x) . (13)
One can rewrite Equation (13) as
-2 2 2
px . m (9B _hky _
[2m+2 ( - ) <x qu> ]CI)(x)—ECD(x). (14)
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At this juncture, we introduce the explicit definition of the cyclotron angular frequency:

B
We = lq| |B:| >0, (15)
m

where |g| > 0is the magnitude of the charge of the particle, |B;| > 0 is the magnitude of the
magnetic field perpendicular to the 2D plane and m > 0 is the constant isotropic mass of the
charged particle. Classically speaking, a charged particle, such as the one described above,
moving perpendicular to the direction of a uniform constant magnetic field, will undergo a
uniform circular motion with a given rotational cyclotron frequency, f. = w./(2 7). The
cyclotron frequency is independent of the radius of the circle of rotation and velocity. All
charged particles with the same charge-to-mass ratio will undergo a circular motion with
the same frequency.
With help from the definition in Equation (15), one can write Equation (14) as follows:

~ 2
P3c+’:wg<x:‘§z>]cp(x):1€q>(x). (16)

The PBC in the y-direction, as specified by Equation (10), fixes the allowed values of the k,

wave vector: 5
TP j=0,41,42... (17)
Y

Note that Equation (16) represents a displaced 1D quantum oscillator centered at 71k, /(g B),
which has a known solution. The resulting discrete energy eigenvalues are

1
En—hwc<n+2) ; n=0,1,.... (18)

These are the Landau levels. Note that the discrete Landau level energies are highly degen-
erate since the quantum number, k,,, does not enter the energy expression. The normalized
eigenfunctions corresponding to the above energy levels may be written as follows:

eikyy
Tnky(X/y) = \/T (Dn(X) 7 (19)
y
where
X nky (20)
= X — ,
q B:

and ®,(X) is the normalized eigenfunction of a 1D harmonic oscillator of mass m and
frequency w,. Such a wave function is given by

a2 X2
P, (X) = Ny exp( ) Hy(a X)), (21)
where
Ny = (| —— (22)
S VN T I
is the normalization constant,
™M we
P— 2

o — (23)

is a parameter with the dimensionality of an inverse length and H,(x) are the Hermite
polynomials. By using Equation (15), one sees that

_ [mwe _ [lallB:| _ 1
w=y == A (24)
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where

(25)

is known as the magnetic length.

By looking at the expression obtained in Equation (19), one concludes that the normal-
ized eigenfunctions for a charged particle studied in a Landau gauge look like stripes [33]. It
is straightforward to note that the probability density for such eigenfunctions, [¥,«, (X, y) 2,
depends only on the variable X (thus, x), but not y. This means that one can view such
states as extended in one direction (in this case, along the y-direction), but exponentially
localized around a given set of centers in the other perpendicular direction (in this case, the
x-direction).

3. Results—Anisotropic Mass

Let us now consider the same quantum problem but with the assumption that the
charged particle has a constant anisotropic (effective) mass of the following form:

my >0 ; my>0, (26)

along the respective x and y directions. This situation would apply to electrons hosted in
semiconductors in which the lowest energies of the conduction band are locally approxi-
mated in parabolic form by an anisotropic dispersion relation:

12
2my

n? n?
(kx - kOx)2 +

E(k):Eo+2mx 72my

(ky — koy)? + 5— (k2 — koz)*, (27)

where E (k) is the energy of an electron at wavevector k in that band, Ey is the minimum
energy of that band, my,. are the effective masses along the different axes and ko =
(kox, koy, ko, ) represents the wavevector of the conduction band minimum (that, in principle,
may be offset from the zero value). The effective (isotropic or anisotropic) masses of
conduction band electrons in common host semiconductor materials (GaAs, GaP, InAs,
AlAs, Si, Ge, etc.) are all positive. However, if semiconductor band structures of certain
exotic materials exhibit saddle points (e.g., in heterostructures, curved 2D materials, or
topological insulator systems), there could be situations where the effective mass is positive
in one direction (m, > 0) and negative in another (m, < 0). Dealing with the concept of a
particle with a negative mass, either classically or quantum mechanically, is beyond the
scope of this work.
The scenario envisioned by Equation (26) would lead to a starting quantum Hamiltonian

1

H= me[ﬁx—qAx(x,y)]2+%[ﬁy—qz‘\y(w)r- (28)

For the assumption of a Landau gauge, as in Equation (3), one has

2 2
N 1 ., 0 1 .. 0
Hime (—max> —|—2my<—1hay—qux> . (29)

The Hamiltonian in Equation (29) is the anisotropic mass counterpart to that in Equation (8),
with the 2D linear momentum operators written in explicit form.

The idea behind the solution of this quantum problem is to try to identify some “new”
coordinates that will allow us to see the problem of a particle with anisotropic mass in
“old” coordinates as that of a “new” particle with constant “isotropic” mass in these “new”
coordinates. This means that the solution of the problem will be achieved elegantly if this
process comes to fruition, given that, at this juncture, one can rely on already known results.

7
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Being inspired by this idea, the mathematical approach that we follow is centered on
scaling the original coordinates, x and y. We start by scaling the variable x to 7y x, where 7
is seen as a real positive scaling parameter whose precise value would be determined at a
later stage. Let us write Equation (29) as

~ 1 . 0
H= 2my [_lhﬁra(yx)

2 2

Since v x is going to be one of the “new” scaled coordinate variables, it immediately
transpires that the scaling parameter, 7, can be factorized out of the second term in the
right-hand side expression of Equation (30) if one rescales the other coordinate variable y

toy/vy: , ,
n 1 . d 1 ih 9  qB:
H = ih + - x)| . 31

mel 'Ya(')/x)] Zmy[ v a<%) v (7 )] (31)

At this junction, one can check that the quantum Hamiltonian in Equation (31) can be
rewritten as follows:

2 2
N~ . 0 1 . J
H_2mx[ ’ha(w)l +2my72l Zha(g) qBZ(W)] ' %2

Let us choose the value of -, such that

2
0% 1
= 33
2my  2my 2 33
This choice leads to
2 Ny
r= [T (34)
my
For the choice of 72, as in Equation (34), one has
2
1
T _ (35)
my  myy? Ty 11y

This means that one can use the result from Equation (35) to write the Hamiltonian in

Equation (32) as
1 d ? 1 0 ?
Fal o _. T _o o !
H_ch< lhax’> +2mc< Zhay/ qBZX) ’ 36)

where the two “new” scaled coordinate variables are

/ !

x'=q9x ; oy ==, (37)

and
Me = /Ty My, (38)
represents the effective cyclotron mass of a particle with anisotropic mass [34].

One can rewrite the quantum Hamiltonian in Equation (36) in a more compact form
as follows:

N T N2
H—zn/lc|:Px/+(py/—qux>:|, (39)
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where 7/ = (pyr, py') is the 2D linear momentum operator with respect to the “new”
primed coordinates.

A comparison of the result from Equation (39) with the original Hamiltonian for a
particle with constant isotropic mass, as seen in Equation (8), indicates that the problem
of a particle with anisotropic mass in variables x and y has been transformed to that of a
particle with isotropic mass, m, = /My Ty in terms of “new” scaled variables x" and y'.
Note that dx dy = dx’ dy’. However, one must be careful to write

+o00 Ly +o00 -Ly/’y
/ dx / dy = / dx’ / dy’, (40)
—0 0 —00 0

when the overall normalization condition of the wave function is applied. The solution of
the quantum problem for a particle with constant isotropic mass is well known. Thus, one
can immediately use such known results with the only consideration taken that all expres-
sions must be written in terms of the “new” primed variables. The energy eigenvalues are

1
En—hwc’<n+2> ; n=0,1,.... (41)
where al B
r_ 191 1Dz
w, = . (42)

Note that w/ takes the place of the cyclotron angular frequency, w, for the case of a particle
with constant isotropic mass, m. Likewise, m, = /T Ty takes the place of mass, m, for the
case of a particle with constant isotropic mass.

With some care, one can write the normalized eigenfunctions corresponding to the
above energy levels as follows:

ro eikyly, /
Y (X, =—— @, (X, 43
iy (X1 = @) @)
where .-
X' =x'-— 44
- (a4)

and ®,(X’) is the normalized eigenfunction of a displaced 1D harmonic oscillator of
mass, 1., and frequency, wc’ , in “new” primed coordinates. In order to have the PBC in
Equation (10) still be valid, one has

ki =ky, (45)

where ky, is given from Equation (17).
The displaced 1D quantum oscillator wave function in the “new” primed coordinates
is written as follows:

06/2 X/Z

®,(X") =N, exp| — Hy(a' X"), (46)

where

06/
N/ — 47
" V72" n! @
and

o =y Mee (48)
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4. Discussion

Classically speaking, a charged particle experiences a magnetic force when moving
through a magnetic field. The fundamental question that one must answer is what happens
to the particle if this magnetic field is uniform over the motion of the charged particle. The
simplest case occurs when a charged particle with fixed isotropic mass moves perpendicular
to a uniform constant magnetic field. Since the magnetic force is perpendicular to the
direction of travel, a charged particle follows a circular path in a magnetic field. Another
way to look at this is that the magnetic force is always perpendicular to velocity, so that it
does no work on the charged particle. As a result, the particle’s kinetic energy and speed
(magnitude of velocity) remain constant. In a nutshell, the direction of motion is affected
but not the speed. The classical description above becomes more nuanced when the charged
particle has a constant anisotropic mass with values m, # m, along the respective x and y
directions. We have investigated the classical 2D motion of a charged particle with such an
anisotropic mass in the presence of a uniform constant magnetic field that is perpendicular
to the plane of motion and have found that the trajectory of the particle for such a case is
elliptical [34]. We also have verified that, as expected, such a trajectory becomes circular
when the mass becomes isotropic (my = my). Overall, it was found that the resulting
classical motion and trajectory of such a particle is very sensitive to the direction of the
initial velocity.

The solution of the quantum counterpart to this problem is much more complicated.
The main reason is that, unlike the classical scenario, the quantum Hamiltonian is given in
terms of the vector potential and not the magnetic field. There are different vector potentials
that can generate the same magnetic field. The freedom to choose various vector potentials,
A(x,y) , that lead to the same magnetic field is known as the choice of the gauge. The
most common gauges used are the symmetric gauge and Landau gauge. A step-by-step
solution to the quantum problem of a charged particle with constant isotropic mass in a
perpendicular uniform constant magnetic field for the case of a symmetric gauge is readily
available in the literature [35]. The quantum problem of a charged particle with isotropic
mass is easier to solve for a Landau gauge. By providing the full details of such a solution,
we reminded the reader of the peculiarities of the Landau gauge and also prepared the
ground for tackling the much more difficult quantum problem for the counterpart case
of a charged particle with anisotropic mass. It is shown in this work that the quantum
problem of a charged particle with anisotropic mass in a perpendicular uniform constant
magnetic field can be solved rather elegantly by adopting a mathematical method that
rescales the original coordinates to new distorted ones. This procedure allows one to restore
the mass symmetry of the stationary Schrodinger differential equation, albeit in “new”
distorted coordinates.

The quantum problem of a charged particle (with or without an isotropic mass)
undergoing 2D motion in a perpendicular uniform constant magnetic field leads to the
physics of Landau states. The properties and the nature of Landau states is fundamental to
explain a plethora of important phenomena in physics, such as the IQHE and FQHE. The
unique nature of the IQHE/FQHE phases has always been fertile ground for paradigm-
shifting ideas in theoretical condensed matter physics and materials science. Novel theories,
phases of matter and concepts such as topological states, incompressible quantum Hall
liquids or composite fermions are now well-known in the literature and all originate from
studies of these two phenomena. For all these cases, the starting model assumes a standard
Coulomb interaction potential between the charged particles. Obviously, a Coulomb
interaction potential is isotropic, in the sense that the interaction energy of any pair of
charged particles depends only on their separation distance. The same presumption is valid
for many inherently anisotropic phases, such as charge density waves, liquid crystalline
phases, Wigner solid phases, etc. The assumption made is that the interaction potential is
isotropic (for instance, a Coulomb interaction potential) and there is no intrinsic anisotropy.

However, in a real quantum Hall sample, electrons may possess an anisotropic effective
mass tensor or may interact via an effective anisotropic interaction potential (mediated from
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the substrate). This situation calls for a re-examination of the role played by anisotropic
factors such as an anisotropic effective mass [36]. To be more specific, we consider a 2D
system of charged particles with anisotropic band mass values, m, > 0 and m, > 0, along
two respective directions labelled x and y. The charged particles interact with the usual
(isotropic) Coulomb interaction potential:

_ kq?
Vi = x4 by =y

where k is Coulomb’s electric constant, g is the charge of the particles and 7; — 7; = (x; —
Xj,yi — Y;) is the 2D vector that separates the positions of particles i and j. The anisotropic
mass of the charged particles breaks the rotational symmetry of the quantum kinetic
energy operator (with or without a magnetic field). The transformation of variables in
Equation (37) allows one to restore the rotational symmetry of the quantum kinetic energy
in the “new” scaled coordinates. The same transformation of coordinates, when applied
to the Coulomb interaction potential, would transform it into the following anisotropic
Coulomb interaction potential:

oc(7i —7j) (49)

qu

21 2y

Z)'Y(ri 1’]) |xi/7x'/|2 ) )
Y= e

where v > 0 is an interaction anisotropy parameter that leads to anisotropy when different
from 1. This parameter (7) is the same as the scaling parameter of the coordinates that was
discussed earlier. From the perspective of Equation (50), one can view the directions of x
and y (primed or unprimed) as corresponding to the two principal axes of the dielectric
tensor. The potential becomes the standard isotropic Coulomb interaction potential for
v = 1. In primed variables, this anisotropic Coulomb interaction potential (for v # 1)
breaks the usual assumption of isotropic pair interaction potentials. It is expected that
an anisotropic interaction potential of this nature can steer us towards novel conceptual
frameworks [37]. The idea is to deal with the rarely tackled, but considerably more difficult,
problem of understanding how anisotropic order arises in a quantum system in which
the constituent particles interact with an anisotropic interaction potential. An anisotropic
interaction potential, alone or in conjunction with other intrinsic degrees of anisotropy in
the system, may be seen as a game changer that can lead to novel physics in the field [38,39].

The interaction/correlation effects in systems of electrons may lead to the formation
of novel quantum phases of matter. Under certain conditions, one can describe various
properties in terms of the underlying topology of the system. This is the case for topological
insulators in general and FQHE systems in particular. In fact, FQHE liquids are the ultimate
examples of a phenomenon with topological features. As already noticed, the FQHE is
observed in certain 2D materials (in the presence of a large perpendicular magnetic field
near absolute zero temperature). The quantum effects related to the magnetic field cause a
gap to open up between energy bands in the bulk material. As a result, the electrons in the
bulk become localized (they cannot move freely). This leads to bulk states of electrons that
represent an insulator. However, the electrons at the edge can still move and, thus, they
can conduct (this is the physics of “edge states”), while the bulk phase remains insulating.
Overall, such phases are characterized by the presence of an energy band-gap within the
bulk of the material, while the material’s edge/boundary or surface hosts topologically
protected gapless conducting modes. The non-trivial topology of the FQHE gives rise
to fractionally charged elementary excitations which, in some cases, may even possess
non-Abelian braiding statistics (for instance, the Pfaffian state at filling factor v = 5/2).
The interaction/ correlation effects between electrons are the key ingredients that lead to
this sort of physics (in fact, there is no FQHE without interactions between electrons).
The predominant view since the time of Laughlin’s theory [13] has been that FQHE states

/ (50)
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represent isotropic quantum liquid phases that have rotational symmetry. However, recent
work [40] in quantum Hall fluids has revealed the importance of a novel internal geometric
degree of freedom (or metric) that has been previously overlooked. It has been pointed out
that topological liquid phases arising in the FQHE regime are not required to be rotationally
invariant. This means that the presence of an internal anisotropy (such as anisotropic
mass and/or anisotropic interaction potential) may drastically modify our view on the
remarkable topological properties of such systems. Therefore, the quantum solution of this
problem for the case of a charged particle with an anisotropic mass (my # my) is very useful
for analyzing situations in which the charged particles (for instance, electrons and/or holes)
possess a pronounced anisotropic (effective) mass.

5. Conclusions

The quantum problem of a charged particle confined in 2D space in a uniform constant
perpendicular magnetic field is the foundation of many important phenomena in physics,
where the IQHE/FQHE stand out as two major discoveries from the last few decades.
The basic features of all quantum Hall phenomena were initially understood by using the
standard model of charged particles (electrons) with constant isotropic mass in a uniform
constant perpendicular magnetic field. However, experimental sample refinements have
led to an increased interest in grasping more subtle systems involving electrons that possess
an effective anisotropic band mass.

Breaking any symmetry in a quantum system leads to problems that are not easy to
solve in analytical form. The case of an (effective) particle with anisotropic mass is one
such scenario that is important not only from a mathematical perspective, but also for real
experimental applications, for instance when dealing with electrons in a semiconductor
material. As a matter of fact, the concept of an effective anisotropic mass tensor is routine
when it comes to studying the properties of electrons in periodic potentials, such as the ones
created by the crystal structure of many semiconductor materials. The standard studies of
2D systems of electrons in a perpendicular magnetic field originally involved GaAs/AlGaAs
heterostructures. In these systems, the electrons typically manifest an (effective) isotropic
mass. However, the improvements in experimental samples and materials now allow one
to study 2D systems of electrons for regimes that were not accessible before, including
those in which the electrons manifest an (effective) anisotropic mass. Any source of internal
anisotropy in a quantum system may lead to novel subtle quantum phenomena, involving
scenarios that may have not been observed before. This means that the system’s symmetry (or
lack of it) influences the patterns of various observed quantum phenomena. In particular, this
work further emphasizes the role that symmetry (or lack of it) plays in quantum problems
that involve 2D systems of charged particles with anisotropic mass subject to a perpendicular
magnetic field.

For a 2D system of electrons with an applied uniform constant magnetic field in the
z-direction and a homogeneous electric field, Ey, in the x-direction, all states drift in the
transverse y-direction (where the plane waves are). As a result, the current density in the
y-direction, j,, will be given by

. e?
Jy=v n E., (51)
where, for simplicity, we consider IQHE states with filling factor, v = 1,2,.... Sam-

ple details, including effects from the presence of an anisotropic (effective) mass of the
electrons, are not expected to play any role in the measured Hall resistance plateaus,
Ry = |Vy/I| = h/(ve?), where V, is the Hall (transverse) voltage and I is the longi-
tudinal current. However, the ranges of the magnetic field and/or the electron density
where the plateaus appear will be affected by an anisotropic mass. The quantized Hall
resistance shows a universal behavior, but it is known that the current distribution in
real quantum Hall devices is quite complicated [41]. Therefore, an anisotropic mass of
the charge carriers is expected to affect the patterns of the current distribution, too. The
occurrence of such phenomena may be detected from the experimental observation of
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the unexpected magneto-transport anisotropy features of a 2D system of electrons in the
quantum Hall regime.

Another interesting scenario where an anisotropic mass may have a profound impact
arises when one discusses the effects of Earth’s gravity on the quantum Hall behavior of
2D systems of electrons. To this effect, one may consider a 2D quantum Hall sample of
electrons oriented in such a way that the gravitational field of the Earth acts on the 2D
plane of the sample perpendicular to the magnetic field. The effect of gravity for such
an orientation is to act as an effective in-plane constant homogeneous electric field due
to the same linear nature of the gravitational potential. For the geometry adopted in this
work, one may choose the gravitational field to act in the x-direction. The new twist that
comes from the (effective) mass anisotropy of the electrons is that the resulting gravitational
potential energy has the gravitational field coupled to the mass of the electrons in the
x-direction, resulting in an energy term of the form, m, g x, where g is the acceleration due
to gravity on the Earth’s surface. If the quantum Hall effect is affected by the gravitational
field, the effects of the mass anisotropy should show up as a modification to the current
density expression when one uses the quantum Hall effect to probe the inverse-square law
of gravity, as recently suggested [42]:

2
Jy(my) = <1 + ng>v % E.. (52)
X

This additional energy term correction due to Earth’s gravity (e 1y / Ey) may lead to subtler
effects than the case study of a constant isotropic mass, m, previously considered in a recent
work, which takes a fresh look at the influence of gravity on the quantum Hall effect states
(more precisely, on the IQHE states) of electrons for a variety of conditions [42].

Based on these considerations, one can promptly recognize the reasons why it is
important to consider the 2D quantum problem of a charged particle with an anisotropic
mass subject to a uniform constant perpendicular magnetic field when a Landau gauge
is adopted. This problem is important to the physics of the quantum Hall effect for
those situations in which the charged particles (electrons) have an effective band mass
anisotropy [43-47]. It is shown that this model, despite exhibiting no axial symmetry,
allows an exact analytic calculation of the energy and eigenfunctions for any value of
anisotropic mass and magnetic field. The solution to the quantum problem is obtained
elegantly by a scaling transformation of the original coordinates. The results of this study
would be of interest to a broad audience of individuals working in quantum mechanics, as
well as researchers that study the applications of quantum theory in materials science.
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Abstract: The Greenberger-Horne-Zeilinger version of the Einstein-Podolsky-Rosen (EPR) paradox is
widely regarded as a conclusive logical argument that rules out the possibility of reproducing the
predictions of Quantum Mechanics within the framework of any physical theory sharing the notions
of reality and relativistic causality that we acknowledge as a given in our classical descriptions
of the macroscopic world. Thus, this renowned argument stands as a seemingly insurmountable
roadblock on the path to a very desired, physically intuitive understanding of quantum phenomena
and, in particular, quantum entanglement. In this paper, we notice, however, that the GHZ argument
involves unaccounted spurious gauge degrees of freedom and that it can be overcome once these
degrees are properly taken into account. It is then possible to explicitly build a successful statistical
model for the GHZ experiment based on the usual notions of relativistic causality and physical reality.
This model, thus, completes—in the EPR sense—the quantum description of the GHZ state and paves
the way to a novel intuitive interpretation of the quantum formalism and a deeper understanding of
the physical reality that it describes.

Keywords: quantum mechanics; EPR paradox; Bell’s theorem; GHZ argument; gauge symmetries;
holonomies; hidden variables; statistical physics

1. Introduction

The inability to accommodate the seemingly trivial notions of causality and physical
realism within the current interpretation of the quantum mechanical wavefunction is at the
core of a long lasting debate about the foundations of quantum theory and the role played
by measurements, whose origins go back to the formulation of the renowned Einstein-
Podolsky-Rosen (EPR) paradox almost ninety years ago [1,2]. Solving these key issues
would require developing a description of quantum phenomena in terms of a statistical
model of local hidden variables. Nonetheless, according to the current wisdom, such a
description is not possible in so far as we insist on keeping the notion, also seemingly
trivial, that the observers’ choice of their measurement settings is not constrained by the
actual hidden configuration of the observed system (free-will).

Indeed, several fundamental theorems state that generic models of hidden variables
that share certain intuitive features cannot fully reproduce the predictions of quantum
mechanics [3-12], while carefully designed experimental tests have consistently confirmed
the predictions of the quantum theory and, thus, have ruled out all these generic models of
hidden variables [13-23]. The best known among these theorems is the Bell theorem [3,5-7],
which proves that such generic models of hidden variables cannot reproduce the statisti-
cal correlations predicted by quantum mechanics for the outcomes of long sequences of
strong polarization measurements performed along certain relative directions on pairs of
entangled qubits.

The Greenberger-Horne-Zeilinger version of the Bell theorem [8] is an even more
conclusive proof of the limitations of these generic models of hidden variables, since it
proves that such models cannot reproduce even single outcomes of strong spin polarization
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measurements performed along certain relative directions on three or more entangled
qubits prepared in the so-called GHZ state,

IR DR )
IGHZ) = v .

However, in a series of recent papers [24-27], we have shown that the proof of the Bell
theorem crucially relies on a subtle assumption that is not required by fundamental physical
principles. Namely, we noted that the proof implicitly assumes the existence of an absolute
angular frame of reference with respect to which we can define the polarization properties
of the hypothetical hidden configurations of the pairs of entangled qubits as well as the
orientations of the measurement devices that test them. Furthermore, we showed that such
an absolute frame of reference may not exist if the hidden configurations spontaneously
break the gauge rotational symmetry along an otherwise arbitrary direction.

A simple example that illustrates the absence of an absolute frame is described in
Figure 3 in reference [24]. Let us first consider a Bell-type game played between three
parties located at the vertices of a triangle drawn on a plane. At the start of the game,
each party sets at his/her vertex a reference unit vector contained within the plane. A
long sequence of unit vectors randomly oriented within the plane is then produced at
the center of each of the three edges of the triangle and sent to the two parties located at
their respective ends. Upon receiving a sampled random vector, each party compares its
orientation to the local reference unit vector and produces a binary outcome, either +1
or —1, according to a deterministic response function. In this game, the affine structure
of the euclidean plane allows comparing at once the relative orientations of the reference
unit vectors at the three vertices, as well as the sampled random unit vectors, and, thus,
it defines an “absolute frame of reference”. In precise terms, the plane is equipped with
an equivalence relationship that allows it to univocally define the relative orientation of
vectors located at different sites. It is then straightforward to derive the Bell inequality
for the pairwise correlations between the binary outcomes of the parties. However, it can
be readily seen that such an “absolute frame of reference” does not exist if we consider a
similar Bell-type game played between parties located on the surface of a sphere instead of
a plane: a tangent vector parallel-transported over a closed-loop drawn on the sphere may
acquire a non-zero geometric rotation phase due to a holonomy. Therefore, even though
any two parties can calibrate and agree on a common frame of reference to describe the
relative orientations of their reference unit vectors as well as the orientation of the random
vectors shared between them, there does not exist a common frame of reference upon which
all three parties can agree at once. In order to compare (and maybe constrain) the pairwise
correlations that can be attained in the latter game, it is necessary to set the reference unit
vector of one of the parties as a fixed common frame by taking advantage of the gauge
degrees of freedom involved in the problem.

Gauge degrees of freedom are auxiliary degrees that may appear in the theoretical
models but do not correspond to well-defined degrees of freedom in the described physical
system, so that the predictions of the model cannot depend on them [28]. In fact, theoret-
ical models that involve spurious gauge degrees of freedom may require a gauge-fixing
condition in order to make physically sound predictions. In a Bell experiment, the rel-
ative orientation between the two detectors that test the pairs of entangled qubits is a
well-defined physical degree of freedom that actually determines the correlation between
their outcomes. On the other hand, the global orientation associated with a rigid rotation
of the two detectors is a spurious gauge degree of freedom that should not play any role in
the predictions of any properly defined theoretical model. Similarly, the setting of the three
detectors needed to test the triplets of qubits prepared in the GHZ state is described by a
single physical degree of freedom too, as we shall show later.

Following these insights, we built in [24,25,27] an explicit statistical model of local
hidden variables that fully reproduces the predictions of quantum mechanics for the Bell
states of two entangled qubits while complying with all the required symmetry demands

)
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and the hypothesis of 'free-will’. Thus, our model completes the description of these
quantum states in the sense advocated by Einstein, Podolsky, and Rosen [1]. However, the
model has been criticized because, even though it strictly complies with Einstein’s causality
principle, it supposedly violates Bell’s definition of locality. In this respect, it is necessary
to remember that Einstein’s causality is a fundamental principle in modern physics that
stems from the Lorentz covariance of the laws that describe the elementary building blocks
of Nature and their interactions, while Bell’s notion of locality arose only as a result of
his intent to formulate Einstein’s principle of causality in a way fit to prove his renowned
theorem [3]. Therefore, wherever Einstein’s causality principle and Bell’s notion of locality
do not agree, compliance with the former must prevail (see the discussion that precedes
Equation (7) and also the discussion that follows Equation (35) for further details).

In this paper, we develop these ideas and build an explicit model of local hidden
variables for the GHZ state of three entangled qubits. The paper is organized as follows.
In Section 2, we review the argument put forward by Greenberger, Horne, and Zeilinger
as a proof of the impossibility of reproducing the quantum mechanical predictions for the
GHZ state within the framework of any model of local hidden variables. In Section 3, we
introduce a simple, explicit model of hidden variables that overcomes this argument. In
Section 4, we extend this model and discuss it in detail. Our conclusions are summarized
in Section 5.

2. The GHZ Paradox

The Greenberger-Horne-Zeilinger spin polarization state of three entangled qubits,
denoted as A, B, and C, is described by the quantum wavefunction:

Mo = —=(INWIHEIHO + &2 [ W] @) @),

where {| 1),| )} denotes a basis of single particle spin polarization eigenstates along
its locally defined Z-axis. In this state, all three outcomes in every single event of a long
sequence of strong spin polarization measurements performed on each one of the three
qubits along their corresponding Z-axes must be consistently equal, either

5 (n) = 557 (n) = ) () = 11,

or

53 (n) = 557 (m) = S5 n) = 1,
foralln € {1,..., N}, with each one of the two possibilities happening with a probability
of 1/2. Here n labels each one of the many repetitions of the experiment, and N is the total
number of repetitions.
In fact, in the GHZ state (2) the expected average values of long sequences of strong
spin polarization measurements performed along any arbitrary directions Q,SCA), Q/(SB), Qgc)
in the XY-planes orthogonal to the local Z-axes are equal to zero:

(56 (1) e = (S (M) uen = (S5 (1) hnen = 0, @

as well as their two-particles correlations:

(S5 (m) - S () e = (S5 (n) - S5 () e

(A)

(3)
= (55 (m) - S (M) nen = 0.

Notwithstanding, the three-particles correlation is non-zero, in general, and given by:
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(st () - S () - S5 (1) hmen

(4)
= Cos (AQ&A) + AQéB) + AQEYC) + CD) ,

where A oM B and A 0© describe the relative orientations of each one of the measure-
a ¥

Q

B
ment devices with respect to some implicit local reference directions labelled as X-axes, see
Figure 1.

In particular, for & = 0 the following four relationships follow:

(©)

SOy - sBwm) - s9m) =41, n=1...,N
sm) - Py - sOm) =-1, m=1,..,M 5
sy - s - sYmk) =-1, k=1,...,K
say - sPay - sOw =-1, 1=1,...,1,

for any four sequences of strong measurements performed along directions (X, X, X),
(X,Y,Y), (Y, X,Y)and (Y, Y, X).

Figure 1. The GHZ argument implicitly requires the existence of an absolute frame of reference with
respect to which it is possible to describe the polarization properties (+1, £1, +1) of the hypothetical
hidden configurations of the triplets of qubits as well as the orientations Q&A), QEP, QEYQ of the

measurement devices that test them.

These four relationships (5) lie at the core of the Greenberger-Horne-Zeilinger paradox [8].
On the one hand, these relationships imply that we can gain certainty about the polarization
properties of any of these three qubits, without in any sense, disturbing them. Thus, according
to the notion introduced by Einstein, Podolsky, and Rosen [1], these polarization properties are
elements of reality whose values must be set at the time when the three entangled particles are
produced. On the other hand, this notion seems to be inconsistent: by multiplying the last three
equations in (5) and assuming that all polarization components must take values either +1 or —1,
we would obtain that

stmy - sPmy - sSEm) =-1, n=1,...,N (6)
which is in contradiction with the first one.

This argument is widely considered the most clear-cut evidence against the possibility
of giving the wavefunction (2) a statistical interpretation within the framework of a local
model of hidden configurations, in which the observers are free to choose the setting of
their measurements.

3. The Paradox Revisited

The above argument crucially relies on the implicitly assumed existence of an absolute
angular frame of reference, with respect to which the polarization properties of the hidden
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configurations of the triplets of entangled qubits, as well as the orientations of the measure-
ment devices that test them, can be defined. In such an absolute frame of reference, all the
polarization components of all possible hidden configurations must take a binary value,
either 41 or —1, and relationships (5) immediately follow. However, as we already noticed
in previous works [24-27], the existence of such an absolute angular frame of reference is
not required by fundamental physical principles.

In fact, an absolute frame of reference can not be defined within the standard frame-
work of quantum mechanics, whose predictions the models of hidden variables are aimed
to reproduce. This can be readily noticed from the wavefunction that describes the GHZ
state (2) in terms of the single-particle eigenstates | 1)(4FC), | |)(ABC) of Jocally defined

operators (TéA’B’C). These eigenstates are defined only up to a phase (like any other normal-
ized eigenvector of any linear operator) and, hence, the phase @ in the wavefunction (2) is
not, in principle, properly defined yet. In order to properly define this phase, it is necessary
to set a reference setting (8) of the three measurement devices and experimentally obtain
the threesome correlation between their outcomes. Only with respect to this reference
setting of the three detectors, which we arbitrarily label as local X-axes, it is possible to
properly define a subsequent rotation of any one of the devices by an angle A, see Figure 2.
Indeed, the correlation between the binary outcomes of the three measurement devices that
test the GHZ state is described by a single physical degree of freedom, the angle A + @,

(St () - Sy () - S5 (1) nen = cos(A + ). @

while the orientations of each one of the three detectors, Q&A), Q/(BB) and Q(yc), cannot be
independently defined in a proper sense.

X 3/ | J
¢ Ya oo
LA NS

ZA

>

Figure 2. By symmetry considerations the orientation of one of the measurement devices, say A, can
always be defined as a local X-axis for every one of the repetitions of the experiment. Moreover, the
orientation of a second measurement device, say B, can also be always defined as a local X-axis since
any rotation in it can be accounted for through the definition of the phase ® that characterizes the
source of the photons. In fact, as explained in Section 3, this is strictly necessary in order to properly
define the quantum state (2). Thus, the experimental setting of the three measurement devices is
described by a single angle A, while the expected correlation between their outcomes depends only
on the linear combination A + ®.

In the absence of an absolute frame of reference, the polarization properties of the
hidden configurations may only be properly defined with respect to the reference directions
set by the orientation of the corresponding measurement devices. In particular, for the
reference setting of the detectors, A = 0, whose orientations we have arbitrarily labeled as
X-axes, the correlation is given by:

(550 (m) - ¢ (n) - S (1)) nen = cos(@), ®
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and, for ® = 0 is given by

(5 (m) - ) (n) - S () new = +1. ©)

Actually, condition (8) defines the notion of parallel orientations of the three measurement
devices. All settings for which this condition is fulfilled are physically indistinguishable
through measurements performed on triplets of entangled particles in the GHZ state, and,
hence, all such sets of axes are gauge equivalent.

Moreover, the polarization properties of the hidden configurations of the triplets
of entangled particles can be properly defined only with respect to the local reference
directions set by the three measurement devices. That is, the actual value sg‘ ) (Qy, w) of
the polarization component of, say, particle A along some direction () may be, in general,
a function of the reference direction (), set by the measurement apparatus of observer
A (and, of course, also of the coordinate w € S that labels the hidden configuration in
which the system of three entangled particles occurs). This dependence does not conflict
with the principle of causality, which only demands that the value of the polarization
components of particle A cannot depend on the orientations of the reference directions (g,
), along which observers B and C choose to test their particles. Therefore, we must not
restrict our models within the constraint that all polarization components of either one of
the particles must take a binary value, either +1 or —1: only the polarization component
of each one of the particles along the reference direction set by the orientation of the
corresponding measurement device must take a binary value. That is, for all possible
hidden configurations of the triplet, we must have:

st (Qu,w) = £1, 55 (Qp,@) = 1, 55 (Qy,0) = +1, (10)

but the polarization components along any other direction must not necessarily take either
one of these two values. Indeed, the only experimental access that we can have to the
spin polarization components along these other directions is through weak measurements,
whose outcome can have absolute values larger and smaller than one and may even be com-
plex [29]. In fact, weak values of physical observables are complex numbers independent
of the linear dimension of the Hilbert space of the described quantum system.

Therefore, it is crucial to realize that in order to obtain a meaningful description of
the system, we must be careful to compare magnitudes defined with respect to the same
reference directions. For example, we can state that with respect to a set of parallel reference
directions X(4), X(B) and X(©) defined by condition (9), the polarization components of
the particles along the orthogonal directions Y(4), Y(B), Y(C) take values either +i or —i,
according to the relationship:

(4)

sy (X,w) = i sy’ (X,w),
sg/B)(X,w) = i sg(B)(X,aJ), (11)
sg/c) (X,w) = i sg(C) (X, w),

with sg(A)(X,w) =41, sgf)(X,w) = +land sgg) (X, w) = £1, see Figure 3. Therefore, the

four constraints (5) become trivially identical,

sg(j)(X,w) S%(X,w) S&E)(X,w) +1,
sg( )(X,w) is& (X, w) isg( )(X,w) — W
ng{A) (X,(,U) sg(B) (X,(JJ) lsgf) (X,(,U) _ _1/
isy)(X,w) - isy(X,w) SO Xw) =-1.
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In other words, the argument put forward by Greenberger, Horne, and Zeilinger as a
proof of the impossibility of reproducing the predictions of quantum mechanics for the
GHZ state within the framework of a model of local hidden variables can be overcome by
realizing that there does not necessarily exist an absolute frame of reference with respect to
which the hidden polarization properties of the entangled particles can be defined and, in
consequence, allowing their actual values to depend on the reference direction with respect
to which they are described.

o
o

Figure 3. Two gauge-equivalent descriptions of the polarization properties of an incoming photon
from a GHZ triplet, with respect to two different orientations of the measurement device that
tests them.

4. A Statistical Model for the GHZ State

In this section, we build and discuss in detail an explicit statistical model of local
hidden variables for the GHZ state of three entangled qubits. The model complies with
the “free-will” assumption and reproduces the quantum mechanical predictions for the
average values and correlations of long sequences of strong spin polarization measurements
performed on the three qubits along any three arbitrary directions.

Our statistical model consists of infinitely many possible hidden configurations con-
tinuously distributed over the unit circle S;, a well-defined density of probability for each
one of these configurations to occur, and locally defined binary response functions that
specify the outcomes that each one of these hidden configurations would produce in each
one of the three measurement devices as a function of their orientations.

First, we define two sub-populations within the space of all possible hidden configura-
tions, which we label as 7 = £1, each one occurring with a probability of 1/2. These two
sub-populations correspond, respectively, to the two possible outcomes of the measurement
performed on one of the particles, say, particle A. That is,

S () = s (X, ) = 1. (13)

The device that measures the polarization of particle B along an arbitrary direction orthogo-
nal to its locally defined Z-axis fixes a reference frame of angular coordinates wp € [—7, 77)
over the circle §;. We assume that the density of probability for each one of the hidden
configurations to occur is given by

§(ws) = ylsin(w)], (1)

and define the outcome of the measurement on particle B as:

S (wp, ) = s (X, wp, 1) = 1+ S(ws), (15)

with:

if xe (0,4,

if xe (-0 (16)

S(x) = sign(x) = { i—i:
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Similarly, the device that measures the polarization of particle C along some other arbitrary
direction () orthogonal to its locally defined Z-axis sets its own frame of angular coordinates
wc € [—m,+7) over the circle S;. By symmetry considerations, we demand that the
outcome of this measurement be described by the same response function:
(¢ —
S (we,m) =55 (O, we, ) =17 S(awc),

Moreover, we impose that the two sets of angular coordinates wg and wc are related by the
relationship:

we = wp, if n=+1, 17)
we = M 4+ wpg, if n=-1,
where
wh = L(wp; A+ @), (18)
B
and
e IfAc|0,n),
g(w) - arc—cos(— cos(A) — cos(w) — 1),
-t <w< Z T,
g(w) - arc-cos (+ cos(A) + cos(w ),
L(wZ) _ if A T Sw< 0 (19)
' g(w) - arc-cos (+ cos(A) — cos(w )
0 <w < A,
g(w) - arc cos( 0s(A) + cos(w )
A <w< T,
e IfAc[-m0),
g(w) - arc-cos (— cos(A) + cos(w )
- fw< A
g(w) - arc-cos (+ cos(A) — cos(w )
L(w;A) = if A <w< 0 20)
' g(w) - arc-cos (+ cos(A) + cos(w ),
<w< A + 7T,
g(w) - arc- cos( —cos(w) — 1)
if A +rn<w<+m,

with
q(w) = sign((w — A)mod([—7, 7)),

and the function y = arc-cos(x) is defined in its main branch, such that y € [0, 7r] while
x € [—1,+41]. The parameter A = A + @ in this transformation law denotes the orientation
of the measurement setting, as defined in (7) and (8).

It is straightforward to check that the density of probability (14) remains functionally
invariant when described with respect to the new set of coordinates, that is,

g(we) = glsin(we)l, @y
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simnce
[dw'g(w’)| = §ldw’ sin(w’)| = g|d(cos(w’))| = 22)
ild(cos(w))| = {ldw sin(w)| = |dw g(w)],
and
e(n+w) = i| sin(w + 71)| = i| sin(w)| = g(w). 23)

In fact, these equalities state in precise terms that the probability of each hidden configura-
tion occuring does not depend on the orientation of the reference direction chosen by the
observers to describe their particles, or, in other words, that our model complies with the
requirements of ‘free-will’.

We can now define a partition of the circle S; into four disjoint regions,

S1=T+4 U I, U T4 U T__, (24)
as follows:

Ty ={wp:wp€ (A +n]} =

{wec:wee (0,—A +nl}, if =+1
{wc:wce (—m—-Al}, if n=-1

Ty ={wp:wp € (0,A]} =

_ {we :we € (:Z,O}}, if n=+1
{wc:wece (=A+mnl}, if n=-1

I = {a)B LW € (K—TL’,O]} =

_ {CUC:(UC S (_T[L_Z]}’ if n=+1
{wec:wce (0,-A+mn]}, if 5=-1

I = {CUB I Wwg € (—7’(,5— 7"[]} =

{we 1 we € (—Ztn,n]}, if n=+1
{CUC:OJCE (—A,O]}, if n=-1

where we have assumed without any loss of generality that 0 < A < 7.
In each one of these four segments, the two measurements are fully correlated or
anti-correlated:

o Ify=+41,
Sg(B)((UB,]?) Sé))(wCIU) I++U1'77 - +1, (25)
B
S¢) (ws 1) - S (we, ) vz, = v
o Ify=-1,
Sg( )((UB,W) . Sg) (QJC,U) I++U1'77 - _1, (26)
S (ws ) -SG5 wen|, =+
It is straighforward to notice that
" (I++ UI,,) —u (L, UI,+) = cos(A), (27)
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where y(-) denotes the normalized measure over the circle according to the probability
density distribution (14). Hence,

*  Opver the sub-population of states with 7 = +1,

(s s5) = cos(B), (28)

*  Over the sub-population of states with 7 = —1,
(S5 = —cos(). (29)
Therefore, over the whole population the two measurements are totally uncorrelated,
(s .5 =, (30)

since each one of the two sub-populations # = +1 and # = —1 happens with probability
1/2. The same is true for the same reason for the correlation between the outcome of the
measurement on particle A and any of the other two:

(s Py = (s . sy — . (31)
Furthermore, the three-particles correlation is given by:
(s -5 58y = cos(), (32)

which reproduces the quantum mechanical prediction (7) for the GHZ state.

Let us remark that in the model that we have described here, similar to quantum
formalism, the orientation of two of the three measurement devices sets a reference frame
with respect to which the orientation of the third device is described; see Figure 2. Therefore,
it does not make sense to compare two different orientations for the reference setting since
they are physically indistinguishable and, hence, the orientation of the reference setting is
a spurious gauge of degree of freedom. This is the ultimate reason that allows the set of
angular coordinates over the circle 51 to acquire (due to a holonomy) a non-zero geometric
phase a # 0, 7w through certain cyclic transformations (19) and (20):

E_A @) ‘CA—HID o ﬁ,q) = ,C,x 75 H, —IL (33)

The possible appearance of a geometric phase in closed loops of gauge transformations is
well-known, also in classical physics. A particularly beautiful example is the gauge theory
of swimming at low Reynolds numbers described in ref. [30].

Before closing this section, let us stress that Equations (17) and (18) are coordinates
transformations and do not introduce any non-local interaction between the detectors. In
order to clarify this issue consider a source that produces pairs of macroscopic arrows
parallel to each other and randomly oriented within a locally defined XY plane. The twin
arrows are then parallel-transported in opposite directions along the Z axis towards two
distant detectors, each one of them consisting of an arrow that can also be arbitrarily
oriented within their local XY plane. Upon arriving at their respective detectors, the relative
orientation of each one of the incoming arrows is described with respect to the orientation of
the corresponding detector, and a local response is produced according to (16). Obviously,
for every pair of incoming twin arrows, the following relationship must hold:

w =w-—A, (34)
where w and «’ are the relative angles between the orientations of the incoming arrows

and their corresponding detectors, and A is the relative angle between the two detectors.
This relationship (34) does not introduce any non-local interaction between the detectors,
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since it is dictated by the euclidean structure of the macroscopic space, and, therefore, it
is fulfilled no matter who decides how to orient the detectors or when these decisions are
taken. Furthermore, the response of each one of the detectors given by (16) depends only
on the orientation of the incoming arrow with respect to the local detector and does not
depend either on the relative orientation between the two detectors or on the orientation of
the other arrow with respect to the other detector.

Equations (17) and (18) are nothing but a non-linear generalization of the Euclidean
relationship (34), and it simply means that the entangled particles might carry with them a
non-euclidean metric. In this sense, it is useful to think about Equations (17) and (18) as
somehow similar to the Lorentz transformation that relates, for example, the frequencies
v and v/ of a signal emitted by a source towards two detectors moving with relative
velocity V,

v =L(y; V). (35)

Obviously, this non-linear relationship does not violate Einstein’s principle of causality
since it is dictated by the Minkowski metric of space-time, from which the very notion of
causality stems.

As a last final comment, let us remind ourselves again that Bell’s definition of locality
arose as a result of the intent by Bell to formulate Einstein’s principle of causality in a way
fit to prove his renowned Bell’s theorem. Therefore, wherever the notion of Bell’s locality
disagrees with Einstein’s principle of causality, the latter must prevail.

5. Discussion

We have shown in this paper that the argument behind the renowned GHZ paradox
crucially relies on an implicit assumption that is not required by fundamental physical
principles and, therefore, can be overcome by giving up this unnecessary requirement.
Namely, the argument put forward by Greenbereger, Horne, and Zeilinger thirty years
ago [8] implicitly assumes that there exists an absolute angular frame of reference with
respect to which we can define the polarization properties of the hypothetical hidden
configurations of the entangled qubits, as well as the orientations of the measurement
devices that test them. However, we have remarked in this and previous papers [24-27]
that in order to properly define the phase ® that characterizes the state (2) of the triplets of
entangled qubits, it is necessary to fix an arbitrary reference setting of the measurement
devices that test their polarizations. Only with respect to this reference setting can one
properly define a subsequent relative rotation A of one of the devices, see Figure 2, while the
orientation of the reference setting is a spurious gauge degree of freedom. In the absence
of an absolute frame of reference, the polarization properties of each of the qubits can
be properly defined only with respect to the orientation of the measurement device that
tests them.

With these observations in mind, we have built an explicit statistical model of local
hidden variables for the GHZ state of three entangled qubits that reproduces the predictions
of quantum mechanics and complies with the "free-will” assumption. The model, thus,
completes—in the EPR sense—the quantum description of the GHZ state. This model
closely resembles the model of hidden variables for the Bell polarization states of two
entangled qubits that we recently described in [24-27].

Since these models were designed to reproduce the predictions of quantum mechanics
for the Bell and GHZ experiments, they cannot be experimentally favored or disfavored
against the quantum formalism through their predictions for these experiments. Further
work is needed in order to develop this statistical framework and maybe find ways to
test it against quantum mechanics, but this is beyond the scope of the present papers.
The aim of these models at this stage is to explore the possibility that the strongly well-
established quantum formalism could not be the ultimate framework for describing the
fundamental building blocks of Nature and their interactions, overcoming a belief widely
held by the physics community for over half a century. An underlying statistical framework

71



Symmetry 2023, 15, 1327

would provide a physically intuitive interpretation of the quantum formalism and a better
understanding of quantum phenomena.

Finally, it is worth stressing once more that the existence of an absolute frame of
reference is neither demanded nor guaranteed by fundamental physical principles or
any experimental evidence, and, therefore, it is at best a working assumption. However,
according to the conclusions reached in this paper and [24-27], this working assumption
lies at the core of the impossibility noticed by the Bell theorem, the GHZ theorem, and
other renowned theorems to accommodate together within the quantum formalism some
of the most fundamental physical notions. On the other hand, these difficulties can be
easily overcome by lifting this working assumption. Therefore, the latter might even be
considered a favored option since the apparent emergence of an absolute frame in the
macroscopic world can also be easily understood [24].
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Abstract: Supersymmetric quantum mechanics has wide applications in physics. However, there
are few potentials that can be solved exactly by supersymmetric quantum mechanics methods, so it
is undoubtedly of great significance to find more potentials that can be solved exactly. This paper
studies the supersymmetric quantum mechanics problems of the Schrédinger equation with a new
kind of generalized trigonometric tangent superpotential: A tannpx + B tan mpx. We will elaborate
on this new potential in the following aspects. Firstly, the shape invariant relation of partner potential
is generated by the generalized trigonometric tangent superpotential. We find three shape invariance
forms that satisfy the additive condition. Secondly, the eigenvalues and the eigenwave functions
of the potential are studied separately in these three cases. Thirdly, the potential algebra of such a
superpotential is discussed, and the discussions are explored from two aspects: one parameter’s and
two parameters’ potential algebra. Through the potential algebra, the eigenvalue spectrums are given
separately which are consistent with those mentioned earlier. Finally, we summarize the paper and
give an outlook on the two-parameter shape-invariant potential.

Keywords: supersymmetric quantum mechanics; generalized trigonometric tangent superpotential;
shape invariance; potential algebra

1. Introduction

The concept of Supersymmetry (SUSY) has permeated almost all fields of Physics:
atomic and molecular physics, nuclear physics, statistical physics, and condensed matter
physics [1-4]. It is even considered a necessary way to establish any unified theory [5,6].
Although SUSY has achieved great success in theoretical physics, there has been no conclu-
sive evidence of supersymmetric partners in experiments. It was introduced by Nicolai
and Witten in non-relativistic quantum mechanics [7,8]. These researchers soon found that
supersymmetric quantum mechanics (SUSYQM)was of great significance and soon became
a method to solve the Schrédinger equation [3,4,9,10].

The exact or quasi-exact solution of the Schrodinger equation under various potential
constraints has always been a particular concern in quantum mechanics [10-14]. There
are only a dozen potentials which are solvable in Schrodinger equation through SUSYQM
methods. These potentials mainly include harmonic oscillator potential, Coulomb potential,
Morse potential, Rosen—-Morse potential, Scarf potential, Eckart potential, Pésch-Teller po-
tential, and so on [3,14-23]. Recently, the list of these potentials has been expanded [24-26].
These precisely solvable potentials also satisfy the shape invariance condition [3,27,28],
and it is found that there is a deep connection between shape invariance and SUSY. These
connections need to be dealt with from the perspective of group theory. The Lie algebra is
an important part of the group theory, and the potential algebra theory allows for a deep
analysis of SUSYQM [29-32]. The shape invariant potentials mentioned above naturally
have corresponding potential algebraic forms. Therefore, it is undoubtedly of great signif-
icance to obtain the potential algebraic form of shape invariance. The above discussion
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leads to the following problems: (1) How to find more solvable potentials. (2) The Riccati
equation satisfied from the superpotential is only a first-order differential equation, but the
solution of the equation is not easy to obtain [33]. The known solvable potential and its
superpotential are consistent. Therefore, how to find more solutions to the Ricati equations
is also an important problem. (3) If we can construct more solvable potentials, what exciting
new results will come from these new solvable potentials?

Our group has begun tryingto promote this research from the existing superpotential.
The study in [26] is our first generalization, extending the hyperbolic tangent superpo-
tential to a linear combination of two different hyperbolic tangent, bringing positive and
meaningful results. The present paper is another attempted generalization, taking the
linear combination of two tangent superpotentials as our generalization potential, and the
results are even more exciting.

In this paper, a superpotential with the generalized trigonometric tangent functions
is proposed:

W(x, A, B) = Atannpx + Btanmpx <_g < max{npx, mpx} < §> (1)

where A, B are constant coefficients, p is an arbitrary positive constant, and m and n are
positive integers. The problems related to the Schrodinger equation with such superpo-
tential are researched. Compared to the superpotential A tanh px + B tanh 6px in [25], the
superpotential in Equation (1) is undoubtedly more general. Compared with Reference [26],
this article has the following differences: Firstly, the scope of the independent variable
discussion is different. The potentials covered in [26] are non-periodic. The potentials
studied in this paper are periodic, and we have chosen to discuss them within a period
of the variable x. Secondly, the corresponding parameter binding relationship under the
shape invariance constraint is completely different. Finally, the eigen-energies of these two
potentials and the corresponding wave functions are not the same.

This article focuses on the following clues to illustrate our new findings. We start with
a brief review of the core content of SUSYQM in the Section 2. On this basis, we proceed to
study the four shape invariant algebraic relations hidden behind this new superpotential
in the next section. How are the eigenvalues and potential algebras of this new potential
different from other potentials? Section 4 will tell us the answer.

2. SUSYQOM
For simplicity, we set i = 2m = 1in the steady-state Schrodinger equation — % dz/;(zx)
V(x,a)(x) = Hp(x). The Hamiltonian of that equation is:
H——d—z—i—V(x a) )
© o dx? ’

According to the related References [10-14], the superpotential W (x, a) was introduced
to define the ladder operators A* and A™:

d
A*(x,a) = F— + W(x,a) (©)]
dx
The potential of the system is transformed into two partner potentials Vi (x,a) to be

described as:
dW(x,a)

_ 2
Vi(x,a) =W(x,a)°+ P 4)
In addition, the partner potentials Vi (x,a) meet
Vi (x,a0) +g(a0) = V- (x,a1) + g(a1) ®)
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where g(ag) and a; are functions of the additive constant ag, and a; = f(ap). Equation (5)
is called the shape invariance of the partner potentials. It can be rewritten as:

Vi(x,a0) = V_(x,a1) + R(ap) 6)
So, it is not hard to see that
R(ag) = g(a1) — g(ao) @)

The partner Hamiltonians are:

d?
He = ——75 +Va(x,0) ®)
That is to say:
H.y (x,a0) +g(ao) = H-(x,a1) + g(a1) )

The relationship between the intrinsic energies can be written as:
E+(ao) + g(a0) = E—(am) + g(am) (10)
According to [3], the eigenenergy spectrum can be obtained as:
Ey =0,E; =E, 4 (11)
With this iterative relation, we can find all the energy levels E;; (ap) in turn:
Ey (a0) = E;i_y(ap) = g(an) — g(a0)(n =1,2,3...) (12)

Not only the expression of eigenvalue E;; (ag), but also the expression of eigenvalue
E, (a;)(i=0,1,2,...) can be obtained:

E, (a;) = E} ((a;) = g(anyi) —g(a;))(n=1,2,3...,i=0,1,2...) (13)

According to the superpotential and the lifting operators A+ = :F% + W(x,a), we
can calculate the zero-energy ground state wave function ¢, (x):

_ ()
P (x) = Nexp(/ W(x,a)dx) (14)
where N is the normalized coefficient. According to [3], the eigenfunctions can be obtained:
~oNl2 s . -1/2
Py () = (Eypn) AT 0 (%), () = (B)) AT (%) (15)

where E, " | > 01is required.

In SUSYQM, as long as a superpotential W(x) that can be solved accurately is deter-
mined, the corresponding ascending and descending operators A* (x,a), partner potentials
V4 (x,a), and partner Hamiltonians H+ can be constructed according to this superpotential
W(x), so as to solve the corresponding eigen energy E,, (4;)(i =0,1,2,...) and eigen wave-
function ¥, (x). The relationship between the superpotential and these physical quantities
can be described by Figure 1.
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d? d (x)
Hi =—E+W(x)2 iT
Partner

Hamiltonians

A

Ladder Operators Eigenfunction
£ =T W(x) i (x.a) ~ exp(-= [ (x. a)d)
Super Potential w,, =cdy

©c O

Partner Potentials
dw (x)
dx

Shape Invariance
/& (x,al)+W'(x,al)
=W?(x,a,)—W'(x,a,)+R(a,)

V.(x)=W(x)’ £

Figure 1. The relationships between superpotential W(x) and other physical quantities.

Figure 1 shows the importance of superpotential in SUSYQM. But the number of
potentials that can be solved exactly at present is very limited. Tables Al and A2 in
Appendix A gives all the superpotentials that can be solved exactly at present and the
corresponding physical quantities [3,14-26]. So, whether new superpotentials that can be
solved precisely can be constructed has become the focus of research in SUSYQM. Based
on this situation, this paper constructs a new superpotential, A tannpx + B tan mpx, that
can be solved exactly.

3. The New Shape Invariance Derivation Idea Based on the New Solvable Potential
Atannpx + Btanmpx

The generalized trigonometric tangent superpotential which we construct is given in
Equation (1). The relationship between the superpotential and these parameters are shown
in Figure 2.

100 - 1 100

50 - 1 50

W(x)
Wi

——p =005
50 | —p=05 } -50 |
p=1

——A--105B=2
100 - i 100 - ——A=-255B=5 ||

A=-105B=20
——A=-205B=40

-20 -15 -10 -5 0 é 1‘0 1‘5 20 -20 -15 -10 -5 0 5 10 15 20
(a) n=1, m=2, a=-2.55, b=5 (b) n=1, m=2, p=0.05

Figure 2. The relationship between superpotential W(x, A,B) = Atannpx + Btanmpx and the
parameters A, B, n, p, m: (a) reveals the relationship between the superpotential and p; (b) reveals the
relationship between the superpotential and A, B.

We can deduce:
dW(x, A, B)

dx (16)
=A(np+ A)sec® npx + B(mp + B) sec’> mpx + 2AB tan npx tan mpx — A> — B2

Vi(x,A B) = W2(x,A,B) +

77



Symmetry 2022, 14, 1593

»  dW(x, A, B)
dx
=A(A — np) sec? px + B(B — mp) sec?> mpx + 2AB tan npx tan mpx — A> — B2

V_(x,A,B) =W(x, A,B)

17)

The figures of the partner potentials are shown in Figures 3 and 4. Figure 4 reveals the

partner potentials near the origin.

550 550

— A =—10.5 B=2
B:

—A=-105B=2
—_—A 55 B =5

A=-10.5 B=20
— A = —20.5 B=40

v, (0

xo |l
xXo

(a) n=1, m=2, a=-2.55, b=5 (b) n=1, m=2, p=0.05

Figure 3. The Figures of the partner potentials (n =1, m = 2, p = 0.05).

\ 550 1
500 \ 1 \ 1
\ ', 1 ',
\ ! 1 !
\
\ 1
1

500

)

H g I g
> > \ > 1
1 1
\ \
1 1
V== 7 \ 7 ' I
\ , \
A= -105 A=, A--205y !
B-20 ~ B =10
-200 -200 > 27 —
04 02 0 02 04 02 01 0 01 02 02 01 0 01 02
X X X

Figure 4. The partner potentials near the origin. (n = 1, m = 2,p = 2). Note: the doted line is

V_(x, A, B), the solid line is V (x, A, B).

From Figure 3, it can be seen that, whatever values A and B take, the shapes of the
partner potentials V_(x, A, B) and V. (x, A, B) are similar, so they conform to the shape

invariance relationship described in Section 1.

Now, let us discuss the constraint relationship between Ay,A1,Bp, and By. Under
the condition of the shape invariance relation of V4 (x, A, B), the independent variable x

coefficient in V4 (x, A, B) must be the same, i.e., there are:
Ao(np + Ag) = A1(Ar —np)
Bo(mp + Bo) = (B1 —mp)By
2AgBy = 2A, By
Combining Equations (18)—(20), we can obtain:

A1 :A0+1’lp01'A1 = *AO

By = Bg+mpor By = —By

(18)

(19)
(20)

(21)

(22)

It is not difficult to see that Ay, A1, By and B; can be combined into the following

four cases which are shown in Table 1.
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Table 1. The four cases of A1, B;.

Case 1 Case 2 Case 3 Case 4
Al = AO + np Al AO +1’lp Al = —Ao Al = _AO
By = By +mp B1 = —By By = By +mp By = —By

As for case 4, since it does not satisfy the additivity, we do not discuss the case here.
Let us analyze the wave function and energy under the other three cases in the following.

3.1. Case 1 Ay = Ag+np,By = By +mp

By substituting A; = Ag + np and By = By + mp into Equations (16) and (17), we
can obtain:

Vi(x, Ao, Bo) = (npAo - A%) sec? npx + (mpBO — BOZ) sec? mpx+

(23)
2ABy tan npx tan mpx — A3 — B3

_ A2 2 _p2 2
V_(x,A1,By) = <npA0 AO) sec” npx + (mpBo BO) sec” mpx + 2(Ao + np) 24

(Bo 4 mp) tan npx tan mpx — (Ag + np)* — (B + mp)?
Since the shape invariance relationship is satisfied between V. (x, Ag, By) and
V_(x, Ay, By), the coefficients before independent variable x should be equal.That is to say,

there is:
ZA()B() = Z(A() + np)(Bo + mp) (25)

From this formula, the binding relationship between the parameters can be further

obtained as: A 5
0 0
A, =22 26
=p 26)
Under this parameter constraint, the shape invariance relation can be written as:

Vi (x, Ao, Bo) = V- (¥, A1, Br) + (Ao +np) + (Bo+ mp)’ — (43 +B})  (27)

It is not difficult to see the expression of g(A1, B1), (Ao, Bo) from the above formula
that is:
g(A1,B1) = (Ag +np)® + (Bo + mp)° (28)

g(Ao, Bo) = A3+ B3 (29)

The coefficients Ay and By, follow an additive relation and are easy to be obtained:
Ay = Ap + knp and By = By + kmp (30)
where k = 0,1,2, - - - . The energy eigenvalue can be obtained as:

Ei (ai) = g(ﬂm) 8(ai)

, .0 (31)
= (Ao + (k+1)np)* + (Bo + (k +i)mp)? ( Ao+ inp)? + (By + imp) )
note thati =0,1,2,---. When i = 0, there are:
EC) (ag) = g(ax) — g(a0) = (Ao + nkp)? + (By + mkp)? — A3 — B} (32)

However, it is worth noting the condition that the shape invariance holds is that the
ground state energy is zero, i.e., E; = 0. According to Equation (31), there is:

Ea‘ =E = (AO + Tlp)z + (BO + mp)2 - A% — B(z) (33)
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Forallk > 1, we have E_ > 0in Equation (31). Through % + % = —p, we can obtain:

2(An+B
_2An+ Bm) (34)
p(n? +m?)
This means that the energy levels have lower limits. For example, if A = 0.195,
B=-049,n=1,m=2,p=0.05, then k > 10.
We can also find out the eigenfunctions of the Schrédinger equation:

®)
¥y (x, A, Bo) = Nk AT (x, Ag, Bo) AT (x, A1, By) ... AT (x, Ap_1,By_q)e” | WeeAuBodx

(35)
For example, the ground state wavefunction is:
_ (x) By Ao
¢(() )(x, Ag, By) = Noe~ | W AoBo)dx — N (cos mpx) z (cosnpx) w (36)
and the first excited state wavefunction is:
lljl_ (xr AO/ BO) = N1A+ (JC, Ao, Bo)e_ J W(x,A1,By)
ALy B (37)
= —Nj(cosnpx)™ ~(cosmpx)™

(npsin npx cos mpx + mp cos npx sin mpx)

where Ny, Ny, and Nj are the normalization coefficients. Some of the eigenfunctions and
their relationships are shown in Figure 5 .

V3 AyBy)
P,(%A,,B,)
. + A*(A,,B,)
- AT(A-By) A*(A,B,) \ 2B,
wz(X,AO,BO) 154 ¢1(X,A2,Bz)
" i
¥ (xA,.B,) o Po(%A4,B,)
I
1 ||
I o
l’ \“ " I\
1 4 \
) 1 - N -
P (xA;By) : | Py(x.A,B,)
’ I’ “‘
I’ “ -— ! R
\ -
! ' Po(%A,B,)
l’ '
n 1
N \}
VolxAxBy)

Figure 5. Some of the eigenfunctions (n =1,m =2,p = 0.05, Ag = —1.05, By = 2).

Of course, we can also obtain the eigenwave functions of the other excited states to
obtain the exact solutions of the Schrodinger equation.
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3.2. Case 2 A1 = Ap+np,B1 = =By
Putting A1 = Ag + np and B; = — By into Equations (16) and (17), we have:
Vi (x, Ao, Bo) = Ao(np + Ag) sec® npx + By (mp + By) sec> mpx

s o (38)
+2A0Bp tan npx tanmpx — Ay — By

V_(x, A1, By) = (Ag +np)Agsec® npx + By(By + mp) sec> mpx 39)
—2(Ag + np)By tan npx tan mpx — (Ag + np)* — B}

Analogously, the coefficients before independent variable x should be equal, that is
to say:
2A0By = —2(Ap +np)By (40)

We can obtain the binding relation between the parameters corresponding to this case,
which is:

__nhp
Ap = > (41)

Furthermore, the shape invariance between V. (x, Ao, By) and V_(x, A1, By ) is given by:
Vi (x, Ao, Bo) = V_(x, A1, By) + (Ag + np)* + B} — A — B (42)

In the same way, combining with Equation (5), we can obtain:

g(A1,B1) = (Ag + np)* — By?

8(Ao, By) = Af — By 4
Since Ag = —F, substituting it into the above formula, we have:
E; (Ao, Bo) = §(A1, B1) — g(Ao, Bo) =0 (44)
By the recurrence of energy according to the shape invariance,
Ay = Ag +knp and B, = (—1)*By (45)
It still needs to satisfy
AgBy = Ag1Bii1 = AiBy = (Ax +np) B (46)
Considering the Equations (41) and (45), we can obtain:
A= —np/2= Ao 47)

Obviously, it can be seen that the above formula can only exist when k = 0; otherwise,
the energy will be less than 0, which is not allowed. That is to say, only Ag = —np/2 and
A1 = np/2 meet the requirements.

According to Equation (35), we can see that there is only a zero-energy ground state
¥y (x):

(-) = -1
Py ' (x) = N(cosmpx)™ (cosnpx)~ 2 (48)
where N is the normalization constant. The figure of the ground state ¢, (x) is shown
in Figure 6.
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case 2 Ay = Ay +np Bi=-By
o1r case 3 By = By +mp A=A

L L L L L L
-0.4 -0.3 -0.2 -0.1 0.1 0.2 0.3 0.4

0
X
Figure 6. The figure of the ground state zpéf)(x) in the case 2( Ag = —2, By = 8) and case
3(Ag=-2By=8)forn=1m=1,p=2.

3.3. Case 3 By = By +mp, Ay = —Ap
This case is similar to the previous one. So, we have By = —mp/2, (Ag # 0), and only
By = —mp/2 and By = mp/2 meet the requirements. Since the ground state energy is zero,

we can obtain:
E{ = g(A1,B1) —g(Ag, By) =0 (49)

According to Equation (35), there is only a zero energy ground state 9, (x):

Ag

iy (x) = N'(cos mpx)_%(cos npx) (50)

where N’ is the normalization constant. The figure of the ground state ¢, (x) is shown
in Figure 6.

From the research in the Section 3, it can be seen that the new potential A tannpx +
Btanmpx constructed in this paper can not only be precisely solved by SUSYQM but
also has some special features compared with the previous potential (Appendix A); for
example, it has a variety of shape invariance relationships and more rigid parameter
binding relationships, which are shown in Table 2.

Table 2. The physical quantities of the new Superpotential W(x, A, B) = Atannpx + Btanmpx.

Variation of Parms ffl;:;;gs \?fh;(e Eigen Energy E,(c_) Ground State ¢, (x)
A, = Ap +kn Ay +nkp)* + (B By 4y
Case 1 e=Aotknp oy Ay ke g Aot o cosmp) S (cos mpa) 5
By = By + kmp + mkp)? — AZ — B2
A, = AO +kn B
Case 2 k . F (53) Ag=-F 0 0 N(cos mpx) m (cos npx)_%
B = (=1)"Bg
Ap = (~1)"A 4
Case 3 k=(-1)"4 (4 Bo=-% 0 0 N’(cos mpx) ™2 (cos npx) "
By = By + kmp
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4. Potential Algebra of the New Superpotential A tannpx 4 B tan mpx

The solution and the shape invariances of Equation (5) can also be obtained by potential
algebra [29-32]. Let us introduce the operators 3, and J_ [34-37] (J3 is a Casimir
operator):

o= AT, T = A,y k= L0y, F(R) = f(x(sk—sB) (59

where s is a constant which reflects the additive step length, and k is an arbitrary constant,
the function y must satisfy the compatibility equation: x(idg +s) = 7(x(idp)) in which
71(x(idg)) is a function of function x(idg), ¢ is an auxiliary variable, the operator A~ is
obtained from A~ (x,a0) by introducing an auxiliary variable ¢ independent of z and
replacing the parameter ap with an operator x(idg) [34,35]:

x = z,a0 — x(idg), a1 — x(idp +5), A”(x,a0) = A~ (z,x(idy)) (56)
and J1 have the characteristics of raising and lowering operators:

Ut J-1=T+]- =]+
= AT (2 x(0g)) A (2 1 (0)e — A (2 1 (09) AT (x(By) 67)
= A% (z,x(idg +5)) A~ (z,x(19p +5)) — A~ (2, x(i09) ) A (2, x (i9g))

In addition, J3 satisfies the following properties:
e Jpe T = [y s, et 00 [32e T = (J3 £5)? (58)

For further discussion, see Reference [35]. The commutations of J;,]_ and J3 are
satisfied with:

s Jel =]+ [+, J-1=F(s) (59)

For the general algebra described in Equation (58), these operators are explicitly
checked:

J-J+ +G(J3) = J+J- + G(Js — 1), F(J3) = G(J3) - G(J5 — 1) (60)

where G(J3) is a function of J3. Suppose | h > is an arbitrary eigenstate of J3, and J+ plays
the role of raising and lowering operators. Then, there are:

Jslh >=hlh>,]-|h >=a(h)lh—1>,]|h>=a(h+1)|h+1> (61)
where a(h) is a function of eigenvalue h. According to [J+, J-]|h >= F(J3)|h >, we obtain:
J+]- = J-J+ = la(h)? = [a(h +1)]> = G(h) = G(h = 1) (62)
If h = hmin, then J_|hmin) = 0 and a(hmin) = 0, we have:
a* (hmin + 1) = G(hmin — 1) — G (himin) (63)
By substituting Equation (63) into Equation (62), we have:
|a(tmin +2)* = Gltmin — 1) = Gltmin +1) (64)
Repeating the above steps, we can obtain:
% (Iin + k) = G(hmin — 1) = Ghmin +k — 1) (65)
where k is a positive integer. If hpin + k = h, then:

a*(h) =Gh—k—-1)—G(h—1) (66)
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From Equations (62) to (66), the expression of G(J3) is critical which can be deter-
mined by H = J; J_.If H, is allowed to act on the state 1, (x), the following relation can
be obtained:

Hopn(x) = J+J-¢n(x) = E; ¢n(x) = (G(h —k = 1) = G(h — 1) )¢n(x) (67)

Next, we need to find the potential algebra presentation and / of H and & for
this new potential A tan(npx) + Btan(mpx). Since this new solvable potential has two
parameters, it is not difficult to imagine that the potential algebra constructed should also
have two parameters. According to Equation (9), we can obtain:

Mo (x,xa(i99a), x8(i9p8)) = H— (%, X (1994 +54), x (i99p + 58) ) +

(@ -+ 5), (091 + 51)) — R x(i2p). x(25)) o
with Equations (21) and (22), we have
SA = np,sp = mp (69)
Let x(z) = z, then
s = np(ka —J3') idpn = mp (ks — JF ) (70)

Since parameters in need to satisfy the additivity, there are constraints similar to
Equations (18)—(20), and there exist three cases:

Case (i): x(idpa +54) = np(ka — J§ +1),B; = —By (the parameter A satisfies the
additivity);

Case (ii): A1 = —Ag; x(i9¢p + sp) = mp (kg — J§ + 1) (the parameter B satisfies the
additivity);

Case (iii): x (i0p4 +54) = np(ka — J§ + 1), x (1995 + sp) = mp (kg — J& + 1) (both A
and B satisfy the additivity).

4.1. Potential Algebra Method with One Parameter

In the above three cases, Case (i) and Case (ii) belong to the single-parameter additive
shape invariance, and the discussion of Case (ii) and Case (i) is very similar. So, in this part,
we only make careful calculation for Case (i) and directly give the results for Case (ii).

For Case (i), according to Equations (55), (56), and (70), we have:

i .
I3 =ka— aa¢Azla¢A =5a (kA - ]3A> = ”P(kA - ]f),Bl = —By (71)

and
Jo ] = eaPa {—;i +np (kA - ]éq) tannpx — Bp tan mpx}

d B
[dx +np (kA - ]3A) tan npx — By tan mpx] e saPa

2 72
i o ) s (ea st )
(kA —J8 —np — 1) sec? npx — 2Bgnp (kA — I8+ ”P) tannpx tanmpx

7133 — n2p2 (kA — ]f — np)z
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_|d A d A
J-J+ = Lix —i—np(kA E ) tannpx + By tanmpx} {_dx —|—np(kA E ) tannpx + Bg tan mpx

2
= — % + (BOWZP + B%) Secz mpx + nzpz (kA _ ]éq) (kA _ ]é‘l + 1) sec2 npx+ (73)
2
| 2Bonp (kA - ]f) tan npx tan mpx — B3 — n®p? (kA - féq)
Furthermore, we have:

) I — —n2p2 {—Z(kA — ]f)np +n2p2} ~|—2B0n2p2 tannpx tanmpx (74)

Due to the additional conditional limitations, the coefficient of the term containing the
variable x can be made zero by limiting the value of k. That is, it is required that:

2By(np)* =0 (75)

JiJ- = J-J+ =0=F(J3) (76)

In view of Equation (76), apparently, G(J5') = G(J5! — np) and F(J3) = 0. It indicates
that only a single state exists in the system, and its eigenvalue is zero. This result is the
same as the shape invariance counterpart in Sections 3.2 and 3.3.

4.2. Potential Algebra Method with Two Parameters
According to Equations (55), (59), and (70), we have

Jo]- —el(sapatspdp) o+ (Z,X(ia%,a%))/l— (Z,X(ia¢A,a¢B))e_i(sA‘PA"‘SB‘PB)
=A% (z,x(i0p, + 54,109, +58))) A~ (z,x (109, + 54,109, + 5B))

:{_;i +np(kA —]éq +1) tannpx+mp(k3 —JB +1) tanmpx]

{d +np (kA — T8+ 1) tannpx + mp (kB — 75+ 1) tanmpx]

dx 77)
42
=127t (np)2(kA — I8+ 1) (kA - ]é“) sec? npx + (mp)? (kB — 75+ 1)
kg — JB) sec? mpx + 2mnp? tan npx tanmpx — (np)* (ks — J4 +1 ?
( 3 P P p px —(np 3
2
— (mp) (ks — JE +1)
]7]+ :A7 (Z’X(ia¢A’ iath))eii(sAﬁb/\“"53473)ei(sAQbA‘FsB(PB)~,4+ (Z/X(18¢A/la¢3))
= A7 (2,x(199,,10p,) ) A" (2, X (1991, 19, ))
_|d _qA _ 1B _ 4 _JA
= {dx + np(kA IE ) tannpx + mp(kB ]3) tanmpx] [ Ix + np(kA 3 )
tannpx + mp (kB - ]33) tan mpx} (78)

=_ dd—; + mzpz(kg — ]5 + 1) (kB — ]f) sec? mpx + n2p2<kA — ]éq + 1)
(kA — ]34) sec? npx -+ 2mnp2 (kB — ]31,3 (kA — ];‘) tan npx tan mpx

(ks — 13) - g (ka4
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Furthermore, we have:
Tl =TT = (mp) (ks = 18) "+ (mp)? (ka — 18
[(mp)Z(kB ~ (18 -1))" + o (ka— (74 - 1))1

Under the requirement of the shape invariance, Equation (79) must be represented
only by J3. So, we need to further rewrite the above formula as:

(79)

JiT- = =T+ = (np)? (214 = 2ka = 1) + (mp)? (2J5 —2k5 1) (80)
It is not difficult to see that if we setky = — %, kg = —%, we obtain:
s J-] = 297 (23" + ) (81)

Considering the function F(J3) in Equation (59)

Jil-—J-Je = FUs) = F(1 ) =G (1. B) -Gt -1/ -1) @2

we can deduce:
1 2 1 2
(1 1E) = (mp>z(_2 - 133) + <np>2(_2 - Ig“) (83)

and have
E,::G(hA—k—l,hB—k—l)—G(hA—l,hB—l) (84)

Set —1 —hp+1= rjip, —t—hg+1= mip and we have the energy eigenvalues

E\ ) (a0) = (Ao + nkp)? + (Bo + mkp)? — A} — B} (85)
This is exactly the same as Equation (32).

5. Summary and Prospect

In this paper, the Schrodinger equation with a new generalized trigonometric tangent
superpotential Atannpx + Btanmpx is solved within the framework of SUSYQM. We
show that the superpotential is the new superpotential that can be solved exactly, which
expands the number of exactly solvable potentials shown in Appendix A. At first, the
shape invariant relation of partner potential generated by superpotential are discussed
from three aspects, which are all satisfied with the additivity, and the energy spectrum and
eigenfunctions are obtained. Then, we again study the three aspects with additive shape
invariance from the potential algebra, and we obtain the exact same energy eigenvalues as
previously. Of course, the exact solutions of the equation can be derived from the ground
state wave function. Finally, the energy eigenvalues are discussed.

In conclusion, this paper studies another generalization of the existing solvable poten-
tial. Taking the linear combination of tanmpx superpotential and tannpx superpotential
as our generalization potential, the results are still exciting. The two generalizations of
our research group, including [26], actually give some important information: There are
two parameters, and the relationship between the parameters is reversed by the shape
invariance, with constraints between the two parameters that meet the shape invariant
requirement. These are quite meaningful.
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Appendix A. All Potentials That Can Be Solved Exactly

Table Al. The newly constructed potential that can be solved exactly.

Name Superpotential Eigenenergies Ground State Eigenfunction
Generaﬁl;zed Hyperbolic Atanhnpx + Btanh mpx (A4B)? — (A+B—knp—kmp)? (coshnpx)fﬁ(cosh mpr%
angent 1
Generalized Hyperbolic (145 _B
Tangentyg Atanh px + B tanh 6px (A+B)?— (A+B—7np)? coshpxz( 1+6p) cosh 6px &
Generalized Hyperbolic b 1 2 2 14 b _h
Tangent 3 (‘5 +F’> tanh px + b tanh 2px <§b+p> - (Eb_ (n—l—l)p) cosh px "2 cosh2px™

Generalized Hyperbolic

3 2 73 2 b 1_b
Tangent 4 (=b+4p) tanh px + b tanh 4px <Z}b+p) —(Zb—(3n+1)p> cosh px% cosh4px ™ %

| =

Ag + nkp)* + (B B 4
Atannpx + Btanmpx (Ao +nkp)” + (Bo (A1) Ng(cosmpx)m(; (cos mpx) "

+mkp)* — A3 — B3

Generalized trigonometric
tangent (this paper)

87



|4 u+y 4
Am\v%m oy (40 qus) Nﬁ‘ﬁv - Wg At V) - (v <a) 7 +ewoov - (rogaadAy) 1respg
|4 AU d) |4
Am Iv dxs «\,\Axa oas) N‘m 4 — NA: -v)— vV A%\ > mV q + xvyuey i/ (or70q19dAY) as1o-uasoy
4 (u+v) 4 B \% (orowouo3in)
X us Aam v dxe ﬁ . LtV [(u+v) g Ve 9SION—UDSOY
[4 4 4 4
q+v Am SOt Emv m\«\Am Wy mOuV V= (+v) (g <y)xdesg —xuery (Preumou03in) resg
T?mv —uel mmlg dxa a\,\@a 29s) [{u=v)—v XYoas g + xyuey (orfoqradAy) jreog
v d
Rﬁlmm + Xy | —|axo NT\N — M\v — vi -V 9SIOIN
A&H.Tww\vmxmﬁi\ A~+:+wvl ATTN i SRR i quomnoy
2 1 z Z z 2 1 1+7 z
AN%\: \v dxo 44 mug %N — \:sm I03R([SO (-
ANRBW \v dxo mu xme I03R[[I2SO JTUOWLIRE]
uorpuUNJuIdIg 9je)§ puUNOID) sa1319uauagry renuajodiadng dureN

-08e Suol pajonisuod serjusjod a[qeA[os Aoexy TV d[qeL

€651 ‘F1 ‘T20T Aijouiuhis

88



3,\?;3 ysod)
o ygloA0quIs) (g —g—-v)—(4-V) (Vv > g)4nod g — 4 yquey (or10q10dAY) 11 19[RL-YPsOJ
v/g\o .

a)x@% mo&a\m?a urs) NAm +Vv)-— NAa:N +94+V) X¥300g — Xvue}y/ (orfogqredAy) T 1B[RI-Y2soq

89

(4wysod> + 1) a>vVv
- 1o qurs (u—vy) =V (ori0gradAy) s97R1-yds0g
?\mxa\SA yuts) ¢ ¢ APPSO g — LJIOO Y/
wyg(X0SO+1) gy (xwurs) V= (vu+vy) (g < v)xvosdog + xv300 Y — (ormpPowouoSy) ey
uoPUNJUISIY 9)e)§ PUNOID) sorSrouauagry renuajodiadng dweN

‘JU0D TV 31qeL

€651 ‘F1 ‘T20T Aijouiuhis



Symmetry 2022, 14, 1593

References

1. Gendenshtin, L.; Krive, I.V. Supersymmetry in quantum mechanics. Sov. Phys. Uspekhi 1985, 28, 645. [CrossRef]

2. Junker, G. Supersymmetric Methods in Quantum and Statistical Physics; Springer Science & Business Media: Berlin/Heidelberg,
Germany, 2012; pp. 10-19.

3. Gangopadhyaya, A.; Mallow, ].V.; Rasinariu, C. Supersymmetric Quantum Mechanics: An Introduction; World Scientific Publishing
Company: Singapore, 2017; p. 37.

4. Cooper, E; Khare, A.; Sukhatme, U.; Haymaker, R.W. Supersymmetry in Quantum Mechanics. Am. J. Phys. 2003, 71, 409.
[CrossRef]

5. Cooper, E; Khare, A.; Sukhatme, U. Supersymmetry and quantum mechanics. Phys. Rep. 1995, 251, 267-385. [CrossRef]

6.  Beckers, J.; Debergh, N.; Nikitin, A. On supersymmetries in nonrelativistic quantum mechanics. J. Math. Phys. 1992, 33, 152-160.
[CrossRef]

7. Nicolai, H. Supersymmetry and spin systems. . Phys. Math. Gen. 1976, 9, 1497. [CrossRef]

8. Witten, E. Dynamical breaking of supersymmetry. Nucl. Phys. B 1981, 188, 513-554. [CrossRef]

9.  Lahiri, A.; Roy, PK.; Bagchi, B. Supersymmetry in quantum mechanics. Int. J. Mod. Phys. A 1990, 5, 1383-1456. [CrossRef]

10. Fernandez C, D.J. SUSUSY quantum mechanics. Int. . Mod. Phys. A 1997, 12, 171-176. [CrossRef]

11.  Bagchi, B.K. Supersymmetry in Quantum and Classical Mechanics; CRC Press: Boca Raton, FL, USA, 2000; p. 45.

12.  Ushveridze, A.G. Quasi-Exactly Solvable Models in Quantum Mechanics; CRC Press: Boca Raton, FL, USA, 2017; p. 82.

13. Gangopadhyaya, A.; Mallow, ].V.; Rasinariu, C.; Bougie, ]. Exactness of SWKB for shape invariant potentials. Phys. Lett. A 2020,
384, 126722. [CrossRef]

14. Odake, S.; Sasaki, R. Exactly Solvable Quantum Mechanics and Infinite Families of Multi-indexed Orthogonal Polynomials. Phys.
Lett. B 2011, 702, 164-170. [CrossRef]

15. Bougie, J.; Gangopadhyaya, A.; Mallow, J.V.; Rasinariu, C. Generation of a novel exactly solvable potential. Phys. Lett. A 2015,
379, 2180-2183. [CrossRef]

16. Sukumar, C. Supersymmetric quantum mechanics and its applications. In Proceedings of the AIP Conference Proceedings,
Sacramento, CA, USA, 4-5 August 2004; American Institute of Physics: College Park, MD, USA, 2004; pp. 166-235.

17.  Dong, S.H. Factorization Method in Quantum Mechanics; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2007;
Volume 150, p. 17.

18. Arai, A. Exactly solvable supersymmetric quantum mechanics. J. Math. Anal. Appl. 1991, 158, 63-79. [CrossRef]

19. Dutt, R.; Khare, A.; Sukhatme, U.P. Supersymmetry, shape invariance, and exactly solvable potentials. Am. . Phys. 1988,
56, 163-168. [CrossRef]

20. Ginocchio, J.N. A class of exactly solvable potentials. I. One-dimensional Schrodinger equation. Ann. Phys. 1984, 152, 203-219.
[CrossRef]

21. Khare, A.; Maharana, J. Supersymmetric quantum mechanics in one, two and three dimensions. Nucl. Phys. B 1984, 244, 409-420.
[CrossRef]

22. Cooper, E; Ginocchio, ].N.; Wipf, A. Supersymmetry, operator transformations and exactly solvable potentials. |. Phys. A Math.
Gen. 1989, 22, 3707. [CrossRef]

23. Junker, G.; Roy, P. Conditionally exactly solvable potentials: A supersymmetric construction method. Ann. Phys. 1998,
270, 155-177. [CrossRef]

24. Benbourenane, J.; Eleuch, H. Exactly solvable new classes of potentials with finite discrete energies. Results Phys. 2020, 17, 103034.
[CrossRef]

25. Benbourenane, J.; Benbourenane, M.; Eleuch, H. Solvable Schrodinger Equations of Shape Invariant Potentials Having Superpo-
tential W (x, A, B) = Atanh (px) + Btanh (6px). arXiv 2021, arXiv:2102.02775.

26. Zhong, SK,; Xie, T.Y.; Dong, L.; Yang, C.X.; Xiong, L.L.; Li, M.; Luo, G. Shape invariance of solvable Schrodinger equations with a
generalized hyperbolic tangent superpotential. Results Phys. 2022, 35, 105369. [CrossRef]

27. Cooper, E; Ginocchio, ].N.; Khare, A. Relationship between supersymmetry and solvable potentials. Phys. Rev. D 1987, 36, 2458.
[CrossRef]

28. Khare, A.; Sukhatme, U.P. New shape-invariant potentials in supersymmetric quantum mechanics. J. Phys. Math. Gen. 1993,
26,1.901. [CrossRef]

29. Bagrov, V.G.; Samsonov, B.F. Darboux transformation, factorization, and supersymmetry in one-dimensional quantum mechanics.
Theor. Math. Phys. 1995, 104, 1051-1060. [CrossRef]

30. Tian, S.F; Zhou, S.W.,; Jiang, W.Y.; Zhang, H.Q. Analytic solutions, Darboux transformation operators and supersymmetry for a
generalized one-dimensional time-dependent Schrodinger equation. Appl. Math. Comput. 2012, 218, 7308-7321. [CrossRef]

31. Hall, B.C. Lie groups, Lie algebras, and representations. In Quantum Theory for Mathematicians; Springer: Berlin/Heidelberg,
Germany, 2013; pp. 333-366.

32. Lévai, G. Solvable potentials associated with su (1, 1) algebras: A systematic study. J. Phys. Math. Gen. 1994, 27, 3809. [CrossRef]

33. Zaitsev, V.E; Polyanin, A.D. Handbook of Exact Solutions for Ordinary Differential Equations; CRC Press: Boca Raton, FL, USA, 2002;
p- 6.

34. Ohya, S. Algebraic Description of Shape Invariance Revisited. Acta Polytech. 2017, 57, 446-453. [CrossRef]

90



Symmetry 2022, 14, 1593

35. Rasinariu, C.; Mallow, ].; Gangopadhyaya, A. Exactly solvable problems of quantum mechanics and their spectrum generating
algebras: A review. Open Phys. 2007, 5, 111-134. [CrossRef]

36. Su, W.C. Faddeev-Skyrme Model and Rational Maps. Chin. ]. Phys. 2002, 40, 516.

37. Adams, B,; Cizek, J.; Paldus, J. Lie algebraic methods and their applications to simple quantum systems. In Advances in Quantum
Chemistry; Elsevier: Amsterdam, The Netherlands, 1988; Volume 19, pp. 1-85.

91



symmetry

Article

A Time-Symmetric Resolution of the Einstein’s Boxes Paradox

Michael B. Heaney

check for
updates

Citation: Heaney, M.B. A
Time-Symmetric Resolution of the
Einstein’s Boxes Paradox. Symmetry
2022, 14, 1217. https:/ /doi.org/
10.3390/sym14061217

Academic Editor: Tuong Trong

Truong

Received: 11 May 2022
Accepted: 10 June 2022
Published: 13 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Independent Researcher, 3182 Stelling Drive, Palo Alto, CA 94303, USA; mheaney@alum.mit.edu

Abstract: The Einstein’s Boxes paradox was developed by Einstein, de Broglie, Heisenberg, and others
to demonstrate the incompleteness of the Copenhagen Formulation of quantum mechanics. I explain
the paradox using the Copenhagen Formulation. I then show how a time-symmetric formulation of
quantum mechanics resolves the paradox in the way envisioned by Einstein and de Broglie. Finally, I
describe an experiment that can distinguish between these two formulations.

Keywords: quantum foundations; time-symmetric; Einstein’s boxes; Einstein-Podolsky-Rosen (EPR)

1. Introduction

A grand challenge of modern physics is to resolve the conceptual paradoxes in the
foundations of quantum mechanics [1]. Some of these paradoxes concern nonlocality
and completeness. For example, Einstein believed the Copenhagen Formulation (CF) of
quantum mechanics was incomplete. He presented a thought experiment (later known
as “Einstein’s Bubble”) explaining his reasoning at the 1927 Solvay conference [2]. In this
experiment, an incident particle’s wavefunction diffracts at a pinhole in a flat screen and
then spreads to all parts of a hemispherical screen capable of detecting the wavefunction.
The wavefunction is then detected at one point on the hemispherical screen, implying
the wavefunction everywhere else vanished instantaneously. Einstein believed that this
instantaneous wavefunction collapse violated the special theory of relativity, and the
wavefunction must have been localized at the point of detection immediately before the
detection occurred. Since the CF does not describe the wavefunction localization before
detection, it must be an incomplete theory. In an earlier paper, I analyzed a one-dimensional
version of this thought experiment with a time-symmetric formulation (TSF) of quantum
mechanics [3], showing that the TSF did not need wavefunction collapse to explain the
experimental results.

Einstein, de Broglie, Heisenberg, and others later modified Einstein’s original thought
experiment to emphasize the nonlocal action-at-a-distance effects. In the modified experi-
ment, the particle’s wavefunction was localized in two boxes which were separated by a
space-like interval. This modified thought experiment became known as “Einstein’s Boxes.”
Norsen wrote an excellent analysis of the history and significance of the Einstein’s Boxes
thought experiment using the CF [4].

Time-symmetric explanations of quantum behavior predate the discovery of the
Schrodinger equation [5] and have been developed many times over the past century [6-33].
The TSF used in this paper has been described in detail and compared to other TSFs
before [3,31-33]. Note in particular that the TSF used in this paper is significantly different
than the Two-State Vector Formalism (TSVF) [12,23,24]. First, the TSVF postulates that a
quantum particle is completely described by two state vectors, written as (¢| |), where |)
is a retarded state vector satisfying the retarded Schrédinger equation ifid|y) /ot = H|y)
and the initial boundary conditions, while (¢| is an advanced state vector satisfying the
advanced Schrodinger equation —ifi(¢|d/dt = (¢|H and the final boundary conditions.
In contrast, the TSF postulates that the fransition of a quantum particle is completely
described by a complex transition amplitude density ¢*¢, defined as the algebraic product
of the two wavefunctions. Second, the TSVF postulates that wavefunctions collapse upon
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measurement, while the TSF has no collapse postulate. The particular TSF used in this
paper is a type IIB model in the classification system of Wharton and Argaman [34].

Section 2 explains the paradox associated with the CF of the Einstein’s Boxes thought
experiment, as described by de Broglie. Section 3 reviews a CF numerical model of the
thought experiment which does not resolve the paradox. Section 4 describes a TSF numeri-
cal model of the thought experiment which resolves the paradox. Section 5 discusses the
conclusions and implications.

Note that this paper only concerns a single quantum particle interfering with itself
and not multiple quantum particles entangled with each other.

2. The Einstein’s Boxes Paradox

The Einstein’s Boxes paradox was explained by de Broglie as follows [35]:

Suppose a particle is enclosed in a box B with impermeable walls. The associated
wave 1 is confined to the box and cannot leave it. The usual interpretation
asserts that the particle is “potentially” present in the whole of the box B, with a
probability |¢|? at each point. Let us suppose that by some process or other,
for example, by inserting a partition into the box, the box B is divided into two
separate parts B; and B, and that By and B; are then transported to two very
distant places, for example to Paris and Tokyo. The particle, which has not yet
appeared, thus remains potentially present in the assembly of the two boxes and
its wavefunction ¢ consists of two parts, one of which, ¢y, is located in By and
the other, ¢, in By. The wavefunction is thus of the form ¢ = c14; + c21p, where
le1? + e = 1.

The probability laws of [the Copenhagen Formulation] now tell us that if an
experiment is carried out in box B; in Paris, which will enable the presence
of the particle to be revealed in this box, the probability of this experiment
giving a positive result is |c1|?, while the probability of it giving a negative result
is |c2|?. According to the usual interpretation, this would have the following
significance: because the particle is present in the assembly of the two boxes prior
to the observable localization, it would be immediately localized in box By in
the case of a positive result in Paris. This does not seem to me to be acceptable.
The only reasonable interpretation appears to me to be that prior to the observable
localization in By, we know that the particle was in one of the two boxes B; and
By, but we do not know in which one, and the probabilities considered in the
usual wave mechanics are the consequence of this partial ignorance. If we show
that the particle is in box By, it implies simply that it was already there prior to
localization. Thus, we now return to the clear classical concept of probability,
which springs from our partial ignorance of the true situation. But, if this point of
view is accepted, the description of the particle given by ¢, though leading to a
perfectly exact description of probabilities, does not give us a complete description
of the physical reality, because the particle must have been localized prior to
the observation which revealed it, and the wavefunction ¢ gives no information
about this.

We might note here how the usual interpretation leads to a paradox in the case of
experiments with a negative result. Suppose that the particle is charged, and that
in the box B, in Tokyo a device has been installed which enables the whole
of the charged particle located in the box to be drained off and in so doing to
establish an observable localization. Now, if nothing is observed, this negative
result will signify that the particle is not in box B, and it is thus in box B; in
Paris. But this can reasonably signify only one thing: the particle was already
in Paris in box B; prior to the drainage experiment made in Tokyo in box By.
Every other interpretation is absurd. How can we imagine that the simple fact of
having observed nothing in Tokyo has been able to promote the localization of the
particle at a distance of many thousands of miles away?
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3. The Conventional Formulation of Einstein’s Boxes

The version of Einstein’s Boxes proposed by de Broglie is experimentally impractical.
We will use Heisenberg’s more practical version [36], shown in Figure 1. The Conventional
Formulation (CF) postulates that a single free particle wavefunction with a mass m is com-
pletely described by a retarded wavefunction (7, t) which satisfies the initial conditions
and evolves over time according to the retarded Schrodinger equation:

oy m o,
i = =5 V2. (1)

S > b > B,
BS

Figure 1. The modified Einstein’s Boxes thought experiment. The source S can emit single-particle

wavefunctions on command. Each wavefunction travels to the balanced beam splitter BS and then to
box B; and box By. The two boxes are separated by a space-like interval.

The “retarded wavefunction” and “retarded Schrodinger equation” are simply the
usual wavefunction and Schrodinger equation, described as retarded to distinguish them
from the “advanced wavefunction” and “advanced Schrodinger equation,” which will be
defined below. We will use units where /1 = 1 and assume the wavefunction (7, ¢) is a
traveling Gaussian with an initial standard deviation ¢ = 50, initial momentum k, = 0.4,
and mass m = 1. We will also assume that each box contains a detector whose eigenstate
is the same Gaussian as that emitted by the source. The CF assumes that a single-particle
wavefunction emitted from a source S will travel to the beam splitter BS, where half of it
will pass through BS and continue to box B; while the other half will be reflected from BS
and travel to box B;. Let us assume the two halves reach the boxes at the same time.

Figure 2 shows how the wavefunction’s CF probability density y*¢ evolves over time,
assuming the initial condition is localization in the source S. Att = 0, "¢ is localized
inside the source S. At t = 1000, ¢*¢ is traveling toward the beam splitter BS. At t = 3000,
1*1p has been split in half by the beam splitter, and the two halves are traveling toward
box Bj and box By. At t = 4000 — Jt, half of ¢*ip arrives at box By, while the other half
arrives at box B,. Upon a measurement at box B, at ¢ = 4000, the CF postulates that in 50%
of the runs, the half wavefunction in box B, collapses to zero, while simultaneously, the
half wavefunction in box B; collapses to a full wavefunction ¢(7,t), which we will assume
has the same shape and size as the initial wavefunction. It was believed by de Broglie that
this prediction of the CF was absurd: “How can we imagine that the simple fact of having
observed nothing in [box B,] has been able to promote the localization of the particle [in
box B;] at a distance of many thousands of miles away?”
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The CF assumes that the probability P, for the collapse in box By is P, = A A, where
the subscript ¢ denotes the CF and the CF transition amplitude A, for the collapse is

o0 " L
A, = / 4" (x,,4000) \/Elp(x,y,élOOO)dxdy, ?)

where t = 4000 is the time of wavefunction collapse and the “quantum” factor % accounts

for the initial wavefunction ¢ (x, y, t) being split in half when it reaches box B;. Plugging
in numbers gives a collapse probability P. = 0.43. This probability is not 1/2 because the
evolved wavefunction at t = 4000 is not identical in shape to the detector eigenstate.

(a) y*ypatt=0 (d) ¢*y at t = 4000 - &t

Figure 2. The Conventional Formulation (CF) explanation of the Einstein’s Boxes experiment with a
single-particle wavefunction emitted from source S. (a) The probability density ¢*¢ is localized
inside S. (b) 1*p has left S and is traveling toward the beam splitter BS. (c) $*¢ has been split in
half by BS, and the two halves are traveling toward boxes By and B;. (d) The two halves arrive at B;
and B;. (e) A measurement at either By or B; at t = 4000 causes either 1 to collapse to zero in By and
to a full wavefunction in By (shown) or ¥ to collapse to zero in B; and to a full wavefunction in B
(not shown).
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4. The Time-Symmetric Formulation of Einstein’s Boxes

The TSF postulates that quantum mechanics is a theory about transitions described by
the transition amplitude density ¢*y, where ¢ is a retarded wavefunction that obeys the
retarded Schrodinger equation i10y /9t = Hi and satisfies the initial boundary conditions,
while ¢* is an advanced wavefunction that obeys the advanced Schrédinger equation
—iho¢* /ot = H¢* and satisfies the final boundary conditions. As in the TSVE, ¢ can be
interpreted as a retarded wavefunction from the past initial conditions, and ¢* can be
interpreted as an advanced wavefunction from the future final conditions [3]. We will
assume the same wavefunctions (7, t) and ¢(7, t) as in the CF above.

An electron (e.g.) can be absorbed by a few molecules in a detector. The number of
few-molecule sites in a detector is orders of magnitude larger than the number of square
centimeter sites in a detector. This makes it overwhelmingly more likely that the electron
will be absorbed in an area localized to a few square nanometers than much larger areas.
This could explain why the transition amplitude density refocuses to a localized area at
the detector. Note that there exist two unitary solutions based on the initial conditions,
but time-symmetric theories also require the final conditions, which are that the particle is
always found in either one or the other box. Let us then assume the final conditions are
either a transition amplitude density localized in box B; or a transition amplitude density
localized in box By.

Figure 3 shows the TSF explanation of the Einstein’s Boxes thought experiment,
assuming that the final condition is a particle transition amplitude density localized in
box By. Att = 0, |¢p*y| is localized inside the source S. At t = 1000, |¢*y| is traveling
toward the beam splitter BS. At t = 3000, |¢*¢| has passed through the beam splitter
and is traveling toward box By. |¢*| is zero on the path from BS to B, because ¢* is zero
on this path. At t = 4000 — dt, |¢*1p| arrives at box B. Upon a measurement at box B, at
t = 4000, no particle transition amplitude density is found. Upon a measurement at box By
at t = 4000, one particle’s transition amplitude density is found. The one-particle transition
amplitude density was localized inside box Bj before the measurement was made.

The TSF assumes the probability P for the transition from localization in the source S
to localization in box B is Py = %A?At, where the subscript t denotes the TSF, the “classical”
probability factor 1 accounts for the fact that there are two equally likely possible final
states, and the TSF amplitude A; for the transition is

A = /_0; ¢ (x,y, )p(x,y,t)dxdy, (3)

Plugging in numbers gives a TSF transition probability P; = 0.43, which is identical
to the CF collapse probability result. Note that there is no transition amplitude density
collapse in the TSF, so there is no need to specify the time of collapse in the integrand.
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(a) ¢yl att=0 (d) |¢*y] at t = 4000 - &t

y 800 y 800

(b) |¢* | at t = 1000 (e) |¢*y] at t = 4000 + 6t

y 800

(c) |¢*w] at t = 3000

Figure 3. The time-symmetric formulation (TSF) explanation of the Einstein’s Boxes experiment,
with a single-particle transition amplitude density emitted from source S and detected at box B;.
(a) The absolute value of the transition amplitude density |¢p*| is localized inside S. (b) |p* |
has left S and is traveling toward the beam splitter BS. (c) |¢*yp| has passed through BS and is
traveling toward box By. |¢*1| is zero on the path from BS to B, because ¢* is zero on this path.
(d) |¢* | arrives at By. (€) Measurements at + = 4000 show a transition amplitude density in B and
no transition amplitude density in By. With equal probability, the final condition could have been
localization in box By. Transition amplitude density collapse never occurs. |¢*i| is normalized.

5. Discussion

To the best of my knowledge, this is the first time a TSF has been shown to resolve the
Einstein’s Boxes paradox. The TSF resolves the paradox in the ways that Einstein and de
Broglie envisioned. The transition amplitude density ¢* “localises the particle during the
propagation [2],” and ¢*¢ “was already in Paris in box B; prior to the drainage experiment
made in Tokyo in box B [35].” None of the problems associated with wavefunction collapse
occur. The TSF appears to give the sought-after exact description of the probabilities and a
complete description of the physical reality.

One might wonder if a theory based on transition amplitude densities will be able to
reproduce all of the predictions of the CF. In 1932, Dirac showed that all the experimental
predictions of the CF of quantum mechanics can be formulated in terms of transition
probabilities [37]. The TSF inverts this fact by postulating that quantum mechanics is a
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theory which experimentally predicts only the transition probabilities. This implies that the
TSEF has the same predictive power as the CFE.

The TSF has the additional benefit of being consistent with the classical explanation
of the Einstein’s Boxes thought experiment. As the size of the “particle” becomes larger
and it starts behaving more like a classical particle, it will always go to either one box or
the other. There is a logical continuity between its behavior in the quantum and classical
regimes, in contrast to the CF predictions.

In the TSF example above, we assumed the transition probabilities for the two boxes
were the same. Now consider the case where the two transitions are not equally likely.
For a very unlikely transition, the pre-experiment estimate of the TSF transition amplitude
density ¢*1 is tiny, while for a very likely transition, the pre-experiment estimate of ¢*1 is
large. However, this does not mean that ¢*1 itself is a smaller-sized field in the event of an
unlikely outcome. Before an experiment is conducted, we have classical ignorance of which
transition will occur. We normalize the wavefunctions i and ¢* to unity and calculate the
expected probability for each transition based on ¢*¢. After the experiment is complete,
we know which of the two possible transitions actually occurred, so we renormalize the
¢*1 of that transition to give a transition probability of one and renormalize the other ¢* ¢
to zero. Note that this is an update of our classical ignorance of which transition occurred
and not a physical wavefunction collapse. This may explain why the CF collapse postulate
appears to work.

A central issue raised by the Einstein’s Boxes paradox is the question of which elements
of quantum theory should be thought of as elements of reality (ontic) and which elements
are merely states of knowledge (epistemic). The TSF transition amplitude density ¢*
and the wavefunctions ¢ and ¢* should be thought of as elements of reality, with the
understanding that ¢*¢ is the TSF equivalent of a real particle wavefunction while ¢ and
¢* are the TSF equivalents of virtual particle wavefunctions. For multiple particles, ¢*¢p
lives in a higher dimensional configuration spacetime, which should be thought of as the
stage for reality [32]. The CF concept of a superposition of paths after the beam splitter
then becomes just a state of knowledge in the TSF. In reality, only one path is taken; we just
do not know in advance which one. Since the TSF assumes that the sources and sinks are
randomly emitting ¢ and ¢* wavefunctions, it is a probabilistic theory. In analogy with the
classical theory of special relativity, the TSF transition amplitude density can be thought
of as a quantum worldtube. The higher dimensional configuration spacetime is then the
quantum equivalent of Minkowski spacetime.

Finally, the CF predicts a rapid oscillating motion of a free particle’s wavefunction in
empty space. Schrodinger discovered the possibility of this rapid oscillating motion in 1930,
naming it zitterbewegung [38]. This prediction of the CF is inconsistent with Newton’s
first law, since it implies a free particle’s wavefunction does not move with a constant
velocity. The TSF predicts zitterbewegung will never occur [3]. Direct measurements of
zitterbewegung are beyond the capability of current technology, but future technological
developments should allow measurements to confirm or deny its existence. Given the
technology, one possible way to test for zitterbewegung would be to hold an electron in
the ground state in a parabolic potential and then turn off the potential while looking for
radiation at the zitterbewegung frequency of 10*! s~1. This could distinguish between the
CF and the TSF.
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Abstract: The global quantum information-theoretical analysis of the class of Yukawa potential (CYP)
in the presence of magnetic and Aharonov-Bohm (AB) fields has been examined both analytically
and numerically in this research piece. The energy equation and wave function for the CYP are
obtained by solving the Schrodinger equation in the presence of external magnetic and AB fields
using the functional analysis technique. The probability density is used to calculate the Tsallis, Rényi,
and Onicescu information energy entropies numerically. The influence of the screening parameter
(B), magnetic (E), and AB (¢) fields on the global information-theoretical measurements for the CYP
is explored. Atomic and molecular physics, quantum chemistry, and physics are specific areas where
these research findings will find application.

Keywords: magnetic and AB fields; Onicescu information energy; Rényi entropy; Shannon entropy;
class of Yukawa potential; Tsallis entropy

1. Introduction

Rényi, Tsallis, and Shannon information entropies, and Onicescu information energy,
are all global quantum information-theoretic measures (GQITM). These measures are
focused on quantifying the spread of the probability distribution that characterizes the
permitted quantum mechanical states of a system [1-5]. The importance of these global
measures is to study the uncertainty of the probability distribution [6-13].

These theoretical techniques have been widely used in atomic and molecular systems,
and they provide excellent insight into density functionals and electron correlation, which
assists in the study of atomic structure and dynamics [14-18]. Quantum information theory
(QIT) has acquired a lot of traction recently and has piqued the interest of many scholars. It
has also proven to be incredibly useful in a variety of domains ranging from physics, chem-
istry, biology, medicine, computer science, neural networks, image recognition, linguistics,
and other social sciences [19-22].

This is because QIT has a connection to current quantum communications, computing,
and density functional techniques, which are the underlying theories and building blocks
for a number of technological advances [18-20]. The quantification of information is a sub-
discipline of applied mathematics, physics, and engineering. Nonetheless, these metrics,
as well as the uncertainty relations that go with them, are essential factors in identifying a
variety of atomic and molecular processes [21,22]. In quantum physics, they are commonly
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utilized to study quantum entanglement [22,23], quantum revivals [23,24], and atomic
ionization characteristics [25]. This study has been done by several scholars for various
quantum mechanical systems [25-38].

Olendski [39] studied the Shannon quantum information entropies, Fisher informa-
tions, and Onicescu energies and complexities both in the position and momentum spaces
for the azimuthally symmetric two-dimensional nano-ring that is placed in uniform mag-
netic and Aharonov-Bohm fields. Olendski [40] calculated the one-parameter functionals
of the Rényi and Tsallis entropies both in the position and momentum spaces for the az-
imuthally symmetric 2D nano-ring that is placed into the combination of the transverse
uniform magnetic field and the Aharonov-Bohm (AB) flux and whose potential profile
is modeled by the superposition of the quadratic and inverse quadratic dependencies on
the radius r.

We are interested in investigating information-theoretical measures for the CYP in
the presence of magnetic and Aharonov-Bohm fields in the current work. Onate and
Ojonubah were the first to propose this potential [41]. Since it is a generalization of the
Yukawa, Hellmann, Coulomb, and inverse quadratic Yukawa potentials, this atomic model
is important [41,42]. CYP has a wide range of applications in physics, including high-energy
physics, atomic and solid-state physics, and many more [43,44]. The CYP is expressed
as [41]: _— ]

Ae=2fr B Ce Pr
V(T) - 72 - ? + r (1)

where 7 is the interparticle distance, A, B, and C are the potential parameters, and S is the
screening parameter which characterizes the range of the interaction [41].

In this study, we are looking for answers to the following questions: what hap-
pens to information-entropies when magnetic and Aharonov-Bohm fields have an all-
encompassing effect? What happens when a lone effect occurs? As a result, we are
interested in using information-theoretical measurements to investigate this spreading in
both position and momentum spaces.

GITM are measures of uncertainty and information of a probability distribution and
are useful in identifying strong variations on the distribution over a small region in a
system; thus, they identify the local changes in the probability density, giving a good
description of the quantum system [9,45].

The Shannon entropy is extended by the Rényi entropy. It is a single-parameter entropy
measure family that has some important link with Shannon entropy. In the position space,
Rényi entropy is defined as [2,27,28,46]:

Ry [E,] = 11pln U (E(r))pdr] - ! LI TplEp > 0p#1. )

For the momentum space coordinate, the associated Rényi entropy is given as:

Rabo] = 5 1n| [ (X(e))7de] = 5

iplnYP[Xn],p>O,p#—l. @)
where X,, = X(p) = [¥(p)|*. The parameter’s permissible range of values is governed by
the integral’s convergence condition in the definition, with the crucial condition p > 0. In
the limit p — 0, the Rényi entropy changes to the Shannon entropy [34].

As p approaches zero, the Rényi entropy increasingly weighs all events with nonzero
probability more equally, regardless of their probabilities. In the limit for p — 0, the Rényi
entropy is just the logarithm of the size of the support of &,. The limit for p — 1 is the
Shannon entropy. As p approaches infinity, the Rényi entropy is increasingly determined
by the events of highest probability [34].

Onicescu proposed a better measure of dispersion distribution in an attempt to estab-
lish a generalization to the Shannon entropy [5]. Onicescu information energy is described
as [5]:
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ElE:] = [ 22 )dr = [(E()dr = (2], p =2 )
For the momentum space coordinate, the equivalent Onicescu energy is given as:
EXa] = [ X2(o)do = [ (X(p))dp = YylXul,p = 2 ©)

The probability distribution is more concentrated and the information content is
smaller as the Onicescu information energy increases. The energy product of Onicescu can
thus be calculated as Ep = EpE,.

In the position and momentum space coordinates, the Tsallis entropy is defined as [4]:

T (5] = pil (1 - V (E(r))ver = A-ME)p>0pEL ©

and:

Tl = 2 (1 | k@) ) = S G-l > 0p 1 0)
where X, [£,] is the entropic moments. In the limit p — 1, the Tsallis entropy also changes
to the Shannon entropy. In Equations (2)—(7): p is a non-negative dimensionless coefficient,
which can be construed as a factor describing the reaction of the system to its deviation from
the equilibrium; Z(r) is the position space probability density; and X(p) is the momentum
space probability density.

The following is how this article is structured: the normalized wave function and
probability density for the CYP in the presence of magnetic and Aharonov—Bohm fields are
presented in the next section. The numerical findings and explanations of the Rényi entropy,
Tsallis entropy, and Onicescu information energy, as well as their respective uncertainty
relations, are presented in Section 3. A final remark is made in Section 4.

2. The Model Formulation

In cylindrical coordinates, the Hamiltonian operator of a charged particle moving
in the class of Yukawa potential (CYP) under the combined influence of AB and external
magnetic fields may be expressed [47-49] as:

1 /.2 e\? Ae 2 B CePr
[21,1 (lﬁv - CA) - 72 - + ‘|l/}(r/ qo) - Enmlp(r/ §0>/ (8)

r r

where E;;;; denotes the energy level, y is the effective mass of the system, and the vector

— — = g
potential which is denoted by “A” is given as: A = (0/ (1%,};) + %, 0> [47 48].

Equation (8) cannot be solved analytically, so Greene and Aldrich approximation
scheme have to be employed in order to obtain the eigen solutions [46]. The energy is
obtained as follows using the functional analysis approach (FAA):

B . 1 2
@ A -\ 2

_ gy g i it et () e

where m is the magnetic quantum number:

_1 2 2uA | (pwc\? | 2pw,
am—2+\/(m+é) ) +(ﬁ/3 + 7B (m+¢) (9a)
and:
, 1

M = (m+¢)" = 4 (9b)
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The normalized wave function X (s) that corresponds to the two lowest lying states
n = 0,1 are presented as follows:

- ‘BF(1+2)\+20}”) —Br A o —PBr Om
Xo(s) = \/F(ZA)F(1+2(7M) () (1=c*) (10)
and:
A(142A)T (34244203, _gm 14
xi(s) = 1+12A\/(1+L7m)/?lv(LZ/\vLZ)WE)F(1+2)§I’()l+2c7m)( P ) X (11)

(1—eP)7" (P (14 27) — 207 — (1+2A))

_ _2ﬂEnm _ %
where A = \/ g 72 + Nm.

The normalized momentum-space Xux(p) wave function for the two lowest lying
states n = 0, 1, are obtained as [39,40]:

Xl(P) = \/2(

1 i —ipr
xolp) = = O/ Xolr)e " dr (12)
(o) = \/,[31"(1+2A—|—20m) r(%+A)r0+ow) )
o(p T(2A)T(1 + 207,) \/ﬂﬁr(l + % +A+Um)
1 i —ipr
xi(p) = \/27_[0/7(1(1*)6 Prdy (14)
B(142A)T(3 +2A + 207, (—Ziptfm+w(1+2A+Um))F(1+Um)F(%+A) 5)
L0u) (1422 +20) T (2A)[ (1 +200) VIRR(1+ 20T (24 % + A+ o)

Full details of the solutions can be found in ref. [50]. We point out here that Edet
and Ikot [50] have recently treated one of these global information entropies known as
the Shannon entropy. In a bid to broaden the scope of our application, we will in the next
section consider other global entropies.

In the absence of magnetic and AB fields, if we set m = ¢ + %, —A=A, C=-C,

B =0, and B = 0, we recover the Kratzer-Feus potential:
(16)

with energy:

Ent = —5m — (17)
<n+§+\/£+}1+,§‘2>

The above expressions (16) and (17) are in agreement with Ref. [51].

3. Global Information-Theoretic Measures for the CYP

In general, the derivation of these information entropies is difficult and time-consuming,
particularly the analytical formulation for the Tsallis and Rényi entropies and Onicescu
information energy in momentum space. This is due to the Fourier transform’s intricate
computation; as a result, we find the numerical result.

Figure 1la—d displays the plot of Tsallis entropies in position and momentum space,
which reveals that the CYP’s position Tsallis entropies diminish as the potential parameter
increases, whereas the momentum space expands when the potential parameter § is
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Ti(n

=0

amplified. In the position space with rising magnetic and AB fields, Tsallis entropy is
likewise shown to decrease. In the momentum space, the opposite is the case.
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Figure 1. Position space Tsallis entropies T;(r) versus: (a) screening parameter () with varying
magnetic field; (b) screening parameter () with varying AB field. Momentum space Tsallis entropies
T, (p) versus (c) screening parameter () with varying magnetic field; (d) screening parameter ()

with varying AB field.

The Rényi entropies (RE) in position and momentum space are shown in Figure 2a—d.
RE increases with rising potential parameter 8 and decreases with the increasing magnetic
and AB fields in position space. RE gets larger with the screening parameter  and is
inversely proportional to magnetic and AB fields in momentum space. This behaves
similarly to the Shannon entropies in position space seen in Figure 1a—d in Ref. [51].

The Onicescu information energy (OIE) in position and momentum space is shown in
Figure 3a—d. The OIE in position space increases as the screening parameter  upsurges and
declines as the magnetic and AB fields rise. The OIE reduces as the screening parameter
rises and upsurges as the magnetic and AB fields grow in momentum space. This highlights
the fact that the greater the system’s OIE, the more concentrated the probability distribution
is and the smaller the information content. According to the definition of the Shannon
entropy, more localized distributions and position space probability density correspond to
the smaller value of the RE, which means that the delocalization of the probability density
increases with increasing quantum number.
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Figure 2. Position space Rényi entropies R () versus: (a) screening parameter (8) with varying
magnetic field; (b) screening parameter () with varying AB field. Momentum space Rényi entropies
Ry (p) versus (c) screening parameter () with varying magnetic field; (d) screening parameter (8)
with varying AB field.

The numerical findings in Tables 1 and 2 demonstrate that the position-space Tsallis
entropy reduces as the potential parameter, magnetic, and AB fields rise, whereas the
momentum-space Tsallis information entropy grows as the potential parameter 3, magnetic,
and AB fields increase. This is consistent with what we observed in Figure 1. The single
influence of these fields is examined in Table 3. The Tsallis entropy in the position space
grows as the potential parameter § increases when just the magnetic field is present, and a
similar condition is observed in the momentum space. This contradicts our findings for the
all-inclusive impact in momentum space. This finding is also confirmed when only the AB
field is functioning.
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Figure 3. Position space Onicescu information energy E,(r) versus: (a) screening parameter («)
with varying magnetic field; (b) screening parameter () with varying AB field. Momentum space
Onicescu information energy E, (o) versus (c) screening parameter () with varying magnetic field;
(d) screening parameter () with varying AB field.

Table 1. Numerical results of the Tsallis entropy for CYPof A =1, B =2and C = —1 for m = 0 in
—
the presence of AB and magnetic fields with varying f and B.

n=0 B T, T, T,T, B T, T, T,T,
0.1 485597  —136078  —6.60789 0.1 103199  —176531  —18.2178
0.2 300089  —097275 29191 0.2 751722 ~16137 121305
03 212788 —0.68065  —1.44834 0.3 6.62342 154307  —10.2204
0.4 1.58914 —0437  —0.69446 0.4 6.15692 ~1.5002  —9.23659
0.5 121291 —022413 027185 0.5 586766 —147134  —8.63333
0.6 0930544 003313  —0.03083 0.6 567091 145071  —8.22686
0.7 0708313 0.141231  0.100036 0.7 552805 143534  —7.93591
0.8 0.527399 0.30238 0.159475 0.8 542214 142353 —7.71857
0.9 0376339 0452694  0.170367 0.9 533924 141423 —7.55093

n=1 0.1 0331132 —1.13946  —037731 0.1 420379  —138461  —5.8206
0.2 ~0.22603  —0.66985  0.151406 0.2 3.13651 ~1.302 —4.08373
03 —04842 031568  0.152849 0.3 256567 —125414  —3.21771
0.4 ~0.64587  —0.0206  0.013304 0.4 219632  —122327  —2.68669
0.5 ~0.76184 0236612 —0.18026 0.5 1.93233 ~1.2021  —2.32285
0.6 ~0.85165 0466783  —039753 0.6 173160 —118699  —2.05549
0.7 ~092462  0.676366 ~ —0.62538 0.7 157271 117587  —1.84931
0.8 ~098589  0.86959%  —0.85733 0.8 144287 116752 —1.68457
0.9 ~1.03857 104943  —1.08991 0.9 133436 —116112  —154936
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Table 2. Numerical results of the Tsallis entropy for CYPof A =1, B=2and C = —1 for m = 0'in
the presence of AB and magnetic fields with varying ¢.

n=0 ¢ T, T, T, T,
0.1 75.1126 ~2.36279 ~177.476
0.2 18.4411 ~1.97689 ~36.4561
0.3 14.1096 —1.8945 ~26.7308
0.4 12.1546 —1.84339 —22.4055
0.5 10.9773 —1.80543 ~19.8188
0.6 10.1662 ~1.77482 ~18.0432
0.7 9.56125 ~1.74892 ~16.7219
0.8 9.08577 —1.72634 ~15.6851
0.9 8.69795 ~1.70622 —14.8406

n=1 0.1 434999 ~1.49708 ~6.51228
0.2 4.03499 —1.48134 ~5.97721
0.3 3.75866 ~1.46679 ~5.51319
0.4 3.51378 ~1.45323 ~5.10635
0.5 3.29489 —1.44051 —4.74632
0.6 3.09776 ~1.42851 —4.42517
0.7 2.91908 ~141713 —4.13671
0.8 2.75619 ~1.4063 ~3.87602
0.9 2.60694 ~1.39595 ~3.63916

Table 3. Numerical results of the Tsallis entropy for CYP of A=1,B=2andC=—1form=0in
the absence of AB and magnetic fields.

B—on=0 B T, T, T, T, n=0,¢=0 B T, T, T, T,
0.1 100506  —077122  —7.75125 0.1 185869  —0.34567  —6.425
02 368752  —126202 —4.65372 0.2 1349 —0.62472 842742
03 228039 141008 —3.21553 03 110811 077215 —855619
04 159787 149039 —2.38145 04 957162  —087116  —8.33842
0.5 11687  —15445  —1.80506 05 849297  —09456  —8.03094
0.6 0864823  —15848  —1.37057 0.6 765982  —1.00545 —7.70155
07 0634176  —1.61665 —1.02524 0.7 69822  —1.05578  —7.37164
0.8 0450886  —1.64281  —0.74072 08 641051  —1.09948  —7.04822
09 0300389  —1.66492  —0.50012 09 591497 113834 —6.73327

B—oOn=1 01 763677 —094899 —7.24723 n=0,=0 01 471345  —103892 —4.89688
02 134222 140999  —1.89252 02 307693  —12298  —3.78402
03 0489068  —1.52626  —0.74644 03 232993 132995  —3.09868
04 0067563 159329  —0.10765 04 187899 13916  —2.62338
05  —019899 —1.63956  0.326249 05 156944  —1.44481  —2.26753
0.6  —038826 —1.67449  0.650143 0.6 134038  —148278  —19875
07  —053219 170232  0.905953 07 116234 151362 —1.75935
08  —0.6467 —172533 111577 08 101907  —153937 —1.56873
09  —074081 —174485 12926 09 090080  —15613  —1.40643

The numerical results in Tables 4 and 5 demonstrate that the position-space Rényi
entropy decreases as the potential parameter, magnetic, and AB fields increase, but the
momentum-space Rényi information entropy increases as the potential parameter 8, mag-
netic, and AB fields increase. This is consistent with what we saw in Figure 2.

When we looked at the lone influence of these fields on the Rényi entropy in Table 6,
we saw something intriguing. When just the magnetic field is active, we find that the Rényi
entropy in the position space grows as the potential parameter rises, but the opposite is
true in the momentum space.

107



Symmetry 2022, 14, 976

Table 4. Numerical results of the Rényi entropy for CYP of A =1, B =2and C = —1 for m = 0 in
—
the presence of AB and magnetic fields with varying f and B.

n=0 B R, R, Ry + R, B R, R, R, + R,
0.01 503916  —431242  0.726733 0.1 408677  —3.06149  1.02528
0.02 434122 361373 0.727489 0.2 347004 259247  0.877566
0.03 3.9311 —320287  0.728235 0.3 323639  —240078  0.835604
0.04 3.63891 ~290994  0.728971 0.4 310517 229122 0.813953
0.05 341138 268168  0.729699 0.5 3.02021 —222009  0.800121
0.06 3.2248 —249438  0.730416 0.6 296073 —217044  0.790281
0.07 3.0665 ~233538  0.731125 0.7 291691 —213409 078282
0.08 292894 219712 0731823 0.8 2.88343 ~21065  0.776922
0.09 280723 —207472 0732513 0.9 285713 —208501  0.772117

n=1 0.01 286638 ~ —3.88188  —0.91592 0.1 250324  —201771  1.03444
0.02 218509 318133  —0.89902 0.2 2.0905 ~1.83909  0.507536
0.03 179113 276872  —0.88264 0.3 1.84131 —174117  0.27248
0.04 151464  —247415  —0.86674 0.4 166793  —1.67997 0123167
0.05 130236 —224434 085132 05 153782 —1.63886  0.014201
0.06 1.1306 —205558  —0.83635 0.6 143544 160992  —0.07122
0.07 0986711  —1.89521  —0.82182 0.7 135222 —158885  —0.1411
0.08 0.863154 175565  —0.80777 0.8 128293  —157312  —0.1999
0.09 0755069 ~ —1.63204  —0.79445 0.9 122415  —156115  —0.25036

Table 5. Numerical results of the Rényi entropy for CYP of A =1, B =2and C = —1 for m = 0 in
the presence of AB and magnetic fields with varying ¢.

n=0 ¢ R, R, Ry + R,
0.1 8.46512 ~7.25642 1.2087
0.2 5.31356 ~3.91064 1.40292
0.3 473423 ~3.545 1.18924
0.4 442115 ~3.34237 1.07878
0.5 42118 ~3.20189 1.00991
0.6 4.05662 —3.09406 0.962565
0.7 3.93427 ~3.00635 0.927922
0.8 3.83372 ~2.93228 0.901435
0.9 3.7486 —2.86809 0.880507

n=1 0.1 2.57713 ~2.28344 0.293695
0.2 2.46699 ~2.24452 0.222474
0.3 2.36656 —2.20906 0.157495
0.4 2.27435 ~2.17646 0.097891
0.5 2.18922 —2.14626 0.042958
0.6 2.11021 ~2.11809 —0.00788
0.7 2.03658 ~2.09168 ~0.0551
0.8 1.96769 ~2.0668 ~0.09911
0.9 1.90302 ~2.04327 —0.14025

This is in contrast to what we saw in the overall impact. The Rényi entropy in the
position space reduces as the potential parameter § grows when just the AB field is active,
but the opposite is true in the momentum space. This supports our observation of the
all-encompassing influence. However, we may deduce that the magnetic is necessary to
produce a rising Rényi entropy with regard to the potential parameter . This finding is
comparable to what the Shannon entropy shows [50]. It is important to realize that the
conjugates of position and momentum space information entropies have an inverse rela-
tionship with each other. A strongly localized distribution in the position space corresponds
to widely delocalized distribution in the momentum space.
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Table 6. Numerical results of the Rényi entropy for CYP of A =1, B =2and C = —1 for m = 0 in
the absence of AB and magnetic fields.

B—oOn=0 P R, R, R, +Ry &=0,1=0 B R, R, Ry + Ry
001 268063  —1.87887  0.801764 0.01 762858  —6.22541  1.40317
002 273321  —19305  0.802702 002 693615 553222  1.40392
0.03 279274 198819  0.804547 003 653136  —5.1267  1.40466
0.04 286121 205353  0.807671 004 62443  —4.83893  1.40538
005 294157  —2.12888  0.812688 005 602175  —4.61567  1.40608
0.06  3.03855  —2.21788  0.820669 006 583997 443321  1.40676
007 316036  —2.32666  0.833696 007 568632  —42789  1.40743
0.08 332321 246682  0.856396 008 555325  —4.14517  1.40808
0.09  3.56648  —2.66486  0.901613 0.09 543589  —4.02717  1.40871
B=0n=1 001 1735  —170708 0029415 &=0m=1 001 495852  —464268 0315837
002 180368  —176118  0.042503 0.02 42703 394798  0.322324
003 189214  —1.82383  0.068313 0.03 386973  —3.54097  0.328754
0.04 201026 189798  0.112277 0.04 3589  —325177  0.335129
005 217217 198861  0.183554 0.05 336856  —3.02711  0.341448
0.06 240431  —2.10526  0.299049 006 319101  —2.8433  0.347714
0.07 276485 227025  0.494601 007 304159  —2.68767  0.353926
0.08 342965  —2.56125  0.868406 0.08 291276 255267  0.360085
009 679656  —4.58251  2.21405 009 279963 243344  0.366193

The numerical results in Tables 7 and 8 demonstrate that the position-space Onicescu
information energy surges as the potential parameter 8, magnetic, and AB fields rise,
whereas the momentum space Onicescu information energy information entropy reduces
as the potential parameter 5, magnetic, and AB fields rise. When we looked at the single
influence of these fields on the Onicescu information energy in Table 9, we discovered
something interesting. When just the magnetic field remains operational, the Onicescu
information energy in the position space drops as the potential parameter f rises, although
in the momentum space the opposite is the case.

Table 7. Numerical results of the Onicescu information energy for CYPof A =1, B =2and C = —1

N
for m = 0 in the presence of AB and magnetic fields with varying § and B.

n=0 B E, E, E/Ep B E, E, E/E,
0.01 0.008762 9.07971 0.079559 0.1 0.024594 3.19723 0.078632
0.02 0.017609 451712 0.079541 0.2 0.043439 1.80812 0.078544
0.03 0.026536 2.99677 0.079523 0.3 0.054213 1.45001 0.07861
0.04 0.035542 2.23696 0.079505 0.4 0.061476 1.27996 0.078687
0.05 0.044623 1.78135 0.079488 0.5 0.066716 1.18048 0.078757
0.06 0.053776 1.47782 0.079472 0.6 0.070659 1.11549 0.078819
0.07 0.063 12612 0.079455 0.7 0.073716 1.06996 0.078873
0.08 0.072291 1.09888 0.079439 0.8 0.076143 1.03648 0.078921
0.09 0.081648 0972761  0.079424 0.9 0.078105 1.01097 0.078962

n=1 0.01 0.007422 5.59089 0.041495 0.1 0.040827 0912806  0.037267
0.02 0.014928 2.77409 0.041412 0.2 0050152 0737849  0.037004
0.03 0.022514 1.83575 0.041331 0.3 0.056263  0.660556  0.037165
0.04 0.030177 1.36701 0.041252 0.4 0.060563  0.617627  0.037405
0.05 0.037912 1.08607 0.041175 0.5 0.063724 0590905  0.037655
0.06 0.045716  0.899033  0.041101 0.6 0.06612 0.573083  0.037893
0.07 0053587 0765634  0.041028 0.7 0.067982 0560632  0.038113
0.08 0061521 0665751  0.040958 0.8 0.069456 0551639  0.038314
0.09 0.069516 0588203 0.04089 0.9 0.070642 0544983  0.038499
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Table 8. Numerical results of the Onicescu information energy for CYPof A =1, B =2and C = —1
for m = 0 in the presence of AB and magnetic fields with varying ¢.

n=0 ¢ E, E, E/E,
0.1 0.0000933 806.906 0.075303
0.2 0.008064 9.86189 0.079521
0.3 0.013689 5.807 0.079491
0.4 0.018143 4.38037 0.079472
0.5 0.021898 3.62857 0.079458
0.6 0.025189 3.15415 0.079449
0.7 0.028147 2.82241 0.079441
0.8 0.030854 2.57461 0.079436
0.9 0.033363 2.38079 0.079431

n=1 0.1 0.031595 1.14182 0.036076
0.2 0.033139 1.09123 0.036162
0.3 0.034608 1.04845 0.036285
0.4 0.036014 1.01157 0.036431
0.5 0.037364 0.979267 0.03659
0.6 0.038666 0.950587 0.036756
0.7 0.039925 0.924839 0.036924
0.8 0.041145 0.901502 0.037092
0.9 0.04233 0.88018 0.037258

This contrasts our findings in the case of the comprehensive impact. When just the
AB field is present, we notice that the Onicescu information energy in the position space
grows as the potential parameter § increases, but the opposite is true in the momentum
space. This is consistent with our findings in the case of the all-inclusive effect. However,
we could deduce that the AB field is necessary to acquire a rising Onicescu information
energy in position space with regard to the potential parameter.

Table 9. Numerical results of the Onicescu information energy for CYP of A=1,B=2andC=—1
for m = 0 in the absence of AB and magnetic fields.

B=0n=0 B E, E, E/E, E=0,n=0 B E, E, E/E,
001 0092604  0.841859  0.0779 001 0000797  99.8309  0.079572
002 0087888  0.887062  0.077962 002 0001593  49.9446  0.079566
0.03 0082858 0940966  0.077966 003 0002388 333145  0.079561
004 0077453 100672  0.077974 004 0003182 24998  0.079555
005 0071589  1.08934  0.077985 005 0003976  20.0082  0.079549
006 0065144 119742  0.078004 006 0004769  16.6806  0.079544
007 0057925 134718  0.078035 007 0005561 143032  0.079538
008 0049601 157429  0.078087 008 0006353 125197  0.079533
009 0039507 197911  0.078189 009 0007144  11.1321  0.079527

B—o0n=1 001 0058928 0642116 0037839 ¢=0n=1 001 0002969 12095 0035914
002 0055738  0.678174  0.0378 002 0005944  6.04393  0.035927
003 0052193 0722853  0.037728 003 0008926  4.02654  0.035941
004 004821 0780259  0.037616 004 0011914  3.01793  0.035954
005 0043661  0.858218  0.037471 005 0014907 241282  0.035969
006 0038324 0974424  0.037344 006 0017907 200947  0.035984
007 0031739  1.18204  0.037517 007 0020913 172141  0.035999
008 0022607 176184  0.03983 008 0023924 150541  0.036015
009 000187  39.5402  0.073944 009 0026941 133744  0.036031

4. Conclusions

The GQITM was investigated in both the position and momentum spaces for the
CYP in the ground and first excited states in this research. The wave function and energy
equations are obtained by solving the Schrodinger equation with the CYP in the presence
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of magnetic and AB fields using the functional analytical method [50]. The probability
density is evaluated by squaring the CYP’s wave function given in terms of hypergeometric
functions. Numerical results at p = 2 for the Rényi entropy, Tsallis entropy, and Onicescu
information energy have also been produced. The effects of magnetic and AB fields on these
entropies have been well investigated. Our results show that these fields and potential
parameters are relevant for the manipulation of the behavior of the quantum system. The
findings obtained in this study will find possible applications in quantum information
processing, quantum chemistry, etc. The present study can be extended to the investigation
of the information entropies of heavy mesons such as charmonium and bottomonium in
the presence of magnetic and AB fields [52-55].
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Abstract: Among the few exactly solvable problems in theoretical physics, the 2D (two-dimensional)
Newtonian free fall problem in Euclidean space is perhaps the least known as compared to the
harmonic oscillator or the Kepler-Coulomb problems. The aim of this article is to revisit this problem
at the classical level as well as the quantum level, with a focus on its dynamical symmetries. We
show how these dynamical symmetries arise as a special limit of the dynamical symmetries of the
Kepler-Coulomb problem, and how a connection to the quartic anharmonic oscillator problem, a
long-standing unsolved problem in quantum mechanics, can be established. To this end, we construct
the Hilbert space of states with free boundary conditions as a space of square integrable functions
that have a special functional integral representation. In this functional space, the free fall dynamical
symmetry algebra is shown to be isomorphic to the so-called Klink’s algebra of the quantum quartic
anharmonic oscillator problem. Furthermore, this connection entails a remarkable integral identity for
the quantum quartic anharmonic oscillator eigenfunctions, which implies that these eigenfunctions
are in fact zonal functions of an underlying symmetry group representation. Thus, an appropriate
representation theory for the 2D Newtonian free fall quantum symmetry group may potentially open
the way to exactly solving the difficult quantization problem of the quartic anharmonic oscillator.
Finally, the initial value problem of the acoustic Klein-Gordon equation for wave propagation in a
sound duct with a varying circular section is solved as an illustration of the techniques developed
here.

Keywords: super-integrability; dynamical symmetry algebras; integral transforms

1. Introduction

In an elementary freshman physics course, the problem of particle motion under
constant gravitational acceleration on the surface of the earth in Euclidean space, usually
considered as one dimensional, is frequently dubbed as a free fall problem [1,2]. This is not
the more general relativistic problem in which an inertial particle subject to no force moves
along a space-time geodesic [3].

To the best knowledge of the author, up to now, no comprehensive report on the
dynamical symmetries of this 2D Newtonian free fall problem has been found in the
literature besides the seminal work of T. Iwai and S. G. Rew [4]. As the one-dimensional
free fall problem, which has been thoroughly treated classically and quantum mechanically,
displays limited interesting features, we introduce an extra space dimension to allow for
new specific features to emerge. This is how a body of dynamical symmetries comes about,
and how a connection to the quartic anharmonic oscillator problem is generated, which is
one of the most challenging theoretical problems as it is generally thought of as a non-trivial
quantum field theory in zero space dimension. These issues were not considered in [4].

This paper is divided into two main sections and a short section on an application.

Section 2 is devoted to the classical physics of the 2D Newtonian free fall problem.
For the convenience of the reader, some basic concepts on the symmetries of a system are
recalled in the framework of Hamiltonian mechanics before a derivation of the dynamical
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symmetry algebra is undertaken along the lines of [4]. Then, we prove a theorem which
states that the dynamical symmetry algebra of the free fall problem may be obtained as a
special limit of the the dynamical symmetry algebra of the Kepler-Coulomb problem, which
concerns the dynamics of a particle moving in the inverse separation distance potential
field. Both problems are known to be super-integrable, and now they are shown to be
connected at the classical level. Hence, one may access the free fall dynamical symmetry
algebra from the well-known Kepler-Coulomb dynamical symmetry algebra. In addition,
this connection goes even further when a higher order integral of motion in the free fall
problem is shown to be an outgrowth of a Kepler-Coulomb integral of motion at zero
coupling constant. Furthermore, a passage to parabolic coordinates reveals a connection
between the free fall problem and the quartic anharmonic oscillator.

In Section 3, we apply the Schrodinger quantization to the system, which is in fact not
the quantization scheme adopted by T. Iwai and S. G. Rew in [4]. For this, we introduced
a Hilbert space of square integrable wave functions that verify free boundary conditions
in R? and are suitable for obtaining an image representation of the free fall dynamical
symmetry algebra as Klink’s so-called one-variable algebra of the quartic anharmonic
oscillator. Thus, the Schrédinger quantization does naturally lead to the quartic anharmonic
oscillator besides the passage to parabolic coordinates. This is due to a particular integral
representation of the free fall wave functions, which takes the form of an Airy-Fourier
transform. Finally, by performing a passage to parabolic coordinates, one obtains an
integral identity for the eigenfunctions of the quartic anharmonic oscillator problem, which
turns out to be the characteristic integral equation for zonal functions in the representation
of some underlying group. As the only natural group arising from the 2D free fall problem
is its own dynamical symmetry group, we suspect that a comprehensive development of
its representation theory would reveal that the eigenfunctions of the quartic anharmonic
oscillator problem are just the corresponding zonal functions of this group. We defer this
tantalizing investigation to a future work. In short, the present results on quantizing the 2D
Newtonian free fall dynamical symmetry algebra appear as a necessary intermediate step
in the search for an exact solution to the quantum quartic anharmonic oscillator problem.

The last section, Section 4, uses the functional techniques of Section 3 to solve the
initial problem of sound wave propagation in a cylindrical duct with a particular varying
circular section.

The paper ends with a short conclusion and perspectives on possible further research.

2. The Classical Two-Dimensional Free Fall Problem
2.1. Generalities on Classical Symmetries, Canonical Structure, and Integrals of Motion

As generally admitted, the classical state of a non-moving physical system is described
by a set of functions in a coordinate system. Under a coordinate transformation, these
functions may take different forms. But if they remain invariant, the system is said to admit
a symmetry.

Now, for a physical system in motion, its states are specified by functions of time t and
dynamical coordinates in phase space. If under a transformation of dynamical coordinates
its state functions remain invariant, we say that the system admits a dynamical symmetry.
The set of symmetry transformations may have a group structure, which is called dynamical
symmetry group. Such a dynamical symmetry group (or equivalently, the algebra of its
generators) is of highest interest in the search for solutions of its equation of motion (The
term dynamical symmetry was coined by A. O. Barut [5]. Earlier, such symmetry was known
as hidden or accidental [6]).

In this paper, we are concerned with the dynamical symmetries of a system in the
framework of Hamilton’s canonical formalism of mechanics, with the time-independent
Hamiltonian function H. We now recall some useful main points of this framework.

115



Symmetry 2022, 14, 27

- A system with n degrees of freedom is described by 21 canonical variables (g;, p;)
with i = 1,...,n in phase space, verifying the following fundamental Poisson bracket
commutation relations:

{9.9;} = {pirpi} =0, {aip;} =i, @

where the Poisson bracket between two functions in phase space ¢ and 1 is defined by the

following: - -
_y ¢¢_¢¢>
tov} ;(3%8% op;i0q;)’

and the canonical equations of motion:
Gi= 5 Pi=—5—, 2

the solutions of which depend on the 2n initial conditions (g;(t), p;())|=0 = (4%, p9).

Consequently a dynamical symmetry exists if it originates from a canonical coordinate
transformation in phase space, leaving both the Hamiltonian H and the fundamental
Poisson bracket relations invariant. In differential geometry, this is called a symplectic
structure. Non-trivial dynamical symmetry exists only for n > 1.

- Canonical transformations (see Chapters 10-12 of [7]) are parts of a wider class
of coordinate transforms in phase space called contact transformations. A differentiable
mapping (41, ---,qn, P1,---,Pn) — (Q1,...,Qu, P1,..., Py) is called a contact transforma-
tion if the differential form )}’ ; (P;dQ; — pidg;) is the exact differential AW of a function
W1, qn,P1,---, Pn)-

This can be equivalently expressed by requiring the fundamental Poisson brackets in
the variables (Q1,...,Qu, P1,..., P,) to be valid:

{QI/Q]} = {PZIPJ} - O/ (lr] - 1/‘-'/11)/
(QuP} = 0, (ij=1,...,mi<ji>}),
{Qi/Pi} = 1, (z:l,,n) (3)

The Poisson bracket of two functions (¢, ) is invariant under the contact trans-
formations {¢, ¥} g p) = {®, ¥} (y,p)- The lower index (g, p) (resp. (Q, P)) refers to the
variables in the partial derivatives of the respective Poisson brackets. A contact transfor-
mation (q1,...,qu, p1,---,Pn) — (Q1,-..,Qu, P1,..., Py), which preserves the equations
of motion of the system is a canonical transformation if [ Y./ | P;dQ; is an integral invariant
of the system (Jacobi’s theorem). Consequently, a canonical transformation implements a
dynamical symmetry.

An infinitesimal canonical transformation of parameter T has the following form:

OF
Ipi

oF:

AT, 4
7 4)

Qi=qi+5-At, Pi=pi—
where F; is an arbitrary function of (q1,...,qn,P1,-..,pn) and AT is a small increment
of the parameter 7. F; is called the the generating function of the contact transformation.
The variation Af of an arbitrary function f in phase space under an infinitesimal contact
transformation of generator F; is given by Af = {f, F;}At. F; can be an integral of the
motion, a function which takes a constant value and does not explicitly depend on time
t, see [7]. A system of integrals of motion F; is said to be in involution when {F;, F;} =0
forall (i,j=1,...,m). If Fand F’ are two integrals of the motion, their Poisson bracket is
also an integral of the motion (Poisson’s theorem). The set of all F; forms a Lie algebra with
respect to the Poisson bracket.

The determination of all canonical transformations for a dynamical system is at the
core of finding the dynamical symmetries of this system.
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- For a system with an n degree of freedom, with a time-independent Hamiltonian H,
total energy is conserved and H = E. If there exists n functionally independent integrals of
motion F;, where i = 1,...,n in involution (or {F;, F;} = 0 for all (i, j)), the system is said
to be Liouville integrable and its solution can be given up to quadratures. If there are further
m functionally independent integrals of motion F,,, where m = 1,..., (n — 1), the system is
called super-integrable [8]. For m = 1 (resp. m = (n — 1)) itis called minimal super-integrable
(resp. maximal super-integrable). These m extra integrals of motion usually build a Lie
algebra. Maximal super-integrable systems are also known as exactly solvable systems, and
their properties can be derived algebraically. Each integral of motion F; may originate from
Noether’s conservation law or from a coordinate variable separation. The Kepler—Coulomb
(or inverse distance potential) and the isotropic harmonic oscillator problems are known to
be super-integrable systems in two dimensions [9].

2.2. Statement of the Classical Two-Dimensional Free Fall Problem

As it is widely known, the motion of a particle under constant force in two-dimensional
space occurs along parabolas with a symmetry axis parallel to the direction of the constant
force. To simplify the writing, the particle is assumed to have a unit mass and moves in a
two-dimensional configuration space (v, u) € R?, with Ov being the horizontal axis and
the gravitational constant set is also equal to one. Let (9, i) be the time derivatives of the

Cartesian coordinates (v, u). From the Lagrangian L = (%(uz +9%) — u), one gets the
conjugate momenta and the Hamiltonian:

oL . oL . 1 1
pu=- =1 po=--=0 and szp%—l—(zpfl—Hl). ®)

Note that H is the sum of the v-free motion part and of the u-free fall part.

2.3. Dynamical Symmetries

As in two dimensions, the maximal number of possible symmetries is three. Iwai
and Rew [4] were the first to obtain dynamical symmetries by considering linear inho-
mogeneous transformations S(p, o, T) in the phase space dependent on three parameters

(p, 0, 7):
V. = v+tpotoputp, Py =py—o0,
1
u = M+UP7;—TPu—§(0’2+T2), P, =pu+T. (6)

Proposition 1. S(p, o, T) is a canonical transformation.

Proof. By the simple substitution of the (V, U, P,, P;,) in terms of the (v, u, py, pu), as given
by Equation (6), it appears that the Hamiltonian function form is invariant:

1 1
H =P +P) +U=S(pi+p5) +u @)

Moreover, using the expression of the Poisson bracket and Equation (6), one can also
check the following:

{v,u}={pr,, P} = 0,
{V,Pu} = {u/PZJ} = 0,
{v.Po} ={U,p.} = 1,

Hence, S(p, 0, T) is a bona fide canonical transformation. [

, ®)

Proposition 2. For all triplet (p,0,T) € R3, the canonical transforms form a group—the dynami-
cal symmetry group of the free fall problem in two dimensions.
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Proof. Composition law. Let another canonical transform S(p’, ¢/, 7') with parameters
(p’,0’, ") act on the previous one S(p, 7, T) and compute the resulting product S(o’, o’, T')
S(p,0,7), which is expressed by the set of new parameters (V, U, Py, P,) :

V = V+UP,+0P,+0,

_ 1

u = U+U’PU—T'PM—§(U’2—|—T’2),

P, = P,—0,

P, = P,+7. 9)

Then, the substitution of Equation (6) into Equation (9) yields the following equations:
Vo= (@t tpotoputp)+7(po—0)+ 0 (put )+
= v+ (T+T)pot (e +)put(p+p) = (07 - '),

— 1 1
U = (u+opo—tpu— 5(‘72 +72)) + 0 (po—0) =T (pu+7) — 5(‘7/2 +77)

1 1
= ut(o+)po— (t+T)pu— 5o+ = S(r+ 7P,

P, = (Pv’—U)_UIZPv_(‘7+0'/)/
Py = (pw+T)+7T =pu+(t+7). (10)

Hence, we conclude that the composition of two operations is as follows:
S, o, ") - S(p,0,7) =S((p+p) — (¢ —d'1), 0+ 0", T+ 7). (11)

Because of the extra term (07" — ¢/ 1), the previous formula does not correspond to the
additive structure of a group operation with respect to the parameters (p, o, 7). But since
the v variable is a cyclic variable, this term is physically irrelevant *; in this way, the group
structure is physically restored.

Iwai and Rew proposed to represent each element of the group with fifth-order,
upper-triangular matrices, as can be checked by the matrix multiplication rule:

1 01t ¢ 0

01 ¢ —1t —3(?+7?)
0 01 O —0

0 0 0 1 T

00 0 O 1

- The inverse transform S~1(p, o, T) is clearly given by S(—p, —o, —T) since the extra
term (07/ — ¢/7) vanishes at (¢ +¢’) = 0and (T + ') = 0.

-The identity matrix is obviously the neutral group element. [

2.4. Infinitesimal Iwai—Rew Canonical Linear Transforms and Integrals of Motion

The infinitesimal form of the Iwai—Rew canonical linear transformations is written in
the form of Equation (8), with infinitesimal (Ap, Ao, AT) as:

V = 0+plAT+pudo+Dp+...,

U = u-+pydo—puAt+...,

P, = po—Ac+...,

P, = put+AT+.... (12)
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Proposition 3. The infinitesimal transformations in phase space defined by Equation (12) are canonical
transformations: H and the Poisson brackets {V, P, },{V, P, },{V,U},{U, Py}, {U, Py}, {Pu, P»}
are invariant.

Proof. By working out the Poisson brackets using Equation (12), they will appear to remain
in the canonical form of Equation (8), while the form of the Hamiltonian in the variables
(V,U,P,, P,) is the same as the form in variables (v, u, py, py). O

We now determine the three generating functions (Fp, Fy, Fr) from the three sub-
groups of canonical transformations, respectively defined by the following equations:

ot V=0+8p,U=1uPy=py,Pu=py
F, : V=04 p,Ao,U = u+ p,Ac, Py, = py, — A0, Py = py,
Fr ¢+ V=04 p,At,U=u—p,AT, Py = py, Py = py + AT. (13)

Then, partial derivatives of (Fp, F,, Fr) with respect to (v, u, py, pu) can be deduced as
follows:

c oF, 9F, _9F, app_o
p - 7 - 7 - 7 - 7
v ou Py Py
F . %—1 %— aﬁ— ai_
T 90 T Y au ap, Pwap, TP
J Oy _ 1 9 _ —1,& _p,, e (14)

0 ou e opy "

Therefore, we obtain the exact differentials (de, dF;, dF;) in terms of (dv, du, dp,, dpy,)
(Schwarz’s theorem is trivially verified for all pairs of variables). Their integration yields
the sought integrals of motion:

1 1
Fo=po, Fo= (popu+0), Frzzpf,(zp%ﬂru). (15)

Proposition 4. The free fall system in two dimensions is super-integrable since its has three
integrals of the motion:
{(F,,H} = {F;,H} = {F;,H} = 0. (16)

Proof. Compute the three Poisson brackets and observe that they are zero. O

Proposition 5. The three generating functions (F,, Fy, Fr) build a Lie algebra structure, the dy-
namical symmetry algebra 2App of the two-dimensional free fall with respect to the Poisson bracket:

{Fp,F;} = —I, {Fy,F:} =2F, {F,F,}=0. (17)

Proof. Work out the Poisson brackets and use the expressions of the (Fp,Fg, Fr) from
Equation (15). They are identical to those of Iwai-Rew [4]. If we make the substitutions
Fp — I, F — F, F — F inour Equation (15), we recover the Iwai-Rew commuta-
tion relations given by their Equation (2.21). [

Remark 1. Observe that the classical trajectory data (two initial position coordinates, two initial
momentum coordinates) can be used to compute the values of H, Fy, Fy, Fr and vice versa.

Proposition 6. Origins of the integrals of motion
(a) F, is due to translational invariance of H in the Ov direction;
(b) Fy is due the separability of H in a 7t /4-rotated coordinate system;
(c) Fr is due to the manifest separability of H in v and u variables.
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Proof. (a) For this case, the proof is trivial because v is a cyclic variable in H.

(b) Consider the change of variables { = (1 +v), { = (4 — v), from which one
deduces u = %(@ +{),v = %(@ — ). Then, since p, = 0, py, = 1, we have p, =
$(pe +p7), pu = 3(pz — pg). Substitution into the expressions of H and F, yields the
following equation:

H=g{ (i) + (pree) | ma = g{ (phee) - (240} o

where H and F, are both separable in the new coordinate system obtained by a 7r /4 rotation
of the (v, u) coordinate system around the origin. In fact, they are the sum and difference
of the one-dimensional free fall Hamiltonian in the ¢ and { directions. Hence, {Fa, H } =0.
In reference [10], it was claimed that at the quantum level, F; is due to separability in
translated parabolic coordinates. But so far, no proof has appeared in print.

(c) As H is the sum of a free-motion Hamiltonian in the v-direction, and the Hamilto-
nian is that of a one-dimensional free fall in the u-direction, it is then clear that F;, which is
the difference of these two Hamiltonians, should verify {F;, H} = 0. Since the total energy
is conserved as H = E, it may be simpler to write Fr = (p2 — E). O

Remark 2. We notice that v-parity is also a dynamical symmetry and a discrete canonical
transformation since v — —v (which also implies p, — —py) leaves H as well as {v, p,} =1
and all other Poisson brackets invariant.

2.5. The Free Fall Problem as a Special Limiting Case of the Kepler—Coulomb Problem

In this section, we show that the free fall problem can emerge from a special limit
of the Kepler-Coulomb (KC) problem or the problem of the inverse distance potential,
occurring either in gravitational or electrical interaction. This problem is known to be
super-integrable and in two dimensions, and the set of its three integrals of motion makes
up the components of the so-called Runge-Lenz vector [11]. Here, we adopt the notations
of [12], with the particle mass set equal to one.

The idea is simple. The inverse distance potential « /r arising from a source of strength
x is rotation-symmetric, where r is the distance from the source to the observation site.
If the source recedes to infinity in the u-direction, the potential at the observation site
tends toward zero. But one may compensate this potential decrease by taking a source
strength x(r), which increases with the distance. Thus, we may choose an increasing
functional dependence so that in the limit of infinite source-observation separation, a linear
potential appears.

In our Cartesian coordinate system, if the source of strength « is placed at the coordi-
nate origin, the Hamiltonian of the inverse distance problem is the following:

K

O
Hyc = i(pv +ru) — Nk (19)
and the three integrals of motion are given by [12]:
Ly, = (Upu — qu),
K
Ky, = (Upu - uPU)Pu - U\/ﬁ/
x
Ku = —(Z)Pu — MPU)PU — u\/ﬁ, (20)

where L;, is the angular momentum around Ow, which is orthogonal to the plane Ovu.
They verify the Poisson bracket relations of the dynamical symmetry algebra g

{Lw/ KU} - Ku/ {Kur Lw} - er {er Ku} = _2HI<C Lw- (21)
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Now, if the source is no longer at the origin O but situated on the Ou axis at a distance
I from the origin, the Hamiltonian and the components of the Runge-Lenz vector have
new expressions Hj and (L}, K}, K},), which are deduced from the previous expressions
in which u is replaced by (u + 1) and « by x(1):

1 x(1)
[ U S S (U N 22
and
Ly = (opu—upo)—Ipo,
/ k(1)
Ky = (vpu—upo—Ipo)pu — Ve
x(1) (23)

! .
Koo = —(pu—upo—lpapo = (w4 1) emsis.

Now, as I — oo, the asymptotic behaviour of the inverse distance potential is as
follows: l l .
x 8 u
U T ) o
(u+1)2402 ! ! !
Hence, if the source strength increases as (/) = I?, then the inverse distance potential
reaches the limiting form of a linear potential in u:

o — —l+u+0O(

(u+1)2+ 02

N‘)—\

) (25)

In this limit, the inverse distance potential problem tends toward the free fall problem
up to a negative infinite constant:

H}<C~H—l+(’)<§>, (26)

and the components of the Runge-Lenz vector take the following asymptotic forms:

Ly, ~ —lpo+ (vpu —upo),

— =

),

1
Ky~ —P+1pd— |(opu—upo)po — 1] + O(7), (27)

K, ~ —l(pupo+0)+ (vpu — upy)pu + uv —vO(

Theorem 1. The dynamical symmetry algebra of the free fall problem Arr is a contraction of the
dynamical symmetry algebra of the Kepler—Coulomb problem Agc.

Proof. We now rewrite the Poisson brackets of the Kepler-Coulomb problem when the
potential source is at a large distance ! from the origin, and then replace the generators
(L., K}, K],) by their asymptotic expansions for I — oo. Therefore:

(a) {L,, K} = K, becomes

—_ =

{(vpu —upy) =1 Fy, =1 Fy + (vpu — upy)pu +uv —0v0(5)} =

). (28)

— =

— P41 (Fe+ H) = [(opu — upo)po — 2] + O
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Extracting the leading order in /? on the left-hand side and on the right-hand side, we
obtain {F,, F,} = —I, as expected; see Equation (17).

(b) {K],L},} = K], becomes

), (Vpu — upo) _le} =

~| =

{12+ 1(Fe + H) = [(opu — upo)po — 1] + O

1
— 1 Fs + (vpu —upv)pu—i—uv—v(’)(j). (29)

Collecting terms of leading order in I? on both sides of this equation, we get {Fr, F,} =
0 since there is no term in /2 on the right-hand side.

(o) {K}, K}, } = —2Hy L}, becomes

— =
~| =

{_ZFU"F (vpu — upy)pu + uv —vO( )1_12+Z(FT_H) - {(vpu — Upy)po _”2} + O( )} =

—Z(H—Z—{—O(})) ((vpu — upo) — L F,). (30)

Equating terms of order d? on both sides of this equation yields precisely {F, Fr} =
2F,. Hence, we reproduce all the Poisson brackets of %pr. [

2.6. A “Higher” Order Integral of the Motion

We now raise the question whether there exists a “higher” order integral of the motion
as a construct of the dynamical symmetry algebra generators. What comes to mind is a
weighted sum of squares of the (F,, F, Fr), an object similar to the square of the angular
momentum in a rotation algebra. Instead of a tedious systematic search, a more astute
way of finding such an integral of the motion would start by observing that the symmetry
algebra of the Kepler-Coulomb problem does have a non-trivial limit when the source
strength is turned off, i.e., x = 0. Then, the generators take the following form:

Ly = (vpu —upy), Ko(0) = (vpu —upo)pu, Ku(0) = —(0pu — upo)po. (31)
They fulfil the same Poisson bracket relations as those with x # 0:
{Lw,Ky(0)} = Ky (0), {Ku(0), Ly} =Ky(0), {Ko(0),Ky(0)} = —2Hy Ly, (32)

where Hj is the Hamiltonian for free particle motion in two dimensions.

Now, if we allow a linear potential to “grow” in the u-direction, rotational symmetry
disappears. Hence, L,, must be discarded as a possible integral of motion in the presence
of a linear potential u. Thus, from the two remaining (K, (0), K, (0)), only one can survive
under a modified form as a “higher” order integral of the motion, because of Poisson ’s
theorem in Section 2.1.

Let F? be this hypothetical “higher” integral of the motion. As the introduced linear
potential is in the u direction, we may assume F? to be of the simple form:

Fz = KM(O) _'_h(v/ 1/[, pv/ Pu)/ (33)
where h(v, u, py, pu) is an unknown function in phase space.

Proposition 7. There exists a second order integral of the motion F* given by the following
equation:
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1 1
F? = Ky(0) — EUZ = —(vpu — upo)po — EUZ- (34)

Proof. The function h(v,u, po, pu) is determined by the condition { F?, H} = 0. Since from
explicit computation one gets the following:

oh oh oh
2 _ _
{F ,H} _—avpv+—aupu+ap +op, =0, (35)

u

it is obvious that one should require that h(v, u, py, pu) = — %02. O
Remark 3. The same search procedure for another quadratic integral of the motion does not work
with K, (0) because the commutativity of the Poisson bracket with H leads to impossible conditions

having to be satisfied.

Proposition 8. The expression of F2 in terms of the generators (F,, Fs, Ft) is as follows:

1 1
F? = HF? — 5 F2— 5 (et H)?, (36)

Proof. Substitute the expressions (H, Fo, Fy, F;) into the expression of F 2 O

Corollary 1. The Poisson brackets of F> with the generators (Fo, Fy, Fr) are easily obtained:
(PR} =-F {PFR}=25F {PF}=-25F. (37)
Proposition 9. The infinitesimal transformation generated by F> with parameter z is canonical.

Proof. The infinitesimal canonical transform generated by F? with the parameter z is given
by the following equations:

V = v+ (vpy —2upy)Dz+ ...

U = u+top,Az+...

P, = po— (popu—+v)Az+...

P, = putpiiz... (38)

We can check that the Hamiltonian remains invariant if the terms of order (Az)? are
ignored:

H(© ', por, pur) = H(0 18, po, pu) + ((popu+0)2 4 pt) (822 + .. (39)

Next, we can verify that the six canonical Poisson brackets are preserved, but the
details are not presented here. Moreover, it does possess the additive abelian group
property with respect to z, i.e., S(z) - S(z') = S(z + 2’), as can be checked explicitly. O

2.7. Passage to Parabolic Coordinates and the Physical Meaning of F?

The issue here is to understand how F? arises as a dynamical symmetry. The com-
prehensive work of Miller et al. [13] on quantum separability has revealed that parabolic
coordinates do play a central role. Following this indication, we make a passage to parabolic co-
ordinates (x, y) from our Cartesian coordinates (v, 1), as defined by u = (x> —y?), v = xy.
The Lagrangian L then changes to a new expression:

L:%(u2+z>2)—u:%(x2+y2)(5fz+y'2)—%(xz—yz)' (40)
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From the following definitions of conjugate momenta:

AL oL
Pu = u =W Po=%5 =
oL , oL .
e = gr= (AR Py:ay:(xzwz)y, (41)

we deduce a relation between the (v, u) and the (x,y) momenta:

_ YPx " YPy _ YPxtXpy

=Gy T ey “2)

This allows for the acquisition of new expressions of H and F? in parabolic coordinates:

1pi+r 1.,
2.2 2 2
2 Xy Px 2\ _(Py_ >
F = 2(x2+y2){(x2+x) <y2 y)} (44)

As such, these expressions do not show any obvious x and y variable separation.
The three integrals of motion (F,, F;, F) also do not display any obvious separation into an
x part and a y part when re-expressed in the parabolic coordinates. Next, we recall that the
initial conditions (vg, ug, p9, p9) fully determine the four integrals of motion (H, F,, Fy, Fr).
Hence, F? has a fixed value because it is a construct of these four integrals of motion.

Proposition 10. For H = E, F? takes a constant value in the range of energy values E (E) of a
confining quartic oscillator with an angular frequency square (—E).

Proof. As total energy is conserved, H = E implies that the following relation must be
verified for all (x,y) # (0,0):

1 1 1 1 1
m {<2p§—Ex2+2x4> + (2p§—Ey2—2y4>} =0. (45)

This means that for a given E, the sum of the Hamiltonians of a confining quartic x-
oscillator and a non-confining quartic y-oscillator must be equal to zero for all (x, y) # (0,0).
Since these one dimensional quartic oscillators are time-independent, their respective
Hamiltonians have fixed values, i.e.:

1, o 14\ _ 1, o 14\ _
(-3~ e, (p-E- 1) = E-e) 46)

takes all real values above the minimum value of the quartic x-oscillator Hamiltonian
2,2
X 1/1 1 1
P P (1L ey la) ]
@+ B

however, subjected to the condition E (E) + E_(E) = 0. Note that for a given E, E, (E)
polynomial in phase space.

On the other hand, F? may be rewritten as follows:

1o 2 14
Z 2 _E— =
2+ |2 \2 2 y <2py Y 2y>}
2,2
Xy (EJ;(ZE) E_]/(ZE)> (47)

Since E+ (E) + E_(E) = 0, one gets F? = E4(E). This is due to this new aspect of

separation of variables called the Stickel separation of variables. [J
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2.8. Third Order Integrals of the Motion

In [13], it is shown that third order super-integrable systems separable in parabolic
coordinates admit second order integrals, while third order integrals are reducible, i.e., they
are Poisson brackets of second order integrals of motion. Here, we have:

P = {F, P} = p} = 2upo — povl, P = {F, P2} = —(pupd +20po).  (49)

However, these third order reducible integrals of motion do not generate one pa-
rameter infinitesimal canonical transformations because they do not leave H functionally
invariant and are consequently uninteresting.

3. Schrodinger Quantization of the Two-Dimensional Free Fall Problem
3.1. Quantization

The Hamiltonian form of the free fall problem lends itself nicely to its quantization.
The classical canonical variables are put into one-to-one correspondence with their quantum
counterparts, as self-adjoint operators in a Hilbert space of states $3:

(U/ Po, U, Pu) <~ (@v/ ﬁvr @ul P\u) (49)

They build a direct product of v and u Heisenberg algebras (here 1 = 1 for ease of
writing): R R o
[sz Pv] =1, [Qu/ Pu] =i, and [Ov/ Ou] =0, (50)

where (A)v (respectively éu) means (Qv, 130) (respectively (A)u = (Qu,ﬁu)).
The quantum Hamiltonian, the dynamical symmetry algebra generators, and the
quadratic integral of motion are then given by the following equation:

~ 1 ~ ~ ~ ~ ~ o~ ~ ~
H= E(ﬁg—’_ﬁg) + Qu, Fp =Py, Fr=PyP,+Qy, Fp 2133- (51)

They fulfil the quantum commutation relations deduced from their Poisson brackets
classical counterparts:

[P\p/ﬁlf] :_II/ [1/:\(7/?‘[] :21?})/ [I/:\T/l/:\‘p} :0/ (52)
where I is the identity operator. The quadratic integral of motion F? is as follows:
2 A P2 155 A DN\D 1 2
F* = QuP; — E(Pva+QvPv)Pu - EQU (53)

3.2. Schrodinger Representation

It is convenient to work with the Schrodinger coordinate representation. The Hilbert
space §) of states |p) € $ is represented by the square integrable functions ¢(v,u) =
(v,ulp), where |o,u) for (v,u) € R? is a continuous set of complete and total set in ).
The canonical dynamical operators by differential operators in (v, u) are as follows:

PO .0 . d
(QU/PU/ QM/PM) = <U/ _Z%/ul _Zau> (54)
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Consequently, the differential operator representation of the Hamiltonian, the dynam-
ical symmetry generators, and the quadratic integral of motion are as follows:

. 1/9* 92
H = _2<802+8uz)+u'
N .0 o 02 ~ ?
Fp = —laz),Fg—(—aZ)al/l“‘U),Ff——(avz"'H),
02 2 19 1
2 v Y v 12
Fo= (Uavau “502 T 20u 20). (55)

All Poisson brackets from the classical (H, Fy, Fy, Fr,, F?) now become quantum com-
mutators between (ﬁ, fp, I?U, I?T,fz), as can be easily checked. Let ﬁpp be the algebra
generated by (H, l?p, E, I?T).

fzzﬁﬁz_l”z_l(mﬁ)z. (56)

Proof. Use the expressions in Equation (55) and substitute in (56). O

As usual, the space of relevant wave functions £? (v, u) are generated by the eigenfunc-
tions of the stationary Hamiltonian operator H. At this step, to determine this functional
space, boundary conditions should be specified. As pointed out in the previous section
on the classical mechanics of free fall motion, we are concerned with global motion along
parabolic trajectories in R?, with concavity turned downward and not with the bouncing
motion on a horizontal line v =constant or the billiard motion inside a two-dimensional
box. Both have overly restrictive boundary conditions, rending the wave functions uninter-
esting. Therefore, only stationary wave functions with free boundary conditions on the
v-axis and on the negative u-axis solutions of H ¢ (v, u) = E g (v, u) are considered here.

Since H is separable in the v and u parts, elementary solutions are of the product form:

) 2
AN (vu + ,’;2 — 715), (57)

where 73 = 2 and Ai(x) is the first Airy function which decreases at x — co; see [14].
Hence, the spectrum of H is real and continuous. An arbitrary stationary eigenfunction
Yr(u, v) with an eigenvalue E is given by an integral on k:

. o 2
Pe(n,0) = /]R dk e*° P (k) Ai (w + :2 - ny), (58)

where §¢ (k), yet to be determined, appears as a density amplitude representing the relative
distribution of the v-motion with respect to the u-motion parts for a fixed E in ¢g(u, v).
Both g (u,v) and g (k) describe two aspects of the same quantum state |r).

Proposition 11. As (1, v) represents a probability amplitude in £*(v,u), $g (k) is a square
integrable function on R, i.e., v (k) € L2(k).

Proof. Let us compute the overlap integral (£ |¢r/) between two eigenstates of energies
Eand E':

dudov * (0, 1) g (0 u)—/ dudov
27_[ lPE ’ l)bE, 7 - R2 27_[

(YE[YE) 2/

R2

o 2 o ”
/R dk e~ Gk (k) A ('yu n iz - 715) /R dK' ek G (k') Al <’yu v ’fyz - 715’). (59)
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The 27t factor is just for convenience. Integration over dv yields 27t 6(k — k’). Then,
after k’-integration, one may consider the remaining u-integration.
This u-integral is readily given in [14] by equation 3.108 on page 57 as follows:

Jm/_iduAi(”:gAi(”;b) x
= 6(a—D0), if B=ua,
! Ai( b—a ) if B> a (60)

B - \|p -l

Hence, we have a relation between the inner product in L2 (v,u) and the inner product
in £2(k):

L 52 o) pur(o,) = 9 26— E) [ dkGEC0) () (61)
It expresses the completeness of the eigenfunctions ¢g (v, u), provided that:
[ PR P () < e (62)
Hence, ¢ (k) € £2(k). O

Theorem 2. The integral mapping Y (v,u) € L2(v,u) — Pr(k) € L2(k) is invertible, i.e.,

. 12
e (k) = /RdE /RZ dudo Yg(u,0) e 7 Ai ('yu + I,{Yz - 'yE’). (63)

Proof. By integrating both sides of Equation (58) with the following equation:

dudo K2
/Rz % AN (w toao 'yE’), (64)

we get the following integral on the right-hand side:
/ L N L / dke e () Al qu+ o —1E).  (65)

Assuming Fubini’s theorem hypothesis, we can exchange integrations and the ‘21—72—
integration would yield é(k — k’). Then, after integration on dk, the right-hand side be-
comes:

~(k’)/dlAi wt BB ai( gt (66)
YE _r r 7 0 v 7 YE ),
which, upon application of the integration formula (60), yields the following:

2

dudv ikl .. k ~ _
L5 peluo)e oA (et 5 <) = e¥)r 2E-E). @)

A last integration on dE on both sides of this equation gives the final result:
" . k/Z
v (k) = ,yz/ dE /2 dudv i (v, u) e *? Ai (’yu + P ’yE/). (68)
R R

Hence, the integral mapping g (v,u) — ¢g(k) is invertible, provided that a sum-
mation on E is performed or uses complete data. In this respect, it may be called the
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Fourier-Airy Transform. These two amplitudes describe the same physics in two different
contexts. [J

3.3. Representation of the Dynamical Symmetry Algebra Arr by Klink's Algebra

Proposition 12. The action of the Arr generators on the wave function W (v, u) is easily trans-
ferred to the wave function g (k) according to the following:

. _ K
Hyp(v,u) = E/dewlf(k>elvAi<7u+,Y2_7E>'
N ~ i k2
Fpl[JE(Z),u) = /de (kye(k)) " Ai ('yu + ? — 'yE),

~ - . 2
Foe(v,u) = /de (1;;) (k) e'kv Ai(’m + :2 — ’yE),
- 2
Fepe(v,u) = /R dk (k* — E)pe (k) €™ Ai (’Yu + Z;Z - ny). (69)

Proof. The action of H is E since Yr(v,u) is an eigenfunction of H.
As F, and F; are represented in £2(v, ) by v-derivatives acting under the integral
A
1KO

sign on ¢/, we successively get k and k? acting on ¢ (k).

For the action of 1?0 = (—% + v ), we observe that:
2

vye(v,u) = /del;bvg(k) (iaakeik”> Al (’yu + Z(yz - ny). (70)

Since the Airy function vanishes for k = £0co, we perform a partial integration in k to
get the following:

'i’“ ikv A3 E_ ” ikv A 37 E_ :
/de(laklpg(k))e Al(yu+72 +E +/de¢g(k)e Al (ot 2y =9 Jink ()

where Ai’(x) is the derivative of Ai(x). We then observe that the second integral is as

follows:
82

ou avlpE(viu)' (72)

Hence, the action of F, on ¢ (v, u) is replaced by i%tﬁg (k) in £%(k). O

Corollary 3. As a consequence, the action of F2 on (v, u) is translated into action on (g (k)
as the action of the one-dimensional confining quartic anharmonic oscillator Hamiltonian in the k
variable on the wave function P (k):

2 ) 2
F2ye(o,u) = —/ dk{(—; % — EK* + ;w)&,g(k)}elkvm(yw ,’;2 —'yE) (73)

R

Proof. Use the expression of F? in terms of the following dynamical symmetry algebra
generators (Fy, Fy, Fr):

~ -~

~ 1
P2 = (HE - 5B — 5 (B + H)?), (74)

NI —

and the previous proposition. [

Corollary 4. The mapping e (v,u) — Qg (k) induces an isomorphism between the two-variable
algebra generated by (Fy, Fy, Fr), and the one-variable algebra generated by (k, i ﬁ, k?), which is
known as Klink’s algebra for quartic anharmonic oscillator and for which the quadratic integral of

motion F2 is the Schridinger Hamiltonian of this quartic anharmonic oscillator [15].
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Proof. The commutators of (fp, £, fT) are isomorphic to those of (k, i%, k?) by computa-
tional checking. O

This relation shows how the one-dimensional confining quartic anharmonic oscillator
is linked to the two-dimensional free fall. Note that this relation cannot be established if one
had started with the one-dimensional free fall problem. In classical physics, the presence
of quartic anharmonic oscillators in the free fall problem arises only when parabolic
coordinates are introduced. This is not the case here. There is still another curious relation
between the two systems discovered by Voros in [16].

3.4. Finite Quantum Canonical Transforms

Proposition 13. The finite quantum unitary transforms generated by (l?p, E,, E;) are expressed as
follows:
Up =exp—ipFy, Uy =exp—icF, U;=exp—itk. (75)

They produce the quantum version of the classical Iwai—Rew transform (see Equation (8)).

Proof. The proof is trivial and involves the use of the Baker-Hausdorff-Campbell formula:
T -~ ~ & 1 ~ PPN
Y, ¥
e’ Xe' =X+[Y,X]+ o =Y, +[Y, X]] +...

where (X, 17) are operators. Because of the commutation relations of 2Arr, the computation
of this Baker—-Hausdorff-Campbell on (Qy, Py, Qu, P,;) yields only a few terms, whose
coefficients are precisely those in Equation (8). O

Proposition 14. The action of (Up, Uy, U ) on the wave function g (v, u) may be represented by
the following integral transforms:

~ o . 2

Uppe(v,u) = /R dk (e_lkpll)E(k)> e A (7(u —E)+ ,1;2),

Uspp(o,u) = /dk”(k+a)e"kUA'< (u_E)+’<2)
oelou) = | dkye if )

o . 2
Urpe(o,u) = /de (e*”(k -E) 1/)5(1()) RN (7(u —E)+ ,1;2) (76)

Proof. The proof is straightforward. It uses the action of each generator given by Equation (69)
and then exponentiates it as action on {g (k ) This leads to unitary factors for UP and U, as

well as a shift in the argument of ¢z (k) for U, This is an alternative form to the one obtained
by Iwai—Rew [4]. [

3.5. Quantum Integrals of Motion and Consequences on the Schrodinger Wave Functions

In this subsection, we study the nature of the quantum integrals of motion. In particu-
lar, when a manifest separation of variables occurs in an operator O(U u) = O(v) +O(u),
the operator F F(o,u) = O(U) — O(u) automatically commutes with O(o, ).

(al)Fp exists since [H, Fp] = 0 because p is a cyclic variable, as in the classical case.

(a2) E; is due to the separation in the (v, u) Cartesian variables. Hence,

N 1 92 1 92 . 1 92 1 92
H—(zavz)+< 28u2+u> and Ff—<zavz)( zaz“‘) @7)
commute.

(b1) E, is due to the separation in 71/4 rotated Cartesian variables (¢, (). With the
following change in variables:

(v,u) = ((C+€) €—=0), (&7 =((u+0),(u—-0)), (78)
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(H, F,) becomes (H(E,2), F-(¢,2)) given by the following equations:

(53) (5930 (53) o

which commute.

(b2) However, there was an unproven claim of separation of variables in displaced
parabolic coordinates [10] as a justification for the existence of (E,). Hereafter, we provide
an argument that may explain this claim. Consider the intermediate space (k, u), obtained
after a partial v-Fourier transform from the (v, u) space. The Schrédinger equation in the
(k, u) space for stationary states of the eigenvalue E admits solutions in the form of:

k2
Ai ('yu + ? - ny). (80)

This solution has a constant value C on the parabolas of equation (u + %kz —E ) =C,

where C is a shift of the parabolas. Consequently, the tangential derivative of any function
of (k,u) along these parabolas is zero. This tangential derivative is just t -V, where

V= ( %3 u) is the gradient operator and t = (1, —k) is the tangent vector to the parabola.
Thus, we have the following:

0 2] . K2
( k+ak>A1(’)’”+72_7E> =0. (81)

Going back to the (v, u) space by the k-Fourier inverse transform, this tangential
derivative reappears as a (v, u) —partial differential operator (% - v) , which is just —F,.

Therefore, the claim of reference [13] is only valid in the (k, u)-space.
(c) F2isduetoa special form of separation of variables (Stidckel separation of variables),
when one changes from Cartesian (v, u) to parabolic (x, y) coordinates by the following

formulas: (u,v) = (ngy ,xy). After working out the expressions of the (x,y) partial

derivatives, we end up with new expressions in (x,y) for (H, F2):
N 1 19> 14 192 1,
) = gt (2 2) + (2an %)}

£ G VI (P YIS Sl S DT Y S
Floy) = x2+y2{y< e T2V ) T a2 ) e @

These expressions can also be obtained from the quantization of classical expres-

sions by replacing (px, py) with ( za =, —iy y) The meaning of this Stdckel separation of
variables is given in the following proposition.

Proposition 15. As the total energy is conserved as H = E, the eigenfunctions of H in parabolic
coordinates are products of Schrodinger eigenfunctions of confining and non-confining quartic

oscillators in the form of (v, u) ~ Pp(x,y) = ﬂ;)(x)@g)(y). Then, l?zﬁg)(x)ﬂ;)(y) =
B (0 )
Proof. Using the expression of H in parabolic coordinates given by Equation (82) and call-

ing the corresponding wave function - (x,y), we can transform the stationary Schrodinger
equation Hipy(x,y) = E¢(x,y) for all (x,y) # (0,0) into the following condition:

1 92 1 1 92 1 _
(3o b (3w a0
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Since this condition is to be satisfied for all (x, y) # (0,0), ¥z (x,y) should be a product
of eigenfunctions of the two separate Schrodinger operators in x and in y, with opposite
eigenvalues. For the confining quartic potential in x, it is known that this Schrodinger
operator has discrete non-degenerate point spectrum with the eigenvalues E = €, with
n € N, which are bounded below. On the other hand, the Schrédinger operator with
non-confining quartic potential in y has a continuous, real, non-degenerate, scattering-type
spectrum. Thus, Y (v, u) ~ P (x,y) must be of the product form (up to a multiplicative
constant):

Fr(xy) = P (0P (%),

verifying the stationary Schrodinger equations:

19 14\ _ _
(332 - B+ )T = D0 0 =T ),
192 1 4\—(- N (-
(263/2 ~ Ey? — 2y4) o = MR ) = —ER (). (84)
Then, after rewriting the expression of F2 under the following form:

s (21 [of (10 Lo 14\ o 19 5 1,
F _xz—i-yz{y( 292 BT 2o =)y @

we see that

B2, (x,y) = B9 (0 9 () = —E9L (0 95 () (86)

Hence, for H= E, we have necessarily —E as an eigenvalue of fz, where E = ¢, is
any eigenvalue of the confining quartic potential —|—%x4. O

3.6. Integral Relation for Schridinger Eigenfunctions of Quartic Oscillators

The passage to parabolic coordinates has a remarkable consequence on the eigenfunc-
tions of quantum quartic oscillators, as stated in the following theorem.

Theorem 3. The eigenfunctions of quantum confining and non-confining quartic oscillators verify
the following integral relation:

_ (- _ oy ns (X2 — Y2+ k> —2E

PP W) = ne [ a0 e Al( o ) 57)
Proof. Recast the expression of {r (v, u) in parabolic coordinates to get the following:

_ (- ~ iy~ (X2 —y*+ K2 —2E

AT ) = e [k e e ai TEEEES2E) ey

where i takes care of the fact that g (v, u) ~ ¥ (x,y) up to a multiplicative constant. Let

F2 operate on both sides of this equation. On the left-hand side, we get —Eﬂ;) (x) ﬂ;) (y)
according to Equation (86). On the right-hand side, we obtain:

1 d2 » 1.\~ i x2—y?>+k*>—2E
_ - Z Y Ai
#E/]de < 5 712 Ek” + 2k >¢E(k)e AI( 2 >, (89)

according to Equation (73). Hence, to have consistency between the two sides, one must

require that g (k) = ﬂ;) (k). Therefore, it follows that the eigenfunctions of the confining
and non-confining quartic oscillators should verify the integral relation above. [

Since the confining quartic oscillator is of dominant physical interest as a non-trivial
field theory model in zero space dimension, an integral identity for its eigenfunctions can
be derived from the previous identity via a “Wick-rotation” [17].
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Corollary 5. The eigenfunctions ﬂ;) (x) of the confining quartic oscillator fulfil the following
integral identity:

— — — cosh xx'k (x*+x"? + K> —2E
TP ) = e [ a0 (Gl ) ai(FEEEEEZE)

Proof. Since

1 i) = 1P ), and P (i) =97 (x), (91)
replace y with y = ix’ in Equation (88). Then, as parity is a good quantum number for
H(()St), the factor e =¥ in the integrand should be replaced by either sinh xx’k or cosh xx'k,
according to the parity of the state of energy E = €, for n € N. This last integral identity

was discovered long ago via the Weyl quantization of anharmonic oscillators [18] and
recently rediscovered by [19]. O

4. An Application to Wave Propagation in Duct of Varying Section

In 2003, B J Forbes et al. [20] observed that the Webster equation describing the excess
pressure p(u,t) in a fluid flowing in a duct with a slowly varying circular cross-sectional

area S(u):
1 %p(u,t) 1 9 ap(u,t)

2 a2 S(u) E)u(s(u) ou )' ©2)
where u is the space coordinate along the axis of the duct,  the time, and c is the constant
wave speed in the fluid, which can be turned into a Klein-Gordon equation with a potential
V(u) for a wave function ¢ (u, t):

102 92
(czatz = + V(u))tp(u,t) =0, (93)

ifp(u,t) =p(u,t)+/S(u)and

(94)

Hence, if we require that the potential to be linear V(u) = (u — d), where d is an arbi-
trary distance, Equation (94) shows that the duct section should vary as S(u) =Ai(u —d),
and consequently, Equation (93) is obtained from the two-dimensional free fall Schrodinger
equation by “Wick-rotation” v = ict [17] (without a factor 1/2 in the partial derivatives).
This Klein-Gordon Equation (93) admits a dynamical symmetry algebra which is the Wick
rotated QALF r. Note that the free fall ja integral of motion now becomes the Klein-Gordon
operator, and conversely, the free fall Hamiltonian operator is now an integral of the mo-
tion for the Klein—-Gordon operator. The quadratic integral operator of the Klein-Gordon
problem is now the Wick rotated free fall F2 operator. In this case, one directly gets the
integral identity for the Schrodinger eigenfunctions of the confining quartic anharmonic
oscillator; see Equation (90).

The general solution of this Klein-Gordon wave equation ¢, (¢, u) is formally analo-
gous to g (v, u); it is given by the w-integral for t > 0:

palt 1) = /Rdwf(w) Ai(’y(u —d)+ “’2) (95)

22
with the initial conditions ¢4 (0, u) and ¢,;(0,u) = %qbd(t, U)|t=0-

Theorem 4. The angular frequency distribution f(w) of ¢4(t, u) is fully determined by the initial
conditions.
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Proof. The proof uses the integral given by Equation (60) and also by correctly integrating
the delta function §(w? — w'?):

w' W
%(f(w’)Jrf(—w’)) = |C2/Rdu<pd(0,u)Ai((u—d)+C2>,

sgnw’

w'?
(~f@) s = B [ agouwaiw-a+%) 09

N —

where sgnw = |Zj—| is the sign of w. This fully determines f(w). O

5. Conclusions and Perspectives

In this paper, a complete account of the dynamical symmetries of the two-dimensional
free fall is provided both classically and quantum mechanically. The results may open
the way towards the construction of the representation of its dynamical algebra. This is a
challenging task which makes it necessary to understand the zonal character of the integral
relation fulfilled by the eigenfunctions of the confining quartic oscillator [21]. An extension
to dimensions higher than two, which may reveal new unexpected features of this simple
physical problem as it did in two dimensions, is foreseen as future work.
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Abstract: Accepting a time-symmetric quantum dynamical world with ontological wave functions
or fields, we follow arguments that naturally lead to a two-boundary interpretation of quantum
mechanics. The usual two boundary picture is a valid superdeterministic interpretation. It has,
however, one unsatisfactory feature. The random selection of a chosen measurement path of the
universe is far too complicated. To avoid it, we propose an alternate two-boundary concept called
surjective mapping conjecture. It takes as fundamental a quantum-time running forward like the
usual time on the wave-function side and backward on the complex conjugate side. Unrelated
fixed arbitrary boundary conditions at the initial and the final quantum times then determine the
measurement path of the expanding and contracting quantum-time universe in the required way.

Keywords: time symmetric quantum dynamics; two-boundary interpretation of quantum mechanics;
the resurrection of macroscopic causality; cosmological epochs without macroscopic descriptions

1. Introduction

The wave function and the fields are the draft horses of quantum mechanics and quan-
tum field theory. We here take a realist view about their ontological existence. Measurement
decisions involving collapses require the elimination of wave function components all the
way back. So, the realist view requires backward causation. The wave function and its
conjugate follow the Schrodinger equation, which is entirely symmetric in time. For field
theory, with its Hamilton function, the situation is analogous.

To accept time symmetry is a severe step. It involves some non-locality. Interpretations
used different strategies to get around it. The Copenhagen interpretation tries to avoid
backward causation by denying wave function ontological existence. In “An intricate
quantum statistical effect and the foundation of quantum mechanics” [1], we argued that
it is not successful in a broader quantum statistical domain and that backward causation
is unavoidable. The basic argument is: If identical particles are produced with a certain
probability at the time f; one can decide at a later time f; to allow them to mingle or to
keep them separate. This decision at the time ¢, introduces or prevents interference terms
which enhance or deplete the production probability a the time t;. As particle production
is ontological, it means backward causation. In some way, the acceptance of time symmetry
on a quantum level is a paradigm change. As we argued in “Time Symmetric Quantum
Mechanics and Causal Classical Physics” [2], there is nothing wrong with time-symmetric
quantum mechanics as long in our rapidly expanding universe an approximate classical
time directed physics can be obtained.

The term “conjecture” instead of “interpretation” was used as there might be unthought-
of problems. The most dangerous aspects are infinities which often lead to problems if
involved limits are not considered carefully. We, therefore, decided to take the universe as
finite with a vast lifetime from a big bang to a highly extended final state. As the universe
is almost empty and sparsely interacting at its end, the limit {; — co presumably exists but
is not taken.

As Sakurai [3] pointed out, most of the spectacular successes of Quantum Mechanics
(QM) lie in the domain of Quantum Dynamics (QD), meaning QM without the Measure-
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ment Process involving collapses. Many applications of QM involve just static situations,
and for most processes, one just needs to know the given initial and the possible final states.

2. The Components of Measurements

Nobody doubts QD; differences in interpretations concern the Theory of Measure-
ments. There is a lot of splitting and merging in QD in which no components are eliminated.
Such eliminations are an essential element of Measurement Processes. Empirically one
knows that such measurement processes in which components disappear require witnesses.
Usually, witnesses are observers who remember the choices taken. Here they can be just
objects whose existence documents past selections.

Some basic facts about witnesses seem not fully realized. The fastest witness pro-
duction involves phase changes [4]. For traceable witnesses, the by far dominant part
is low-energy photons. Any drift chamber, any circuit board, and, if he visits, Wigner’s
friend’s brain all emit measurable radiofrequency electromagnetic waves.

Individual photons with a radio wavelength between 0.03 and 20 m carry unmeasur-
able energies of 10~23and 1026 Joule. There have to be a lot of them, and there are known
to be penetrating. A substantial fraction of them will escape the apparatus, the laboratory,
and there is a special window for these frequencies in the ionosphere. In our expanding
universe, it means a large number of them will enter a part of the sky where they will never
encounter any interaction. In this way, the information of the measurement will be stored
in the final state. The final hypersphere (o< ¢ - t?) is enormous and even a single photon
will somehow reversed point to the precise emission region reflecting the measurement
decision. The stored information will not be disturbed by other particles. The same applies
to the other measurements. As emission takes a specific time, the number of measurements
in a finite universe is a finite huge number, say, { for “zillion”. In an expanding universe {
grows faster than its lifetime.

A measurement result will be definite, such as up or down. It means the same
choice on the wavefunction side and the complex conjugated one as described by the
following projection:

Pro interference(t) = | T>wave<y |wave ® | T>con]ugate</]\ ‘con]ugate (1)
+ | I>wave | |wave ® | ¢>conjugate<¢ ‘conjugate

To just add such an operator is not acceptable. It eliminates contributions that can
only be done in processes involving witnesses.

However, in a finite universe, no problem arises. The final state on the wave-function
side has to agree with that on the complex conjugated one. So, no mixed terms can
contribute, e.g., with 1 witnesses on the wave-function side and with | witnesses on the
other side. Formally for an unconstrained universe, one can replace the sum over all final
states by a unit operator connecting the wavefunction and the complex conjugate one
as done in Equation (2), depicting the evolution of the wave function and its complex
conjugate part.

Z/-’]'/’]-///]'/// < Z| U](t - ti) O U]/(tf — t) 1 u]-//(t - tf) O ij(tl' — i’) |Z >
N up - 1 — up — 7

Z]-lj/’]-///]-/// <i | U](t - ti) O U]/(tf - t) 1 u]'//(i' - tf) (@) u]'///(i'l' — t) | i>
— down — 1 — down —

or

@

That the witnesses on both sides have to agree to contribute is now apparent. I kept
the unit matrix to remember the separation. The argument stayed entirely in the domain of
QD, and no addition was needed.

Next, the measurement will have to determine an actual choice, like a projection
operator which takes 1 and eliminates |:

Pjump(t) =|1><1 | ®)

136



Symmetry 2021, 13, 2155

At what time should the operator act? Clearly, this should occur outside of the
quantum domain where all components are needed. This means it should occur behind a
good part of the witness production, but it can be later. As there is backward causation,
the only requirement is that states coming from the chosen component can be distinguished
from the unchosen one. As some witnesses stay forever, it is possible to move the projection
to the end, i.e., just before ¢ Iz

With everything except these measurement decisions integrated out, the number of
measurement-decision paths in the universe will again be a finite number like 2¢ . Of course,
it is somewhat lower as there are correlations in measurement results like that of Alice
and Bob and non-binary choices?

3. Two Boundary Quantum Dynamics

If we put all measurement projections to the end, we have QD everywhere except at
the boundaries. One can define a final density operator containing all those projections
and formally obtain the two-boundary interpretation [5-8] of QM. It is a serious, valid,
super-deterministic interpretation of QM [9].

An unpleasant feature with these and similar theories is the required random selection
of measurement path determined by the final boundary. For each measurement path i, it has
to obtain the absolute square |amplitude;|?. Witnesses prevent interference contributions.

It has then to choose a random number rand € [O, Zig!:l |amplitudei|2} and determine the

chosen | so that rand ~ 21[:1 lamplitude;|?. In our opinion, it is far too complicated to
be attractive.

There is a modified two-boundary interpretation, the surjective mapping conjecture,
which avoids this unpleasant random choice. No measurement choice projections are
needed. It takes the quantum time 7 € [0,2t] as fundamental and replaces the usual
expression for the density.

[RRT A
by
p(m=t)-P(n=2-t—t)
For simplicity we inserted the definitions of the arguments. The mapping (11, 7o) — ¢
involved is in the set theory called surjection. With the condition:

P(r) =¥(t =2t — )" 4)

the usual description would be obtained.

Equation (4) trivially holds around the unit operator 1 for t = ¢ & €. The highly
extended state at t; with all its witnesses strongly influences the smaller universe around
it to keep Equation (4) sufficiently accurate for a large part of the universe, including our
epoch. Where approximately valid, Equation (4) allows for a macroscopic description.

The formalism removes the constrain of this Equation (4). It allows for unequal
boundaries at the initial and final quantum time:

p(2ty) # $(0)F

They are result from a missing theory of the total quantum universe depicted in
Figure 1.
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Figure 1. The unknown quantum universe.
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T

One can evolve and revolve both boundary states to the state of maximum extend ¢/ :
< l/)(0)| U(i’f,()) and < 1/)(2tf)| u(tf,th)

In the conventional quantum theory, they would be equal, and their product would
be one. Now both sides are unrelated. Each occupies a tiny fraction of the vast phase space
of the universe at {¢ , presumably of the order of tj?3. No overlap is expected except for an

extremely tiny region:
< P(0)|U(tr,0) 1 U(ts, 2t)*[¢p(2tf) > = extremely tiny

There is no reason for the product to vanish.

It changes the picture of measurements. Consider a generic Stern-Gerlach experiment
shown in Figure 2 separately showing the wave function and the complex conjugate side.
They are split in an inhomogeneous magnetic field and then enter drift chambers, where
witnesses connected to the border state at t; fix a choice observable by charge coupled
electronics. The setup of the initial particle to a spin ® is common to both outcomes, 1 and
1, and can be ignored on both sides. The spin t-component and its future on both sides,
the wave function and the conjugate one, following the dotted red line is then given in
Equation (5):

<P(@)[P(1) >< P& DIUP(ErT) >y0) -

<Pl DIUPERE — 1) > < PDIB(@) > ©

An analogue expression holds for the spin |-component. The limited overlap at t¢
makes both terms tiny.

expanding phase .

‘®
e®_’:<:

e© . 1T Ibordsr®><bodsr Cb
contracting phase r Iborder@><boder (b
Vo
‘® T I
o |
drift chambers

Figure 2. Generic Stern-Gerlach experiment.

For statistical reasons, two independent, very tiny quantities are extremely unlikely
of the same magnitude. So one will be dominant and the other irrelevant. (Exceptional
situations—we ignore—might lead to multi-world choice between coexisting observers.)
It looks like a random process choosing one and collapsing the other, but it reflects the
influence of the available future paths.

This situation is not unimportant. A discontinuous dynamical evolution of the uni-
verse, i.e., one with jumps, is considered unacceptable on philosophical grounds. Further-
more, Einstein and other important physicists could not accept QM as a complete theory as
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it involved random dynamics, i.e., as “der Alte wiirfelt nicht”. The Surjective Mapping
Conjecture avoids random dynamics and offers the envisioned completion.

The boundaries at the initial and final quantum-times are fixed. We can still average
over many settings with different positions in the universe. The first and last factor in
Equation (5) is known to be independent of settings and can be pulled out. As the process
is basically symmetric one has for the average of the remaining factors:

[< W DUt ) > o)< $lEp, DIUPEE —£1) > o) ]

(6)

= [< Pt DUt L) >y < Pt DIUP2E =1, 1) >¢(ztf)}

It means the relative probability is given just by the first and last factors:
| <p(@)p(1) > ? and | <p@)p{) > ? )

as required by the Born rule. It comes out automatically, no special choice had to be made.

It reflects a general statistical property of QM (in Figure 3). For any setup with a
measurement defined by witnesses reaching ¢ f these witnesses, in turn, allow the matching
at t5 to determine individual measurements unpredictably:

setups
QM calculations
measurements <— | <— environment

Figure 3. General situation of a measurement.

No predictions are possible. Averaging, however, eliminates this seemingly random
influence of the environment, and predictive calculations are possible.
It is in some way a hidden variable theory. However, the hidden variable

Yt =0)" — ot = 2ty)

does not sit on individual particles where they would create problems [10]. It produces
a narrow overlap region at {;. which determines all measurements, like in the usual
two-boundary picture.

It is intrinsically somewhat less deterministic than the usual two boundary inter-
pretations [11]. What happens at a time 77 = t and 7, = 27 — t affects the evolution in
between, including the “final” ¢ 7 state. So, if one likes, one can add or imagine to have
added something like an outside, free-willed manipulation affecting this “final” ¢/ state.

4. Conclusions

To conclude, as a multi-particle physicist analysing Bose-Einstein correlations, I was
forced to accept backward causation. Backward causation and, consequently, non-locality
changes paradigms in the interpretation of QM, suggesting a two-boundary interpretation.
This note showed how a particular choice of boundaries could eliminate an un-pleasant
feature of this interpretation.
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Abstract: This paper is concerned with the modeling and analysis of quantum dissipation and
diffusion phenomena in the Schrodinger picture. We derive and investigate in detail the Schrodinger-
type equations accounting for dissipation and diffusion effects. From a mathematical viewpoint, this
equation allows one to achieve and analyze all aspects of the quantum dissipative systems, regarding
the wave equation, Hamilton—Jacobi and continuity equations. This simplification requires the
performance of “the Madelung decomposition” of “the wave function”, which is rigorously attained
under the general Lagrangian justification for this modification of quantum mechanics. It is proved
that most of the important equations of dissipative quantum physics, such as convection-diffusion,
Fokker—Planck and quantum Boltzmann, have a common origin and can be unified in one equation.

Keywords: decaying systems; Schrodinger equation; Madelung formulation

1. Introduction

Since the early 20th century, the challenging problem of dissipation and diffusion mod-
eling has been widely studied in quantum theory because a comprehensive understanding
of dissipation in quantum mechanics is fundamental to the foundations of this theory [1,2].
The quantum-mechanical treatment of dissipative processes and other nonequilibrium
phenomena has been the subject of much attention due to its applicability in various fields
such as solid-state and statistical physics, incoherent solitons, photochemistry, Brownian
dynamics, heavy-ion scattering, quantum gravity theories, dynamical modes of plasma
physics, propagation of optical pulses and damping effects in nonlinear media [3-5].

In 1926 (the same year Schrodinger published his celebrated articles), Madelung refor-
mulated the Schrodinger equation into a set of real, non-linear partial differential equations
comparable with the Euler equations which were used in hydrodynamics. Madelung
showed that the two equations were mathematically equivalent [6,7], and if one writes
the wave function in the form of e®*15, the Schrodinger equation implies that, first, S is
governed by a classical Hamilton—Jacobi-like equation, or alternatively that v = VSis for-
mulated by a Newton-like equation; second, p (which is defined as p(x, t) = |¢|* = R(x, £)%)
is governed by a classical continuity equation [8]. The only formal difference between
these equations and their purely classical counterparts is the existence of an additional
“quantum” potential. Since that time these equations have provided the basis for numerous
classical interpretations of quantum mechanics, including the hydrodynamic interpreta-
tion first proposed by Madelung [6], the theory of stochastic mechanics due to Nelson
and others [3,8-12], the hidden-variable and double-solution theories of Bohm and de
Broglie [13-15] and quite possibly other interpretations as well [8,16,17]. In some of these
theories, such as the hydrodynamic interpretation and stochastic mechanics, the Madelung
equations are taken as fundamental, and the Schrodinger equation is viewed as a mathe-
matical consequence [8].

In the Schrodinger picture, quantum diffusion and dissipation effects have been
effectively modeled by nonlinear terms of the type AAy, which was first formulated
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by Kostin [18,19] to describe nonlinear Schrodinger-Langevin dynamics, where A is a
friction constant and Ay = —ilog % is the argument of the complex wave function ¢(x, t),

and also later by logarithmic nonlinearities with the form log (|g|*)4, which was studied
by Bialynicki-Birula and Mycielski [20,21]. They suggested that this logarithmic form
maintains the lack of correlation between noninteracting particles. In a system under
observation, there are many degrees of freedom such that information would be lost in the
coupling process, which leads to dissipation [22]. Caldeira and Legget showed by using the
influence-functional method [23] that dissipation tends to destroy quantum interference
in a time scale shorter than the relaxation time of the system [22]. This result has given
justification for the use of logarithmic nonlinear wave equations [12,18,22,24] to describe
quantum dissipation. These equations are acceptable as a proper, practical bath functional
in time-dependent density functional theory for open quantum systems [22,24].

In this paper the main purpose is to obtain a deeper understanding of some equations
of quantum dissipation and their interrelations in a more satisfactory way based on the
influence-functional method. We start from the fact that the Lagrangian density equation
can be generalized to accommodate arbitrary wave functions. This is done using a sub-
stitution prescription for the principal function by applying a general complex function
of eP(¥1) to introduce a wide-ranging Schrédinger-type wave equation and their corre-
sponding Hamilton-Jacobi and continuity equations to access desirable results. It is shown
that this approach provides a unified framework to aggregate and reproduce the wide
class of Schrodinger-type equations compatible with the convection—diffusion, quantum
Boltzmann and Fokker—Planck continuity equations; this leads to a deeper understanding
of the nature of dissipative systems. We use Madelung's fluid dynamical formulation of the
Schrodinger equation, in order to quantize the generalized Hamilton—Jacobi equation [25],
which is intimately related to Hamilton-Jacobi theory. In this work, it is shown that the
spatial dependence of the real part of ef(*!) leads to the dissipative form of quantum
potential, which is first introduced here.

This paper includes two main parts. First, the Schrodinger-type equation for dis-
sipative systems via Lagrangian density and Euler-Lagrange equations is derived, and
the related Madelung decomposition is discussed. In the next section it is shown that
by assigning appropriate functions for B(x, t), a wide range of important equations in
nonequilibrium quantum physics, such as convection—-diffusion, Fokker-Planck and quan-
tum Boltzmann, are obtained.

2. Schrodinger-Type Equations of Dissipative Systems
2.1. Derivation

The Lagrangian approach based on the Principle of Least Action has been a unifying
principle in almost all areas of physics to obtain dynamical equations. The Lagrangian L is
a functional of field amplitude ¥(x, t). It can usually be expressed as the integral overall
space of a Lagrangian density £(i). If the field Lagrangian density £(¢) is given, we can
obtain the dynamical field equation from the Euler-Lagrange equations [26-29],

oL 9 (oL 39 oL
ETT <a¢> ‘i_zlaxi<a<aw/axi>> —0 @

where % is a partial derivative.
Based on the Lagrangian approach, one can obtain the Schrédinger equation by its
corresponding Lagrangian density [26,27], which is

d h? aP* d
catr) =ity 5 - 270 (55 ) (52).
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If we define ¢ = a t ¥ and the gradient as V (ﬁ 'y a@> the above equation can be
written as
s h2 — =
Lay) = ip*y— 5Vy* - Ty, @

Here y(x,t) is a complex function, and we can treat ¢ and ¢* as independent fields.
Now we can put the Lagrangian density (2) in the Euler-Lagrange Equation (1) for the
field ¢* to obtain the Schrédinger equation (or ¢ for its complex conjugate), and end up
with the Schrédinger equation for free particles [26,27,30]:

ap
—inS = vy 3)

2 2 2 . .
where V2 = (aa?, aa?, aa?) is the Laplacian.

Theorem 1. If (x,t) satisfied Equation (3), and it can be written in the form {(x,t) =

e Pt yp (x, t) where B(x,t)e€ and x € R3, t € R, then P(x,t) is also the solution of the
following differential equation,

ap (= = \?
-in% 2m<v+vg) v, 4)

Proof. By putting ¢p = ePDy(x,t) in Ly, we have

Lalpo) = () UG - LY@y Sy
ifeP” P yp* (§¢+ m) — I eb"eb (lp VB + VIP*).(IPVﬁ-i- Vzp)

Now ef"ef = elPr=ifi)+(Pr+ifi) — e2Pr where B,(x,t) and B;(x,t) are the real and
imaginary parts of B(x, t). By defining Lp(¢) = L, (¥p), the above equation gives

£o(p) =y (Fo-+ ) - 5o (V6 - Vo4 96 Fury+ 96 Tyyr 4 992 Fy). )

This is the Lagrangian density of dissipation wave function. Now to obtain the
dynamical equation of dissipation wave function, we substitute £p in the Euler-Lagrange
Equation (1) to obtain

lhaﬁlpﬂﬁf_f(vﬁ* v/;) Vﬁ* V¢+ 22(VB, - VB

: ©6)
+2ﬁm (Vzﬁ)lp + vﬁ Vl/] + TZVIB,, VI/J -5 V2¢ —0.

To simplify the above equation we replace f = (B, +1iB;) and p* = (B, —iB;) in some
terms in Equation (6), then we have

{inf+ Eviply + {m%%z’;,vzzp} (98 p+ (V) p+iE2VE, VB + LBy @)
+ VBV =0,

By using the two following equations

- 2 — - 2 - 2 - 2 - =
(VB) 9= (Y +iVB) p = ((Vﬁr) (VB +izwsr.wsi)¢ ®)
and - = — - =
VBV = (V,By + iV,Bi).Vl/J 9)
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Equation (7) is rephrased in terms of 8 as

{lﬁaﬁlp +ih a‘f} + —V%p +o- Vzﬁlp + (Vﬁ) ¥+ fizv;a Vi =0.

Finally, to shorten Equation (9) and have an optimal form we use

e A — 2 — =
(V+VB) ¢ =V + V2B + (VB) ¢ +2VAVY

Therefore, we conclude

dp Wz 22 d
_in2¥ m(V+Vﬁ)lp+iﬁa—f¢ (10)

Equation (10) is a dissipative Schrodinger-like equation (DSE).

Theorem 1, to some extent, is comparable to the Stoker [25] method, which has a
variable function from which different equations can be obtained. Stocker’s method was
rudimentary and was not covered thoroughly. In the quantum hydrodynamical framework,
Nassar [22,31] proposed a generalized nonlinear equation covering some of the famous
equations due to Kostin [18], Stissmann and Hasse [32], Bialynicki-Birula-Mycielski [20],
Stocker—Albrecht [25] and Schuch-Chung-Hartmann [33]. His equation had a variable
parameter to produce different equations. Zander, Plastino and Diaz-Alonso [34] have
investigated the nonlinear equation proposed by Nassar [22], and in its corresponding
Hamilton-Jacobi and continuity parts some terms are left undefined. Recently, Gongalves
and Olavo [35] have derived, from first principles, a generalized Schrodinger equation that
encompasses dissipative phenomena. Their results are not applicable to different equations
of quantum dissipation systems.

Our approach is based on a variable complex valued function of e#(*!), which can
produce Fokker-Plank, convection—diffusion and quantum Boltzmann equations. These
equations are only some examples of the applicability of this approach.

In this work, to the best of our knowledge, for the first time we present:

(A) a formalism which aggregates most of the important equations of dissipative
quantum systems in a comprehensive manner; this leads to a deeper understanding of the
nature of dissipative systems, see Section 3;

(B) a general form for quantum potential that would appear when the dissipation
parameter depends on space, such as plasma currents where the quantum Boltzmann
equation is used [36], see Sections 2.2 and 3.4.

Corollary 1. if B = —t (v > 0), we have e~ "'y which describes a decaying wave function, then
its relevant wave equation is

2
—mal) = ivzxp — ih|y|b. (11)
2m

Corollary 2. if B = i% (where % is the Aharonov—Bohm parameter [271]), we have elfic Y which
describes an Aharonov—Bohm effect, and its relevant wave equation is the same as the standard
Schradinger equation.

2.2. Madelung Decomposition of DSE

The equations of quantum hydrodynamics (Madelung equations) are Madelung’s
corresponding alternative formulation of the Schrodinger equation [6], which is written
in terms of hydrodynamical variables. The derivation of Madelung equations is similar
to the de Broglie-Bohm formulation, which represents the Schrédinger equation as a
quantum Hamilton—Jacobi equation [37]. The Madelung equations, by their virtue of being
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formulated in the language of Newtonian mechanics, make it possible to construct a wide
class of quantum theories by making the same coordinate-independent modifications found
in Newtonian mechanics, without any need to construct a quantization algorithm [38].

Consider the one-dimensional time-dependent Schrodinger Equation (3) and write
the polar form of wave function in terms of amplitude R(x, t) and phase function (or action
function) S(x, t), i.e.,

W(x,t) = R(x, e, (12)
in which both are real valued functions. The probability density associated with this wave
function is p(x, t) = R(x, ).

By substituting this wave function into the Schrédinger Equation (3), one obtains a
system of two coupled partial differential equations, which are the Madelung hydrodynam-
ical formulation of wave mechanics [7,15,25,39]. Now by equating the real and imaginary
parts, first we find the continuity equation for the imaginary part,

—+V-J=0, (13)

— - s .
in which the probability flux is 7, defined as J = p%, and v = % is the flow velocity
(or drift velocity) of the probability current.
The second equation or the real part is the quantum Hamilton—Jacobi equation (for
V = 0), given by
S 1 22 K VAR
o YY) TR
in which the total energy is equal to the kinetic energy plus a quantum potential Q (Q =
- % ?). Because of the explicit dependence of the quantum potential on 7, it brings all
quantum effects into hydrodynamic formulation [39].
Now by applying Madelung decomposition on DSE (10), and after some manipula-
tions, with the use of the identity

(14)

- = 2 2 ’ — — - 2
(V+VB,) R=V?R+RV?B, +2VB, - VR + (VB,) R (15)

the general quantum Hamilton—Jacobi and the general continuity equations, respectively,

become 5

- =
0 12 2 2 B (V+VB)R
— L (SHIB) = 2 (VS+hVp) — = (16)
and
0 Je] = = €S+ﬁ€ﬁ-
r i _
(at + at)p + (V + 2v;Br) | p m =0 (17)

Equation (16) is the Hamilton—Jacobi equation, in which on the left-hand side is the
total energy and the right-hand side includes a dissipative form of the kinetic energy plus
—

the general form of quantum potential. It is noteworthy to emphasize, when Vg, # 0, the
quantum potential equation appears as

R (V+ VB )ZR
+ VB,
Q0 = ~om R (18)
This means that the spatial part of 5, changes the quantum properties and modifies
the effect of the quantum potential. Since B, is responsible for dissipative phenomena, one

could refer (18) as a dissipative quantum potential (DQP).
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It can be shown that the mean value of the DQP is proportional to the Fisher informa-
tion probability density about the observable £. By definition of Fisher information

2
F(0):=E —a%log f(X|9)} — / FV2(In f)dx (19)
and since 2f ¢ )
2y = Vo (VS
vainf) =L - () 0)

it can be proved that, similar to quantum potential [40—42], the mean value of the DQP is
proportional to Fisher information

2
(@o) = [ ¥bQoyodr = ¢ F e

and this is important because quantum fluctuations and quantum geometry are related to
the quantum potential via Fisher information [43,44].

Temporal and spatial dependence of the imaginary part  (which adds to the phase)
changes the total energy and the kinetic energy, respectively. Additionally, the spatial
dependence of the real part 8 changes the well-known quantum potential, but its temporal
part has no effect on the quantum Hamilton-Jacobi Equation (16).

Equation (17) is the origin of several important equations in open quantum systems.
In the following sections, Equation (17) will be further discussed.

3. Applications

In this section, we will provide further discussion of Equations (16) and (17). We show
that by selecting an appropriate function for B(x, t), a wide range of important equations
in quantum physics are obtained. Moreover, with enough knowledge about the wave
function, it would be possible to predict the nature of the Hamilton-Jacobi, continuity and
more importantly wave equations and vice versa.

For example, here is a brief description of the Berry’s phase. Berry’s phase [43] is
a quantum phase effect arising in systems that undergo a slow, cyclic evolution. In an
adiabatic evolution of the Hamiltonian, a quantum system in an n" eigenstate, remains in
this n' eigenstate of the Hamiltonian, while picking up a phase factor. Under adiabatic
approximation, the coefficient of the n'" eigenstate is given by

t ) .
Co(8) = Cal0)exp |~ [t (101 (11)itr| = C(0)e 22)

where v, (t) is the Berry’s phase with respect of parameter . According to (22) and
comparison with (16) and (17) one concludes that the adiabatic evolution has no effect on
the continuity part, but the Hamilton-Jacobi equation takes the form of

*>
s 1 2.2 VR 97(t)

T TR T )
and the corresponding wave equation is obtained as
2
in¥ —£V21[7 - ﬁmlp (24)

ot 2m ot

In the following, for better clarification, we will apply this approach to obtain the
continuity equation, the Fokker-Planck equation, the convection—diffusion equation and
the quantum Boltzmann equation. The important point is that they are all derived from a
single equation produced by the “Lagrangian density of the Srodinger equation”. Therefore,
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Equation (10) can be considered as a consistent and constructive generalization for the
Schrodinger equation.

3.1. Continuity Equation with Source or Sink

In the simplest example we take
Bi=0and B, = 9t,y €R (25)

so, the wave function is ¢p = €74, in which 1 is a real number. Therefore, the correspond-
ing wave equation takes the form

op 2,
i = =5 V2 +iyhy. (26)

In this case, the Hamilton—Jacobi equation remains without change

S 1 2.2 V2R

- == — 27

ot 2m (VS) 2m R’ @7)

and, as expected, the probability current is no longer conserved
oR* 2
where 2yp represents source or sink for the current [17].
3.2. The Fokker—Plank Equation
As an important example, we take
Br =0and B; = InR(x, 1) (29)

where R(x, t) is the real valued amplitude of the wave function, and upon substituting in
DSE (10), its corresponding wave equation takes the form
230 2 . K2
1ﬁa—lf = ff—mvzlpﬂf—mvz(zln\zp\) *1*V11‘1|IP| Vi,lJ (30)
2o al
45 (Vinlyl) y — n25 ¢y,

Next, by setting (29) in Equations (16) and (17), we obtain its relevant continuity and
the Hamilton—Jacobi equations, respectively

0 1,2 2 2 w2 V2R
ap h 2
3 +V j *fzmv o- (32)

Equation (31) is the Hamilton—Jacobi equation of a diffusive system, whose total
energy is on the left-hand side and total kinetic energy plus quantum potential is on the
right-hand side. Total kinetic energy includes kinetic energy corresponding to drift velocity
in which there is an added non-classical, stochastic diffusion velocity (either of Markovian
or of non-Markovian type) [1].

Equation (32) is the well-known Fokker-Planck equation. Some fundamental consid-
erations of quantum theory suggest a general, complex nonlinear Schrodinger equation
(outside the classes most often studied), which follows from admitting quantum diffusion
currents, so that its probability density satisfies the Fokker-Planck equation [17,45-47].
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It is worth mentioning that the diffusion current, and thus the Fokker-Planck equation,
are due to the presence of In R(x, y) in the phase of the wave function

Y — ¢Yp = e(ﬂr‘*‘iﬁihps .
Yp = ReiXInReif — Rew

where « is a real number.

Doebner and Goldin in [45] propose a group-theoretical justification for a nonlin-
ear modification of quantum mechanics, as the most general class of Schrodinger-type
equations compatible with the Fokker-Planck continuity equation; they start with

in ; . D [ V2 (y
1ﬁa—lf = Hoyp + R[]y +iZ[yp]y with Z[p] = 5> (é:’;@) 33)

where R[] and Z[¢] are the real and imaginary parts of the nonlinear functional multiply-
ing ¢; and Z[y] is the key phrase to create the Fokker-Planck equation. Then, they declare
that the theory at this point gives no further information about R[], but it is reasonable to
assume that R[¢] is of a form similar to Z[¢].

If Equation (30) is rewritten as (34), its compliance with the Doebner-Goldin Equation
(33) is determined [35,45,46,48]

2 2 Vgl (Y al V22
lﬁ;f—gmv2¢+{jn"’vs+2’m<lf> +h ““’}¢+{ S (TE) by (34)

The general Lagrangian justification for this nonlinear modification of quantum me-
chanics seems to suggest it as a minimal nonlinear generalization of the Schrodinger
equation; it contains the least terms and still satisfies the Fokker—Planck equation. In
addition, it satisfies the general requirements of a nonlinear Schrédinger equation: (a)
the probability is conserved, (b) the equation is homogeneous, (c) non-interacting particle
subsystems remain uncorrelated, (d) plane waves are solutions for the free equation and (e)
the free equation is also time and space translation invariant [45,48].

Logarithmic terms which appear in (34) have a great importance in quantum friction
and diffusion effects. Dissipation tends to destroy quantum interference in a time scale
shorter than the relaxation time of the system [21]. This result has given justification for the
use of logarithmic nonlinear wave equations [12,18,22,24] to describe quantum dissipation.
Additionally, the logarithmic form guarantees non-interacting particle subsystems remain
uncorrelated [20].

3.3. Convection—Diffusion Equation

If we combine the diffusion (the Fokker-Planck equation) (32) with source or sink (28),
the result would be a convection—diffusion equation. Thus, based on previous sections
we pick yp = elPrtibfiy = ezt+ﬂ“R1,b (v € R), and substituting in (10), (16) and (17),
respectively, the wave equation, the Hamilton-Jacobi equation and continuity equations
are obtained as

81/1 oo = 2 9 Ly
2 = TG i) g+ b nfgl g+ iy 5
d 1 = — 2 K2 V2R
fa(SJrﬁlnR)_z—(VthVlnR) o R (36)
dp h o,
aﬁv J=- o VP 270 (37)

Equation (37) is the convection—diffusion equation [49], and 2yp is the source or sink
of the probability current.
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3.4. Quantum Boltzmann Equation

As a last example, we take I'(x, t) as a general real function and again the diffusion
factor of iIn R(x,t) we have

= # +ilnR(x, ), (38)

Therefore, wave Equation (10) takes the form of

5 2 o1 hor
ar =2 (V- VI + iV Infgl) ¢+ “W'le ar¥ )

and corresponding Hamilton—Jacobi and continuity equations become

— = 2
vr
2 2 (V—z> R

_3(s+h1n1z) = i(?swﬁlnm _mAN 7] (40)
ot - 2m 2m R

—
We see in Equation (40) that DQP is revealed. It means that if VI'(x,t) # 0, the
well-known quantum potential will take a new form of DQP.
Equation (41) is the continuity equation, and with some manipulations it takes a
familiar form
do 2 = h o - 2 h2
at—i—V (pv) vaP p(at+v V+—V1np V) (42)
where v = % is the drift velocity. The left-hand side of the above equation is the Fokker—
Plank equation and the right-hand side resembles the quantum Boltzmann equation

0 — - =
[at+?.v+F.vp]f(¥,?,t) = Q[fI(%, p). (43)

The quantum Boltzmann equation gives the non-equilibrium time evolution of a gas
of quantum mechanically interacting particles. In Equation (43), f (?, —p>, t) is a general

distribution function, 1_-2 is external applied force and Q is quantum collision operator,
accounting for the interactions between the gas particles; if it is zero then the particles do
not collide. Thus, the Fokker—-Planck term at the left-hand side of (42) represents the effects
of particle collisions [50].

Go back to the right-hand side of Equation (42). Since we can write

—
5
VI = SILZS = V25—~ ar (44)
*avs avs
then by substituting (44) and (43) into the right-hand side of (42), we have
— —
(F-i)f: <2ﬁ2V2SV1np‘i>I’. (45)
ap " avs
Thus, we can write Equation (42) as
ap h—p 0 - 2 h,z =2 -
at+V (p ) — 2mVp—p<at+v V+%(V v)Vinp VP>F. (46)

149



Symmetry 2021, 13, 812

—

So, the external applied force is defined as F- L (% : ?)V In p, which is related to
both drift and diffusion velocities.

The Fokker-Planck equation, which was firstly derived to treat the Brownian motion
of molecules, has been extensively used to evaluate the collision term of the Boltzmann
equation for describing small-angle binary collisions of the inverse-square type of force [36].
In stellar dynamics, Chandrasekhar first discussed this theory for stochastic effects of grav-
ity [36,51]. The applications of this equation to classical plasma physics were first treated
by Landau, Spitzer, as well as Cohen, Spitzer and Routly, and an elegant mathematical
treatment was completed by Rosenbluth, MacDonald and Judd [36,52].

4. Summery and Conclusions

In this approach based on the influence-functional method we gain a better under-
standing on quantum friction and diffusion effects in a more satisfactory way. We generalize
the Lagrangian density equation to accommodate arbitrary wave functions, to provide
an approach to general quantum dissipation and diffusion modeling by introducing a
dissipative Schrodinger-type equation (DSE). The key point of this approach is B(x, t), as a
complex function, which is responsible for taking the problem from equilibrium phenom-
ena to nonequilibrium ones. The approach provides the achievable analysis, for all aspects
of the phenomena, concerning the wave equation, the Hamilton-Jacobi equation and the
continuity equation. It is shown that by applying a general complex function of ef(*)
one can produce a wide-ranging Schrodinger-type wave equation and their correspond-
ing Hamilton—Jacobi and continuity equations to access desirable results. To show the
widespread applications of this approach, we provided some examples of the Berry phase,
the continuity equation, the Fokker-Planck equation, the convection—diffusion equation
and the quantum Boltzmann equation. All of these equations are obtained by step-by-step
generalizations of the beta function, see Table 1.

Table 1. Dissipation quantum equations and their related f functions.

Quantum Equations Br Bi
Continuity equation with Source or Sink Br(x,t) =7t Bi(x,t) =0
Fokker-Planck equation Br(x,t) =0 Bi(x,t) =InR(x,t)
Convection—diffusion equation Br(x,t) =% Bi(x,t) =InR(x,t)
Quantum Boltzmann equation Br(x,t) = —F;x,t) Bi(x,t) =InR(x,t)

As a first step, we chose B,(x, ) = vt with no imaginary part, then we would have
growing/shrinking amplitude; it means the probability current is no longer conserved,
and there would be source/sink in the continuity equation.

Some fundamental considerations of quantum theory suggest a general, complex non-
linear Schrodinger equation, which follows from admitting quantum diffusion currents and
must be such that its probability density satisfies the Fokker-Planck equation. To describe
the diffusion current there is no need for source or sink; so the real part which affects the
amplitude is zero, and the imaginary part which controls the phase gets the f; = In R(x, t)
value. From this choice the Fokker-Plank equation results in the continuity part, but it
also changes the usual appearance of the Hamilton—Jacobi (31). As expected, by quantum
friction and diffusion effects, logarithmic nonlinearities appear in the corresponding wave
Equation (34).

Now if we have a combination of growing/shrinking amplitude with diffusion current,
Br(x,t) = %t and B;(x,t) = InR(x, t), the result is the convection—diffusion Equation (37).

Finally, choosing for general real part I'(x, t), which means B,(x,t) = # and
Bi(x,t) = InR(x, t), this leads to the quantum Boltzmann equation. Because of the spatial
dependence of B,(x, t), the new appearance for quantum potential (DQP) has been revealed
(18). Since the quantum potential depends on the amplitude of a wave function, it is
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deformed as DQP for a dissipative system. This form of quantum potential is first presented
in this work.

All of above equations are derived from a single equation produced by the Dissipative
Schrodinger Equation (10). This unified framework provides a common ground for a better
understanding of quantum friction and diffusion effects and allows a deeper understanding
of the nature of the dissipative systems. The present approach is useful to the study of
non-equilibrium quantum mechanical systems, such as mesoscopic systems.
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Abstract: In this review, we trace the evolution of the quantum spin-wave theory treating non-
collinear spin configurations. Non-collinear spin configurations are consequences of the frustration
created by competing interactions. They include simple chiral magnets due to competing nearest-
neighbor (NN) and next-NN interactions and systems with geometry frustration such as the triangular
antiferromagnet and the Kagomé lattice. We review here spin-wave results of such systems and also
systems with the Dzyaloshinskii-Moriya interaction. Accent is put on these non-collinear ground
states which have to be calculated before applying any spin-wave theory to determine the spectrum
of the elementary excitations from the ground states. We mostly show results obtained by the use
of a Green’s function method. These results include the spin-wave dispersion relation and the
magnetizations, layer by layer, as functions of T in 2D, 3D and thin films. Some new unpublished
results are also included. Technical details and discussion on the method are shown and discussed.

Keywords: quantum spin-wave theory; Green’s function theory; frustrated spin systems; non-collinear
spin configurations; Dzyaloshinskii-Moriya interaction; phase transition; Monte Carlo simulation

1. Introduction

In a solid the interactions between its constituent atoms or molecules gives rise to
elementary excitations from its ground state (GS) when the temperature increases from
zero. One has examples of elementary excitations due to atom-atom interactions, known
as phonons, or due to spin-spin interactions, known as magnons. Note that magnons are
spin waves (SW) when they are quantized. Elementary excitations are defined also for
interactions between charge densities in plasma, or for electric dipole-dipole interactions
in ferroelectrics, among others. Elementary excitations are thus collective motions which
dominate the low-temperature behaviors of solids in general.

For a given system, there are several ways to calculate the energy of elementary
excitations from classical treatments to quantum ones. Since those collective motions are
waves, their energy depends on the wave vector k. The k-dependent energy is often called
the SW spectrum for spin systems. Note that though the calculation of the SW spectrum is
often for periodic crystalline structures, it can also be performed for symmetry-reduced
systems such as in thin films or in semi-infinite solids in which the translation symmetry is
broken by the presence of a surface.

In this review we focus on the SW excitations in magnetically ordered systems. The his-
tory began with ferromagnets and antiferromagnets with collinear spin GSs, parallel or
antiparallel configurations in the early 1950s. Most of the works on the SW used either the
classical method or the quantum Holstein—Primakoff transformation. The Green’s function
(GF) technique has also been introduced in a pioneering paper of Zubarev [1]. The first
application of this method to thin films has been done [2]. Note that unlike the SW theory,
the GF can treat the SW up to higher temperatures. We will come back to this point later.

Let us recall some important breakthroughs in the study of non-collinear spin con-
figurations. The first discovery of the helical spin configuration has been published in
1959 [3,4]. Some attempts to treat this non-collinear case have been done in the 1970 and
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1980. Let us cite two noticeable works on this subject in Refs. [5,6]. In these works, a local
system of spin coordinates have been introduced in the way that each spin lies on its
quantization axis. One can therefore use the commutation relations between spin deviation
operators. These works took into account magnon-magnon interactions by expanding the
Hamiltonian up to three-operator terms at temperature T = 0 [5] or up to four-operator
terms at low T [6]. Nevertheless, since these works used the Holstein—Primakoff method,
the case of higher T cannot be dealt with. In Ref. [7], the GF method has been employed
for the first time to calculate the SW spectrum in a frustrated system where the GS spin
configuration is non-collinear. Using the SW spectrum, the local order parameters and
the specific heat were calculated. Since this work, we have applied the GF method to a
variety of systems where the GS is non-collinear. In this review, we will recall results of
some of these published works.

Let us comment on the frustration which is the origin of the non-collinear GS. The frus-
tration is caused by either the competing interactions in the system or a geometry frustration
as in the triangular lattice with only the antiferromagnetic interaction between the nearest
neighbors (NN) (see Ref. [8]). The frustration causes high GS degeneracy, and for the
vector spins (XY and Heisenberg cases) the spin configurations are non-collinear, making
the calculation of the SW spectrum harder. A number of examples will be shown in this
review paper.

In addition to competing interactions, the Dzyaloshinskii-Moriya (DM) interaction [9,10]
is also the origin of non-collinear spin configurations in spin systems. While the Heisenberg
model between two spins is written as —J;;S; - S; giving rise to two collinear spins in the
GS, the DM interaction is written as D;; - S; X S; giving rise to two perpendicular spins.
The DM model was historically proposed to explain the phenomenon of weak ferromagnetism
observed in Mn compounds [11]. However, the DM interaction is at present known in various
materials, in particular at the interface of a multilayer [12-16]. Although in this review we do
not show the effect of the DM interaction in a magnetic field which gives rise to topological
spin swirls known as skyrmions, we should mention a few of the important works given in
Refs. [17-21]. Skyrmions are among the most studied subjects at the time being due to their
potential applications in spin electronics [22]. We refer the reader to the rich biography given
in our recent papers in Refs. [23,24].

Since this paper is a review on the method and the results of published works on
SW in non-collinear GS spin configurations, it is important to recall the method and show
main results of some typical cases. We would like to emphasize that, on the GF technique,
to our knowledge there are no authors other than us working with this method. Therefore,
the works mentioned in the references of this paper are our works published over the
last 25 years. The aim of this review is two-fold. First we show technical details of the
GF method by selecting a number of subjects which are of current interest in research:
helimagnets, systems including a DM interaction, and surface effects in thin films. Second,
we show that these systems possess many striking features due to the frustration.

This paper is organized as follows. In Section 2, we express the Hamiltonian in a
general non-collinear GS and define the local system of spin coordinates. Here, we also
present the calculation of the GS and the foundation of the self-consistent GF technique
and the calculation of the SW dispersion relation and layer magnetizations at arbitrary
temperature (T). We show in Section 3 the numerical results obtained from the GF. Section 4
shows interesting examples using various kinds of interaction including the DM interaction
in a variety of systems from two dimensions, to thin films and superlattices. Section 5 treats
a case where the DM interaction competes with the antiferromagnetic interaction in the
frustrated antiferromagnetic triangular lattice. Section 6 presents the surface effect in a thin
film where its surface is frustrated. Concluding remarks are given in Section 7.

2. Hamiltonian of a Chiral Magnet—Local Coordinates

Chiral order in helimagnets has been subject of recent extensive investigations. In Ref. [25],
the surface structure of thin helimagnetic films has been studied. In Ref. [26] exotic spin
configurations in ultrathin helimagnetic holmium films have been investigated. In Refs. [27,28]
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chiral structure and spin reorientations in MnSi thin films have been theoretically studied.
In these works, the chiral structures have been considered at T = 0, but not the SW even at
T = 0. The main difficulty was due to the non-collinear, non-uniform spin configurations. We
have shown that this was possible using the GFs generalized for such spin configurations
given in Ref. [7].

To demonstrate the method, let us follow Ref. [29]: we consider the body-centered
tetragonal (bct) lattice with Heisenberg spins. Each spin interacts with its nearest neighbors
(NN) via the exchange constant [; and with its next NN (NNN) on the c-direction via the
exchange |, (see Figure 1).

N

¢ axis

Figure 1. Interactions J; (thin solid lines) between nearest neighbors and ], between next nearest
neighbors along the c axis in a bct lattice.

We consider the simplest model of a helimagnet, given by the following Hamiltonian

H=—J1).Si-Sj—J2) Si- Sk 1

ij ik

where S; is a quantum spin of magnitude 1/2, the first sum is performed over all NN pairs,
and the second sum over pairs on the c-axis (cf. Figure 1).

In the case of an infinite crystal, the chiral state occurs when J; is ferromagnetic and |,
is antiferromagnetic and |],|/]; is larger than a critical value, as will be shown below.

Let us suppose that the energy of a spin E¢ in a chiral configuration when the angle
between two NN spin in the neighboring planes is 6, one has (omitting the factor S?)

E = —8J1 cosf — 2], cos(20) (2)

The lowest-energy state corresponds to

dE
= -0
dao
— 8J1sinf +4sin(20) = 0 (3)
8J1sinf(1 + L20056) =0
i
There are two solutions, sinf = 0 and cos 6 = —% The first solution corresponds to

the ferromagnetic state, and the second solution exists if f% < 1 which corresponds to the
chiral state.

For a thin helimagnetic film, the angle between spins in adjacent layers varies due to
the surface. We can use the method of energy minimization for each layer, then we have a
set of coupled equations to solve (see Ref. [29]). Figure 2 displays an example of the angle
distribution across the film thickness N,.
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¢ axis 0 1 2 3 4 5 6 x7 8
Figure 2. (a) Chiral structure along the c-axis for an infinite crystal, in the case § = 271/3, namely
Jo/J1 = —2; (b) Cosine of a7 = 01 — 6y, ..., ay = 07 — Og across the film for several values
J»/]1 = —-12,-14,-1.6,—-1.8, -2 (from top) with N, = 8: 4; stands for 0; — 6,1 and x indicates the
film layer i where the angle 4; with the layer (i + 1) is shown. See text for comments.

In order to calculate the SW spectrum for systems of non-collinear spin configurations,
let us emphasize that the commutation relations between spin operators are established
when the spin lies on its quantization z. In the non-collinear cases, each spin has its own
quantization axis. It is therefore important to choose a quantization axis for each spin. We
have to use the system of local coordinates defined as follows. In the Hamiltonian, the spins
are coupled two by two. Consider a pair S; and S;. As seen above, in the general case
these spins make an angle ¢; ; = 6; — 6; determined by the competing interactions in the
systems. For quantum spins, in the course of calculation we need to use the commutation
relations between the spin operators $7, S*,S~. As said above, these commutation relations
are derived from the assumption that the spin lies on its quantization axis z. We show in
Figure 3 the local coordinates assigned to spin S; and S;. We write

Si = Si&i+S/ni+Si (4)
S; = Si&+5+57 ()

Expressing the axes of §; in the frame of S; one has

é]- = cos (9,-,]-& + sin Gi,jéi ©)
é?j = —sin 9,',]-51- + cos 91',]'61' @)
i = 1 ®)
so that
S; = S]’F(—sinGi,jéi —0—c0s9i,j6i)
+S]V A + S]Z(cos Gi,jéi + sin ei,jéi) ©)
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¢ s, ¢

Figure 3. Spin S; lies along the { axis (its quantization axis), while spin S; lies along its quantization
axis ¢’ which makes an angle 6 with the 7 axis. The axes & and & are perpendicular respectively to 4
and {'. The perpendicular axes #; and fjj coincide with the ¢ axis, perpendicular to the basal plane of
the bct lattice.

Using Equation (9) to express S; in the (cfi, i, fl) coordinates, we calculate S; - S;, we
get the following Hamiltonian from (28):

1 —_ ~—
<i,j>
Lcos;;+1) (575 + 575+ !
+Z(cosi,]-+)(ij+ij) o

1 e 1 .
+ 5 sind;(SF +57)SF — 5 sin,S7 (S +57)
+ cos Gi,jSiZS]Z-}

This explicit Hamiltonian in terms of the angle between two NN spins is common
for a non-collinear spin configuration due to exchange interactions J; ;. For other types of
interactions such as the DM interaction, the explicit Hamiltonian in terms of the angle will
be different as shown in Section 4.

We define the following GFs for the above Hamiltonian:

Gij(t,t) = <<SF(t):S (t')>>
= —if(t—t) < [sF(1),57 ()] > (11)
Fj(tt) = << Si’(t);S].’(t’)>>
= —i0(t—) <[5 (0,57 ()] > (12)
Writing their equations of motion we have
ih%ci,j(t/t/) = <[Sj(t),sj‘(t’)}>5(t—t’)
= (st ls; (1)), (13)
m i E ) = ([siw.s ()] o -r)
- ((pestols; (1)), 4
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where
+ e oY A
+ o] —
@SJ“%%’
+ _ +
[si.st] = +sFay

Note that the equation of motion of the G Green’s function generates the F Green'’s func-
tions, and vice-versa. Performing the commutators in Equations (13) and (14), and using the
Tyablikov approximation [30] for higher-order GFs, for instance << S3S."(t); 57 (t') >>

<S55 ><< S;r(t);S;(t’) >> etc., we obtain

L dG;i(t,t)
LS = 2.< 87> 66t )
- Z]i,i/[< SZZ > (COS 91"1'/ — 1) X
l’/
X Fi’,j(t/ t/)
< 87> (cosb + 1)Gz",j(t; t' (15)
— 2< 85 >cos0; G (t,t')]
+ 2211',1'/ < S'ZZ/ > COoSs Gi,i’Gi,j(tr l’/)
l‘/
dF; :(t,t'
Zh% = Z]i,i/[< SZZ > (COS 91"1'/ — 1) X
l’/

X Gi’,j(t/ t/)
+ < 8> (cosby+1)Fy;(t,t) (16)
- 2< Slzr > Cos 9i,i’Fi,]'(t/ tl)]
- 2 2 Ii,i’ < S'ZZ/ > Cos ei,i’Pi,j(tl t,)
i/

Note that the Tyablikov decoupling scheme is equivalent to the so-called “random-
phase-approximation” (RPA).

For the sake of clarity, we write separately the NN and NNN sums, we have
L dGii(t,t)
zhiﬁ——:2<$>%w—ﬁ

- 2 ]i,k’[< Sf > (COSgi,kr — 1) X
k'eNN

X Foi(t,t)
< SZZ > (COS Qi,k/ + 1)Gk1’]‘(i’, tl>
- 2< S]Z{/ > cos Qi,k/Gi,j(t/ t/)]

+ 2 Z Ii,k/ < Si/ > Cos ei,k’Gi,j(t/ t/) (17)
K'eNN
- Z ]i,i’[< SIZ > (COS Gi,i/ — 1) X
i'eENNN

X Pil’]'(t, tl)
< Sf > (COS gi,i’ + 1)Gi’,j(tr t,)
- 2L S;Z/ > Cos Gi,i’Gi,j<tr t/)]
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L AdFi(tt)
lh]T = Y Jer[< Sg> (cosbpy —1) x
/ENN
X Gy ji(t,t')

+ < SIZ( > (cos O i + 1)1:1‘/’]‘(1‘, t/)
— 2< S5 > cosuF(t, 1))

- 2 Z Ik,i’ < S;Z/ > Cos Gk,i’Fk,j(tr t/) (18)
i"eNN
+ Z ]k,k’[< Si > (COS Gk,k’ — 1) X
K'eNNN

X Gk’,j(tl tl)
+ < S]ZC > (COS ek,k’ + 1)Fk//]'(t, t/)
— 2< S > cosOpF(t, 1))

For simplicity, we suppose in the following J - are all equal to J; for NN interactions
and to ], for NNN interactions. Iy is taken to be I; for NN pairs. In addition, in the film
coordinates defined above, we denote the Cartesian components of the spin position R; by
three indices (¢;, m;, n;) in three directions x, y and z.

Since there is the translation invariance in the xy plane, the in-plane Fourier transforms
of the above equations in the xy plane are

1 1 +oo . '
o ! - - . —iw(t—t")
Gi;(t, 1) A//BzdkxyZTL’ /700 dwe
Xgn,‘,}’l]‘ (CU, kxy)eikxy'(Ri*R]’)’ (19)
() - L // 1 /+°° —iw(t—t)
Fk,](t,t ) = 2/ s dkxyzn N dwe
ank,n]- (wr kxy)eikxy'(Rk_Rj)r (20)

where w is the SW frequency, ky, the wave-vector parallel to xy planes and R; the position
of S;. nj, nj and ny denote the z-components of the sites R;, R; and Ry. The integral over
kyy is performed in the first Brillouin zone (BZ) whose surface is A in the xy reciprocal
plane. n; = 1 denotes the surface layer, n; = 2 the second layer etc.

In the 3D case, the Fourier transformation of Equations (17) and (18) in the three
(x,y,z) directions yields the SW spectrum in the absence of anisotropy:

hw = £/ A2 — B2 (21)

where
A = J1(5%)[cosO +1]Zy +2Z]1(S5%) cos b
+J2(S*)[cos(20) + 1] Z. cos(kza)
+2Z.]>(5%) cos(20)
B = J1(§*)(cosf —1)Zy

+J2(S%)[cos(20) — 1] Z. cos(kza)

where Z = 8 is the NN coordination number, Z. = 2 the NNN number on the c-axis and
v = cos(kya/2) cos(kya/2) cos(k.a/2) where a is the lattice constant taken the same in three
directions. Note that /iw is zero when A = £B. This is realized at two points as expected in
helimagnets: kx = k, = k; = 0 (y = 1) and k; = 26 along the helical axis. It is interesting
to note that we recover the SW dispersion relation of ferromagnets (antiferromagnets) [2]
with NN interaction only by putting cos # = 1 (—1) in the above coefficients.
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w+ Aq
0

In the case of a thin film, the in-plane Fourier transformation yields the following
matrix equation

M(w)h = u, (22)
where h and u are given by
81,1
f L 2(S2)61
: 0
h= tfc”'”, ,u = : , (23)
nn’
: 2( %, Yon.w
0
SN, 1’
fNZ,n’

We take /1 = 1hereafter. Note that M(w) isa (2N, x 2N, ) matrix given by Equation (24)
where

0 Bf ¢ Df  Ef 0 0 0 0 0 0
w—-A —Cf -Bf —Ef -Df 0 0 0 0 0 0
D, E;, B, C,;, w+A, 0 B;f CF  Df Ef e
- - - - + + + + (24)
-E;, -D, -C, -B, 0 w-A, —-Cf —-Bf —Ef -Dj
0 0 0 0 0 Dy. Ey By Cn wt+An 0
0 0 0o 0 0 —Ey, -Dy —Cy. —By, 0  w-An
Ay = =8J1(1+4d) [(Sf,+1> €08 0y 11

+(S5,_1) cos 9,”,_1}
- 2D [<Sz+2> oS 6y n-+2

+(S5,_,) cos 9n,n—2}

Bf = 4J1(5%)(cosb, 11 + 1)y
Cr = 4)1(Si)(cos st —1)7
Ef = J5(82)(cosBy i —1)
Df = J2(S%)(cos byt +1)

where we recall that # denotes the layer number, namely 1,2,...,N; and d = [;/];. Note
that 6, ,11 denotes the angle between a spin in the layer n and its NN spins in adjacent

layers n £ 1 etc. and v = cos(k"T“) cos(kyTa).

In order to obtain the SW frequency w, we solve the secular equation det M| = 0
for each given (ky, ky). Since the linear dimension of the square matrix is 2N,, we ob-
tain 2N, eigen-values of w, half positive and half negative, corresponding to two oppo-
site spin precessions as in antiferromagnets. These values depend on the input values
< S >(m=1,...,Ny). Thus, we have to solve the secular equation by iteration until the
convergence of input and output values. Note that, even at T = 0, < S > are not equal to
1/2 due to the zero-point spin contraction [31]. In addition, because of the film surfaces,
the spin contractions are not uniform.
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The solution for g, , can be calculated (see Ref. [29]). The spectral theorem [1] can be
used to obtain, after a somewhat lengthy algebra (see [29]),:

DZn 1(wj)

Z —_— e —_—
(52) / dk, dk :1 e (25)
wheren =1,...,N,, and
M w; (k
Dy, 1(wz(kxy)) ‘ |2n 1( 1( xy) (26)

ITjei [ (kay) — i (k) |

As < §% > depend each other in w;(i =1, ...,2Ny), their solutions should be obtained
by iteration at a given temperature T. In the particular case where T = 0 one has

N,
SHT=0)= 5+ 1 [ [akudky Y- Doy s(wilin) @7)
i=1

Note that the sum is performed over N, negative w; since positive w; yields the zero
Bose—Einstein factor at T = 0).

The transition temperature T, can be calculated self-consistently when all < S}, > tend
to zero.

We show in the following section, the numerical results using the above formulas.

3. Results for Helimagnets Obtained from the Green’s Function Technique

We use the ferromagnetic interaction between NN as unit, namely J; = 1. Take the
helimagnetic case where J; is negative with || > J;. We have determined above the
spin configuration across the film for several values of p = J»/];. Replacing the angles
6,n+1 and 6, 17 in the matrix elements of |M|, then calculating w;(i = 1,...,2N;) for
each ky,. For the iterative procedure, the reader is referred to Ref. [29]. The solution
(S;)(n =1,...,N;) is obtained when the input and the output are equal with a desired
precision P.

3.1. Spectrum

We calculate the SW spectrum as described above for each a given J,/J;. The SW
spectrum depends on T. We show in Figure 4 the SW spectrum w versus ky = k; for an
eight-layer film with [,/J; = —14atT = 0.1and T = 1.02 (in units of |, /kg = 1). We
observe that

(i) There are opposite-precession SW modes. Unlike ferromagnets, SW in antiferromag-
nets and non-collinear spin structures have opposite spin precessions [31]. The neg-
ative sign does not mean SW negative energy, but it indicates just the precession
contrary to the trigonometric sense,

(ii) There are two degenerate acoustic “surface” branches one on each side. These degen-
erate “surface” modes stem from the symmetry of the two surfaces. These surface
modes propagate parallel to the film surface but are damped when going to the bulk,

(iii) With increasing T, layer magnetizations decrease as seen hereafter, this reduces
therefore the SW frequency (see Figure 4b),

(iv) Surface and bulk SW spectra have been observed by inelastic neutron scattering
in collinear magnets (ferro- and antiferromagnetic films) [32,33]. However, such
experiments have not been reported for helimagnetic thin films.
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Figure 4. (a) Spectrum E = hw versus k = ky = ky for o/]J; = —14atT =0.1and (b) T = 1.02,
for N, = 8 and d = 0.1. The surface branches are indicated by s.

3.2. Zero-Point Spin Contraction and Transition Temperature

It is known that, in antiferromagnetic materials, quantum fluctuations cause a contraction
of the spin length, namely the spin length is shorter than the spin magnitude, at T = 0 [31].
We demonstrate here that a spin with a stronger antiferromagnetic interaction has a stronger
contraction: spins in the first and in the second layers have only one antiferromagnetic NNN
on the c-axis while interior spins have two NNN. The contraction at a given J>/]; is thus
expected to be stronger for interior spins. This is shown in Figure 5: with increasing |J»|/J1,
i.e., the antiferromagnetic interaction becomes stronger, the contraction is stronger. Of course,
there is no contraction when the system is ferromagnetic, namely when J, — —1.

0.5+ ']
.
o
0.48} P i
[
2 ]
0.46
| |
=) 18 16 1.4 12

P

Figure 5. Spin lengths of the first four layers at T = 0 for several values of p = J»/]J; withd = 0.1,
N, = 8. As seen, all spins are contracted to values smaller than the spin magnitude 1/2. Black circles,
void circles, black squares and void squares are for first, second, third and fourth layers, respectively.

3.3. Layer Magnetizations

We show now the layer ordering in Figures 6 and 7 where [/J; = —1.4 and -2,
respectively, in the case of N, = 8. Consider first the case J,/J; = —1.4. We note that the
surface magnetization, having a large value at T = 0 as seen in Figure 5, crosses the interior
layer magnetizations at T ~ 0.42 to become much smaller than interior magnetizations
at higher temperatures. This crossover phenomenon is due to the competition between
quantum fluctuations, which dominate low-T behavior, and the low-lying surface SW
modes which reduce the surface magnetization at higher T. Note that the second-layer
magnetization makes also a crossover at T =~ 1.3 which is more complicated to analyze.
Similar crossovers have been observed in other quantum systems such as antiferromagnetic
films [34] and superlattices [35].
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Figure 6. (a) Layer magnetizations as functions of T for J/J; = —1.4 withd = 0.1, N; = 8, (b) Zoom
of the region at low T to show crossover. Black circles, blue void squares, magenta squares and red
void circles are for first, second, third and fourth layers, respectively. See text.
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Figure 7. (a) Layer magnetizations as functions of T for J,/J; = —2 withd = 0.1, N, = 8, (b) Zoom
of the region at low T to show crossover. Black circles, blue void squares, magenta squares and red
void circles are for first, second, third and fourth layers, respectively. See text.

Similar remarks are also hold for J,/]; = —2 shown in Figure 7.

Note that the results shown above have been calculated with an in-plane anisotropy
interaction d = 0.1. Larger d yields stronger layer magnetizations and larger T..

To close this section on SW in helimagnetic bct thin films, we mention that the same
investigation was done in the case of simple-cubic helimagnetic films where the surface
spin reconstruction and the surface SW have been shown [36]. We have also studied the
frustrated bct Heisenberg helimagnet in which the SW spectrum of the non-collinear spin
configuration has been calculated [37].

4. Dzyaloshinskii-Moriya Interaction in Thin Films

Let us consider a thin film made of N square lattices stacked in the y direction per-
pendicular to the film surface. The results for this system have been published in Ref. [38].
Hereafter, we review some of these important results. The Hamiltonian is given by

H = He+Hpum (28)
He = — ) JijSi-S; (29)
(i)
Hpm = 2 Di,j -S; % Sj (30)
(i)

where J; ; and D; ; are the exchange and DM interactions, respectively, between two quan-
tum Heisenberg spins S; and S; of magnitude S = 1/2.
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We suppose in this section the in-plane and inter-plane exchange interactions between
NN are both ferromagnetic and denoted by J; and |, respectively. The DM interaction
is defined only between NN in the plane for simplicity. The | term favors the collinear
spin configuration while the DM term favors the perpendicular one. This will lead to
a compromise where S; makes an angle 6; ; with its neighbor S;. It is obvious that the
quantization axes of S; and S; are different. Therefore, the transformation using the local
coordinates, Equations (4)—(9), is necessary. Let us suppose that the vector D; ; is along the
y axis, namely the 7; axis. We write

D;; = De;;y; 31)

where ¢;; = +1(—1) if j > i (j < i) for NN j on the £ or 2 axis. One has by definition
6]"1‘ = —Ei,]'.

The easiest way to determine the GS is to minimize the local energy at each spin:
taking a spin and calculating the local field acting on it from its neighbors. Then, we align
the spin in its local-field direction to minimize its energy. Repeating this procedure for
all spins, we say we realize one sweep. We have to make a sufficient number of sweeps
to obtain the convergence with a desired precision (see details in Ref. [39]). This local
energy minimization is called “the steepest descent method”. We show in Figure 8 the
configuration obtained for D = —0.5using J; = , = 1.

50
40
30
20 -

0 i

Figure 8. The ground state is a planar configuration on the xz plane. The figure shows the case where
0 =mn/6(D = —0577), ]} = ], = 1 using the steepest descent method. The inset shows a zoom
around a spin with its nearest neighbors.

We see that each spin has the same angle with its four NN in the plane (angle between
NN in adjacent planes is zero). We demonstrate now the dependence of 6 on [;: the energy
of the spin S; is written as

E; = —4];5% cos 0 — 2],S% + 4DS? sin 6 (32)

where 6 = |0; ;| minimizing E; with respect to 6 one obtains

dE; D D
— =0 = —— =tanf = 0 = arctan(—— 33
dae J1 ( h> (39)

The result is in agreement with that obtained by the steepest descent method. An ex-
ample has been shown in Figure 8.
We rewrite the DM term of Equation (30) as

S;xS; = (fsl%s]V — 5/S¥sin6;; + S/ 57 cos 6;;)¢;
+(Sf§;€ sin 91',]' + SfSJZ sin 91',]')771‘ (34)
+(s;fs]¥ — §/S7sin6;; — 575 cos 6, ;){;
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From Equation (31), we obtain
HDM = ZDi,]' . Si X Sj
(i.j)

= D Z (SfS;‘ei,j sin 91’/]‘ + S?S]Z'Ei/j sin 91',]') (35)
(i.j)
D + — + — .
= Z Z[(Sl + Si )(S] + S] )ei,j Sll’l@,"j
(i.j)
+4SfS]Z-€i’]‘ sin 91‘/]'}

where we have replaced $* by (ST + 57) /2. Note that ¢; ; sin 6; ; is always positive since for
a NN on the positive axis direction, ¢; ; = 1 and sin6; ; = sin § where 0 is positively defined,
while for a NN on the negative axis direction, ¢;; = —1 and sin §; ; = sin(—0) = —sin 6.

4.1. Formulation of the Green’s Function Technique for the Dzyaloshinskii-Moriya System

Using the transformation into the local coordinates, Equations (4)—(9), one has

1
o= -y ]l,,-{4(cosei,]-—1)(si+sj++sis].>

<i,j>

1 +g— 4 g—g+
+ Z(cosHi,]-—i-l) (51' S, +575; )

1'9"S+ S7)S5 1'9'-52 St+S- 36
+ Esmw(i+i)j*551nl,1i(j+j> (36)
+ cosGi,]-Sfo}

D _ _ .
+ Z <2>[(Sz+ + Si )(S]+ + S] )ei,j sm@i,]-
if
+4SZZS]ZEI/] sin 91‘,]‘]

Note that the quantization axes of the spins are in the xz planes as shown in Figure 3.

We emphasize that, while the sine terms of the DM Hamiltonian, Equation (35), remain
after summing over the NN, the sine terms of H,, the 3rd line of Equation (36), are zero
after summing over opposite NN because there is no ¢; ; term.

It is very important to emphasize again that the commutation relations between spin
operators 5% and S* are valid when the spin lies on its local quantization axis. Therefore, it
is necessary ro use the local coordinates for each spin.

In two dimensions (2D) there is no long-range order at non-zero T for isotropic spin
models with short-range interaction [40]. Thin films have very small thickness, not far from
2D systems. Thus, in order to stabilize the ordering at very low T, we use a very small
anisotropy interaction between between S; and S; as follows

Ha=— ), I;;S;S; cosb;; (37)

<ij>

where Ii,j(> 0) is positive, small compared to J;, and limited to NN in the xz plane. For
simplicity, we suppose I; ; = I for all such NN pairs. As we will see below, the small value
of I does stabilize the SW spectrum when D becomes large. The Hamiltonian is finally
given by

H="He+Hpm+ Ha (38)
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Using the two GF’s in the real space given by Equations (11) and (12) and using the
same method, we study the effect of the DM interaction. For the DM term, the commutation
relations [H, Sli] lead to:

DY sin0[FS(S;" + S, ) + 25557 (39)
1

which gives rise, using the Tyablikov decoupling, to the following GF’s:
<< PSS >>m< S ><< §f58 >> (40)

These functions are in fact the G and F functions. There are thus no new GF’s generated
by the equations of motion.
As in Section 2, the Fourier transforms in the xz plane g, ,» and f,, ,/ of the G and F

lead to the matrix equation
M(E)h =u, (41)

M(E) being given by Equation (42) below

E+ Ay B G 0 0 0 0 0 0
—B E-A 0 —-C 0 0 0 0 0
0 Cy 0 E+ A, B, Cu 0 0
0 0 -Gy —By E—- Ay, 0 —Cy 0 (42)
0 0 0 0 0 Cn 0 E+ An Bn
0 0 0 0 0 0 —Cn —Bn E—Ayn
where E = fiw is the SW energy and the matrix elements are given by
Ap = —J1[8<S:>cosb(1+dy)
—4 < 8% > 7y(cosb +1)]
—2h(< S5 1>+ <S54 >) (43)
—8Dsinf < S;, > vy
+8Dsinf < S5 >
B, = 4];1 <S% > y(cosf—1)
—8Dsinf < 5% > (44)
Ch = 2b<8> (45)

where n = 1,2,..., N denotes the layer numbers, d, = I;/]1, v = (coskya + coskza)/2,
ky and k; are the wave-vector components in the xz planes, a being the lattice constant.
Remarks: (i) if n = 1 (surface layer) then there are no n — 1 terms in the A, (ii) if n = N
then there are non + 1 terms in A,,.

For a thin film, the SW frequencies at a given wave vector k= (kx, k) are obtained by
diagonalizing (42).

The magnetization of the layer n at finite T is calculated as in the helimagnetic case
shown in the previous section. The formula of the zero-point spin contraction is also
presented there. The transition temperature 1. can be also calculated by the same method.
Let us show in the following the results.

4.2. Results for 2D and 3D Cases

In the 2D case, one has only one layer. The matrix (42) is

(E + An>gn,n’ + ann,n’ = 2< SZ > 5(”/ Tl/)
_Bngn,n/ + (E - Aﬂ)fn,n/ =0 (46)

166



Symmetry 2022, 14,1716

where A, is given by (43) but without ], term for the 2D case. Coefficient B, is given by (44)
and C,, = 0. The SW frequencies are determined by the following secular equation

(E+Au)(E—Ay)+B2=0
— E2-A24+B2=0
— E=/(Ay+Bu)(Au — By) (47)

Several remarks are in order:

(i) when 8 = 0, the last three terms of A, and B, are zero: one recovers the ferromagnetic
SW dispersion relation
E=2Z1 <S;>(1—7) (48)

where Z = 4 is the coordination number of the square lattice (taking d,, = 0),
(ii) when 8 = 7, onehas A, = 8]; < S; >, B, = —8J1 < §4 > . One recovers then the
antiferromagnetic SW dispersion relation

E=2Z]1 < S, >1/1—92 (49)

(iii) when there is a DM interaction, one has 0 < cosf < 1 (0 < 0 < 7/2). Ifd, = 0,
the quantity in the square root of Equation (47) becomes negative at v = 1 when 6
is not zero. The SW spectrum is not stable at kx = k, = 0 because the energy is not
real. The anisotropy d, can remove this instability if it is larger than a threshold value
d.. We solve the equation (A, + By, )(As — B,) = 0 to find d.. In Figure 9 we show d.
versus 0. As seen, d. increases from zero with increasing 6.

0.9 T T T T T W

0.1F u

=

0 0.1 0.2 0.3 0.4 0.5 0.6
THETA

Figure 9. Value d; at whichE =0aty =1 k = 0) vs. 0 (in radian). Above this value, E is real. See
text for comments.

As we have anticipated, we need to include an anisotropy in order to allow for SW to
be excited even at T = 0 and for a long-range ordering at non-zero T in 2D as seen below.

We show in Figure 10 the SW dispersion relation calculated from Equation (47) for
6 = 0.2 and 0.6 (radian). As seen, the spectrum is symmetric for positive and negative wave
vectors. It is also symmetric for left and right precessions. One observes that for small 0,
namely small D, E(k) is proportional to k? at low k (see Figure 10a). This behavior is that in
ferromagnets. For large 6, one observes that E (k) becomes linear in k as seen in Figure 10b.
This behavior is similar to that of antiferromagnets. Note that the change of behavior is
progressive with increasing 6, we do not observe a sudden transition from k? to k behavior.
This behavior is also observed in 3D and in thin films as well.
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Figure 10. SW frequency E(k) as a function of k = ky = k; in the case (a) # = 0.2 and (b) § = 0.6 in
2D. See text for detailed comments.

As said earlier, the inclusion of an anisotropy d permits a long-range ordering at T # 0
in 2D: Figure 11 displays the magnetization M (=< S* >) calculated by Equation (2) where
in each case the limit value d. has been used. We note that M depends strongly on 6: at
high T the larger 6 the stronger M. However, at T = 0 the spin length is smaller for larger 6
due to the zero-point spin contraction [31] calculated by Equation (27). As a consequence
there is a cross-over of layer magnetizations at low T as shown in Figure 11b. The spin
length at T = 0 is shown in Figure 12 for several 6.
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Figure 11. (a) Magnetization M as a function of T for the 2D case withf = 0.1,6 = 0.3,0 = 0.4,6 = 0.6
(void magenta squares, blue filled squares, green void circles and filled black circles, respectively),
(b) Cross-over of magnetizations is enlarged at low T. See text for comments.
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Figure 12. Spin length at T = 0 for the 2D case as a function of 6 (radian).
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We now consider the 3D case. The crystal is infinite in three direction. The Fourier
transform in the y direction, namely g,11 = gnei'ky” and f,11 = fneilky“ reduces the
matrix (23) to two coupled equations of ¢ and f functions. One has

(E+ANg+Bf = 2<§5 >

—Bg+(E—A)f = 0 (50)
where
Al = —1[8<S*>cosf(1+d)
—4 < 5% > y(cosf+1)]
—4], < §% > (51)

+4], < §% > cos(kya)
—8Dsinf < §% > v
+8Dsinf < §* >
B = 4]; < 5§ > y(cosb —1)
—8Dsinf < §* > v (52)

The spectrum is given by

E=:+,/(A'+B)(A'—B) (53)

In the ferromagnetic case, cos§ = 1, thus B = 0. Arranging the Fourier transforms in
three directions, one gets the 3D ferromagnetic dispersion relation E = 2Z < 5% > (1 —9?)
where v = [cos(kya) 4 cos(kya) + cos(kza)]/3 and Z = 6, coordination number of the
simple cubic lattice.

As in the 2D case, we find a threshold value d. for which is the same for a given 6.
This is rather obvious because the DM interaction operates in the plane making an angle
f between spins in the plane, therefore its effects act on SW in each plane, not in the y
direction perpendicular to the “DM planes”. Using Equation (53), we calculate the 3D
spectrum displayed in Figure 13 for a small and a large value of 6. As in the 2D case, we
observe E « k when k — 0 for large 0. The main properties of the system are thus governed
by the in-plane DM interaction.

20

Figure 13. Spin-wave spectrum E (k) versus k = ky = k; for 6 = 0.1 (red crosses) and 6 = 0.6 (blue
circles) in three dimensions. Note the linear-k behavior at low k for the large value of 6. See text
for comments.

Figure 14 displays the magnetization M versus T for several values of . As in the
2D case, when the DM interaction is included, the spins undergo a zero-point contraction
which increases with increasing 6. The competition between quantum fluctuations at T = 0
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and thermal effects at high T gives rise to magnetization cross-over shown in Figure 14b.
The spin length at T = 0 vs. 6 is shown in the inset of Figure 14b. Comparing these results
to those of the 2D case, we see that the spin contraction in 2D is stronger than in 3D. This is
physically expected because quantum fluctuations are stronger at lower dimensions.
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Figure 14. (a) Magnetization M versus temperature T for a 3D crystal § = 0.1 (radian), 6 = 0.3,
6 = 0.4, 0 = 0.6 (void magenta squares, blue filled squares, green void circles and filled black circles,
respectively), (b) Zoom to show the cross-over of magnetizations at low T for different 6, inset shows
S versus 6. See text for comments.

4.3. The Case of a Thin Film

As in the 2D and 3D cases, in the case of a thin film it is necessary to use a value for d,
larger or equal to d. given in Figure 9 to stabilize the SW at long wave-length. Note that for
thin films with more than one layer, the value of d. calculated for the 2D case remains valid.

Figure 15 displays the SW spectrum of a film of eight layers with J; = J = 1 for a
small and a large 6. As in the previous cases, E is proportional to k for large 6 (cf. Figure 15b)
but only for the first mode. The higher modes are proportional to k2.

15 T T T T T T 20 7

Y it @ et S (b)

-10 -

Figure 15. Spin-wave spectrum E (k) versus k = k, = k; for a thin film of eight layers: (a) = 0.2 (in
radian) (b) 6 = 0.6, using d. for each case. Positive and negative branches correspond to right and
left precessions. Note the linear-k behavior at low k. See text for comments.

Figure 16 shows the layer magnetizations of the first four layers in a 8-layer film (the
other half is symmetric) for two values of 8. One observes that the surface magnetization is
smaller than the magnetizations of other interior layers. This is due to the lack of neighbors
for surface spins [2].

170



Symmetry 2022, 14,1716

0.5 0.50mm
R T '.l...
feaa @ s
", 2y (b)
0.4 2 0.4 a.
e, 2
L ] e
0.3 L 0.3 "o
[} [P
[ ] = L
0.2 [ ] 0.2 L]
.
2 ]
0.1 0.1
]
0% 0.5 1 1.5 2 2.5 3 3.5 0% 0.5 1 1.5 2 2.5 3 3.5
T T
0.5 — r
n
(c)
0.495 u
L]
Z0.49 1
0.485
'
0.48 .
0 0.1 0.2 0.3 0.4 0.5 0.6
THETA

Figure 16. Layer magnetizations M versus temperature T for a film with N = 8: (a) § = 0.6 (radian),
(b) 8 = 0.2, (c) Sg versus 6.

The spin contraction at T = 0 is displayed Figure 16c.

The effects of the surface exchange and the film thickness have been shown in Ref. [38].

To close this section, let us mention our work [41] on the DM interaction in magneto-
ferroelectric superlattices where the SW in the magnetic layer have been calculated. We
have also studied the stability of skyrmions at finite T in that work and in Refs. [42,43].

5. Effect of Dzyaloshinskii-Moriya Interaction in a Frustrated Antiferromagnetic
Triangular Lattice

The results of this section are not yet published [44]. We will not present this model in
details. We show the Hamiltonian, the GS and the SW spectrum.

5.1. Model—Ground State

We consider a triangular lattice occupied by Heisenberg spins of magnitude 1/2.

The DM interaction was introduced historically to explain the weak ferromagnetism in

compounds MnO. The superexchange between two Mn atoms is modified with the dis-

placement of the oxygen atom between them. If the displacement of the oxygen is in the

xy plane (see Figure 17a), then the DM vector D; ; is perpendicular to the xy plane and is
given by [45,46]

Di,j X rio X Ipj X —Ijj x R (54)

where rj0 = ro — 1 and rp; = r; — 1o, Ijj = 1; — 1;. Io is the position of non-magnetic ion

(oxygen) and r; the position of the spin S; etc. These vectors are defined in Figure 17a in

the particular case where the displacements are in the xy plane. We have therefore D; ;
perpendicular to the xy plane in this case.
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Xy plane

(b)

Figure 17. (a) D vector along the z direction perpendicular to the xy plane. See the definition of the
D vector in the text, (b) In-plane D;; vector chosen along the direction connecting spin S; to spin S;
in the xy plane.

Note, however, that if the atom displacements are in 3D space, D; ; can be in any
direction. In this paper, we consider also the case where D; ; lies in the xy plane as shown
in Figure 17b where D; ; is taken along the vector connecting spin S; to spin S;.

Note that from Equation (54) one has

Dj; = —D;; (55)

In the case of perpendicular D; j, let us define u;; as the unit vector on the z axis.
From Equations (54) and (55) one writes

D,',]' = Du,‘,]' (56)
Dj,i = Du]"iszui,j (57)

where D represents the DM interaction strength. Note however that the DM interaction goes
beyond the weak ferromagnetism and may find its origin in various physical mechanisms.
So, the form given in (56) is a model, a hypothesis.

In the case of in-plane D; ;, we suppose that D; ; is given as

Di,j = D(I‘] — 1‘1')/|1‘]' — I'i| = Dl‘l'j (58)

where D is a constant and r;; denotes the unit vector along r; — ;. The case of in-plane D; ;
on the frustrated triangular lattice (see Figure 17b) has been recently studied since this case
gives rise to a beautiful skyrmion crystal composed of three interpenetrating sublattice
skyrmions in a perpendicular applied magnetic field [44,47,48]. A description of this case
is however out of the purpose of this review.

5.2. Ground State with a Perpendicular D in Zero Field
The Hamiltonian is given by
H = —]ZSi'S]-—D ui,j-Sl-xS]-
(ij) (if)
-H)Y §F (59)
i

where S; is a classical Heisenberg spin of magnitude 1 occupying the lattice site i. The first
sum runs over all spin nearest-neighbor (NN) pairs with an antiferromagnetic exchange
interaction ] (J < 0), while the second sum is performed over all DM interactions between
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NN. H is the magnitude of a magnetic field applied along the z direction perpendicular to
the lattice xy plane.

In the absence of |, unlike the bipartite square lattice where one can arrange the NN
spins to be perpendicular with each order in the xy plane, the triangular lattice cannot fully
satisfy the DM interaction for each bond, namely with the perpendicular spins at the ends.
For this particular case of interest, we can analytically calculate the GS spin configuration
as shown in the following. One considers a triangular plaquette with three spins numbered
as 1,2, and 3 embedded in the lattice. For convenience, in a hexagonal (or triangular) lattice,
we define the three sublattices as follows: consider the up-pointing triangles (there are
three in a hexagon, see the blue triangles in Figure 18). For the first triangle one numbers in
the counter-clockwise sense 1, 2, 3 then one does it for the other two up-pointing triangles
of the hexagon, one sees that each lattice site belongs to a sublattice. The DM energy of a
plaquette is written as

H, = —2D[ujp-S;x8y+uz3-Sy xS3+u3;-S3xSq]
= —2D[sinf 5 + sinb,3 + sinb3 ] (60)
where the factor 2 of the D term takes into account the opposite neighbors outside the
plaquette, and where 6, , = 6, — 6; is the oriented angle between S; and S, etc. Note that

the u vectors are in the same direction because we follow the counter-clockwise tour on
the plaquette.

2 3

2 3

Figure 18. Perpendicular D; ;: Ground-state spin configuration with only Dzyaloshinskii-Moriya

interaction on the triangular lattice (J = 0) is analytically determined. One angle is 120 degrees and
the other two are 60 degrees. Note that the choice of the 120-degree angle in this figure is along
the horizontal spin pair. This configuration is one GS and the other two GSs have the 120-degree
angles on respectively the two diagonal spin pairs. Note also that the spin configuration is invariant
under the global spin rotation in the xy plane. For convenience, the spins are decomposed into three
sublattices numbered 1, 2 and 3. See text for explanation.

The minimization of H) yields

dH

WP = 0= —2D[—cos(6 — 67) + cos(6; — 03)] (61)
i

dH

ﬁ” = 0= —2D]Jcos(0; — 61) — cos(65 — 6)] (62)
p)

dH

W” = 0= —2D]Jcos(03 — 6,) — cos(6; — 63)] (63)
3
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The solutions for the above equations are

91[2 = 93,1 so that 93/2 = 93,1 + 91’2 = 291,2 (64)
92[3 = 91,2 so that 91,3 = 91]2 + 92[3 = 292,3 (65)
93/1 = 92[3 so that 92/1 = 92[3 + 93,1 = 293/1 (66)

Note that the second and third lines can be obtained by the circular permutation of the
indices 1, 2, and 3 using the first line. These three equations, Equations (64)-(66), should be
solved. There is more than one solution. We have from Equation (61) cos(61,) = cos(631).
Using Equation (66) one obtains

cos(26031) = cos(631) — 2cos2(93,1) —cos(f31) —1=0 (67)

This second-degree equation gives cos(031) = %. Only the negative solution is
acceptable so that 031 = 6,3 = 71/6. From Equation (66), one has 6,1 = 7r/3. This is one
solution given by Equation (68) below. Note that we have taken one of them, Equation (66),
to obtain explicit solutions for the three angles given in Equation (68). We can do the
same calculation starting with Equations (64) and (65) to get explicit solutions given in
Equations (69) and (70). We note that when we make a circular permutation of the indices
of Equation (68) we get Equation (69), and a circular permutation of Equation (69) gives
Equation (70). One summarizes the three degenerate solutions below

031 =63 =1m/6, b1 =m/3 (68)
010 =031 =1m/6, 030 =1m/3 (69)
03 =610 =1m/6, 613="/3 (70)

We show in Figure 18 the spin orientations of the solution (68). The GS energy is
obtained by replacing the angles into Equation (60). For the three solutions, one gets the
energy of the plaquette

H, = —3DV3 (71)

We have three degenerate GSs.

Note that this solution can be numerically obtained by the steepest descent method
described above. The result is shown in Figure 19 for the full lattice. We see in the zoom
that the spin configuration on a plaquette is what is obtained analytically, with a global
spin rotation as explained in the caption of Figure 18.

As said above, to use the steepest descent method, we consider a triangular lattice
of lateral dimension L. The total number of sites N is given by N = L x L. To avoid the
finite size effect, we have to find the size limit beyond which the GS does not depend on
the lattice size. This is found for L > 100. Most of calculations have been performed for
L = 100.
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b

Figure 19. Perpendicular D; ;: (a) Ground-state spin configuration with only Dzyaloshinskii-Moriya
interaction on the triangular lattice (] = 0) obtained numerically by the steepest descent method,
(b) a zoom on a hexagonal cell, this is exactly what obtained analytically shown in Figure 18 with a
global spin rotation in the xy plane: the angle of the horizontal pair (1,2) is 120 degrees, those of (2,3)
and (3,1) are equal to 60 degrees.

5.3. Ground State with Both Perpendicular D and | in Zero Field- Spin Waves

When both | and perpendicular D are present, a compromise is established between
these competing interactions. In zero field, the GS shows non-collinear but periodic in-
plane spin configurations. The planar spin configuration is easily understood: when D
is perpendicular and without ], the spins are in the plane. When ] is antiferromagnetic
without D, the spins are also in the plane and form a 120-degree structure. When D and
] exist together the angles between NN's change but they remain in the plane in order to
keep both D and | interactions as low as possible. An example is shown in Figure 20 where
one sees that the GS is planar and characterized by two angles 8 = 102 degrees and one
angle = 156 degrees formed by three spins on a triangle plaquette. Note that there are
three degenerate states where S is chosen for the pair (1,2) (Figure 20a) or the pair (2,3) or
the pair (3,1). Changing the value of D will change the angle values. Changing the sign of
D results in a change of the sense of the chirality, but not the angle values.

In the case of perpendicular D;; in zero-field, as shown above we find the GS on a
hexagon of the lattice is defined by four identical angles  and two angles 6 as shown in
Figure 20. The values of B and 6 depend on the value of D. We take | = —1 (antiferromag-
netic) hereafter. For D = 0.5 we have = 156 degrees and 6 = 102 degrees. For D = 0.4
we obtain f = 108 degrees and 6 = 144 degrees, using N = 60 x 60.
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Figure 20. Perpendicular D; ; with antiferromagnetic J: (a) Ground-state spin configuration in zero
field for D = 0.5, ] = —1 where the angles in a hexagon are shown in (b) with § = 156 degrees for
the pair (1,2) on the horizontal axis and 8 = 102 degrees for the pairs (2,3) and (3,1) on the diagonals.
Note that there are two other degenerate states where B is chosen for the pair (2,3) or (3,1).

The periodicity of the GS allows us to calculate the SW spectrum in the following.
The model for the calculation of the SW spectrum uses quantum Heisenberg spins of
magnitude 1/2, it is given by

H:*]Zsi'ijDZui,j'SiXS]'*IZS?S?COSGU (72)
(@) (i) (@)

where 0;; is the angle between S; and S; and the last term is an extremely small anisotropy

added to stabilize the SW when the wavelength k tends to zero [31,40]. Note that u; ; points

up and down along the z axis for respective two opposite neighbors.

As before, in order to calculate the SW spectrum for systems of non-collinear spin
configurations, we have to use the system of local coordinates. The Hamiltonian becomes

1 o 1 _ _
H = —](ZS ZL(S;FS].+ +5;°S; )(cos b — 1) + Z(Sij +S; S;r)(cosﬂij +1)
L]

1_, . _ 1 . _
+ ES]Z sinf;(S;” +5;) — 5 stiij(S;r +5; ) + S;S; cos b;;

. 1 . _ _ 1 _ _
-D <Z‘3 SiS7sinf; ; + 1 sin®;;(S;"S" + 55 +5;75) + 5 €os 0;;(Si (S| +57) = Si(S +5;7))
L
—1) 5F Sj cos 0
(i.j)
We define the two GFs by Equations (11) and (12) and use the equations of motion of
these functions (13) and (14), we obtain
aG;i(t—+t
ih 1,]( )

T, =2< S'ZZ > (Si,jé(f — t,) — ]Z < S;Z > Fl/]'(t — t/)(COSGi/l -1

1)
+ < Sf > Gl,]'(t — t/)(COS 0;1+ 1) —2cos 0;1 < S'IZ > Gi,j(t — t/)
+D) 2sinf;; < SF > Fj(t—t') —sinb;; < 57 > (G ;(t—t') + Fj(t—t))
1
—2IY) cost;; < 57 > F(t—t)
(1
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dFi,]'(t — t/)

ih T

=J), <Si>G(t—1t)(cosb;; —1)
(1
+ < 87> Fj(t—t')(cos;; +1) —2cos ;) < Sf > Fj(t—t')
— DZZsinGi,, < 57> Gl,]'(t - t/) —sin6;; < 57 > (Gl,]'(t — t/) + Fl,]'(t - t/))
0]
+2I) cosb;; <S> G(t—t)
0]
Note that < S > is the average of the spin i on its local quantization axis in the
local-coordinates system (see Ref. [38]). We use now the time Fourier transforms of the G
and F, we get

hwgij =216 — Y pifiie ™ Ri~R)(cos 0;; — 1)
0

+ uigije ™ Ri=R) (cos 0; ) + 1) — 2p; cos 018
— DY 2sin6;pug;,; — sin6; (g je % RiRD 4 f e~k (RimRy)) @3)
0

+ 21 Zyl CcOs 9i,1gw‘
0

and ‘
hwfi; = ]Z yiglje”k'(Ri*R’) (cosB;; —1)
(1

+ }lifljeiik'(RiiR’) (COS 61',1 +1)— 2y cos Gi,lfi,j

+D ZZsin 9i,l}llfi,j — sin Gi,lyi(gl,je*ik'(Rfle) + fl,]-e*"k'(Ri*R’)) (74)
O]

—21 Z pycos b fi i
0

where y; =< §7 >, k is the wave vector in the reciprocal lattice of the triangular lattice,
and w the SW frequency. Note that the index z in S7 is not referring to the real space
direction z, but to the quantization axis of the spin S;. At this stage, we have to replace 6; ;
by either B or § according on the GS spin configuration given above (see Figure 20).

As in the previous sections, writing the above equations under a matrix form, we have

M(hw)h = C, (75)

where M(fiw) is a square matrix of dimension 2 x 2, h and C are given by

SCIRESE SR

and the matrix M(hw) is given by

M) = ( -B  hw-—-A

The nontrivial solution of g and f imposes the following secular equation:

[ hw+ A B
o= ("5 ) ™

hw+ A B )
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where

A= —]J(8ujcos B(1+ 1) +4pjcos0(1+ 1) —4p;v(cos p+1) —2pa(cos 6 +1))

78
— D(4p;sin By + 2p;sinOa) + D (8, sin B + 4p;sin 6) 78)
B = J(4p;y(cosp—1) + 2u;a(cos® — 1)) — D(4yu;sin B + 2p;asin6) (79)
where the sum on the two NN on the x axis (see Figure 20b) is
Y e RiRi) = 2 cos(ky) = 20 (80)
1

and the sum on the four NN on the oblique directions of the hexagon (see Figure 20b) is

Ze‘ik'(Ri_Rl) =4 cos(ky/2) cos(\/gky/Z) =4y (81)
1

Solving Equation (77) for each given (kx, ky) one obtains the SW frequency w(ky, ky):

(hw)? = A2~ B? — hw = £\/A2 — B2 (82)

Plotting w(ky, k) in the space (ky, k) one obtains the full SW spectrum.
The spin length (S7) (for all i, by symmetry) is given by (see technical details in
Ref. [31]):

(5°) = 6Z————//Mdk ewéﬁl (83)

where E;(i = 1,2) = £V A2 — B? are the two solutions given above, and Q(E;) is the
determinant (cofactor) obtained by replacing the first column of M by C at E;.

The spin length (S*) at a given T is calculated self-consistently by following the
method given in Refs. [31,38].

Let us show the SW spectrum w (taking i = 1) for the case of | = —1 and D = 0.5
in Figure 21 versus k, with ky = 0 (Figure 21a) and versus k, for k, = 0 (Figure 21b).
In order to see the effect of the DM interaction alone we take the anisotropy I = 0. One
observes here that for a range of small wave-vectors the SW frequency is imaginary. The SW
corresponding to these modes do not propagate in the system. Why do we have this case
here? The answer is that when the NN make a large angle (perpendicular NN, for example),
one cannot define a wave vector in that direction. Physically, when k is small the B
coefficient is larger than A in Equation (82) giving rise to imaginary w. Note that the
anisotropy I is contained in A so that increasing I for small k will result in A > B making
w real.

We show now in Figure 22a the spectrum along the axis ky = ky at T = 0 for [ = 0.
Again here the frequency is imaginary for small k, as in the previous figure. The spin length
< §* > along the local quantization axis is shown in Figure 22b. Several remarks are in
order: (i) At T = 0, the spin length is not equal to 1/2 as in ferromagnets because of the
zero-point spin contraction due to antiferromagnetic interactions (see Ref. [31]), its length
is ~ 0.40, quite small; (ii) the magnetic ordering is destroyed at T ~ 1.2.

To close the present section, we note that in the case of perpendicular D considered
above, we did not observe skyrmion textures when applying a perpendicular magnetic
field: all spin configurations are no more planar, making the calculation of the SW spectrum
more difficult. This problem is left for a future investigation.
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Figure 21. (a) Spin-wave spectrum versus k, with ky = 0 at T = 0 for [ = 0, (b) Spin-wave spectrum
versus ky with k, = 0 at T = 0 for I = 0. The magenta curves show the real frequency, while the
green ones show the imaginary frequency. See text for comments. Parameters: D = 0.5, ] = —1,
H = 0 where § = 102 degrees and B = 156 degrees (see the spin configuration shown in Figure 20),
h=1
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Figure 22. (a) Spin-wave spectrum versus ky = ky at T = 0 for I = 0. The magenta curves show the
real frequency, while the green ones show the imaginary frequency. See text for comments, (b) The
spin length S* versus temperature T (kg = 1). Parameters: D = 0.5, | = —1, H = 0 where 0 = 102
degrees and B = 156 degrees (see the spin configuration shown in Figure 20).

6. Other Systems of Non-Collinear Ground-State Spin Configurations: Frustrated
Surface in Stacked Triangular Thin Films

In this section, we study by the GF technique the effect of a frustrated surface on
the magnetic properties of a film composed triangular layers stacked in the z direction.
Each lattice site is occupied by a quantum Heisenberg spin of magnitude 1/2. Let the in-
plane surface interaction be J; which can be antiferromagnetic or ferromagnetic. The other
interactions in the film are ferromagnetic. We show in the following that the GS spin
configuration is non-collinear when J; is lower than a critical value J. The film surfaces
are then frustrated. In the frustrated case, there are two phase transitions, one corresponds
to the disordering of the two surfaces and the other to the disordering of the interior layers.
The GF results agree qualitatively with Monte Carlo simulation using the classical spins
(see the original paper in Ref. [39]).

In this section we review some ot the results given in the original paper Ref. [39],
emphasizing the SW calculation and the important results. The Hamiltonian is written as

H=-) JiSi-Sj— ) I;SiS; (84)
(i

<i,j>

where the first sum is performed over the NN spin pairs S; and S, the second sum over their
z components. J; ; and [; ; are respectively their exchange interaction and their anisotropic
one. The latter is small, taken to ensure the ordering at finite T when the film thickness
goes down to a few layers, without this we know that a monolayer with vector spin models
does not have a long-range ordering at finite T [40].
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Let J; be the exchange between two NN surface spins. We suppose that all other
interactions are ferromagnetic and equal to J. We shall use | = 1 as the unit of energy in
the following.

6.1. Ground State

In the case where J; is ferromagnetic, the GS of the film is ferromagnetic. When J; is
antiferromagnetic, the situation becomes complicated. We recall that for a single triangular
lattice with antiferromagnetic interaction, the spins are frustrated and arranged in a 120-
degree configuration [8]. This structure is modified when we turn on the ferromagnetic
interaction | with the beneath layer. The competition between the non collinear surface
ordering and the ferromagnetic ordering of the bulk leads to an intermediate structure
which is determined in the following.

The GS configuration can be determined by using the steepest descent method de-
scribed below Equation (31). Let us describe qualitatively the GS configuration: when J; is
negative and J; < J§ where J(< 0) is a critical value, the GS is formed by pulling out the
planar 120° spin structure along the z axis by an angle B. This is shown in Figure 23.

S,

7L

Figure 23. Ground state of the film when J; is smaller than the critical value J;. See text for description.

Figure 24 shows cosa and cos  versus J; obtained by the steepest descent method.
As seen for J; > S, the angles are zero, namely the GS is ferromagnetic. The critical value
J¢ is numerically found between —0.18 and —0.19.

We show in the following that this value can be analytically calculated by assuming
the structure shown in Figure 23). We number the spins as in that figure: S1, S and S3 are
the spins in the surface layer, S}, S, and S} are the spins in the second layer. The energy of
the cell is

Hy = —6[Js(S1-S2+8S2-S3+8S3-8S1)
+1,(S7S5 + 5555 + S357)
+ J(S1-S5+S5-S5+S5-S)) (85)
+1(S7S5 + S555 + S§ST)]
— 2J(S1-S7+S2-S5+S3-S3)
—2I(S7SF + S5S5 + S55%),
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Figure 24. Ground state determined by cos(«) (diamonds) and cos(B) (crosses) as functions of Js.

Critical value of J§ is shown by the arrow.

We project the spins on the xy plane and on the z axis. One writes S; = (Sl”, S7).

One observes that only surface spins have non-zero xy vector components. Let the angle
between these xy components of NN surface spins be <y; ; which is in fact the projection of
the angle & on the xy plane. By symmetry, we have

27 47
Y12 =0, 723 = S ML= (86)

The angles f; and ) of S; and S/ formed with the z axis are by symmetry
{ Pr=P2=ps=p,
Pr=pB=p3=0,
The total energy of the cell (86), with S; = S/ = %, is thus

Hp — _9(];— I) _ 3(];_ I) COSIB— 9(]5;—IS> COSle

+ 9%5 sin? B. (87)

The minimum of the cell energy verifies this condition:

OH, (27 .3 .
B <2]s+9ls) cos,851n,8+§(]+1)sm,8 =0 (83)
One deduces [+l
Cosﬁ:—79]5+615. (89)

This solution exists under the condition —1 < cos < 1. The critical values are

determined from this condition. For I = —I; = 0.1, J =~ —0.1889] which is in excellent
agreement with the results obtained from the steepest descent method.
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Now, using the GF method for such a film in the way described in the previous
sections, we obtain the full Hamiltonian (84) in the local framework:

H:

+

1 o
-y ]i,j{4(C059ij—1) (SfS;r—I—SZ- S; )

<i,j>

Ali(cos 0;+1)(S7s; +5757)

1 e 1 .
5 sinf;(SF +57)SF — 3 sin0y;S7 (S} +57)

COos 91]5125]2} — Z Ii,ijS]?

<i,j>

(90)

where cos (91']') is the angle between two NN spins. We define the two coupled GF, and we
write their equations of motions in the real space. Taking Tyablikov’s decoupling scheme
to reduce higher-order GFs, and then using the Fourier transform in the xy plane we arrive

at a matrix equation as in the previous section with the matrix M is defined as

where

By
Ci

n

Dy

+ + -
A B Df Dy
-By Ay -D; -Df

+ — +
Gl Cy Ay By
~Cy. —Cf, —Bn, A

~ wet B]n<s;>(27)(cosen+1)

= Ju(S5)Z cos by — Juni1(Shi1) €080y i
- ]n,n—1<si—1> cos 9n,n—1 - ZIn<SZ>

— L1 (Sien) = w1 (Sica) ]

_ % [ (S%) (cos B, — 1)(Z7),

1

= E]n,n—l <Sﬁ> (COS Gn,n—l =+ 1)/

1

= E]n,nJrl <S§l> (COS 6n,n+l + 1)/

©1)

(92)
(93)
(94)

(95)

where Z = 6 is the in-plane coordination number, 8, ,+1 denotes the angle between two
NN spins belonging to the adjacent layers n and n & 1, while 6, is the angle between two
NN spins of the layer n, and

Note that in the above coefficients, we have used the following notations:

5= [2 cos(kya) + 4 cos(kya/2) cos (kya\@/Z)} /Z.

(i)  Ju and I, are the in-plane interactions. ], is equal to Js for the two surface layers and
equal to | for the interior layers. All I, are taken equal to I.
(if) The interlayer interactions are denoted by |, ,41 and I, , 1. Note that [, ,_1 = I, ,—1
=0ifn=1and [, 11 = I, n11=0if n = N,.

As described in the previous sections, the SW spectrum w is obtained by solving
det|M| = 0. Using w we calculate the magnetizations layer by layer for typical values of
parameters. The results are shown in the following.
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6.2. Quantum Surface Phase Transition

Let us show a typical case in the region of frustrated surface where J; = —0.5 in
Figure 25. Several comments are in order:

(i) The surface magnetization is very small with respect to the magnetization of the
second layer,

(ii) AtT = 0, the length of the surface spin is about 0.425, much shorter than the spin mag-
nitude 1/2. This is due to the antiferromagnetic interaction at the surface which causes
a strong spin contraction. For the second layer, the spins are aligned ferromagnetically,
their length is fully 0.5,

(iii) The surface undergoes a phase transition at T; ~ 0.2557 while the second layer
remains ordered up to T, ~ 1.522. The system is thus disordered at the surface and
ordered in the bulk, for temperatures between T and T,. This partial disorder is very
interesting. It gives another example of the partial disorder observed earlier in bulk
frustrated quantum spin systems.

(iv) One observes that between T; and T, the first layer has a small magnetization. This
is understood by the fact that the strong magnetization of the second layer acts as an
external field on the first layer, inducing therefore a small value of its magnetization.

Figure 25. First two layer-magnetizations obtained by the Green’s function technique vs. T for
Js = —0.5with I = —I; = 0.1. The surface-layer magnetization (lower curve) is much smaller than
the second-layer one. See text for comments.

We plot the phase diagram in the space (Js, T) in Figure 26. Phase I denotes the surface
canted-spin state, phase IIA denotes the partially ordered phase: the surface is disordered
while the bulk is ordered. Phase IIB separated from phase IIA by a vertical line issued from

§ >~ —0.19 indicates the ferromagnetic state, and phase III is the paramagnetic phase.
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Figure 26. Phase diagram in the space (Js, T) for the quantum Heisenberg model with N, = 4,
I = |Is| = 0.1. See text for the description of phases I to III.

6.3. Classical Phase Transition: Monte Carlo Results

In order to compare with the quantum model shown in the previous subsection, we
consider here the classical counterpart model, namely we use the same Hamiltonian (28)
but with the classical Heisenberg spin of magnitude S = 1. The aim is to compare their
qualitative features, in particular the question of the partial disordering at finite T.

We use Monte Carlo simulations for the classical model where the film dimensions are
N X N X Nz, N; being the film thickness which is taken to be N, = 4 as in the quantum
case shown above. We use here N = 24,36, 48, 60 to see the lateral finite-size effect. Periodic
boundary conditions are used in the xy planes. We discard 10° MC steps per spin to
equilibrate the system and average physical quantities over the next 2 x 10° MC steps
per spin.

We show in Figure 27 the result obtained in the same frustrated case as in the quantum
case shown above, namely [ = —0.5. we see that the surface magnetization falls at
T; ~ 0.25 while the second-layer magnetization stays ordered up to T, =~ 1.8. This surface
disordering at low T is similar to the quantum case. Between T; and T, the system is
partially disordered.

Figure 27. Magnetizations of layer 1 (circles) and layer 2 (diamonds) versus temperature T in unit of
J/kg for Js = —0.5 with [ = —I; = 0.1.
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Figure 28 shows the phase diagram obtained in the space (Js, T). It is interesting to
note that the classical phase diagram shown here has the same feature as the quantum phase
diagram displayed in Figure 26. The difference in the values of the transition temperatures
is due to the difference of quantum and classical spins.

e} T T T
T Im
P SRD SR SRS R IR 5 S
15F .
ImA 1B
1k i
05 F i
M\r\c\\
0 L L L
-1 -0.5 J‘;-T 0 0.5 J 1
&

Figure 28. Phase diagram for the classical Heisenberg spin using the same parameters as in the
quantum case, i.e.,, N; = 4, I = |I;| = 0.1. The definitions of phases I to IIl have been given in the
caption of Figure 26.

To close this review, we should mention a few works works where SW in the regime
of non-collinear spin configurations have been studied: the frustration effects in antiferro-
magnetic face-centered cubic Heisenberg films have been studied in Ref. [49], a frustrated
ferrimagnet in Ref. [50] and a quantum frustrated spin system in Ref. [51]. These results
are not reviewed here to limit the paper’s length. The reader is referred to those works
for details.

7. Concluding Remarks

As said in the Introduction, the self-consistent Green’s function theory is the only
one which allows to calculate the SW dispersion relation in the case of non-collinear spin
configurations, in two and three dimensions, as well as in thin films. The non-collinear spin
configurations are due to the existence of competing interactions in the system, to the ge-
ometry frustration such as in the antiferromagnetic triangular lattice, or to the competition
between ferromagnetic and/or antiferromagnetic interactions with the Dzyaloshinskii—
Moriya interaction. We have shown that without an applied magnetic field, the GS spin
configuration is non-collinear but periodic in space. We have, in most cases, analytically
calculated them. We have checked them by using the iterative numerical minimization
of the local energy (the so-called steepest-descent method). The agreement between the
analytical method and the numerical energy minimization is excellent. The determina-
tion of the GS is necessary because we need them to calculate the SW spectrum: SW are
elementary excitations of the GS when T increases.

The double-fold purpose of this review is to show the method and the interest of its
results. We have reviewed a selected number of works according to their interest of the
community: helimagnets, materials with the Dzyaloshinskii-Moriya interaction, and the
surface effects in thin magnetic films. The Dzyaloshinskii-Moriya interaction gives rise
not only a chiral order but also the formation of skyrmions in an applied magnetic field.
The surface effects in helimagnets and in films with a frustrated surface give rise to the
reconstruction of surface spin structure and many striking features due to quantum fluctu-
ations at low T such as the zero-point spin contraction and the magnetization crossover).
We have also seen above the surface becomes disordered at a low T while the bulk remains
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ordered up to a high T. This coexistence of bulk order and surface disorder in a temperature
region is also found in several frustrated systems [8].

To conclude, we say that the Green’s function theory for non-collinear spin systems is
laborious, but it is worthwhile to use it to get results with clear physical mechanisms lying
behind observed phenomena in frustrated spin systems.
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