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Dear Reader

The AcTA POLYTECHNICA journal that you have just opened is a scientific journal published by the Czech
Technical University in Prague. This journal first appeared in 1961 under the name “Proceedings of the Czech
Technical University”. The main purpose of the journal was to support publication of the results of scientific
and research activities at the Czech technical universities. Five years later, in 1966, the name of the journal
was changed to Acta Polytechnica, and it started appearing quarterly. The main title ACTA POLYTECHNICA is
accompanied by the subtitle JOURNAL OF ADVANCED ENGINEERING, which expresses the scope of the journal
more precisely. Acta Polytechnica covers a wide spectrum of engineering topics in civil engineering, mechanical
engineering, electrical engineering, nuclear sciences and physical engineering, architecture, transportation science,
biomedical engineering and computer science and engineering. The scope of the journal is not limited to the
realm of engineering. We also publish articles from the area of natural sciences, in particular physics and
mathematics.

Acta Polytechnica is now being published in an enlarged format. Our aim is to be a high-quality multi-disciplinary
journal publishing the results of basic research and also applied research. We place emphasis on the quality of
all published papers. The journal should also serve as a bridge between basic research in natural sciences and
applied research in all technical disciplines.

We invite researchers to submit high-quality original papers. The conditions of the submission process are
explained in detail on: http://ojs.cvut.cz/ojs/index.php/ap. All papers will be reviewed, and accepted
papers are published in English.

We hope that you will find our journal interesting, and that it will serve as a valuable source of scientific
information.

Editorial Board
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In September 2021, the XVIII*" continuation of the series of the international, mathematically oriented
conferences “Analytic and Algebraic Methods in Physics” (AAMP) had to be organized, for well-known reasons,
online. Fortunately, every cloud has a silver lining: the related reduction of the capacity of the scientific
communication channels led to the willingness of the participants to return to the recently almost abandoned
tradition of complementing the Zoom-mediated meeting by a subsequent preparation of an AAMP-oriented
Special Issue (SI) of Acta Polytechnica.

The main purpose of this SI is twofold. Firstly, it is intended to offer, in written form, a sufficiently representative
sample of what has been presented online. This means that in the form of the standard refereed papers, the
readers of this SI will be rewarded by the up-to-the-minute information about the current state of art. Secondly,
in an ambition which reaches behind the meeting itself, the contributing authors felt motivated by the idea that
a compact and comprehensible presentation of their results might find a broader readership among people who
would not normally participate in the conference but who could still find at least some of the presented results
potentially relevant for their own field of research.

In comparison with the AAMP meeting itself (where the separate subjects covered by 36 talks have been
subdivided into 12 sections), a minor disadvantage of our present SI lies, from the point of view of its readers at
least, in the (traditional) alphabetical ordering of the contributions by their first authors. Fortunately, interested
readers might get more info about the subdivisions of the subjects via the webpage of the conference [1]. Another
weakness of the SI collection could be seen, mainly by the 75 AAMP participants themselves, in an incomplete
coverage of the talks. Indeed, roughly one third of them was not eligible for our SI because the material was
based on the recently published papers. Again, the related complementary information is available via the
AAMP homepage [1].

This being said, the readers of this SI are expected to make their own selection of the consumption out of the
menu. All of the papers belong to the AAMP framework, but even such a restriction admitted the inclusion
of a broad spectrum of subfields, which are all bridging the gaps between the existing abstract mathematical
structures (ranging from our understanding of ordinary differential equations up to the applications of the
various forms of symmetries, antilinear symmetries, supersymmetries and nonlinearities) and their possible
practical implementations (ranging again from multiple elementary models and methodical considerations up
to certain fairly complicated phenomenological questions as encountered, say, in the relativistic quantum field
theory).

In the AAMP context, we could speak about the tradition of the search for a deeper understanding of the
connection between mathematics and physics. This led, in 2007, to the formulation of the project and to
the organization of the series of the dedicated international conferences. At that time, indeed, the analytic
and algebraic methods were particularly actively developed by the Founding Fathers from the Nuclear Physics
Institute of the CAS in ReZ. In this sense, the mathematical side of the bridge to physics has been (and, in fact,
it is still being) restricted to the analytic and algebraic methods. In parallel, the physics side of the same bridge
proved quickly growing with time. At present, its scope covers so many parts of physics that even the originally
tacitly assumed specification “quantum physics” would and could be considered over-restrictive.

One can only conclude that the interaction between mathematics and physics remains enormously productive.
We believe that our SI will contribute to this productivity, counteracting the extent of damages caused to the
scientific world by the coronavirus. One of its most damaging effects was, indeed, the interruption of many
regular series of international conferences, of which the series “Analytic and Algebraic Methods in Physics”
(AAMP), regularly taking place in Prague every year, is just one of many examples. In fact, the original hopes
that the interruption might only last one year were not fulfilled.

Equally disappointing proved to be our slow but definite empirical discovery that the success and efficiency of
the transformation of these conferences into virtual meetings (mediated, say, by Zoom) remains limited. What
was saved was only a form, not the full contents; not the essence. We all revealed that there exists no real
substitute for the face-to-face meetings, converting the hours of isolated research performed by individuals into
an exchange of ideas and providing a platform for their critical re-evaluation. Creating a genuine living science
which can acquire its final, collective and truly creative character only after multiple informal debates and only
after multiple active personal interactions.

For all of these reasons, the organizers of the AAMP series came to the conclusion that one of the possible
reactions to the unpleasant current circumstances would be an enrichment of the internet-mediated standard
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form of the meetings (in which one listens to talks for a few days, without having a real opportunity of discussing
the subjects in the couloirs) via a return to an apparently obsolete practice of a subsequent preparation and
publication of at least some of the talks in their written, more lasting and better accessible form, better suitable
for the subsequent critical re-evaluation.

In this special issue of Acta Polytechnica, the readers will have the opportunity of seeing and, perhaps,
appreciating the result. Surprisingly, many speakers decided to contribute. For us, this is a proof that the
production of special issues characterized by a well-defined and not-too-broad range of subjects still makes sense.

On behalf of organizers, the guest editors of the special issue,
Andrii Khrabustovskii and Miloslav Znojil, University of Hradec Kralové

REFERENCES

[1] http://www.ujf.cas.cz/en/departments/department-of-theoretical-physics/events/
conferencies/AAMP/index.html
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CONSERVED QUANTITIES IN NON-HERMITIAN SYSTEMS VIA
VECTORIZATION METHOD

KAUSTUBH S. AGARWAL,

JACOB MULDOON, YOGESH N. JOGLEKAR®

Indiana University Purdue University Indianapolis (IUPUI), Indianapolis, Indiana 46202 U.S.A.

corresponding author: yojoglek@iupui.edu

ABSTRACT. Open classical and quantum systems have attracted great interest in the past two decades.
These include systems described by non-Hermitian Hamiltonians with parity-time (P7) symmetry
that are best understood as systems with balanced, separated gain and loss. Here, we present an
alternative way to characterize and derive conserved quantities, or intertwining operators, in such open
systems. As a consequence, we also obtain non-Hermitian or Hermitian operators whose expectations
values show single exponential time dependence. By using a simple example of a PT-symmetric dimer
that arises in two distinct physical realizations, we demonstrate our procedure for static Hamiltonians
and generalize it to time-periodic (Floquet) cases where intertwining operators are stroboscopically
conserved. Inspired by the Lindblad density matrix equation, our approach provides a useful addition
to the well-established methods for characterizing time-invariants in non-Hermitian systems.

KEYWORDS: Parity-time symmetry, pseudo-Hermiticity, conserved quantities.

1. INTRODUCTION

Since the seminal discovery of Bender and coworkers
in 1998 [1], non-Hermitian Hamiltonians H with real
spectra have become a subject of intense scrutiny [2-
4]. The initial work on this subject focused on taking
advantage of the reality of the spectrum to define
a complex extension of quantum theory [5] where
the traditional Dirac inner product is replaced by
a Hamiltonian-dependent (CPT) inner product. Soon
it became clear that this process can be thought of
as identifying positive definite operators ) > 0 that
intertwine with the Hamiltonian [6-8], i.e. 1H = H'7,
and that a non-unique complex extension of standard
quantum theory is generated by each positive def-
inite 7 [9, 10]. These mathematical developments
were instrumental to elucidating the role played by
non-Hermitian, self-adjoint operators, biorthogonal
bases, and non-unitary similarity transformations that
change an orthonormal basis set into a non-orthogonal,
but linearly independent basis set in physically realiz-
able classical and quantum models [11].

A decade later, this mathematical approach gave
way to experiments with the recognition that non-
Hermitian Hamiltonians that are invariant under com-
bined operations of parity and time-reversal (P7T) rep-
resent open systems with balanced gain and loss [12—-
15]. The spectrum of a PT-symmetric Hamiltonian
Hpr(v) is purely real when the non-Hermiticity ~
is small. With increasing -, a level attraction and
resulting degeneracy turns the spectrum into complex-
conjugate pairs when the non-Hermiticity exceeds
a nonzero threshold ypr [16]. This transition is called
PT-symmetry breaking transition, and at the thresh-
old vpr the algebraic multiplicity of the degenerate
eigenvalue is larger than the geometric multiplicity,
i.e. it is an exceptional point (EP) [17].

Fueled by this physical insight, the past decade
has seen an explosion of experimental platforms, usu-
ally in classical wave systems, where effective P7T-
symmetric Hamiltonians with balanced gain and loss
have been realized. They include evanescently cou-
pled waveguides [18], fiber loops [19], microring res-
onators [20, 21], optical resonators [22], electrical cir-
cuits [23-25], and mechanical oscillators [26]. The key
characteristics of this transition, driven by the non-
orthogonality of eigenstates, are also seen in systems
with mode-selective losses [27—29]. In the past two
years, these ideas have been further extended to mini-
mal quantum systems, thereby leading to observation
of PT-symmetric breaking and attendant phenom-
ena in a single spin [30], a single superconducting
transmon [31], ultracold atoms [32], and quantum
photonics [33].

We remind the readers the effective Hamiltonian
approach requires Dirac inner product, and is valid in
both PT-symmetric and PT-broken regions. Apro-
pos, the non-unitary time evolution generated by
the effective Hpr signals the fact that the system
under consideration is open. In this context, ev-
ery intertwining operator 7} — positive definite or
not — represents a time-invariant of the system. In
other words, although the state norm ((t)](t))
or the energy (¢(t)|Hpr|(t)) of a state |[¢(t)) =
exp(—iHptt)|¥(0)) of a PT-symmetric system are
not conserved [8], the expectation values ((t)|7]¥(t))
remain constant with time. For a system with N
degrees of freedom, a complete characterization of in-
tertwining operators for a given system is carried out
by solving the set of N2 simultaneous, linear equations,
ie.

AHpr = Hppi). (1)
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In the past, several different avenues have been used
to obtain these conserved quantities. They include
spectral decomposition methods [8, 34], an explicit
recursive construction to generate a tower of inter-
twining operators [25, 35|, sum-rules method [36],
and the Stokes parametrization approach for a P7T-
symmetric dimer [37]. Here, we present yet another
approach to the problem, and illustrate it with two
simple examples. The plan of the paper is as fol-
lows. In Section 2, we present the eigenvalue-equation
approach for intertwining operators and the details
of the vectorization scheme. This method is valid
for any finite dimensional P7T-symmetric Hamilto-
nian. In Section 3, we present results of such analysis
for a quantum P7T-symmetric dimer with static or
time-periodic gain and loss. Corresponding results for
a classical PT-symmetric dimer are presented in Sec-
tion 4. We conclude the paper with a brief discussion
in Section 5.

2. INTERTWINING OPERATORS AS AN
EIGENVALUE PROBLEM

For a PT-symmetric system undergoing coherent but
non-unitary dynamics with static Hamiltonian Hpr,
the expectation value of an operator 7} satisfies the
following linear-in-7) first-order differential equation

DAY (E) = =i ()| Her — Hbpil(t)). (2)

This equation is reminiscent of the Gorini Kossakowski
Sudarshan Lindblad (GKSL) equation [38, 39] (hence-
forth referred to as the Lindblad equation) that de-
scribes the dynamics of the reduced density matrix
of a quantum system coupled to a much larger envi-
ronment [40-42]. Interpreting 7 as an N x N matrix,
all s that satisfy Eq. (2) can be obtained from the
corresponding eigenvalue problem

Exie = —i(iHpr — Hypie) = L, (3)

for 1 < k < N2. We vectorize the matrix 7 into an
NZ-sized column vector |n”) by stacking its columns,
Le. [Alpg = Myy(e—1yn [43]. Under this vectoriza-
tion, the Hilbert-Schmidt trace inner product carries
over to the Dirac inner product, Tr(7if) = (n?|ny)
where (17| is the Hermitian-conjugate row vector ob-
tained from the column vector |n}). Using the identity
ARB — (BT ® A)|n), the eigenvalue problem Eq. (3)
becomes det(L£ — E1y2) = 0 where the N2 x N2 “Li-
ouvillian” matrix is given by

L=—i H§T®1N—1N®H§>T], (4)

and 1,, is the m x m identity matrix. Thus, the
intertwining operators are distinct eigenvectors |n2,)
with zero eigenvalue in Eq. (3). The N? eigenvalues of
the Liouvillian £ are simply related to N eigenvalues
€y of the Hpr as

Epq = —i(ep — 62)- (5)

Since the spectrum of Hpr is either real (¢, = €,) or

complex conjugates (e, = € for some pair), there are
N zero eigenvalues of £ when Hpr has no symmetry-
driven degeneracies; the number of zero eigenvalues
grows to N? if the Hamiltonian is proportional to
the identity matrix [34]. This analysis also provides
a transparent way to construct corresponding inter-
twining operators via the spectral decomposition of
Hpr [8]. Note that when £ = 0, due to the linearity
of the intertwining relation, Eq. (1), without loss of
generality, we can choose the N intertwining operators
lm to be Hermitian.

So what is the advantage of this approach? For one,
it gives us N(N — 1) other, (generally non-Hermitian)
operators whose expectation value in any arbitrary
state evolves simply exponentially in time. When &,
is purely imaginary, it leads to the non-Hermitian 1),
whose expectation value in any state remains constant
in magnitude; on the other hand, if &,, is purely real,
one can choose a Hermitian 7,, whose expectation
value exponentially grows or decays with time.

This analysis of constants of motion is valid for
systems with a static, PT-symmetric Hamiltonian.
It can be suitably generalized to time-periodic, P7T-
symmetric Hamiltonians via the Floquet formal-
ism [25, 28, 32, 44, 45]. When Hpr(t) = Hpr(t +T)
is periodic in time, the long-time dynamics of the
system is governed by the Floquet time-evolution op-
erator [46]

. T ’ ’
Gr(T) = Te " Jo MO, ©)

where T stands for the time ordered product that
takes into account non-commuting nature of the
Hamiltonians at different times. The (stroboscopic)
dynamics of the system at times t,, = mT is then
given by [ (t,,)) = GR|¢¥(0)), and the corresponding,
Hermitian, conserved operators /) = 7! are determined
by [25, 34]

GhiGr =1 (7)

Vectorization of Eq. (7) implies the conserved quanti-
ties are given by eigenvectors of the “Floquet Liouville
time-evolution” matrix

G=GLoal (8)

with unit eigenvalue. Since Gp(T') inherits the PT
symmetry of the time-periodic Hamiltonian, the eigen-
values ky, of Gr(T) either lie on a circle (|k,| = const.;
PT-symmetric phase) or occur along a radial line in
pairs with constant geometric mean (|k,k,| = const.;
PT-broken phase). Therefore, it is straightforward
to see that among the N? eigenvalues \pq = Kpk
of G, there are N unit eigenvalues, giving rise to N
conserved quantities. As in the case with the static
Hamiltonian, the remaining N (N — 1) eigenvectors
give operators that vary exponentially with the strobo-
scopic time t,, irrespective of the initial state |1(0)).
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Conserved quantities in non-Hermitian systems

If Apq is real, we can choose them to be Hermitian, as
in the case of a static Hamiltonian.

We now demonstrate these ideas with two concrete
examples.

3. QUANTUM PT-SYMMETRIC DIMER

We first consider the prototypical P7T-symmetric
dimer (N = 2) with a Hamiltonian given by

Hy(t) = Jo, +ivf(t)o. = HI # HI. (9)

We call this model “quantum” because it arises natu-
rally in minimal quantum systems undergoing Lind-
blad evolution when we confine ourselves to trajecto-
ries that undergo no quantum jumps [31], as well as
in wave systems [18-22]. Here J > 0 denotes coupling
between the two degrees of freedom and v > 0 is the
strength of the gain-loss term. H; is PT-symmetric
with the parity operator P = ¢, and time-reversal
operator 7 = * (complex conjugation). The eigenval-
ues €12 = £4/J% — 42 = £A(y) of the Hamiltonian
Hy(v) remain real when v < ypr = J and become
purely imaginary when 7 exceeds the threshold.

In the static case, f(t) = 1, using Eq. 1, it is
easy to show that 7, = P = o, is the first in-
tertwining operator [34, 35], and the recursive con-
struction gives the second intertwining operator as
flo = mH/J = 1+ (v/J)o,. However, the corre-
sponding 4 x 4 Liouvillian matrix £, Eq. (4), has two
nonzero eigenvalues that are given by &1 = +2iA.
The corresponding eigen-operators are given by

. 1 (v £iA)?  —i(y £iA
T2 | ti(y+id) 1 : (10)
Note that the 2 x 2 matrices 74+ have rank 1, and thus
are not invertible. In the PT-symmetric region (A €
R), the operators #+ are not Hermitian, whereas in
the PT broken region (A € iR), they are Hermitian.

Next we consider the time-periodic case, i.e. f(t) =
f(t+T) where f(t) =sgn(t) for |t| < T/2 denotes a
square wave. This piecewise constant gain and loss
means that the Hamiltonian switches from H;, =
Jog, +iyo, for 0 <t < T/2 to Hi- = TH14T =
Jo,—ivyo, for T/2 <t < T. The non-unitary Floquet
time-evolution operator can be explicitly evaluated
as [47)

Gp(T) = e tH1-T/2c=tH14T/2) (11)
= G()]].Q + iGrop + Gyaya (12)

where Gy = [J?cos(AT) — ~?]/A?%, G, =
—Jsin(AT)/A and G, = —Jv[1 — cos(AT)]/A? are
coefficients that remain real irrespective of where A(y)
is real or purely imaginary. When v — 0, this repro-
duces the expected result Gp(T') = exp(—iJo,T) and
in the limit 7" — 0, the time-evolution operator re-
duces to 15 as expected. On the other hand, as A — 0,
the power series for Gp(T) terminates at second order

in T in a sharp contrast to the static case, where it
terminates at first order in time.
The eigenvalues of G, Eq. (12), are

Ri12 = GO + ’i1 / G% — G?J (13)

Thus the EP contours separating the PT-symmetric
phase (|k1| = |k2|) from the PT-broken phase (|r1| #
|ka|) are given by G, = +G,, [47]. It is easy to check
that 71 = o, satisfies G];,ﬁlGF = 1), and is a strobo-
scopically conserved quantity. The second conserved
operator is obtained from the symmetrized or anti-
symmetrized version of the recursive construction [34],
ie.
fy = { (MGr + Gyin)/2,
—i(iGr — Glin)/2.
In the present case, the symmetrized version re-
turns 7; while the antisymmetrized version gives the
second, linearly independent conserved operator as
Mo = Ggly + Gyo,. Following the procedure out-
lined in Section 2 gives us two unity eigenvalues of
G, Eq. (8), with corresponding conserved operators.
The remaining two eigenvalues are complex conju-
gates with unit length in the PT-symmetric region,
ie. \3 = A} = €® with eigen-operators 7, = ﬁT_
that are Hermitian conjugates of each other. In the
PT-broken region, the two complex eigenvalues with
equal phase satisfy [AsA\y| = 1.
Figure 1 shows expectation values normalized to

their initial values,
() = POlalv)
(1(0)[9al2(0))
calculated with initial state |¢(0)) = | + x) as a func-
tion of dimensionless time t/7T. The system param-
eters are v = 0.5J, JT = 1, and | 4+ z) is the eigen-
state of o, with eigenvalue +1. Thus, the system is
in the PT-symmetric region. Figure la shows that
11 (t) is conserved in this evolution at all times, not
just stroboscopically at t,, = mT. On the other
hand 72(t), shown in Figure 1b, has a periodic be-
havior with a period ~ 30T (not shown). Although
no(t) varies with time, it is stroboscopically conserved,
n2(tm) = 1. The dotted red line shows RN, = 1.
Figure lc shows that the real part of n4(t), with
eigenvalue A3 = —0.44 4 0.97, also shows periodic vari-
ation. The dotted black line shows RA§, and the fact
that 394 (t,,) matches it stroboscopically confirms
the simple sinousoidal variation of this eigen-operator.
Figure 1d shows corresponding results for the fourth
operator 7_ = ﬁi with eigenvalue A\y = —0.44 — 0.9:.
We conclude this section with transformation prop-
erties of Gp(T') and the conserved operators 7). When
the periodic Hamiltonian is Hermitian, i.e. Ho(t) =
Hg(t) = Hy(t +T), shifting the zero of time to ¢y

leads to a unitary transformation,

Gp(T + to, to) = U(to)Gp(T)U (to), (16)
Uto) = Te' fUO Ho(t')at" (17)

(14)

(15)
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FIGURE 1. Conserved quantities for a Floquet, quantum P7-symmetric dimer. System parameters are v = 0.5.J,
JT =1, [¢(0)) = | + z), and n(¢) denote normalized expectation values. (a) 71 = o, is an eigen-operator of G
with eigenvalue A1 = 1; 1 (¢) is constant. (b) 72 = Gz1l2 + Gyo. is the second eigen-operator of G with Ay = 1;
n2(t) oscillates with time, but is stroboscopically constant at t/T = n; the dotted red line shows R\ = 1. (c) 7+
is a non-Hermitian eigen-operator with unit-length eigenvalue A3 = —0.44 + 0.9:. The real part of its normalized
expectation value stroboscopically matches A5 shown in dotted black. (d) Corresponding result for 7_ = ﬁi with

eigenvalue Ay = A3.

Therefore the conserved operators are also unitar-
ily transformed. However, in our case, Eq. (16) be-
comes a similarity transformation, Gg(T + tg,t9) =
SGr(T)S™' where § = Texp(—i [,° Hpr(t')dt')
does not satisfy STS = 1 = §ST. Under this
transformation, the conserved operators change as
A — S~1AS~1. This non-unitary transformation of
the conserved quantities under a shift of zero of time
suggests that they are not related to “symmetries” of
the open system with balanced gain and loss.

4. CLASSICAL PT-SYMMETRIC DIMER

We now consider a different example characterized by
a non-Hermitian Hamiltonian with purely imaginary
entries. We call such a system “classical” because
having Hpt = —Hp ensures that the non-unitary
time evolution operator exp(—iHprt) is purely real,
and therefore |¢(t)) remains real if [1/(0)) is. Such
classical Hamiltonian arises naturally in describing the
energy density dynamics in mechanical or electrical cir-
cuits [23-26, 28], where |1)(t)) encodes time-dependent
positions, velocities, voltages, currents, etc. and is
obviously real. As its simplest model, we consider
a dimer governed by the Hamiltonian

Hy(t) = Jo, +ivf(t)o. = —Hj. (18)

On one level, the Hamiltonian Hs(t), Eq. (18),
is “just a change of basis” from Hi(t), Eq. (9);
H(t) = exp(—imo,/4)H,(t) exp(+ino,/4). However,
since Hs(t) models effective, classical systems where

the entire complex state space is physically accessible,
it is necessary to treat it differently. A physical real-
ization of Ha(t) is found in a single LC circuit whose
inductance L(t) and capacitance C(t) are varied such
that its characteristic frequency J = 1/4/L(t)C(t)
remains constant [25].

Hamiltonian H,(t) is PT-symmetric with PT =
o*. In the static case (f(t) = 1), the two, Hermi-
tian intertwining operators are given by 7; = o, and
fla = MHz/J = 1g — (v/J)o,. In addition, the vec-
torization approach gives two, rank-1 eigen-operators

1

_ (v £iA)?
=

—(y +1i4)

—(y £iA)
1 b

A

umn (19)

with eigenvalues £+ = +2iA. As we discussed in
Section 3, these operators are not Hermitian in the
PT-symmetric phase, and become Hermitian in the
PT-broken phase.

For the Floquet case, we choose a gain-loss term that
is nonzero only at discrete times. This is accomplished
by choosing the dimensionless function f(t) as

fO) =TI[() -0t =T/2)] = f(t+T).  (20)
The resulting Floquet time-evolution operator Gy (T)
can be analytically calculated [25]. Since the Hamilto-
nian Hy(t) is Hermitian at all times except t, = kT/2,
the evolution is mostly unitary, punctuated by non-

unitary contributions that occur due to J-functions at
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times t;. The result is
GF(T) —_ e+'yTJze—iJToy/Qe—’yTa'ze—iJTay/Z

=Gols + Grop + iGyO'y +G.o2, (21)

where the four real coefficients G, are given by

Go = cos?(JT/2) — sin®(JT/2) cosh(27T), (22)
G, = —sin(JT) sinh(27T) /2, (23)
Gy = —sin(JT)[1 + cosh(277)]/2. (24)
G, = —sin?(JT/2)sinh(297). (25)

As is expected, the purely real Gp(T) reduces to
exp(—iJTo,) in the Hermitian limit v — 0. The
EP conoturs, on the other hand, are determined by
the constraint G2 + G2 — G% = 0, which reduces to
cos(JT/2) = tanh(yT) [25].

Two linearly independent Floquet intertwining oper-
ators obtained by solving Eq. (7) are given by 71 = o,
and 72 = —i(M GF —GTFﬁl)/Q. The latter simplifies to
N2 = Gyla+ G0, —Gro,. We leave it for the reader
to check that, as in the case of Floquet quantum P7
dimer problem, the symmetrized version of the recur-
sive procedure, Eq. (14), does not lead to a result that
is linearly independent of 7j;. Following the recipe in
Section 2, we supplement these analytical results with
symbolic or numerical results for four eigenvalues A
and four eigen-operators 1,72, i+ of G, Eq. (8).

Figure 2 shows the behavior of normalized expec-
tation values 7, (t) calculated with |¢(0)) = | + z)
as a function of time. The system parameters are
v =0.5J and JT =1, and therefore the system is in
the PT-symmetric region. Note that since [1)(t))
is purely real, (¢(¢)|71](t)) = 0 independent of
time [25]. On the other hand n2(¢), shown in Fig-
ure 2a, has a periodic behavior. Although 79 (t) varies
with time, it is stroboscopically conserved, 72 (t,,) = 1.
Figure 2b shows that the real part of ny(t), with
unit-magnitude eigenvalue A3 = —0.65 + 0.756¢, also
varies periodically. The dotted black line shows R},
and the fact that Rny (¢,,,) matches it stroboscopically
confirms the simple sinousoidal variation of this eigen-
operator. Since the system is in the P7T-symmetric
phase, n_ = 773_, and therefore Rn_(t) = Ry (¢).
Figure 2c¢ shows the corresponding imaginary parts
SNy (t) = =S (t) for the eigen-operator with the
complex conjugate eigenvalue Ay = A\3. We note that
in the PT-broken regime, the non-unit-modulus eigen-
values are not complex conjugates of each other, and
therefore the corresponding eigen-operators will not
satisfy the relations shown in Figures 2b-c.

5. CONCLUSIONS

In this article, we have presented a new method to
obtain intertwining operators or conserved quantities
in PT -symmetric systems with static or time-periodic
Hamiltonians. In this approach, these operators ap-
pear as zero-& eigenmodes of the static Liouvillian
L or as A\ = 1 eigenmodes of the Floquet G. For

(@) ) o : F
= h JIN \ N MJ ’
~ A

AGN
0 L L
0 2 4 6 8 10
(b) )\3:-0.655+0.756i
s 2
£\ /.
1
€0
+
=
o 7 R

0 T2 4 6 8 “10

dimensionless time /T

FIGURE 2. Conserved quantities for a classical P7T-
symmetric dimer with v = 0.5J, JT = 1, |¢(0)) =
|+x). Since [1(t)) is purely real, the expectation value
of i1 = oy is always zero. (a) flz = Gyl + Ggo, —
G .o, is the second eigen-operator of G with Ay =
1. n2(t) oscillates with time, but is stroboscopically
constant at t/T = n; the dotted red line shows R\; =
1. (b) Since the system is in the P7T-symmetric phase,
R4 (t) = Rn—(t) (solid black) shows periodic behavior
with values that stroboscopically match RS, shown
in dotted black. (c) Corresponding imaginary parts,
Sn—(t) = —Sn+(t) (dot-dashed black) show similar,
stroboscopically matching behavior.

an N-dimensional system, in addition to the N con-
stants of motion, this approach also leads to N (N —1)
operators whose expectation values in any arbitrary
state undergo simple exponential-in-time change. We
have demonstrated these concepts with two simple,
physically motivated examples of a PT-symmetric
dimer with different, periodic gain-loss profiles. We
have deliberating stayed away from continuum models
because extending this approach or the recursive con-
struction [34, 35] to infinite dimensions will probably
be plagued by challenges regarding domains of result-
ing, increasingly higher-order differential operators.

The definition of an intertwining operator via Eq. (1)
can be generalized to obtain conserved observables for
Hamiltonians that posses other antilinear symmetries,
such as anti-P7T symmetry [48-50] or anyonic-PT
symmetry [51, 52]. The recursive procedure to gener-
ate a tower of such operators [34], and the vectoriza-
tion method presented in Section 2 remains valid for
arbitrary antilinear symmetry. Thus, this approach
can be used to investigate constants of motion in such
systems as well.
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ABSTRACT.

The real plane with its set of orientations or angles in [0, 7) is the simplest non trivial example of
a (projective) Hilbert space and provides nice illustrations of quantum formalism. We present some of
them, namely covariant integral quantization, linear polarisation of light as a quantum measurement,
interpretation of entanglement leading to the violation of Bell inequalities, and spin one-half coherent

states viewed as two entangled angles.

KEYWORDS: Integral quantization, real Hilbert spaces, quantum entanglement.

1. INTRODUCTION

The formulation of quantum mechanics in a real
Hilbert space has been analyzed by Stueckelberg in
1960 [1] in order to show that the need for a com-
plex Hilbert space is connected to the uncertainty
principle. Later, Solér [2] showed that the lattice of
elementary propositions is isomorphic to the lattice
of closed subspaces of a separable Hilbert space (over
the reals, the complex numbers or the quaternions).
In other words, the lattice structure of propositions in
quantum physics does not suggest the Hilbert space
to be complex. More recently, Moretti and Oppio [3]
gave stronger motivation for the Hilbert space to be
complex which rests on the symmetries of elementary
relativistic systems.

In this contribution, we do not address the ques-
tion of the physical validity of the real Hilbert space
formulation of quantum mechanics but limit ourselves
to use the real 2-dimensional case, i.e. the Euclidean
plane, as a toy model for illustrating some aspects
of the quantum formalism, as quantization, entangle-
ment and quantum measurement. The latter is nicely
represented by the linear polarization of light. This
real 2-dimensional case relies on the manipulation of
the two real Pauli matrices

S B

and their tensor products, with no mention of the
0 61 . As a matter
of fact, many examples aimed to illustrate tools and
concepts of quantum information, quantum measure-
ment, quantum foundations, ... (e.g., Peres [4]) are
illustrated with manipulations of these matrices.

In [5], it was shown that the set of pure states in
the plane is represented by half of the unit circle and
the set of mixed states by half the unit disk, and also

third, complex matrix oo =

8

that rotations in the plane rule time evolution through
Majorana-like equations, all of this using only real
quantities for both closed and open systems.

This paper is a direct extension of our previous
paper [6], and for this reason we start the discussion
by recalling some key elements of the mathematical
formalism.

2. BACKGROUND
2.1. DEFINITION OF POVMs

We start with the definition of a normalized Positive-
Operator Valued measure (POVM) [7]. It is defined
asamap F : B(Q) — L (H) from the Borel o-algebra
of a topological space {2 to the space of linear positive
self-adjoint operators on a Hilbert space H such that

F (G An> - iF(An) FQ)=1. (2)
n=1 n=1

In this definition, {A,} is a countable family of dis-
joint sets in B(€2) and the series converges in the weak
operator topology. If = R, we have a real POVM. If
F(A) is a projection operator for every A € B(Q), we
recover the usual projection-valued measure (PVM).

A quantum state is defined as a non-negative,
bounded self-adjoint operator with trace 1. The space
of states is a convex space and is denoted by S(H).
A quantum measurement corresponds to an affine map
S(H) — M (Q) from quantum states to probability
measures, p — fi,. There is [8] a one-to-one correspon-
dence between POVMs F : B(Q) — £} (H) and affine
maps S(H) — M4 (Q) given by p,(A) = Tr(pF(A)),
A € B(9).

2.2. INTEGRAL QUANTIZATION

Quantum mechanics is usually taught in terms of pro-
jection operators and PVM, but measurements usually
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give a statistical distribution around a mean value,
incompatible with the theory. We recall here a gen-
eralization of a quantization procedure, the integral
quantization, based on POVMs instead of PVM. The
basic requirements of this programme are the follow-
ing: the quantization of a classical function defined
on a set X must respect

(1.) Linearity. Quantization is a linear map f +— Ay:
Q:CX)—=AMH), Qf)=4;, )
where

e C(X) is a vector space of complex or real-valued
functions f(z) on a set X, i.e. a “classical” math-
ematical model,

o A(H) is a vector space of linear operators in some
real or complex Hilbert space H, i.e., a “quantum”
mathematical model, notwithstanding the ques-
tion of common domains in the case of unbounded
operators.

(2.) Unity. The map (3) is such that the function
f =1 1is mapped to the identity operator 1 on H.

(3.) Reality. A real function f is mapped to a self-
adjoint or normal operator Ay in H or, at least,
a symmetric operator (in the infinite-dimensional
case).

(4.) Covariance. Defining the action of a symmetry
group G on X by (g,2) € Gx X such as (g,x) — g-
x € X, there is a unitary representation U of G such
that Ar(; = U(g)ArU(g™"), with (T(g)f)(z) =
f (g’l :c)
Performing the integral quantization [9] of a func-
tion f(x) on a measure space (X, v) boils down to the
linear map:

fs Ap = /X M(z) f(z) dv(z), (4)

where we introduce a family of operators M(z) solving
the identity. More precisely, we have

X 52 M), /XM(x)dV(x):]l. (5)

If the M(x) are non-negative, they provide a POVM.
Indeed, the quantization of the characteristic function
on the Borel set A, A(xa),

F(8) = Als) = [ M@ dva).  (0)

A
is a POVM which provides a quantization procedure

frods= [ fla)apia)

3. EUCLIDEAN PLANE AS HILBERT
SPACE OF QUANTUM STATES

3.1. MIXED STATES AS DENSITY MATRICES

Density matrices act as a family of operators which
can be used to perform covariant integral quantization.

0

00)=1=(5|5), ©5)=0

F1GURE 1. The Euclidean plane and its unit vectors
viewed as pure quantum states in Dirac ket nota-
tions.

In the context of the Euclidean plane and its rotational
symmetry, one associates the polar angle ¢ € [0, 27)
with the unit vector U4 to define the pure state |¢) :=
[Ug).

As shown in Figure 1, two orthogonal pure states
7=10)andj = ‘g> are readily identified with the unit
vectors spanning the plane. In this configuration, the
pure state |¢) is defined by an anticlockwise rotation of
angle ¢ of the pure state |0). Denoting the orthogonal
projectors on 7 and 7 by |0) (0| and ’g> <g| respectively,
we visualize the resolution of the identity as follows

t- oo+ 53]
(3 (7)
(0 9)=(00) (oY)

Recalling that a pure state in the plane, equivalently
an orientation, can be decomposed as |¢) = cos ¢ |0) +

sin ¢ ’%>, with (0|¢) = cos¢ and <g| ¢> = sin ¢, it
is straightforward to find the orthogonal projector
corresponding to the pure state |¢),

E,— ( COSZ¢ COS¢Sin¢) 7 ®)

cos ¢ sin ¢ sin® ¢

from which we can construct the density matrix cor-
responding to all the mixed states

147 1—r

(9)

In this expression, the parameter r represents the
degree of mixing. Hence the upper half-disk (r,¢),
0<r<1,0< ¢ < misin one-to-one correspondence
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with the set of density matrices p = p,. o written as

pro= 51+ SR(8)oR(~9)

1 .
=+ £ cos2¢ Lsin2¢ 1
— (273 2 S
_< % sin 2¢ ;;COSQ¢)_2(1+TU2¢)’
(10)
__ [cos¢ sin ¢ .
where R(¢) = (sin¢ cos > is a rotation matrix

in the plane, and

0 1= COSP 03 +sing oy

_ ~ _ [cos¢
:?.ud’_(sinqﬁ

sin ¢
—cos ¢

)=M@@.GU

The observable o4 has eigenvalues {1} and eigenvec-
tors ’%> and ‘d"%”> respectively. It plays a crucial
rble since, as we show right after, it is at the core
of both the non-commutative character and the en-
tanglement of two quantum states of the real space.
It is a typical observable used to illustrate quantum
formalism [4].

3.2. DESCRIBING NON-COMMUTATIVITY AND
FINDING NAIMARK EXTENSIONS THROUGH
ROTATIONS

Let us apply integral quantization with the real density

matrices (10). With X = S!  the unit circle, equipped

with the measure dv(z) = d7¢, ¢ € [0,27), we obtain
the resolution of the identity for an arbitrary ¢y,

2m
d¢
| proran =1 (12)
0 e

Hence, quantizing a function (or distribution) f(¢) on
the circle is done through the map

2m
fr s = ﬂ@mw%%
<<f>+§Cc(R¢>of) Cs (Ry, f) )
5Cs (R¢of) <f> C (R¢0 )
:<f>1%*g[C¥(R¢o)(w‘%67(R¢o) o], (13)
with (f) := i 027r f(@)do the average of f on the

unit circle and Ry, (f)(¢) := f(¢ — ¢o). Here we
have defined cosine and sine doubled angle Fourier
coefficients of f

cn=["ro{ 0

In [6], we drew three consequences from this result.
The first consequence is that, upon identification of R3

\[ael(¢) =
cos2¢, ex(¢) = sin2¢} in L2(S',d¢/x), the inte-

with the subspace V3 = Span{eo((b)

10

gral quantization map with p, 444, yields a non-
commutative version of R?

1
Ae = =
BERVE)
T . T
A = 5[608 2¢0 03 + sin 2¢g 01| = 59260 5
T . T
Ae2 = 5[— Sin 2¢50 g3 + COS 2¢() 01] = 502¢0+ﬂ/2 .

Now, the commutation rule reads

r? (0 -1\ .
*572, 2= {4 0 = —log,

which depends on the real version of the last Pauli
matrix and on the degree of mixing.

A second consequence, typical of quantum-
mechanical ensembles, is that all functions f(¢) in V3
yielding density matrices through this map imply that

[AEUA(EQ] =

27
1 s de
00 = ~ 42 cos20| prgro — . (15
Ps,0 /0 [2+TCOS ¢}P,¢+97r (15)
—_——
f(9)

If r > 2s, this continuous superposition of mixed states
is convex. Therefore, a mixed state is composed of
an infinite number of other mixed states. This has
consequences in quantum cryptography, for example,
since the initial signal cannot be recovered from the
output.

The third and last consequence we mention here
concerns the Naimark extension of a function defined
on the circle. In particular, we focus on the Toeplitz
quantization of f(¢), which is a kind of integral quan-
tization. In [6], we used this framework to show there
exist orthogonal projectors from L2(S!,d¢/7) to R?
such that for a function f(¢) the multiplication oper-
ator on L?(S!,d¢/), defined by

vi= Mpv = fo, (16)

maps My to Ay. They are precisely Naimark’s ex-
tensions of POV Ms represented by density matrices
(see [6] for details).

3.3. LINEAR POLARIZATION OF LIGHT AS A
QUANTUM PHENOMENON

In this section, we recall that the polarization tensor
of light can be expressed as a density matrix, which
allows us to relate the polarization of light to quantum
phenomena such as the Malus Law and the incompat-
ibility between two sequential measurements [6].

First, remember that a complex-valued electric field
for a propagating quasi-monochromatic electromag-
netic wave along the z-axis reads as

) =Et) e =£,7+6,5=(5), ()

in which we have used the previous notations for the
unit Vectors in the plane. The polarization is deter-
mined by 50( ). It slowly varies with time, and can be
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measured through Nicol prisms, or other devices, by
measuring the intensity of the light yielded by mean
values o £,Ep, Eo 5 and conjugates. Due to rapidly
oscillating factors and a null temporal average (-)¢,
a partially polarized light is described by the 2 x 2
Hermitian matrix (Stokes parameters) [10-12]

1 (<50I551>t <50w55y>t> ot A

— % * 50

J <50y80m>t <80y€0y>t 2 ’
Lr,  1-r 4

== Ey + TE¢+W/2 + 157—2 ’

Here, J describes the intensity of the wave. In the
second line, it is clear that the degree of mixing r
describes linear polarization, while the parameter A
(=1 < A < 1) is related to circular polarization. In
real space, we have A = 0, so we effectively describe
the linear polarization of light.

We now wish to describe the interaction between
a polarizer and a partially linear polarized light as
a quantum measurement. We need to introduce two
planes and their tensor product: the first one is the
Hilbert space on which act the states Pi\{e of the po-
larizer viewed as an orientation pointer. Note that
the action of the generator of rotations 7 = —ios on
these states corresponds to a /2 rotation :

M _—1 __ M _ M
T2Ps,0To = —T2P59T2 = ps,9+7r/2 . (18)

The second plane is the Hilbert space on which act the
partially linearized polarization states pf, ¢ of the plane
wave crossing the polarizer. Its spectral decomposition
corresponds to the incoherent superposition of two
completely linearly polarized waves

1—r
2

14r
2

Pro = Ey+ Epinya- (19)
The pointer detects an orientation in the plane de-
termined by the angle ¢. Through the interaction
pointer-system, we generate a measurement whose
time duration is the interval In; = (tpr — 1t + 1)
centred at tp;. The interaction is described by the

(pseudo-) Hamiltonian operator

Hin(t) = g3, ()r2 © ply (20)
where g7, is a Dirac sequence with support in Iy, i.e.,
“+oo
tim [ def(t) g () = Fltar).

n—0 J_

The interaction (20) is the tensor product of an an-
tisymmetric operator for the pointer with an operator

for the system which is symmetric (i.e., Hamiltonian).
The operator defined for tg < tpr — 1 as

t

dt’' g, () 2 ® pf@

to

Ul(t,tg) = exp [
= exp [G%(t) T pf_A , (21)
with G7,(¢t) = ftto dt’ ¢g7,(t'), is a unitary evolution
operator. From the formula involving an orthogonal
projector P,
exp(f @ P)=RO)@P+1®(1-P), (22)
we obtain

14+7r

Ul(t,to) =R (G%(t) > ® Ey

1—r

+R <G24(t) > ® Eyinj2.  (23)

For tg < tpr —n and t >ty + 7, we finally obtain

1+ 1-

(24)
Preparing the polarizer in the state pé\g 0,» We obtain

the evolution U(t,t0) plt o @ pk Ul(t,to)" of the
initial state for ¢ > tp; + 71

Pi\f’gﬁ_% 1+7rg cos22(¢ — o) E,
pi\éeﬁ% ® 1—1g c0522(¢ — ¢o) Eyin)o
+ i (R(r) + 50020,+1) @ rosin2(¢ — ¢o) EgT2
— i (R(=7) + 50020,+1) @ T0sin2(¢ — o) T2 g .

(25)

Therefore, the probability for the pointer to rotate
by 1—42'7’7 corresponding to the polarization along the
orientation ¢ is

Tr [(U(t’ to) pi\gﬁo ® pfo@o U(t, tO)T) (1 E¢)]

_ 1+ rgcos2(¢p — ¢o)
2 b

(26)

that for the completely linear polarization of the light,
i.e. 7o = 1, becomes the familiar Malus law, cos?(¢ —
¢o). Similarly, the second term gives the probability
for the perpendicular orientation ¢ 4+ 7/2 and the

pointer rotation by 157'

Tr [(U(t,to) pi\gﬁo ® p7l"/07¢0 U(t’tO)T) (IL ® E¢+ﬂ/2)}

_ 1 —rgcos2(¢p — ¢o)

. , (27)

corresponding (in the case ro = 1) to the Malus law

sin®(¢ — o).

11
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4. ENTANGLEMENT AND ISOMORPHISMS

In this section, we develop our previous results fur-
ther by giving an interpretation in terms of quantum
entanglement. Previously, we described the interac-
tion between a polarizer and a light ray as the tensor
product (20), which is analogous to the quantum en-
tanglement of states, since it is a logical consequence
of the construction of tensor products of Hilbert spaces
for describing quantum states of composite system. In
the present case, we are in presence of a remarkable
sequence of vector space isomorphisms due to the fact
that 2x2=2+21:

RERZ2RIXxRIZRIQR*> = C*>H, (28)

where H is the field of quaternions. Therefore, the
description of the entanglement in a real Hilbert space
is equivalent to the description of a single system (e.g.,
a spin 1/2) in the complex Hilbert space C2, or in H.
In Section 4.3 we develop such an observation.

4.1. BELL STATES AND QUANTUM
CORRELATIONS

It is straightforward to transpose into the present set-
ting the 1964 analysis and result presented by Bell in
his discussion about the EPR paper [13] and about the
subsequent Bohm’s approaches based on the assump-
tion of hidden variables [14]. We only need to replace
the Bell spin one-half particles with the horizontal
(i.e., +1) and vertical (i.e., —1) quantum orientations
in the plane as the only possible issues of the observ-
able o4 (11), supposing that there exists a pointer
device designed for measuring such orientations with
outcomes +1 only.

In order to define Bell states and their quantum
correlations, let us first write the canonical, orthonor-
mal basis of the tensor product R% ® R%, the first
factor being for system “A” and the other for system
“B”, as

04 @005, ‘g>A ® )g>3 ’

T . (29)
|O>A®)2>B ’ ‘2>A®|O>B'
The states |0) and |5) pertain to A or B, and are
named “g-bit” or “qubit” in the standard language
of quantum information. Since they are pure states,
they can be associated to a pointer measuring the
horizontal (resp. vertical) direction or polarisation
described by the state |0) (resp. |%)).
There are four Bell pure states in R% ® R%, namely

L (osomas]D) o f5),). @

o) = % (3|3|0>A ® ‘93 n ‘g>A ® |0>B) . (31)

9%) =

!'Remind that dim(V @ W) = dimVdimW while dim(V' x
W) = dimV + dimW for 2 finite-dimensional vector spaces V'
and W

12

We say that they represent mazimally entangled quan-
tum states of two qubits. Consider for instance the
state |®T). If the pointer associated to A measures
its qubit in the standard basis, the outcome would
be perfectly random, with either possibility having
a probability 1/2. But if the pointer associated to
B then measures its qubit instead, the outcome, al-
though random for it alone, is the same as the one A
gets. There is quantum correlation.

4.2. BELL INEQUALITY AND ITS VIOLATION

Let us consider a bipartite system in the state ¥™.
In such a state, if a measurement of the component
ol = A 1y, (g, is an unit vector with polar
angle ¢,) yields the value +1 (polarization along the
direction ¢,/2), then a measurement of o when
o = ¢ must yield the value —1 (polarization along
the direction %2"’ T), and vice-versa. From a classi-
cal perspective, the explanation of such a correlation
needs a predetermination by means of the existence of
hidden parameters A\ in some set A. Assuming the two
measurements to be separated by a space-like inter-
val, the result e € {—1,+1} (resp. €& € {-1,+1})
of measuring a(‘;‘u (resp. afb ) is then determined by
oo and A only (locality assumption), not by ¢y, i.e.
e = e4(pa, \) (resp. eB = eP(dy, ). Given a prob-
ability distribution p(\) on A, the classical expecta-
tion value of the product of the two components aj)‘a

and afb is given by

P(Guncn) = [ ANPNE (00 NP6 ). (32
Since
/dAp()\):l and &P =41, (33)
A

we have —1 < P(¢,, ¢») < 1. Equivalent predictions
within the quantum setting then imposes the
equality between the classical and quantum expecta-
tion values:

P(¢a,00) = (V™| 0f, ®ag [¥7)
—Uy, - Uy, = —cos(pg — dp).  (34)

In the above equation, the value —1 is reached at ¢, =
#p. This is possible for P(¢q4, ¢4) only if e4(¢q, \) =
—£B(¢a, ). Hence, we can write P(dq, ¢p) as

P(0, &) = / A p() £(dar N) (6, V)
(0, A) =e(d,A) = £1. (35)

Let us now introduce a third unit vector U,,. Due
to €2 = 1, we have

P(¢a &) — P(6a de) = /A A p(N) (e, A) (6, A)
% [e(én, A) (e ) — 1] . (36)
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From this results the (baby) Bell inequality:
|P(¢aa ¢b) - P(¢a7 ¢c)|
< [ AP 1 = e, A) (00, V)] = 1+ Plon ).

Hence, the validity of the existence of hidden vari-
able(s) for justifying the quantum correlation in
the singlet state ¥~ and which is encapsulated by
the above equation, has the following consequence on
the arbitrary triple (¢4, ¢p, dc):

1 —cos(@p — de) = [cos(dp — ¢a) — cos(e — Pa) -

Equivalently, in terms of the two independent angles
¢ and 7,
¢a — ¢b

(= ;

_¢b_¢c
2 =

2 )

we have
’sin2 ¢ —sin?(n + C)’ < sin’7. (37)

It is easy to find pairs ({,n) for which the inequality
(37) does not hold true. For instance with n = ¢ # 0,

i.e.,
a + C
AT
we obtain
|4sin?n — 3| <1, (38)

which does not hold true for all |n| < 7/4, i.e., for
|pa — Pb| = | — ¢c| < 7/2. Actually, we did not
follow here the proof given by Bell, which is a lot
more elaborate. Also, Bell considered unit vectors in
3-space. Restricting his proof to vectors in the plane
does not make any difference, as it is actually the case
in many works devoted to the foundations of quantum
mechanics.

4.3. ENTANGLEMENT OF TWO ANGLES

Quantum entanglement is usually described by the
complex two-dimensional Hilbert space C2. As a com-
plex vector space, C2, with canonical basis (e;, ez),
has a real structure, i.e., is isomorphic to a real vector
space which makes it isomorphic to R*, itself isomor-
phic to R? ® R2. A real structure is obtained by
considering the vector expansion

(C2 €V =2z1€e] + z9€9
=x1€1 + y1 (ie1) + xoea + y2 (iez) ,  (39)

which is equivalent to writing z; = x1 + iy1, 22 =
o + iys, and considering the set of vectors

{el, €q, (iel) s (1e2)} (40)
as forming a basis of R*. Forgetting about the sub-
scripts A and B in (29), we can map vectors in the
Euclidean plane R? to the complex “plane” C by

10) s 1, ‘g>»—>i, (41)

which allows the correspondence between bases as
7r 7r
‘0>®‘0>:e17 ‘§>®‘§>:—62,
0 . ™ L
0)@|Z)=Ge), |5)@l0)=(e) . (42

Also, the spin of a particle in a real basis, given by
the “up” and “down” states, are defined by

a=it=(y). e=lv=(}). @

Finally, we obtain an unitary map from the Bell
basis to the basis of real structure of C2

(1o%) |e7) [vF) [u7)) =

1 1 0 O
. . I 1-1 10 0

(61 €9 (1e1) (1e2)) 7 0 0 1 -1
0 01 1

In terms of respective components of vectors in their
respective spaces, we have

1 1 1 0 0 xt
wm| 1 [-110 o[
w| =m0 o1 ||y WY
Y2 0 0 1 1 Yy

In complex notations, with z* = z* + iy*, this is
equivalent to

()=m DE)=a) w

in which we have introduced the conjugation operator
Cz = z, i.e., the mirror symmetry with respect to the
real axis, —C being the mirror symmetry with respect
to the imaginary axis.

Let us now see what is the influence of having real
Bell states on Schrodinger cat states. The operator
“cat” Cq can be expressed as

1 0 —-C
C@:\ﬁ(]lJrF), F:—CTQ—(C 0). (46)

Therefore, with the above choice of isomorphisms,
Bell entanglement in R? ® R? is not represented by
a simple linear superposition in C2. It involves also the
two mirror symmetries =C. The operator F is a kind
of “flip” whereas the “cat” or “beam splitter” operator
Ca builds, using the up and down basic states, the
two elementary Schrédinger cats

1
V2

1
Ca =—(- + . (48

a | 1) ﬂ( [T +14)). (48)

The flip operator also appears in the construction
of the spin one-half coherent states |6, ¢), defined in

FIt) =14, Calt)=—2(MN+I[1), 47

FI4) ==I1),

13
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terms of spherical coordinates (6, ¢) as the quantum
counterpart of the classical state (6, ¢) in the sphere
S? by

10,) = <cos§|¢>+ei¢sin§|¢>> =

cos g _( cos g' —sin ge_i¢ 1 (49)
€ sin g sin Zei® cos g 0

=Dz (61 [ 1).

Here, &; corresponds, through the homomorphism
SO(3) — SU(2), to the specific rotation Ry mapping
the unit vector pointing to the north pole, k = (0,0,1),
to n. The operator Dz (5; 1) represents the element
& L of SU(2) in its complex two-dimensional unitary
irreducible representation. As we can see in matrix
(49), the second column of Dz (f; 1) is precisely the
flip of the first one,

D= (5% = (16,¢) Fl6.9)) - (50)

Actually, we can learn more about the isomorphisms
C? ¥ H =~ R, x SU(2) through the flip and matrix
representations of quaternions. In quaternionic alge-
bra, we have the property ¢ = 3k + even permutations,
and a quaternion ¢ is represented by

H>q=qo+qi+qjtak
:tJo+q3lA6+§(q1lAc+qz)

_ (a0 +igs) _ 2
= <q2 +iq1) =7,€C?, (51)

after identifying k =1 as both are roots of —1. Then
the flip appears naturally in the final identification
H =R, x SU(2) as

+ 1
q= (QO q3

g2 tig1  qo —1ig3

—q¢2 +iq

) =(Z, FZ,). (52)
Let us close this article with a final remark on spin-
1/2 coherent states as vectors in R% @ R%. The “cat
states” in C? given by (49) and equivalently viewed
as 4-vectors in H ~ R* as

4
Cos 3

0
— s1n9§ cos @
. . b
sin 3 sin ¢

0

10, 6) — (53)

are represented as entangled states in R34 ® R% by
0 . 0 T T
|6, ¢) =cos §|O>A ® [0y — sm§cosqb‘§>A ® ‘§>B
0
cingindnae ), 0[5}, oo

Therefore, we can say that two entangled angles in the
plane can be viewed as a point in the upper half-sphere
S?/Z, in R? shown in Figure 2.

14

FIGURE 2. Each point in the upper half-sphere is in
one-to-one correspondence with two entangled angles
in the plane.

5. CONCLUSIONS

Integral quantization is a quantization scheme con-
structed on Positive Operator-Value Measures. When
applied to a two-dimensional real space, it allows for
a description of quantum states as pointers in the
real unit half-plane. We recalled in this paper that in
this case, a family of density matrices is sufficient to
perform this kind of quantization as it describes all
the mixed states in this space. Furthermore, a density
matrix in a two-dimensional real space depends on
cos¢  sing ) which
sing —cos¢)/’
captures the essence of non-commutativity in real
space. As a consequence, commutation relations are
expressed in terms of the real matrix 75, which serves
as the basis to the description of quantum measure-
ment.

the usual observable o4 = (

We provide an illustration considering linearly-
polarized light passing through a polarizer. The
pointer, associated with 75, can rotate by an angle
(1+£7r)/2 with r the degree of mixing of the density ma-
trix, with a probability given by the usual Malus’ laws
(26) and (27). We extended the analysis by showing
that the interaction between a polarizer and a light
ray is equivalent to the quantum entanglement of two
Hilbert spaces. Orientations in the plane have only
two outcomes (+1), which are the possible issues of
0s. We showed that for a general bipartite system,
the classical and quantum measurement of o4 deny
the existence of local hidden variables, resulting in the
well-known violation of Bell inequalities, here given by
(37). Finally, we demonstrated that the isomorphism
C? ~ R* allows to write Bell states in real space,
with the introduction of the “flip” operator (46). This
operator is necessary for constructing spin one-half
coherent states, that we can fully describe by a set of
orientations in R3, as shown in (53).
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ABSTRACT. We report on some recent purely algebraic approaches to superintegrable systems from
the perspective of subspaces of commuting polynomials in the enveloping algebras of Lie algebras that
generate quadratic (and eventually higher-order) algebras. In this context, two algebraic formulations
are possible; a first one strongly dependent on representation theory, as well as a second formal approach
that focuses on the explicit construction within commutants of algebraic integrals for appropriate
algebraic Hamiltonians defined in terms of suitable subalgebras. The potential use in this context of

the notion of virtual copies of Lie algebras is briefly commented.
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1. INTRODUCTION

Both the study of (quasi-)exactly solvable systems,
as well as that of super-integrable systems make an
extensive use of the universal enveloping algebras of
Lie algebras, either in the context of the so-called
hidden algebras or as symmetry algebras of the sys-
tem. Of particular interest are those systems that,
beyond super-integrability properties, also belong to
the class of (quasi-)exactly solvable systems [1-5]. In
particular, quadratic subalgebras have been shown to
be a powerful tool for classifying and comparing super-
integrable systems, as shown in [6], where the scheme
of superintegrable systems on a two-dimensional con-
formally flat space has been characterized in terms of
contractions. Additional examples in higher dimen-
sions [7] lead us to suspect that n-dimensional super-
integrable systems are somehow associated to (higher
rank) polynomials in a suitable enveloping algebra [8],
further stimulating the search of alternative algebraic
approaches based on the structural properties of en-
veloping algebras. Although the precise fundamental
properties of enveloping algebras of generic semidirect
sums of simple and solvable Lie algebras are still far
from being completely understood, a purely formal
ansatz applied to the case of the Schrédinger alge-
bras S(n) has recently been shown to provide some
interesting features [9].

In this work we comment on some purely alge-
braic approaches formulated in the enveloping algebras
of Lie algebras for the identification or construction
of quadratic algebras that may lead to super-integrable
systems, once a suitable realization of the enveloping
algebra by first-order differential operators has been
chosen. The motivation for this analysis lies primarily
on the inspection of super-integrable systems from
the point of view of the algebraic properties of first
integrals seen as elements of an enveloping algebra, as
well as an attempt to determine to which extent these
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integrals are characterized algebraically by the hidden
algebra [10]. This moreover suggests a realization-free
description of systems in terms of commutants of al-
gebraic Hamiltonians in enveloping algebras [11], in
which elements of the coadjoint representation of Lie
algebras may be useful to simplify computations.

2. FIRST ALGEBRAIC REFORMULATION

In the context of (quasi)-exactly solvable problems, the
Hamiltonians are described as differential operators
in p variables that admit an expression as elements in
the enveloping algebra of a Lie algebra g, commonly
known as the hidden algebra, not necessarily associ-
ated to any symmetry algebra of the system. The main
requirement is the existence of a representation of g
that is invariant for the Hamiltonian, a constraint that
allows us to determine its spectrum (either partially or
completely) using algebraic methods [12]. So, for ex-
ample, the universal enveloping algebra of the simple
Lie algebra sl(2,R) and its realization as first-order
differential operators on the real line provide a char-
acterization of quasi-exactly solvable one-dimensional
systems [13]. A second type of systems that uses the
structural properties of enveloping algebras is given by
super-integrable systems, where both the Hamiltonian
and the constants of the motion are interpreted in the
enveloping algebra of some Lie algebra g. Merely in-
tegrable n-dimensional systems can be interpreted as
the image, via a realization ® by first-order differential
operators, of an Abelian subalgebra A of U(g), while
super-integrable systems would correspond to non-
Abelian extensions of A. The problem under what
conditions a system both exhibits super-integrability
and (quasi-)exact solvability has been analyzed in de-
tail, and large classes of super-integrable systems that
are exactly solvable have been found (see [3, 14, 15]
and references therein).
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A first algebraic formulation, as developed in [10],
is motivated by the use of quadratic algebras in the
context of super-integrable (and exactly solvable) sys-
tems with a given hidden algebra g [3]. To this extent,
we consider a Hamiltonian H expressed in terms of
a subalgebra m C g via a realization ® by differential
operators of the Lie algebra g:

dimm dimm
M= ay®X)0(X;)+ > Br®(Xx)+70, (1)
i,j=1 k=1

where «;;, B, Y0 are constants and {X1,..., Xdimm}
is a basis of m. In this context, the Hamiltonian # is
obtained as the image of a quadratic element H, in the
universal enveloping algebra U (m) C U(g). Similarly,
the (independent) constants of the motion 1, ..., s
can also be rewritten as the image of elements in the
enveloping algebra U(g). As differential operators
they satisfy the commutators

[H, 0] =0,1<j<s. (2)

The commutators [¢;, ¢;] provide additional (depen-
dent) higher-order constants of the motion. A spe-
cially interesting case is given whenever the first inte-
grals generate a quadratic algebra.

Abstracting from the specific realization ®, and fo-
cusing merely on the underlying algebraic formulation,
the formal polynomial

dim m dim m
Ho = Z i X; X + Z BrXx + 70
=1 k=1

in the enveloping algebra U(m) of m allows us to re-
cover Hamiltonian H of the system once the generators
are realized by the differential operators. In analogous
form, we can find elements .J, ..., Js in U(g) that cor-
respond, via the realization ®, to the first integrals
Y1, ..., ps of the system. While for the initial system
the relations
[Ha%}:Ov 1<k<s,

are ensured, there is no necessity that the polynomials
Ji commute with H, in U(g), although the relation

[Ha, Jk] =0 (mod @) (3)

is satisfied. Similarly, for the polynomial relations
[0i, 4] = aff(p;gw + ﬁfj(pk of the first integrals, the
commutators in U(g) lead to the relation

[Jis Jj] = off Jude + B Je (mod @) (4)

If equations (3) and (4) are satisfied for any realiza-
tion ®, then the problem is entirely characterized
algebraically by the reduction chain m C g. It should
be observed that this situation is rather exceptional, as
the analysis of the exactly solvable systems described
in [3] from the point of view of the first algebraic

formulation indicates that, in general, the first inte-
grals of the system do not correspond, at the level
of the enveloping algebra of the hidden algebra, to
polynomials that commute with the algebraic Hamil-
tonian, showing that the commutativity properties
are a consequence of the realization by differential
operators.

Using the correspondence existing between the rep-
resentations of g and those of its enveloping algebra
U(g) (see e.g. [11]) and identifying a Lie algebra g
with the first-order (left-invariant) differential opera-
tors on a Lie group G admitting g as its Lie algebra,
it follows that the universal enveloping algebra can be
seen as the set of (left-invariant) differential operators
on G of arbitrary order. Therefore, if ® : g — X(R™)
is some realization of the Lie algebra by first-order
differential operators, it can be uniquely extended to
a realization ® : U(g) — X(R").

In this context, this first algebraic reformulation of
the system is still strongly related to the representa-
tion theory of Lie algebras. More precisely, supposed
that H, € U(m) is an algebraic Hamiltonian defined
in the enveloping of some subalgebra m C g and
that the (independent) polynomials Jy,. .., Js gener-
ate a quadratic algebra, that is, satisfy the conditions

[Ji, Jj] = oalf Jude + B J, (5)

we consider the (two-sided) ideal Z in U(g) generated
by the polynomials

Qi :=[Ha,Ji], 1<i<s.

The problem is now to analyze whether there ex-
ists an equivalence class of (faithful) representations
® : g — X(R"™) such that for the corresponding ex-
tension @ : U(g) — X(R™), the image of the ideal
T is contained in the kernel ker EIS, ensuring that the
realized polynomials ®(Q);) correspond to first inte-
grals of the Hamiltonian in the given realization. In
some sense, this is a special case of an important
and still unsolved problem, namely the embedding
of a Lie algebra g into the enveloping algebra U(¢)
of another Lie algebra £, for which currently only the
case of embeddings ¢ : g — U(g) for g semisimple
has been completely solved [16], using techniques of
deformation theory [17].

We illustrate the preceding procedure consider-
ing the six-dimensional non-solvable Lie algebra t C
s[(3,R) with basis {X1,...,Xs} and nonvanishing

commutators
[X1,X2] = X4, [X1, X5] = X4, [X2, X5] = X5,
(X2, X6] = — X6, [X3,Xu]=—-X4, [X3,X5]=-X5,
[X35, X6] = X6 (X4, X6] = X1, [X5, X6] = X2 — Xs.

Superintegrable systems based on this hidden algebra
v and the vector field realization

N
X1 =0, Xo =10, — —, X3 = sud, — —,
1 ty, A2 t 3 3 = Su 3 (6)
X4 = aua X5 = tau) X6 = Uat,
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have been extensively studied in [4], where in addition
their exact solvability was analyzed. We consider
a special case of the generic Hamiltonians studied
there. Taking the values s=k=w=1,a=b= —%
and N = 0, we obtain the Hamiltonian h; and two
quadratic integrals

hy = —4t07 — 8ud}, — 4ud? + 4t0; + 4ud,,

1 = du(u— )02, pa =4t —u) (0f — ;) .
Now h1, 1, p2 are the image by the realization of the
following polynomials in the enveloping algebra of t:

Hy =4X5(1 — X1) +8(1 — X3) X1 +4(1 — X4) X3,
Py = —4X3X5 +4X7 — 4X3,
Q1 = 4(Xo X1 — X6 X1 + X6 — Xo).

At the purely algebraic level we have

[Hval] 7& O,

showing that the polynomials P; and @1 do not belong
to the commutant of H;y in U(r). Therefore, the origin
of the quadratic integrals of system (7) is not algebraic,
but a consequence of the specific realization (6).

If we maintain the algebraic Hamiltonian as given
above and search for quadratic polynomials in U(r)
commuting with it, we find that only two such opera-
tors exist (see [10] for the general case), given by

[Hy, P1] # 0,

A= X4 — X5 — Xo+ X1(1+ X35+ X6) + (X3 + X6) X4,

By = —4X1 — Xo + X6 + X1 X2 + X1X3 — X1 X6 — X6X4.

These polynomials are not independent, as they sat-
isfy the relation A+ B+ iHl = 0. Now, if we extend
the analysis to cubic polynomials in U(t), we find the
following operator C7 that commutes with Hy:

Cy =3X; —2Xs5 — X5 — 4X6 + 2X1 X5 + 4X1 X6 + X3
+ Xo X4+ X35 — X3X5 + X3 X6 + X6 X4 — X6 X5
— X1X2 - X1 X5X6 4+ XoX3X4 + X2 X6X4.

The operators A; and C; generate a finite-
dimensional polynomial algebra in U(t), with explicit
nonvanishing commutators

[A1,C1] = Dy, [A1,D1] =Dy, [B:1,Ci] = —Dx,

1 1
[C1, D] = §{Bl7D1} — §{A17D1} — 124,
— 124, 4By +4C) — 2{A1, 1),

where {o, 0} is the anticommutator.

Now, as the operators Hq, A1, C7; commute at the
algebraic level, for any realization of v by vector fields
they give rise to a Hamiltonian system possessing
a quadratic and a cubic integral, respectively.! For the
particular realization (6), it follows that the resulting
system is actually equivalent to the initial one (7), as
the image of the ideal J generated by Ay, By, C1, D is
properly contained in the ideal spanned by ¢; and 9,
thus being functionally dependent on these integrals.

1Provided that the transformed operators are independent.
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3. COMMUTANTS IN ENVELOPING
ALGEBRAS AND COADJOINT
REPRESENTATIONS

A second algebraic approach, of a more general na-
ture, can be proposed considering chain reductions
g’ C g of (reductive) Lie algebras, and analyzing the
structure of the commutant of g’ in the enveloping
algebra U(g), in order to identify polynomial (in par-
ticular, quadratic) subalgebras [9]. In the generic
analysis of commutants, elements of the theory the
coadjoint representation of Lie algebras can be used,
in order to simplify some of the computations in en-
veloping algebras. If g is a Lie algebra with generators
{X1,...,Xn} and commutators [X;, X;] = Cf X,
the X;’s are realized in the space C*° (g*) by means
of the first-order differential operators:

%, = Ol (®)
where {z1,...,z,} are the coordinates of a covector
in a dual basis of R{Xj,...,X,}. The invariants of
¢ (in particular, the Casimir operators) correspond
to the solutions of the following system of partial
differential equations:

X,F=0, 1<i<n. (9)
For an embedding of Lie algebras f : g’ — g, a basis
{X1,...,X,} of the subalgebra can be extended to
a basis {X1,...,X,} of g. Therefore, we can con-
sider the subsystem formed by the first r equations of
(9), corresponding to the generators of the subalgebra
g’. The solutions of this subsystem, that in particu-
lar encompass the invariants of g’, are usually called
subgroup scalars [18].
By means of the standard symmetrization map

1
A (I‘il v xi,,) = ]? Z Xo(il) cen Xa(ip) (10)
o€S)

polynomial solutions of the subsystem correspond to
elements in the enveloping algebra U(g) of g that
commute with the subalgebra g'. If we now define an
algebraic Hamiltonian

H=H(X,....,X,) eUg), (11)
in terms of the subalgebra generators, the commutant

Cug)(M) ={U e U(g) | [H,U] = 0}

certainly includes the solutions of (9) common to the
g'-generators, i.e.

Cute) (M) > {A9) | Ki(0) =+ = Ko(p) = 0},

where p(z1,...,2,) € C™ (g%).

Depending on the structure of g and the subalgebra
g’, as well as on the choice of H, two possible cases
arise for a polynomial P € Cyyq)(H):
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(1.) P commutes with all Xq,...,X,.
(2.) There is an index ko with [P, Xj,] # 0.

Polynomials P in the first case actually commute with
the Hamiltonian H, and thus belong to the two-sided
ideal (Z) generated by the set Z = {J1,...,Js} of
elements corresponding to the symmetrization of in-
dependent polynomials satisfying the subsystem of
(9) corresponding to g’. For these elements, it fol-
lows at once that [Jy, J¢] belongs to Z. In the general
case, the Hamiltonian H does not commute with all
X-generators, and in order to find the commutant
Cu(g)(H), we can restrict the analysis to the determi-
nation of a basis of the factor module Cy(g)(H)/(Z).
Although the problem is computationally cumbersome,
certain algorithms in terms of Grébner bases have been
developed that allow its precise determination [19].

A (restricted) systematic procedure that circum-
vents the above-mentioned obstruction and allows us
to analyze polynomial algebras with respect to a reduc-
tion chain g’ C g can be proposed starting from the
polynomials in (g) that commute with all the gen-
erators intervening in the expression of the algebraic
Hamiltonian H € U(g’). More precisely, if the Hamil-
tonian H is given as a polynomial P(X; ,...,X;, ) in
terms of the generators of the subalgebra g’ with basis
{X1,...,X.}, we consider the subsystem of (9) given
by

)?ijF(xlv s 7xn) = 07

We then extract a maximal set of independent poly-
nomial solutions {Q1,...,Qp} of (9), which in the re-
ductive case forms an integrity basis for the solutions.
Symmetrizing these functions we obtain elements M
in the commutant Cyq)(H). Starting from the set of
polynomials S = {#, M,..., My}, we inspect their
commutators and determine whether, either adjoining
new (dependent) elements to S or discarding some
elements of S, a finite-dimensional quadratic algebra
A can be found. Although there is some ambiguity
in the construction, as there is no quadratic algebra
“canonically" associated to the reduction chain g’ C g,
it provides an alternative method that does not re-
quire a specific realization by vector fields, as the
integrability condition is guaranteed by the commu-
tant.

This ansatz has been successfully applied in [9] to
the enveloping algebra of the Schrédinger algebras
S(n) for arbitrary values of n > 1 and various choices
of algebraic Hamiltonian, showing that the construc-
tion is formally of use for the analysis of hidden alge-
bras that are not reductive.

1<j<s.

4. VIRTUAL COPIES IN ENVELOPING
ALGEBRAS

In the solution of the embedding problem into envelop-
ing algebras for semisimple algebras, the vanishing
of the first cohomology group with values in U(g)
plays an important role, as it allows to provide a gen-
eral solution for the perturbation problem [16]. For

nonsemisimple Lie algebras, the application of the pro-
cedure is quite complicated for both computational
reasons and the currently incomplete understanding
of the precise structure of the corresponding envelop-
ing algebras. However, for certain types of semidirect
sums of simple and solvable Lie algebras, some analo-
gous statements may be proposed, providing copies
of semisimple Lie algebras in the enveloping algebra
of a semidirect sum, up to a polynomial factor.
Supposed that_) 5 is the Levi subalgebra of a semidi-
rect sum g = s@ v, we seek for elements of degree
d > 2 in the generators in U(g) that transform accord-
ing to the structure tensor of s, up to a (polynomial)
factor. The procedure can be summarized as follows:
Counsider a basis {X,...,X,} of s with commmuta-
tors
(X, X;] = CF Xe. (12)

and extend it to a basis {X1,...,X,,Y1,..., Y} of
of the semidirect sum g. We now define operators

in U(g), where P; and R are still undetermined poly-
nomials. In order to simplify computations, they can
be considered as homogeneous polynomials of degrees
k and k — 1 respectively, so that X/ is homogeneous of
degree k. We require that these operators commute
with the generators Y} of the radical t, so that the
identity

i Y 1<i<n, 1<53<m

is satisfied for all indices. Expanding the latter leads
to the expression

[Xz{a YJ] = [XlRaYJ] + [Pi’ Y]}
=X;[R,Yj] + [Xi,Y;] R+ [P, Y]]

Taking into account the homogeneity degree of the
terms with respect to the generators of s and the rep-
resentation space, it follows that X; [R,Y;] can be
seen as a polynomial of degree (kK — 1) in the vari-
ables {Y1,...,Y,}. On the other hand the terms
of [X;,Y;] R+ [P;,Y;] have degree k, allowing us to
further separate the commutator as
[Rv Y]] =0,
X0, Yj] R+ [P, Y] = 0. (14)
From the first equation we conclude that the factor
R commutes with all generators Y;, thus defines an
invariant of the solvable Lie algebra t. We further

require that the operators X/ transform by the action
of 5 as the generators of the latter algebra, i.e.

X/, X;] =[X:,X;] :=Ck(Xx,R+P). (15)

As this relation must hold for all the generators of the
semidirect sum g, further structural constraints on
the polynomials R and P; are obtained. Expanding
the left-hand term of condition (15) yields

(X7, X;] = [Xi, Xj] R — X [X;, R + [Pi, X;].
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As the Y; are the generators of the representa-
tion space T, it follows that the term [X;, X;] R —
X, [X;, R] is linear in the generators of s and of de-
gree (k—1) in the Y}’s, while [P;, X,;] does not involve
generators of 5. Comparing now with the right-hand
side of (15), the condition again separates into two
parts:

[Xi, X;] R X, [X;,R] = C5,XyR,

16
[P, X;] = C}; Pe. 16)

Simplifying the first equations shows that
X, [X;,R] =0,

hence implying that R also commutes with the gen-
erators of the Lie algebra. As R corresponds simul-
taneously to an invariant polynomial of the radical,
it must correspond to an invariant of g that depends
only on the generators of its maximal solvable ideal.?
The second equation shows that the polynomials P;
transform according to the adjoint representation of
the semisimple Lie algebra s. Supposed that all the
conditions are satisfied, we obtain the commutators
of the operators X! in the enveloping algebra U(g) as

[X{,Xﬂ = [XiR-i-PZ‘,XjR-‘r Pj]
= [X1R+ Pz;X]R] + [X1R+ P“PJ] (17)
= C}, Xk R* + ClP.R + [X], Pj].

As the X/ commute with the Y}, it follows from
equation (17) that [X/, P;] = 0 and therefore that
[X{,XJ‘] = [Xi,Xj]/R, showing that the operators
reproduce the commutators of s, up to the invariant
factor R. It should be emphasized that R is not nec-
essarily a central element, but an invariant of g that
solely depends on the generators of the characteristic
representation I'.

It follows in particular from this construction that
the operators {R, X1, ..., X} generate a finite dimen-
sional quadratic algebra A in the enveloping algebra
U(g), with commutators

R, X]]=0, [X],X]] =C5X\R, 1<ijk<n.

Under some specific conditions, these so-called vir-
tual copies of semisimple Lie algebras in enveloping
algebras can be used to construct (formal) Hamiltoni-
ans with first integrals given by some of the operators
X/. Let us outline one possibility, based on the branch-
ing rules of representations of semisimple Lie algebras.
To this extent, we fix a semisimple subalgebra s’ of the
Levi factor s of the semidirect sum g. Further suppose
that the adjoint representation ad(s) decomposes, as
a representation of s'; as follows

ad(s) L ad(s’) +T1 4 --- 4+ T, (18)

2This fact actually provides information concerning the di-
mension of the characteristic representation I' in the semidirect
sum.
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where I' = I'y + --- + I'g is the so-called character-
istic representation [20]. Suppose that the trivial
representation I'g of s’ has multiplicity & > 0 in the
decomposition (18). This means specifically that we
can find k generators {Xl, e ,Xk} of s that commute
with the subalgebra s’. Now, by condition (15), for
the corresponding operators X, (1 <s<k) we have
that

[X!,2] =[Xi,2] =0, Zes, (19)
from which it follows that for any algebraic Hamilto-
nian H € U(s’) the integrability condition

(X[ H]=[RH=01<i<k (20)
is satisfied. On the other hand, by condition (17), it
is straightforward to verify that

[, [X], Xj]] =0. (21)

This last identity implies that the terms appearing in

the commutator [X'lﬂ X ]’] also transform according to
the trivial representation of the subalgebra s’.

We conclude that the set {R, X! ,X,Q} generates
a finite-dimensional quadratic algebra in the envelop-
ing algebra U(g) that are (formal) first integrals for
the Hamiltonian H. Whether or not these integrals
are sufficient for guaranteeing (super-)integrability,
essentially depends on the subalgebra s’ and the as-
sociated branching rule. In any case, the preceding
construction determines the maximal number of op-
erators X that commute with the Hamiltonian #,
independently of any realization of the hidden algebra
g by first-order differential operators. For the case
where the characteristic representation I' does not con-
tain the trivial representation of the subalgebra &', i.e.,
when no generators of s simultaneously commute with
the elements of ', the integrability condition for the
operators would not be a consequence of the structure
of the enveloping algebra, but the specific consequence
of a realization of g, relating this approach with the
first algebraic formulation.

We finally observe that the construction presented
here, that depends essentially on the homogeneity of
the operators X/, is specially suitable for semidirect
sums admitting a nonvanishing centre and the class
of one-dimensional non-central extensions of double
inhomogeneous Lie algebras [21, 22], while the argu-
ment is not valid whenever the Levi factor s and the
radical do not have nonconstant invariants in common.
Due to this obstruction, it is formally conceivable to
propose a generalized construction by skipping the
homogeneity assumption. It should however be taken
into account that using operators of different degrees
in (13) may lead to incompatibilities in the commuta-
tors, as equations (14)-(16) cease to hold, and more
general constraints depending on the particular de-
grees of each P; would be required. If and under
what specific assumptions a solution can be found for
a generalized inhomogeneous set of generators (13), is
still an unanswered question that is currently being
studied in detail.
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5. CONCLUSIONS

Two possible approaches to the problem of determin-
ing quadratic algebras as subalgebras of the enveloping
algebra of a Lie algebra have been commented. The
first approach corresponds to an algebraic abstrac-
tion of already known systems, which are analyzed
purely from the perspective of the Hamiltonian and
the integrals as the image by a realization of dif-
ferential operators of elements in some enveloping
algebra, trying to determine to which extent such
integrals are realization-dependent [10]. In a the sec-
ond algebraic formulation, commutants of subalgebras
g’ C g in the enveloping algebra of g are considered,
from which quadratic algebras formed by polynomi-
als that commute with a given algebraic Hamiltonian
defined in U(g’) are deduced. In order to simplify
the computations in the enveloping algebra, distin-
guished elements in the commutant can be deduced
from the coadjoint representation. For the subalge-
bras found with this method, a realization by vector
fields of an appropriate number of variables automat-
ically provides a (super-)integrable system for the
given Hamiltonian [9]. The method of virtual copies,
initially introduced in the context of invariant theory,
provides an additional approach that combines ele-
ments of the two algebraic formulations, and refers to
a number of still open problems, such as the general
solution of the embedding problem of Lie algebras
into enveloping algebras [16], as well the classification
problem of realizations of Lie algebras in terms of
differential operators [23]. Whether these approaches
are compatible or can be combined with other proce-
dures like the quadratic deformations of Lie algebras
or the formalism of Racah algebras (see e.g. [8, 24, 25]
and references therein) is a problem worthy to be in-
spected. We hope to report on some progress in these
directions in a near future.
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ABSTRACT. We work with photonic graphene lattices under strain with gain and loss, modeled by the
Dirac equation with an imaginary mass term. To construct such Hamiltonians and their solutions, we
use the free-particle Dirac equation and then a matrix approach of supersymmetric quantum mechanics
to generate a new Hamiltonian with a magnetic vector potential and an imaginary position-dependent
mass term. Then, we use a gauge transformation that maps our solutions to the final system, photonic
graphene under strain with a position-dependent gain/loss term. We give explicit expressions for the

guided modes.

KEYWORDS: Graphene, Dirac materials, photonic graphene, matrix supersymmetric, quantum mechan-

ics.

1. INTRODUCTION

Graphene is the last known carbon allotrope, it was
isolated for the first time by Novoselov, Geim, et al. in
2004 [1]. This material consists of a two-dimensional
hexagonal arrangement of carbon atoms. Graphene
excels for its interesting properties, such as mechanical
resistance, electrical conductivity, and optical opac-
ity [2, 3]. The study of graphene has contributed to the
development of different areas in physics, for example,
in solid-state, graphene has prompted the discovery
of other materials with similar characteristics, such
as borophene and phosphorene. At low energy, the
charge carriers in graphene behave like Dirac massless
particles, and from this approach, graphene has al-
lowed the verification of the Klein tunneling paradox
as well as the quantum Hall effect. These phenomena
have gained a special interest in particle physics and
quantum mechanics [4].

Exploring graphene in an external constant mag-
netic field has allowed identifying the discrete bound
states in the material, the so-called Landau levels.
Moreover, theoretical physicist have analyzed the be-
havior of Dirac electrons in graphene under different
magnetic field profiles as well. Supersymmetric quan-
tum mechanics is a useful tool to find solutions of the
Dirac equation under external magnetic fields [5-9].
Following this approach, a mechanical deformation
in a graphene lattice is equivalent to introducing an
external magnetic field [10, 11].

Graphene has its analog in photonics, called pho-
tonic graphene. It is constructed through a two-
dimensional photonic crystal with weakly coupled
optical fibers in a three-dimensional setting [12-17].
Photonic graphene under strain is modeled through

a deformation in the coupled optical fiber lattice [18—
21].

Compared with the conventional graphene Hamilto-
nian, the photonic graphene Hamiltonian has an extra
term that represents the gain/loss in the fibers. The
literature on this topic always considers a constant
gain/loss in space. With the previous motivation,
we will apply supersymmetric quantum mechanics
in a matrix approach (matrix SUSY-QM) to obtain
solutions of the Dirac equation for strain photonic
graphene with a position-dependent gain/loss.

2. STRAIN IN PHOTONIC GRAPHENE

The graphene structure consists of carbon atoms in
a hexagonal arrangement similar to a honeycomb lat-
tice. This structure can be described by two triangular
sublattices of atoms, which are denoted as type A and
type B. The base vectors to the unitary cell are given
by
a a
a; = 5(\/§, 3), ap= §(—\/3, 3), (1)

where a is the interatomic distance, for graphene a =
1.42 A (see Figure 1a). The position of the atoms in
the whole lattice can be defined by the set of vectors
R, = liay + lzas, with 1, Iy € Z. An alternative
description of graphene is through the first neighbors,
which are connected by the vectors §,

6= 5(V31), &=3(-V31), &=a(0-1). (2)

A reciprocal lattice can be defined in the momentum
space, which is also hexagonal, as shown in Figure 1b.
It is rotated 90° with respect to the original carbon
network. A hexagon in the reciprocal lattice is recog-
nized as the first Brillouin zone. In this zone, there
are only two inequivalent points, K1 = (£ 34\/%(1,0).
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(B).

FIGURE 1. (A) Hexagonal graphene lattice. The lat-
tice is constructed by type A and type B atoms, in
this case, a; and as correspond to the lattice unitary
vectors, and ¢, are the vectors that connect the atoms
A(B) with the nearest neighbors. (B) Reciprocal lat-
tice, which is characterized by the b1 2 vectors and K+
correspond to the two possible inequivalent points in
the lattice.

All subsequent corners are determined from either K
or K_ plus integer multiples of the vectors

by — %(\/5,1), by — %(—\/ﬁ, . @)

Vectors a; and b; fulfill the condition a; - b; = 27;;.

2.1. TIGHT-BINDING MODEL

The tight-binding Hamiltonian describes the hopping
of an electron from an atom A (B) to an atom B (A)

3
H=—t> "> (|Ar,) (Broto,| + |Bri+s,) (Ar:]), (4)
R; n=1

where t = 3 €V is called the hopping integral, R;
runs over all sites in the sublattice A, thus |Ag,) is
a state vector in these sites, the same applies to B
and |Bg,+s,), recall that d,, connects the atoms of
the sublattice A(B) with its nearest neighbors in the
sublattice B(A). The translational symmetry suggests
the use of Bloch states

7L ik-R;
|\I’Bloch> _\/ﬁc %:(6 T/JA(k) ‘AR]'>
+ MRty p (k) | Br,ys,)), ()

24

where N, is the number of the unitary cell [22]. Then
H |¥) = E'|¥) becomes a matrix problem

3
— _ik‘(sn
0 tLe (82) =2 (22)
5 ik Yp) T \¥B)’
—t > etk On 0

n=1
(6)
with ¥4 = ¥a(k) and ¢¥p = ¢¥p(k) and the energy
term given by

By =+

= it\/?) + 2 cos(V3kya) + 4008(\/31%3) cos(3ky%).

To obtain an effective Hamiltonian at low energy, we
can consider the Taylor series around the Dirac points
H(k=Ki+q) ~q-VipH|k,. Note that E(K4) =0,
as a consequence, at these points, the valence and
conduction bands are connected. The above calculus
leads to the analog of the Dirac-Weyl equation

H,VU = hvy(001qy + 02¢y)¥ = EU, (7)

where p = 41 correspond to the K4 valleys, vg is
called the Fermi velocity, in graphene, vg = 3ta/2h =~
¢/300, with ¢ being the velocity of light, o; are the
Pauli matrices

0 1 0 —i 10
S UDEE GRS R G

and VU is a bi-spinor. The matrix nature of this equa-
tion is related to the sublattices A and B, this degree
of freedom is called pseudo-spin. Notice that at low
energies, the dispersion relation is linear, given by
E4(q) = £hvylq|, then, the Dirac cones are connect-
ing at B+ = 0, as expected for particles without
mass [23].

2.2. UNIFORM STRAIN

The photonic analog of a graphene lattice is built with
weakly coupled optical fibers. This kind of photonic
system is described by the same tight-binding Hamil-
tonian in graphene with an additional term 74, p; that
represents the gain and loss in the optical fibers in the
position A/B, this new term produces an attenuation
or amplification in the optical modes.

If we consider uniform strain in the lattices, which
is represented by a strain tensor

U= <u51 u22> ’ ©)

the Fermi velocity is modified in the following form
Vij = ’00(1 + (1 — B)u”) (10)

The hopping integrals are modified with a little per-
turbation t — t,,, that, considering the changes in the
orbitals by the modification of the carbon distances

ty ~ (1—55nou~5n>, (11)
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where
Olnt

f= dlna
is the Griineisen parameter that depends on the model;
for graphene, 3 is between 2 and 3 [10] (see also [24,
25]). In photonic graphene, a is the distance between
adjacent waveguides. The Hamiltonian of a photonic
graphene with a uniform strain reads as

H=74Y |Ar) (Ar,| + 78 Y _ |Brits,) (Brits,]

R; R;

(12)

=3 ta(lAr) (Brits,| + |Brivs,) (Ar D). (13)

R; n=1

The deformation of the lattice produces a shift of
the Dirac points K ~ (1 —u) - Ky + A, where
A=(A;A))

Am = %(ull — 1122), Ay = 72/‘%(21112). (14)
Using the Bloch solution, the Hamiltonian under
strain takes the form:

3 .
YA _ Z tne—zk’(l—u)'én
H = 3 n=1 ,
_ Z tneik-(lfu)-(sn VB

n=1

(15)
under the assumption |u-d,| < a. In this work, we will
assume that y4 = 7y and yp = 7}, then, for positive
7, the waveguides in the sublattice A (B) present the
energy gain (loss), as in the arrangements proposed
in [14]. Expanding this Hamiltonian around the Dirac
points, through the substitution ¥ = K + ¢, one
arrives at a Dirac Hamiltonian analog with minimal
coupling

H =vgo - (1 +u— Pu)q + ivos. (16)

Comparing with (7), the effect of strain is equiva-
lent, to consider magnetic-like field modeled through
a pseudo-magnetic vector potential A. The last term
represents a gain/loss balance in sublattices A/B. In
photonic graphene, strain could be generated by de-
formations in the geometry of the optical-fiber lattice.

2.3. NON-UNIFORM STRAIN

For non-uniform strain, the deformation matrix de-
pends of the position, u — u(r). Thus, the expression
for the Hamiltonian becomes

H = 72'0'“/Vijaj\/\7j+ Voo Ay + Y03, (17)

considering a strain tensor of the form

u:<u110(x) 0 ) (18)

1122(2/)

and equations (10) and (14), still apply. We can also
write the strain Hamiltonian as

H(x,y) = —i01y/V110:/V11 — 1021/V220y\/V22

+ 01%(%@) —up(y) +iros, (19)

where vi1 = vi1(x), vaa = vaa(y).

We can relate the eigenvalue equation of this Hamil-
tonian, HV = EWV, with a strain-free one using the
following transformation. First, we define the coordi-

nates
Vo Vo
r= de, s= dy, 20
/Vll(l“) /V22(y) Y ( )

and the operator

G(a:,y) _ v/ V11Va2 exp (Zgoﬁ 1111(Q) dq) ’ (21)
Vo a Jo vii(q)

then, H will be related with a flat Fermi velocity
Hamiltonian H, as

H(xvy) = G_l(x,y)HO(r(x),s(y))G(x,y), (22)

where

Hy® = (—iUoJ18r — 4000205 — %UQQ + i’yUg) [oN (23)
and ugz = u22(y(r, s)). The solutions are mapped as

U(z,y) = G~ (z,y)8(r(z), 5(y))- (24)

The energy spectrum is the same for both Hamiltoni-
ans [18, 19, 26].

3. SUPERSYMMETRIC QUANTUM
MECHANICS: MATRIX APPROACH

Supersymmetric quantum mechanics (SUSY-QM) is
a method that relates two Schrodinger Hamiltonians
through an intertwining operator [27, 28]. Another
approach is the matrix SUSY-QM, which intertwines
two Dirac Hamiltonians Hy, H; by a matrix operator
L. In this work, we use the latter to construct an
appropriate Hamiltonian H; that will be linked via the
operator G introduced in (21) to a photonic graphene
system under strain. For the sake of completeness we
will give a brief review of matrix SUSY-QM (more
details can be found in [29]).
We start by proposing the following intertwining
relation:
LiHy=H{Lq, (25)

where the Dirac Hamiltonians are given by
Hy = —iagas + VO(S), H, = _i0'26s + ‘/1(5)7 (26)
and the intertwining operator is

Ly =0, -UU", (27)

with U being a matrix function called seed or trans-
formation matriz, the subindex in Uy represent the
derivative respect to s, and U must satisfy HoU = UA.
Let us write U in a general form and A as a diagonal
matrix

w1y U12 A0
U= , A= . 28
<U21 U22> ( 0 )\2> (28)
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From the intertwining relation and the given defini-
tions, the potential Vi can be written in terms of the
potential V and the transformation matrix as

Vi = Vo + iU UL, o). (29)

Solutions of the Dirac equation Hoé = E£ can be
mapped onto solutions of H1® = E® using the inter-
twining operator as ® o« L. There are some extra
solutions, usually referred to missing states. They
can be obtained from each column of (U T)_l, named
®y,, j = 1,2, which satisfy H1®y, = A\;®,,. If the
vectors @, fulfill the boundary conditions of the prob-
lem, A\; must be included in the spectrum of H;. As
a summary, with this technique, we start from Hj),
its eigenspinors and spectrum, then we construct Hq,
obtain the solutions of the corresponding Dirac equa-
tion and the spectrum. Now, let us mention that it is
possible to iterate this technique. The main advantage
comes from the modification of the spectrum, since
with each iteration, we can add more energy levels.
The second-order matrix SUSY-QM can be reached
through a second intertwining relation

LoHy = HoLo, (30)

which is similar to (25). The intertwining operator
now takes the form

Ly =05 — (Us) Uy . (31)

The operator Lq is used to determine the transforma-
tion matrix of the second iteration, Uy = L1Us, where
U, fulfills the relation HoUs = UsAs. In this case, A
is an Hermitian matrix that we choose diagonal once
again,

Xl 0 w1l W12
Ay = ~ |, U= . 32
2 <0 )\2) 2 <w21 w22> (82)
The elements of Ay are such that (Xl,XQ) # (A, A2).
Therefore, the second order potential is given by

Vo=Vi+1 [(Uz)sbl{l,m] . (33)

The solutions of Hyx = Ex are obtained from the
eigenspinors of Hy as x o Lo®. The second-order
matrix SUSY-QM generates, in principle, two sets of
eigenspinors that correspond to the columns of the
matrices (UF)~! and Lo(UT)~L.

4. PHOTONIC GRAPHENE UNDER STRAIN
AND POSITION-DEPENDENT GAIN AND
LOSS

In this section, we start from the auxiliary Dirac
equation of a free particle with imaginary mass, and
using a matrix SUSY-QM and a gauge transformation
(G, we obtain a photonic graphene model with strain
and position dependent gain/loss. We show that we
can iterate the technique to add more propagations
modes.

26

||

-2

FIGURE 2. Graph of the functions vok, + K (s) (line
blue) and the gain/loss term v —I'(s) (dashed red line)
for e = 1.5, k, = m, v = 1, vo = 1.0. Notice that
~ —T'(s) coincides asymptotically with ~.

4.1. PHOTONIC GRAPHENE WITH A SINGLE
MODE

Let us start from the free particle Dirac equation

where we included a purely imaginary mass term:

Hy® :(—Z'U()O'lar — 109020, + i’yU3)(I>. (34)

Considering ®(r, s) = exp(ik,7)(¢a(s), #5(s))T, the

Hamiltonian can be written as
Hy(r,s) = —ivgo20s + Vo, (35)

where Vy = vok,01 + iy03. Now, we use the matrix
SUSY-QM to construct a new system. A convenient
selection of the A elements is A\{ = ¢ = —Xy. We
build the transformation matrix U with the entries
Ug1 = uby = cosh(ks) + isinh(ks), the corresponding
momentum in s is given by x = /k2 — (72 + €2) /v2.
The other two components are found through the
equation:

v .
Uj = ﬁ(—uéj + kJTUQj), 7=1,2. (36)
J
From (29) we obtain V; as
V1 = VO —|— O'lK(S) — 203F(8)7 (37)

where I'(s), K(s) are given by

2¢ (k(ysinh(2ks) 4 €) — vk, cosh(2ks))

k(v — esinh(2ks)) + ke cosh(2ks)
K= 2uok,€ (k. cosh(2ks) — ksinh(2ks))
k(v — esinh(2ks)) + kre cosh(2ks)

I'=2v+

)

— QUOkr~

Figure 2 shows a plot of the functions vok, + K(s)
and v — I'(s). The new Hamiltonian takes the form

Hl(T, S) = —1020085+01(—i’l)08r+K)+i03(’y—r). (38)

This system supports two single bound states. They
are the columns of the matrix (UT)_1 = (P, P_,).
The eigenvector associated with € is given by

O (r,s) =
pikrr _ ('y2+62)(cosh(ns)+i sinh(ks))
vok(y—esinh(2ks))+vokre cosh(2ks)
2 ('yfieg)((,:;tik,,.)cosh(ns)f((;cTJriﬁ)sinh(ns)) ' (39)

r(y—esinh(2ks))+k,e cosh(2ks)
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Our next step is to apply the gauge transformation
defined in (20)-(22). The strain and Fermi velocity
tensors that we consider are

Y <0 0 )
0 —2eKw) |
1 1
V=" (1 1-(1- ,6’)2‘”2(”) 40

see (18). The change of variables in (20) becomes

1
r=x, §= —dy, 41
/ 1—(1-p)2fw )

and the operator G(z,y) = \/1 —(1- B)%@) This
choice leads to the following Hamiltonian

Hy(z,y) = — 00105 — 1021/ Va2 (y)9y\/ Va2 (y)

vo 3

— o1 ~ua(y) Hily — D(y))os. (42)

Bounded eigenstates of H; can be found as ¥ (z,y) =
G (z,y)®.(r(x),s(y)). In this system, there is a sin-
gle mode in the upper Dirac cone and another in the
bottom cone.

The strain generates an analog of a magnetic
field perpendicular to the graphene layer ]§(y) =
(8/2a)0yuz22. Since we are working with a photonic
graphene, such a pseudo-magnetic field affects light.
Moreover, the term iI'(y)os indicates a position de-
pendent gain/loss in the optical fibers of the sublattice
A/B. Figure 3a shows the square modulus of each com-
ponent of ®, = (¢ca,b.5)T (shadowed curves) and
the intensity |¢ca|® + |pen|? (red curve). Figure 3b
shows the same for the mode V..

4.2. PHOTONIC GRAPHENE WITH TWO MODES

In this subsection, we use two iterations of the ma-
trix SUSY-QM, starting again from the free-particle
Hamiltonian. Let us choose an initial system with
zero gain/loss (v = 0), which is a massless fermion
in graphene. In the first matrix SUSY-QM step we
use the same transformation matrix U as in the ex-
ample above. The first matrix SUSY-QM partner
Hamiltonian has the form

Hy, = —ioqvgds + 01 K(s) + io3I'(s), (43)

where K(s) = k,vo,

2evpk
I'(s) = 44
() kg sinh(2ks) — k,vg cosh(2ks)’ (44)
with k£ = \/(krvo)? — €2/vg. As a result of the first

matrix SUSY-QM step, it is generated a position de-
pendent gain/loss term I'(s). The iteration of the
method requires to define the second diagonal ma-
trix Ao, with \y = =Xy = €1 # ¢, and the sec-
ond transformation matrix Us. For this example, we

o]
1.0}

S
-1.5 -1.0 =05 0.5 1.0 1.5 2.0
(A).
w2
0.6
04
0.2
Yy

-1.5 -1.0 -6.5 0.0 0:5 1:0 1.5 2.0
(B)-

FIGURE 3. (A) Plot of the individual intensities |¢|?
(gray curve) and |¢.p|? (blue curve) and the total
intensity |¢ca|® + |¢ep|® (red line). (B) Analog of
the (A) plot for the solution ¥, of the Hamiltonian
under strain. The parameters in this case are: k, =,
e=15,a=10,6=08,v=1, vo =1.0.

K.

S

—I2 -‘—1 1 ) 2
FIGURE 4. Graph of the function vk, + K2(s) (black
line), and the gain/loss function I'(s) + I'2(s) (red
dashed line), for € = 1.5, 1 = 2.0, k, = m, v = 0,
Vo = 1.0.

choose wy; = cosh(kes) and woy = cosh(kas), where

ko = +/(kyv0)?2 — €2 /vg. The other two components

can be found through the equation

U,
wij = X—O(—wéj + krng)7

J

j=1,2.  (45)

The potential V5 can be calculated from (33), V5 =
V1+01K2(s)+i03F2(5) = V0+01K2+i03(I‘+F2). The
functions vk, + K2(s) and I'(s) + I's(s) are shown
in Figure 4. It is important to highlight that the
gain/loss term remains a pure imaginary quantity.

27



M. Castillo-Celeita, A. Contreras-Astorga, D. J. Fernandez C.

AcTA POLYTECHNICA

_u____l.___ - P - 6.
) y

FIGURE 5. (A) Intensity of the superposition |®(s, z)|?
propagating in the z-axis. (B) Intensity of the super-
position |¥(y, z)|?. The values of the parameters taken
are e = 1.5, €1 =2.0, k, =7, vy=0, 8 =0.8, a = 1.0,
Vo = 1.0.

The second matrix SUSY-QM step introduces two
new sets of eigenmodes. They can be extracted from
the columns of the matrix (UZ)~1 = (x.,, X—¢,)- The
eigenmodes added in the first step are mapped as
X+e = Lo®i.. Similar to the previous example, it
is possible to perform the gauge transformation (20)-
(22). Then, in the system under strain, the modes
become

Uie, (z,y) = G2, y)Xte, (r(2), 5(y)),
Vic(z,y) = G (@, y)xxe(r(z), 5(y)).

Therefore, in this new optical system, two guided
modes are created in the upper Dirac cone and two
more in the bottom Dirac cone. Finally, let us mention
that we can have superpositions of the introduced
modes and let them propagate along the z-axis inside
the photonic graphene. For example, in the flat Fermi
velocity system (before the gauge transformation),

B(s,2) = A1e P (s) + Age D, (s),  (46)
becomes

Uy, z) = A1 We(y) + Aze ™0, (y),  (47)
in the photonic graphene system under strain with

the position dependent gain/loss balance. Figure 5a
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shows the propagation along z-axis of the intensity
|®(s,2)|%, while Figure 5b shows |¥(s, 2)|2.

5. SUMMARY

This article shows a natural way to construct Hamil-
tonians associated with a photonic graphene under
strain with a position-dependent gain/loss balance.
The main tools that we use are a matrix approach
to supersymmetric quantum mechanics and a gauge
transformation. With a correct choice of a transforma-
tion matrix U, it is possible to add a bound state to the
free-particle Hamiltonian using the matrix SUSY-QM,
but the Dirac equation will have two new terms in the
potential, V; = Vi + 01 K(s) — io3['(s). The function
K could be associated with a magnetic vector poten-
tial, but the function :I" is related to an imaginary
mass term, which is difficult to interpret or realize in
a solid-state graphene. The gauge transformation G
maps solutions from the flat Fermi velocity system of
the previous step to a graphene system under strain.
At this point, it becomes relevant to work with the
photonic graphene. The magnetic vector potential
translates into deformations of the lattice of optical
fibers, while the iI" function indicates the gain/loss
of the fibers in the sublattice A/B. We end with the
Hamiltonian of photonic graphene with a single mode.
This mode is confined by the strain and the position-
dependent gain/loss balance. Finally, we show that
the technique can be iterated, to have two or more
modes in the photonic graphene.
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ABSTRACT. In this work, we derive two equivalent non-rational extensions of the quantum harmonic
oscillator using two different supersymmetric transformations. For these extensions, we built ladder
operators as the product of the intertwining operators related with these equivalent supersymmetric
transformations, which results in two-step ladder operators. We linearised these operators to obtain
operators of the same nature that follow a linear commutation relation. After the linearisation, we derive
coherent states as eigenstates of the annigilation operator and analyse some relevant mathematical and
physical properties, such as the completeness relation, mean-energy values, temporal stability, time
evolution of the probability densities, and Wigner distributions. From these properties, we conclude
that these coherent states present both classical and quantum behaviour.

KEYWORDS: Supersymmetric quantum mechanics, non-rational extensions, linearised ladder operators,

coherent states.

1. INTRODUCTION

In quantum physics, supersymmetric quantum me-
chanics (SUSY) is considered the most efficient tech-
nique to generate new quantum potentials from an
initial solvable one (see [1-5] for reviews on the topic).
This method allows modifying the energy spectrum
of an initial Hamiltonian to obtain new Hamiltonians
with known eigenstates and eigenvalues. These po-
tentials obtained with SUSY are known as extensions
or SUSY partners of the considered initial potential.
Moreover, when two different SUSY transformations
lead to the same potential (up to an additive constant),
it can be said that the extensions are equivalent [6, 7].

Equivalent rational extensions of the quantum har-
monic oscillator are very attractive in mathematical
physics since its eigenstates are written in terms of
exceptional orthogonal polynomials and the results
are useful for studying superintegrable systems or gen-
erating solutions to the Painlevé equations [8-10]. In
a recent work of the authors [11], it was shown that
the equivalence between SUSY transformations goes
beyond rational extensions and can be extended to
non-rational extensions of the harmonic oscillator, i.e.
extensions whose potentials cannot be written as the
quotient of two polynomials, by considering not only
polynomial solutions but also general solutions of the
Schrodinger equation.

However, since the birth of quantum theory, it has
been relevant to study the quantum states at the
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border between classical and quantum regimes. In this
sense, it is well-known that Schrodinger, in 1926 [12],
derived quantum states of the harmonic oscillator
that resemble classical behaviour on the phase-space
as the classical oscillator does. Later on, in 1962,
Glauber rediscovered these states, known as coherent
states, and found that they provided the quantum
description of coherent light [13]. Since then, there
has been a continuous research activity in quantum
physics looking for quantum states with a behaviour
at the border between classical and quantum regimes
by examining semi-classical phase-space properties, in
particular, by systems generated by SUSY [4, 14-20].

The coherent states of the harmonic oscillator are
Gaussian states, labeled by a complex number z, that
minimize the Heisenberg uncertainty relation. They
can be constructed either as displaced versions of the
ground state or as eigenvectors of the annihilation
operator. Moreover, they form an overcomplete set in
the sense that

1 o
;/C|z>(z|d z=1 (1)

These four properties are commonly used as defini-
tions of coherent states when we have a potential
different from the harmonic oscillator, see for exam-
ple [21-25]. Each definition gives, in general, different
sets of coherent states. In this work, we obtain coher-
ent states of non-rational extensions of the harmonic
oscillator as eigenvectors of the annihilation operator.
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For this purpose, we need to find ladder operators of
the system.

The outline of the work is the following: In the next
section, we present a short summary of SUSY. In Sec-
tion 3, we generate two equivalent non-rational exten-
sions of the harmonic oscillator. Then, we construct
ladder operators as the product of the intertwining op-
erators of the SUSY transformations. In the Section 4,
we linearise the ladder operators to obtain a linear
commutation relationship, then, we derive coherent
states as eigenstates of the annihilation operator and
study some of their properties. Our conclusions are
presented in the last section.

2. SUPERSYMMETRIC QUANTUM
MECHANICS

With this technique, we start with two Hamiltonians

1 d? ~ 1d2 -~
=10 e, @

where H is the initial Hamiltonian with known eigen-
functions ¢, (x) and eigenvalues E,, n = 0,1,2,...,
whereas H is the Hamiltonian under construction.
The potential V' is known as the extension or su-
persymmetric partner of V. Now, we propose the
existence of k-th order differential operators B, Bt
that intertwine H and H as

HB* =BtH, BH=HB. (3)

By properly choosing k general solutions u; (j =
1,2,...,k) of the stationary Schrodinger equation
Huj = €ju;, with corresponding energies €;, the SUSY
partner potential V' (z) reads

V(z) =V(z) = InW(ug,ug,...,u)”, (4

where W(f1, fa, ..., fr) denotes the Wronskian of the
functions in its argument. The functions u; are usually
referred to as seed solutions and the constant €; as
factorization energies. Be aware that to have a regular
potential, we must choose the seed solutions in such
a way the Wronskian has no zeroes.

If B*i, # 0, the eigenfunctions ¢, n = 0,1, ...,
of H can be computed with the relation

BTt ()
\/(En—el)...(En—ek)
1 W(U1,'LL2, .,uk,d)n)

- V(En —€1).. . (En —er) W(ul,u;--~7uk) - )

Jn(x) =

The constructed Hamiltonian H may contain addi-
tional eigenfunctions 1.,, known as missing states, for
some of the factorization energies ¢;, given by

W(ula-~~7Ui—1,ui+17~~~;uk) (6)
W(ul,...,uk) ’

Ve, X

If Jej fullfills the boundary conditions of the quantum
problem, then €; must be included in the spectrum of
H.

In particular, for second-order supersymmetric
quantum mechanics, the intertwining operators have
the explicit form [26]

B | o) g @ @] @)
B = [sz —gla) h(x)} . (8)

where the functions g(z), h(x) are found in terms of
the only two seed solutions w1, us with the correspond-
ing factorization energies €, €2, as

W’(ul, UQ)

g= €1 + €2
W(Ul,UQ) ’

g | 9
h=2 42 _oy
573 T

. (9)

Finally, the intertwining operators B and B™ fulfill
the following factorization relations:

(H — ex), (10)
(H — ex), (11)

B*B=(H—¢)...
BBT = (H—¢)...

i.e., the product of B* and B are polynomials of the
Hamiltonians H and H.

3. NON-RATIONAL EXTENSIONS OF THE
QUANTUM HARMONIC OSCILLATOR
AND THEIR LADDER OPERATORS

Let us consider the harmonic oscillator potential V' =

%xz and the Hamiltonian H as
1d> 1,
H:—§E+§l‘ s (12)

whose eigenfunctions and eigenvalues are

1 22
Yn(z) = \/ W(T

where n =10, 1, 2,...
nomials [27].

When eigenfunctions of a Hamiltonian are employed
as seed functions to generate its SUSY partner, the
results are rational extensions and the transformation
is called Krein-Adler transformation [6, 7, 28].

Moreover, rational extensions can also be built by
employing the polynomial non-normalizable solutions
of the Schrodinger equation

1
Hn(x)y En:n+§a

and H,(z) are Hermite poly-

22

</7m($) - 6%7{7”(%), E—m—l - - (m + ;) P
where m = 0,1,2,..., and Hp(x) = (=)™ Hpy,(iz)
are the modified Hermite polynomials [29], which are
free of nodes for even m and possess a single node at
x = 0 for m odd. In the case of m even, the reciprocal
of these solutions are square-integrable functions [6].
We can generate non-rational extensions of the har-
monic oscillator potential using non-polynomial solu-
tions of the Schrodinger equation as seed functions
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in a SUSY transformation. Let us write down the
general solution of the stationary Schrédinger equa-
tion, with an arbitrary factorization energy denoted
by E=A+1/2, as

=7 [Ha(2) + vHa(—2)), (13)

where

ey 2
are defined as Hermite functions [30, 31]
I'(b) a+n
Fi(a;b;2) = 15
1Fi(a:b:2) aZI‘b—i—n nl’ (15)

is the confluent hypergeometric function, and = is
a real parameter. If v > 0, the solution will have an
even number of zeroes and for v < 0, an odd number
of nodes.

3.1. FIRST SUSY TRANSFORMATION

As the first non-rational extension of the harmonic
oscillator, we perform a second-order SUSY transfor-
mation where we add two new levels with factorization
energies —3/2 < & < 1/2 and & = E_o = —3/2,
both below the ground state energy. We start by
choosing the seed solutions as

1;2
ul)(z) = =7 [Hy, (2) + vHy, (—2),
ul (@) = o1 (w), (16)
where A\; = & —1/2. To obtain a nodeless Wronskian

W(ugl),ugl)), we take v > 0. Notice that & is an
arbitrary energy between FEg = 1/2 and E_o = —3/2.
By following the relation (8), we can define a set of
second-order intertwining operators B(Y), B+ which
satisfy the relations

HOBW+ = pO+H, (17)

and its adjoint. The SUSY partner potential is

_ 1
7O = 22 [n W W] )

Since ugl) is an infinite series, the potential v s

a non-rational extension of V. To find the eigenfunc-
tions of the Hamiltonian H("), we use the operator
BW+ ag

BW+y,
\/(En - 51)(En - 82) ,

Regarding both missing states of this extension

P = n=0,23,... (19)

(1) (1)
~ U ~(1) ul

) o — 22— g o —ZL (20)
T weM ) T T W, W)
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due to a stronger divergent behaviour of the Wron-
skian when |z| — oo than the solutions ug ),ugl),
the Hamiltonian H®) contains two new bounded
states Jéll), and {/;g), o its spectrum is Sp{ﬁ(l)} =
{E,Q,gl,En, n = 0, 1, 2, e }

3.2. SECOND BUT EQUIVALENT SUSY
TRANSFORMATION

We can obtain the same Hamiltonian H M up to
an additive constant, with a different second-order
SUSY transformation. Let us choose the following
seed solutions:

e~ [Hy, (2) + vHyy (—2)],  (21)

with the factorization energies &3 = Fq, and & = & +
2, respectively. Note that Ao = A1 +2. Again, through
the relations (7) and (8), we can define second-order
differential operators B® B@* which intertwine
a Hamiltonian H®) with H as

H®BA+ = p@+g, (22)

The supersymmetric partner potential is

~ 1
e LL LA R 0 R )

. 2) . P C o THE) .
Since u(2 ) is an infinite series, V() is a non-rational

extension of V. The eigenfunctions of its Hamiltonian
are

B@+y,
V(E, — &) (B, — &)

and the missing states

P2 = n=0,2,3,..., (24)

2 2
(2) —2) (2)

Uy Uy
Ve,

09 ~
2 2 ) 2 2)y
W (ui® us?) W (ui® us?)

(25)

In this case, owing to the divergent asymptotic be-

haviour of the solution qu) when |z| — oo, the missing

state Jg) is not normalizable, and since u?)

the state 7:/; ) s square integrable. Therefore, the en-

ergy Spectrum of H® is Sp(H(Q)) ={Foy, &, Es,...}.
It is important to notice that the seed functions

ugl), uél) used to construct H®) are related to the

seed solutions ug ), ug ) involved in H®. The func-

tions ugl) and ué ) satisfy u(Ql) = \/2\/me” u§2), and
a‘a‘ug2 =2\ — )ugl), where a~
tion operator of the harmonic oscillator.
a direct substitution, it can be shown that

converges,

is the annihila-
Then, by

H® =g 42,
Thus, VD and V@ are equivalent non-rational exten-

sions of the harmonic oscillator. Notice that due to
this equivalence, the eigenfunctions obtained by both
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transformations are the same but with eigenvalues dis-
placed. In the first extension, the ground state is the

) which is also obtained by B®+.
Moreover, the missing state {/;g) corresponds to the
1). Finally, relations (19) and (24) are

missing state {/)v(g
wn 9, Where n = 2,3,4,...

missing state Jg

also equivalent as %

3.3. LADDER OPERATORS

Since both Hamiltonians H®) and H® are equivalent,
we can simplify the notation by defining H ) as H,
its eigenfunctions simply by ¢, the potential V@ 4
V, and & as e. Be aware that 1/2 < e < 5/2.

Now, we can define the ladder operators for the
SUSY extension H as the product of the intertwining
operators related to the equivalent SUSY transforma-
tions as in [32], i.e

L+ = B(1)+B(2), L~ = B@+pA), (26)

They satisfy the following commutation algebra

[H, L] = £2L%, (27)

and

L7, LT =(H+2-&)(H+2-&)
(H+2—-&)H+2-&)

—(H—-&)(H —&)(H - &)(H —&). (28)

From the relation (27) and the diagram in Figure 1,
we can observe how these operators are two-step lad-
der operators. Furthermore, the commutation rela-
tion (28) indicates that these operators, together with
H , realize a polynomial Heisenberg algebra of third-
order [33], with a generalized number operator:

=LtL~
= (H — &)(H — &)(H — &)(H — &1). (29)

Ny(H)

The kernel of the annihilation operator £~ is com-
posed by the functions
Ko = {¥n, Ve, vm,, BV ) (30)

The first three elements of the kernel are eigenfunc-
tions of H and the last one is a non-normalizable
solution of the corresponding Schrédinger equation.
By applying iteratively the operator £* onto these
three eigenfunctions, we can construct a basis of
three subspaces of the Hilbert space, the direct sum
of the three Hilbert-subspaces compose the whole
Hilbert space (see Figure 2). Notice that 1) is an-
nihilated by £F, then the corresponding subspace
will be one-dimensional whereas the other two are
infinite-dimensinal subspaces.

H? =gl 19 H H
Ey < w2l m
B® B+ A
B
S - ™ =B
4 =01 T4 B2+ B -
E -~ -
0 B2 B+
L~ =pBtpl
& |
§=F,=-} m '

FI1GURE 1. Diagram of the mechanism of the two-step
ladder operators (26)

%
oo

Es L+ L~
Es L+ L~
£y L+ L~

3 L+ L

e c+ || £~ .
o [ |

FIGURE 2. Three independent energy ladders that
make up the spectrum of H. This spectrum is com-
posed by two infinite energy ladders and a single-
element one.

4. LINEARISED COHERENT STATES AND
THEIR PROPERTIES

Once we have defined the ladder operators £ in (26),
and clarify how they divide the Hilbert space into
two infinite subspaces (or energy ladders) plus a one-
dimensional subspace, we proceed to linearise them.
We focus on the two infinite subspaces since the con-
struction of the coherent state of the third subspace
is trivial. We define new ladder operators for each
infinite subspace as

Zz—/'— :Uu(ﬁ])ﬁJra L, :UV(I:T+2)£77 (31)

where v = 0, 3 is the index of the subspace. When
v = 0, we refer to the subspace span{tg, 2,4, ...}
and, when v = 3, we refer to the subspace
span{s, 5, ¥z, ...}. The operators o, are defined
as

- 54)]_1/27
— &)V (32)
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From (27), and considering o, (z) a regular function,
we obtain the following useful relations.

o (H)LY =LY 0,(H+2), o,(H)L =L o,(H—2);

LYo, (H)=o(H—-2)L", L o,(H)=0,(H+2)L".

Using (29), it is direct to show that the operators lljf
fulfill the linear commutation relation

[ll/a ll—f] =21y, (33)

where 1y is the identity in the subspace H”. There-
fore, on both Hilbert subspaces, the action of the
linearised ladder operators is

l;";u+2n =V 2nzzl/+2(n—1)v
[jwu+2n = \/mwy+2(n+l)v (34)

where n =0,1,2,...

At this stage, we can define the linearised coher-
ent states as eigenstates of the linear annihilation
operator,

L 1z")y=2z|z"y, v=0, 3, (35)

where z € C. We can make the expansion

oo

[2¥) = ch|u+2n>, (36)

n=0

where ¥, 12, (2) = (z|v + 2n) are the eigenfunctions
of the SUSY Hamiltonian, and following the defini-
tion (35), we find that the explicit form of the nor-
malised coherent states is

=2 o= (2/V2)"
42(/ )

e

Notice that we obtained a similar expression of the
standard coherent states but with the relevant differ-
ence that the expansion is in terms of eigenfunctions
of the supersymmetric partner Hamiltonian H in the
subspace v.

[2) =e” v+ 2n). (37)

n=0

4.1. COMPLETENESS RELATION

An important property that the constructed coher-
ent states fulfill is that they form an over-complete
set on Hilbert subspaces, i.e., they solve an identity
expression [25]

1
%/C'Z” (2| d?z = 1qv. (38)

4.2. MEAN-ENERGY VALUES

The eigenvalue equation of the Hamiltonian H is given
by

~ 1
H|V—|—2n>:(u—|—2+2n>|y—|—2n>, (39)
which leads to the energy expectation
V| IT |V 1 2
(I H ) = vt 5+ el (40)
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We observe that we obtain the well-known quantity of
energy-growth corresponding to the oscillator coherent
states, this result is another direct consequence of the
linear commutation relation between the linearised
ladder operators.

4.3. TEMPORAL STABILITY

Another relevant property of the coherent states is
that they must remain coherent as they evolve in
time. By applying the time evolution operator U(t),
we obtain

U(t)|z) = e+ 127 (1))

i.e., our linearised coherent states fulfill this condition.
The period of evolution of these states is 7 = 7,
the half of the harmonic oscillator coherent states
(T = 2m). This means that in the phase-space, our
states need just the half of the time to return to the
same point with an acquired phase. This represents a
first clear indication of non-classical behaviour.

4.4. EVOLUTION OF THE PROBABILITY
DENSITIES

Let us analyse the time evolution of the probabil-
ity densities. For the classical coherent states, this
quantity is represented by a Gaussian wave packet
oscillating around the minimum of the potential. In
our case, we have:

ps(z,m,t) = (2| U(t) |2

=|g;a‘f“ffﬁg@“ﬂ;wamﬁ. (41)

In the Figure 3, we plot this evolution. We ob-
serve that each coherent state is composed by two
wavepackets with a back-and-forth motion resembling
a semi-classical behaviour, since each wavepacket looks
like a harmonic-oscillator coherent state. The two
wavepackets interfere with each other, and it is more
noticeable when they collide around x = 0. A par-
ity symmetry x — —z, is only apparent and cannot
be guaranteed for the SUSY extensions since the po-
tential V is only symmetric around z = 0 when the
parameter v = 0 in the seed function uéQ).

4.5. WIGNER DISTRIBUTIONS

An efficient tool to determine the nature of quan-
tum wave functions is the Wigner quasiprobability
distribution in the phase space, defined by

W(z,p) = % /:: Y™ (x — %) ) (1: + %) ePVdy. (42)

In Figure 4, we show the corresponding Wigner
functions of coherent states for both subspaces. We
observe that the distributions possess regions with
non-positive values, which is a clear indication of the
non-classical behaviour or pure quantum nature of
our linearised coherent states.
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FIGURE 3. Time evolution of the probability densi-
ties (41) of the linearised coherent states (37) with
e=2,v7=2 Top: v =0, z =5, and Bottom: v = 3,
z=5.

4.6. HEISENBERG UNCERTAINTY RELATION

First, we introduce two Hermitian quadrature opera-
tors

I+ s
Xl = 5 s X2 = % , (43)

and the uncertainties
0%, = (XD — (X2, i=12 (44)

Since the coherent states are eigenfunctions of I~ it
is found that these uncertainties follow the product

1
U§(10§(2 = Z’ (45)

indicating that they saturate the Heisenberg inequal-
ity.

5. CONCLUSIONS

We have found a family of equivalent non-rational ex-
tensions of the harmonic oscillator potential generated
through two different SUSY transformations involv-
ing general solutions of the stationary Schrodinger
equation in terms of Hermite functions. These SUSY

FI1GURE 4. Wigner distributions of the linearised co-
herent states with e =2, y =2, 2 = 5, Top: v = 0,
and Bottom: v = 3.

transformations consisted in moving the first-excited
state to an arbitrary level between the ground and the
second-excited states, and, on the other hand, adding
two new levels below the ground state. We built
fourth-order differential ladder operators as the prod-
uct of the intertwining operators related to the equiva-
lent SUSY transformations. Then, we linearised these
ladder operators to have a linear commutation relation.
In addition, we realized that these operators divide
the entire Hilbert space of eigenfunctions into two
infinite energy ladders or Hilbert-subspaces, and one
single-element subspace. Then, we derived coherent
states of the linearised annihilation operator as eigen-
states. We uncovered that they are temporally stable
cyclic states with a period 7 = 7, and we showed
as well that they form an overcomplete set in each
subspace. Moreover, they present the same energy
growth as the oscillator coherent states. For the time
evolution of the probability densities, we obtained the
structure of two oscillating wave-packets, each one
with a period 27, but the collective behaviour with
a period 7. For the Wigner functions, we observed
that they possess regions with non-positive values,
unveiling the quantum nature of these states. Finally,
by defining two Hermitian quadrature operators as in
the harmonic oscillator, we got the linearised coherent
states saturate the Heisenberg inequality. Therefore,
as we already mentioned, we conclude that our states
present both classical and quantum behaviour.

35



A. Contreras-Astorga, D. J. Fernandez C., C. Muro-Cabral

AcTA POLYTECHNICA

ACKNOWLEDGEMENTS

The authors acknowledge Consejo Nacional de Cien-
cia y Tecnologia (CONACyT-México) under grant
FORDECYT-PRONACES/61533/2020.

REFERENCES

[1] C. V. Sukumar. Supersymmetric quantum mechanics
of one-dimensional systems. Journal of Physics A:
Mathematical and General 18(15):2917, 1985.
https://doi.org/10.1088/0305-4470/18/15/020.

[2] V. B. Matveev, M. A. Salle. Darbouz Transformations
and Solitons. Springer Series in Nonlinear Dynamics.
Springer Berlin Heidelberg, 1992. ISBN 9783662009246.

[3] F. Cooper, A. Khare, U. Sukhatme. Supersymmetry
and quantum mechanics. Physics Reports
251(5-6):267-385, 1995.
https://doi.org/10.1016/0370-1573(94)00080-m.

[4] D. J. Fernandez C., N. Ferndndez-Garcia.
Higher-order supersymmetric quantum mechanics. AIP
Conference Proceedings 744:236-273, 2004.
https://doi.org/10.1063/1.1853203.

[5] G. Junker. Supersymmetric Methods in Quantum,
Statistical and Solid State Physics. IOP Expanding
Physics. Institute of Physics Publishing, 2019. ISBN
9780750320245.

[6] S. Odake, R. Sasaki. Krein-Adler transformations for
shape-invariant potentials and pseudo virtual states.
Journal of Physics A: Mathematical and Theoretical
46(24):245201, 2013.
https://doi.org/10.1088/1751-8113/46/24/245201.

[7] D. Gomez-Ullate, Y. Grandati, R. Milson. Extended
Krein-Adler theorem for the translationally shape
invariant potentials. Journal of Mathematical Physics
55(4):043510, 2014.
https://doi.org/10.1063/1.4871443.

[8] D. Bermudez, D. J. Ferndndez C. Supersymmetric
quantum mechanics and Painlevé IV equation. SIGMA
Symmetry, Integrability and Geometry: Methods and
Applications 7:025, 2011.
https://doi.org/10.3842/sigma.2011.025.

[9] D. Bermudez, D. J. Fernandez C., J. Negro. Solutions
to the Painlevé V equation through supersymmetric
quantum mechanics. Journal of Physics A:
Mathematical and Theoretical 49(33):335203, 2016.
https://doi.org/10.1088/1751-8113/49/33/335203.

[10] P. Clarkson, D. Gémez-Ullate, Y. Grandati,
R. Milson. Cyclic Maya diagrams and rational solutions
of higher order Painlevé systems. Studies in Applied
Mathematics 144(3):357-385, 2020.
https://doi.org/10.1111/sapm.12300.

[11] C. Muro-Cabral. Ladder operators and coherent states
for supersymmetric extensions of the harmonic oscillator.
Master’s thesis, Physics department, Cinvestav, 2020.

[12] E. Schrodinger. Der stetige Ubergang von der Mikro-
zur Makromechanik. Naturwissenschaften 14(28):664—
666, 1926. https://doi.org/10.1007/bf01507634.

[13] R. J. Glauber. Coherent and incoherent states of the
radiation field. Physical Review 131(6):2766, 1963.
https://doi.org/10.1103/physrev.131.2766.

36

[14] H. Bergeron, J. P. Gazeau, P. Siegl, A. Youssef.
Semi-classical behavior of Péschl-Teller coherent states.
EPL (Europhysics Letters) 92(6):60003, 2011.
https://doi.org/10.1209/0295-5075/92/60003.

[15] D. J. Fernandez C., L. M. Nieto, O. Rosas-Ortiz.
Distorted Heisenberg algebra and coherent states for
isospectral oscillator Hamiltonians. Journal of Physics
A: Mathematical and General 28(9):2693, 1995.
https://doi.org/10.1088/0305-4470/28/9/026.

[16] D. J. Fernandez C., V. Hussin, O. Rosas-Ortiz.
Coherent states for Hamiltonians generated by
supersymmetry. Journal of Physics A: Mathematical
and Theoretical 40(24):6491, 2007.
https://doi.org/10.1088/1751-8113/40/24/015.

[17] D. Bermudez, A. Contreras-Astorga, D. J. Ferndndez
C. Painlevé IV coherent states. Annals of Physics
350:615-634, 2014.
https://doi.org/10.1016/j.a0p.2014.07.025.

[18] S. E. Hoffmann, V. Hussin, I. Marquette,
Z. Yao-Zhong. Coherent states for ladder operators of
general order related to exceptional orthogonal
polynomials. Journal of Physics A: Mathematical and
Theoretical 51(31):315203, 2018.
https://doi.org/10.1088/1751-8121/aacb3b.

[19] S. E. Hoffmann, V. Hussin, I. Marquette, Z. Yao-
Zhong. Ladder operators and coherent states for multi-
step supersymmetric rational extensions of the truncated
oscillator. Journal of Mathematical Physics 60(5):052105,
2019. https://doi.org/10.1063/1.5091953.

[20] S. Garneau-Desroches, V. Hussin. Ladder operators
and coherent states for the Rosen-Morse system and its
rational extensions. Journal of Physics A: Mathematical
and Theoretical 54(47):475201, 2021.
https://doi.org/10.1088/1751-8121/ac2549.

[21] A. O. Barut, L. Girardello. New “coherent” states
associated with non-compact groups. Communications
in Mathematical Physics 21(1):41-55, 1971.
https://doi.org/10.1007/bf01646483.

[22] A. M. Perelomov. Coherent states for arbitrary Lie
group. Communications in Mathematical Physics
26(3):222-236, 1972.
https://doi.org/10.1007/b£01645091.

[23] M. M. Nieto, L. M. Simmons. Coherent states for
general potentials. I. Formalism. Physical Review D
20:1321-1331, 1979.
https://doi.org/10.1103/physrevd.20.1321.

[24] V. V. Dodonov, E. V. Kurmyshev, V. I. Manko.
Generalized uncertainty relation and correlated coherent
states. Physics Letters A 79(2-3):150-152, 1980.
https://doi.org/10.1016/0375-9601(80)90231-5.

[25] J. P. Gazeau, J. R. Klauder. Coherent states for
systems with discrete and continuous spectrum. Journal
of Physics A: Mathematical and General 32(1):123, 1999.
https://doi.org/10.1088/0305-4470/32/1/013.

[26] D. J. Ferndndez C. Integrability, Supersymmetry and
Coherent States: A Volume in Honour of Professor
Véronique Hussin, chap. Trends in Supersymmetric
Quantum Mechanics, pp. 37-68. Springer International
Publishing, Cham, 2019.
https://doi.org/10.1007/978-3-030-20087-9_2.



VOL. 62 NO. 1/2022

Linearised CS for non-rational SUSY extensions of the HO

[27] M. Abramowitz, I. A. Stegun (eds.). Handbook of
mathematical functions, with formulas, graphs, and
mathematical tables. Dover, 1965.

[28] V. E. Adler. A modification of Crum’s method.
Theoretical and Mathematical Physics 101(3):1381-1386,
1994. https://doi.org/10.1007/bf01035458.

[29] K.-H. Kwon, L. L. Littlejohn. Classification of
classical orthogonal polynomials. Journal of the Korean
Mathematical Society 34(4):973-1008, 1997.

[30] N. N. Lebedev, R. A. Silverman. Special functions
and their applications. Physics Today 18(12):70-72,
1965. https://doi.org/10.1063/1.3047047.

[31] L. Weisner. Generating functions for Hermite
functions. Canadian Journal of Mathematics 11:141-147,
1959. https://doi.org/10.4153/cjm-1959-018-4.

[32] I. Marquette, C. Quesne. New ladder operators for a
rational extension of the harmonic oscillator and
superintegrability of some two-dimensional systems.
Journal of mathematical physics 54(10):102102, 2013.
https://doi.org/10.1063/1.4823771.

[33] J. M. Carballo, D. J. Ferndndez C., J. Negro, L. M.
Nieto. Polynomial Heisenberg algebras. Journal of
Physics A: Mathematical and General 37(43):10349,
2004.
https://doi.org/10.1088/0305-4470/37/43/022.

37



AcTA POLYTECHNICA

ABOUT THE TIME EVOLUTION OF COHERENT ELECTRON
STATES IN MONOLAYERS OF BORON ALLOTROPES

ERIK DiAzZ-BAUTISTA

Instituto Politécnico Nacional, Unidad Profesional Interdisciplinaria de Ingenieria Campus Hidalgo,

Departamento de Formacion Bdsica Disciplinaria, Ciudad del Conocimiento y la Cultura, Carretera
Pachuca-Actopan km 1+500, San Agustin Tlaxiaca, 42162 Hidalgo, México

correspondence: ediazba@ipn.mx

ABSTRACT.

In this paper, we theoretically analyze the massless Dirac fermion dynamics in two-

dimensional monolayers of boron allotropes, 8B and 2BH — pmmn borophene, interacting with external
electric and magnetic fields. We study the effect of the Dirac cone tilt in these materials, which is
known as valley index, through the time evolution of probability density of coherent electron states as
well as their phase-space representation obtained via the Wigner function. Our results show that the
time evolution of the coherent electron states in these materials is valley dependent, which is reinforced

in the presence of external electric fields.

KeEYwoORDS: Tilted Dirac cones, anisotropic Dirac materials, borophene, coherent states, Wigner

function.

1. INTRODUCTION

Coherent states (CSs) are minimal uncertainty
states [1, 2], so that they are considered the most
classical states in quantum mechanics. For this rea-
son, they arise in multiple branches of physics, mainly
in quantum optics [2] and information processes [3, 4].
Although the wave function provides interesting fea-
tures about any state, its experimental realization
in several quantum systems [3] requires a different
approach. In this sense, the Wigner function (WF)
constitutes one of the most important theoretical tools
for describing quantum systems in the phase-space
representation. The WF for a bidimensional system
is a quasi-probability distribution defined as [5-7]

Wi(r,p) = (2711_)2/_(:&"”\1! (r— %) vl (r—l— g) d(z,l)

where ¥(r) is the wave function, r = (x,y) and
p = (pz,py) are two-dimensional vectors representing
the classical position and momentum values in phase
space, respectively; and q = (g1, ¢2) is a position vec-
tor needed in the integration process. In contrast
with the probability density of any quantum state,
the WF can take negative values, which indicates the
nonclassicality of a state and it is a sign of quantum-
ness [3, 8, 9]. Despite this, it has been implemented in
quantum optics [3, 4, 9-13], and recently also applied
in condensed matter for studying electron dynamics
in two-dimensional materials, particularly in graphene
under the presence of electromagnetic fields [3, 14—
26] as well as in strained honeycomb lattices with
dispersive pseudo-Landau-levels [27].

Following this trend, and since the number of two-
dimensional materials has been increasing recently,
our aim is to provide an adequate description in
phase space of the physics of certain quantum macro-
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scopic phenomena, and their semi-classical represen-
tation, that occurs in condensed matter systems in
the context of valleytronics [28-30]. In this emerg-
ing research area, two-dimensional materials such as
8 — pmmn borophene [31-35], strained graphene [36],
Weyl semimetals [37-40], and the organic compound
a-(BEDT-TTF)slI3 [41-44], characterize due to the
presence of anisotropy and tilted Dirac cones at their
low-energy band structure [31, 32, 40, 43, 45-53].
The anisotropy and tilt can be intrinsic, as occurs
in borophene [31-34] and phosphorene [54, 55], or
induced by strain-engineering and external electric
fields, as observed in graphene [20, 36, 56-72].

In this work, we will focus on two-dimensional mono-
layers of boron allotropes, 8B and 2BH — pmmn
borophene [73], which have recently attracted at-
tention due to the boron capacity of flexible bond-
ing [47, 74, 75]. The geometry of two-dimensional
boron-based Dirac cone materials is much more com-
plicated than that of the pristine honeycomb structure
of graphene and, as a consequence, their electronic
and transport properties are valley dependent due
to the tilting of Dirac cones. These features moti-
vate the research of unusual effects by the intrinsic
Dirac cone tilt under the presence of external elec-
tric and magnetic fields. For instance, the study of
8 — pmmmn borophene conductivity in the presence
of crossed electric and magnetic fields exhibits a clear
valley-dependence in magnetotransport properties and
polarization currents [33, 34]. It exists the possibility
of the realization of coherent electron states in the
laboratory and the development of electron quantum
optics [15, 76, 77] due to the recent advances in the
experimental reconstruction of the WF of electronic
systems in quantum tomography experiments.
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Thus, this paper is organized as follows. In Sec-
tion 2, we describe the Dirac Hamiltonian of mono-
layers of boron allotropes at low-energy regime in the
presence of external electric and magnetic fields, and
obtain the corresponding Landau states and energy
spectra. In Section 3, we discuss the construction of
the matrix ladder operators associated to the physical
system and also construct the corresponding coher-
ent electron states as eigenstates of the annihilation
operator. We also study the time evolution of the
probability density and the corresponding phase-space
representation. In Section 4, we present our conclu-
sions.

2. ELECTRON DYNAMICS IN
MONOLAYERS OF BORON
ALLOTROPES

8 — pmmn borophene [31-34] and other two-
dimensional monolayers of boron allotropes, such as
8B and 2BH — pmmn borophene [73], present tilted
Dirac cones at their low electronic band structure, so
that their electronic properties are described by the
continuous Dirac Hamiltonian

H = v (v100py + 020202 + yoypy), (2)

where the matrices 0, , are the Pauli matrices, while
oo is the identity matrix. The quantity v, known as
valley index, allows us to transit from valley K (v = 1)
to valley K’ (v = —1). The terms v, and v, are
the anisotropic Fermi velocities and vy is the velocity
that quantifies the tilting of the Dirac cone. These
velocities depend on the material. For instance, the
velocity values {vg, vy, v:} in multiples of the Fermi
velocity vp = 1 for three different allotropes of boron
are shown in Table 1.

Boron allotrope Vg Uy Vg
8 — pmmn 0.86  0.69 0.32
8B —pmmn 0.534 0.785 -0.345

2BH — pmmn 0.77 1.348 -0.386

TABLE 1. The velocities vz, vy and v; in units of the
Fermi velocity vp = 10°m /s, for three boron allotropes
in the low-energy single-particle effective model.

2.1. EFFECTIVE DIRAC-WEYL HAMILTONIAN

Now, let us consider massless Dirac fermions in a two-
dimensional boron monolayer under the presence of
an in-plane electric field E = £% and a perpendicular
magnetic field B = BZ. These fields are included in
the Hamiltonian in Eq. (2) through the scalar and
vector potentials

U=-xz& A =uzxBj, (3)

to obtain the following eigenvalue equation in natural
units (e = —1 and h = 1) [35, 42, 43]:

H'U(r)
= (v [ve0ape + (V00 + vyay) (py + 2 B)] + 2E00) U(r)
= EV(r). (4)

Taking advantage of the translational invariance along
the y-axis, so that ¥(r) = exp(ik,y)¥(x), the eigen-
value equation in Eq. (4) becomes:

E—u.E o wp + 2KC
[ (M) 0o+ 60 (lfw)(,] ¥@) =0,
VR 2
_ _ (5)
where E = E —vuiky, £ = (E+vvB)\/vg /vy, wp =
2B, xc = T\/Vy Vs, Ky = kyr/Vy [V, and v = | 0,0y

is an effective Fermi velocity. By introducing the
parameter 3, and the dimensionless quantity &,

& v, v w 2k¢
ﬁV: / :7d+’/7ta g: B(xc_'_y)’
vpB vy Vy 2 WB
(6)

with vq = £/B being the drift velocity, Eq. (5) can
be rewritten as

[ (o - /26.¢) oo+z'\/?d%ax— “;Bffoy} w(g) =0,

(7)

where g = E/vp + kB8, = (E + kyva) /v

2.1.1. ENERGY SPECTRUM

In order to find the solutions of the initial problem,
we proceed as follows [78, 79]. Multiplying by —io,
to the left of Eq. (7), we get:

{\/ W?Bdigao -1 (60 - W;ﬂuf) 0200
Jri,/w;{amay}\lf(ﬁ) —=0. (8)

Differentiating the above expression with respect to
&, we obtain the following equation
() =0,

d? [ 2 t
l<d£2+( WBEOBU€> £>UO+K
(9)

where K = i (0,8, + 0,0,) is a complex symmetric
matrix. The solutions of Eq. (9) can be expressed
as ¥(§), = ¥,(&)xy, where x,, fulfills the eigenvalue
equation Ky, = nxy,, and 9, (&) is a scalar function
that satisfies the differential equation

1/171(5) =0.

Rt 2 2
@t (\/WB €0 — M) -+
(10)

In order to simplify the above equation, the variable
¢ is defined as

2 v
cmeu-ge [ 2l
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FIGURE 1. Energy spectrum in Eq. (15) with k, = 0 and B =1 as a function of the electric field £ for 8B — pmmn
borophene (a, b) and 2BH — pmmn (c, d) in each Dirac point (v = £1).

where 8, must fulfill the condition |3, | < 1 for keeping
real values of (. Hence, we obtain the Weber equation

Ui
(1-52)

d2 2 263
R

1/2:| "/’n(o =0.
(12)
On the other hand, the eigenvalues 7 of the matrix
K turn out to be o(K) = {m = (=1)*(1 — 52)1/?}
with £ = 1,2, while the corresponding normalized
eigenvectors are given by

“ar (e ) = (e )
Xm—\/é —iyo- ) Xn2—\/§ Nen )
(13)

where Cy = 144/1 — 2. Substituting the eigenvalues

Nk in Eq. (12) and taking v, (¢) = exp (—(2/2) fn(Q),
one gets the following ODE:

26(2)/(013

Ir(€) —2¢f(¢) = (1 —(-1F - = g2y

) fﬁ(<)7
(14)

with k£ = 1,2. By solving the above ODE, the energy

spectrum turns out to be [80] (see Figure 1):

En g, = sgn(n) /o0, (1= 82)**\/wsn| —ky va. (15)
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The Landau energy levels in Eq. (15) depend on valleys
K and K’ [43] via the amount 3, in Eq. (6), which
indicates whether the orbits are closed (|5, < 1) or
opened (|3,| > 1) [43, 80, 81]. Also, the critical values
of vy = &, for which 5, = 1 depend on each tilted
anisotropic Dirac material (see again Figure 1). For
instance, in Table 2 we summarize the critical values
&. in valleys K and K’ for three monolayers of boron
allotropes.

Borophene monolayer &, (K) &, (K’)
8 — pmmn 0.37 1.01
8B — pmmn 1.13 0.44
2BH — pmmn 1.734 0.962

TABLE 2. The electric field critical value & = (v, —
vvy) B for three boron allotropes according to the valley
index v. The data for 8 — pmmn borophene were
obtained from [35].
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Finally, the average velocity in the y-direction is
given by [82, 83]

_8En,ky__ _[ExB
<Uy>—37ky— Ud—[Bg La (16)

that means the Dirac fermions move with an average
velocity vq in the negative y-direction.

2.1.2. EIGENSTATES

The eigenstates of the Hamiltonian in Eq. (4) can be
written as

[(1 - 50n)X771¢n—1(x) + )‘an'(/)n(x)]
2(1=don)
= M®,, (), (17)

U, (z) =

where 6,,, denotes the Kronecker delta, the band
index A indicates the conduction (A =1) or (A = —1)

valence band, and
M — \f VO iy
2 —14/ C_ \/ C+

_ 1 (1 = don)n—1(z)
cbn(x)_m( Mown(x) ) (18b)

The components of the pseudo-spinor ®,,(z) are given
by the wave functions [79]

(1= B)Y® (wsyy
Vn! 27,

where D,,(-) are the parabolic cylinder functions with
n a non-negative integer, and the quantity ¢, is given

by Eq. (11) with eg = (Ep k, + kyva)/ /020y

(18a)

wn (Cn) =

1/4
) Du(VEC,), (19)

3. COHERENT ELECTRON STATES

We start to obtain the CSs by first considering the
set of ladder operators A* given in [35] and acting on
the Hilbert basis ®,,(z) = M~1¥,,(z), namely,

AT®,,(Cn) = V2000 \/n + 1@, 41 (Crya), (20a)

Ai@n(én) =V 2(1_61")\/ﬁq)n—1(<n—1)7 (20b)
and whose commutation relation reads
1, n=0,
[A™,AT]®, (2) = c(n)®,(2), c(n)=<K3, n=1,
2, n>1
(21)

Now, we define the CSs as eigenstates of the anni-
hilation operator A™:
A0, (z) =2P,(x), z€C, (22)

with complex eigenvalue, where

O.(z) =) an®p(x). (23)

Using Eq. (20a), the explicit expression for the CSs
is given by

D () =N, <I>0(m)+z\/\i%n<bn(x) . (24)

where N;? = 2exp (Jaf?) — 1 and o = 2z/V2 =
|a| exp (ip). Here, the physical meaning of || is
that it is the oscillation amplitude while the phase
angle ¢ is identical to the angular rotation in the
classical motion. It is worth to mention that the
procedure described allows to obtain the so-called
Barut-Girrardello CSs. However, this is not the only
way to build CSs. In [27], the displacement-operator
method has been implemented in order to construct
such states in other honeycomb lattices.
Finally, defining the matrix operators
B-=MAM! Btf=MATM! (25)
whose actions on the Landau states ¥, (x) in Eq. (17)
reads as

B, () = V20000)y/n + 1%, 11 (Cur),  (26a)
Bi\l}n(én) =V 2(1751")\/E\I/n—1(@1,—1)7 (26b)

it is possible to verify that the states ¥, (z) = M ®,(z)
are eigenfunctions of the annihilation operator B~
with the same eigenvalue z. Therefore, the states
W, (r) = exp (ik,y) ¥, (z) are the coherent electron
states of the system. In addition, the commutation
relation in Eq. (21) is also fulfilled writing B* and ¥,,
instead of A* and ®,,, respectively.

3.1. OVERCOMPLETENESS AND RESOLUTION TO
THE IDENTITY

The CSs satisfy the following relation

2exp(a”a) —1
V(2exp(jal?) - 1)2exp(lo’[?) — 1)
£ 6(a’ — ). (27)

(Tor [Wa)| =

Since the coherent electron states are not orthogonal
for a # o', we say the set of such states is overcom-
plete.

Besides, these CSs satisfy the following relation
that can be considered as an unusual resolution to the
identity:

Rl [ )@~ 1 9

where [ denotes the identity operator in the Hilbert
space for Landau states in the conduction band, and
dp(a) is a positive measure defined as

ex a2 —
dpla) = Mwaw. (20)
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FIGURE 2. Occupation number distribution Py (n)
in Eq. (30) for the coherent electron states ¥, for

different values of p = |a|?.

3.2. OCCUPATION NUMBER DISTRIBUTION

The CSs follow a Poisson-like distribution with mean
= |a?, according to the occupation number distri-
bution

1 1 n=>0

P, U, | e T ) 2 7
a(n) = [(¥n|¥a)| = 2exp(u)—1{2ffzv n>o0,
(30)

which gives the probability of a CS of being in an
Landau state ¥,, (see Figure 2).

3.3. MEAN ENERGY VALUE
On the another hand, the expectation value of the
energy in the CS basis is given by

= N2 | kyva (1 —2exp (Jof?)) +2

1—62)%/*) " sgn(n)
n=1

The mean group velocity of the CSs is obtained as

O(H),
<Uy>o¢ = é]ﬂj = —Ud,

Uy Uy WB

(H)a
o™ /]

(31)

(32)

which agrees with Eq. (16).

3.4. TIME EVOLUTION OF THE WAVE PACKET
Now, let us consider the time-evolution operator
U(t) = exp(—iHt) applied on the expansion of CSs
in terms of Landau states ¥, (r). Hence, the time-
dependent coherent electron states are:

wa,l(xv t) )
iAo 2(x,t) )7

U, (r,t) = Ny exp (ikyy) M (

(33)
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where

Ya,1(z,t) (34a)

Z
)

n=0

Va2 (2,1) (34b)

The time-dependent probability density |¥,(r,)|?
is

[@a e, 1) = N2{ a1 (2. )2 + oz 2, 1) 2

= 2AB,R [V 1 (, 1) 2(,1)] } (35)

where R(z) denotes the real part of a complex number
z.

Figure 3 shows the time evolution of the probability
distribution of the CSs for 8B and 2BH — pmmn
borophene. We can see that in both cases, the density
probability in valley K evolves faster than that in
valley K’. This means that Dirac fermions take less
time to complete a loop around the equilibrium point.
The function [¥,(r,?)|? shows maximum values close
to the turning points in the z-axis. Besides, with the
values chosen for the parameters o = 41, k, = 0 and
B =1, the probability density of the CSs with v = —1
for 8B — pmmmn borophene shows a different behavior
in time in comparison to the other cases. This is
related to the fact for the electric field considered
(£ = 0.25), the corresponding energy spectrum is
near to collapse, indicating the classical orbits that
the charge carriers in valley K’ follow are more open
compared with those in K for 8B — pmmn borophene,
and even for those ones in 2BH — pmmn borophene.

3.5. OBTAINING OF THE TIME-DEPENDENT
WIGNER FUNCTION FOR COHERENT
ELECTRON STATES

To calculate the Wigner matrix (WM) [84] for the
coherent states in Eq. (33) in valleys K and K’, we
substitute them into the integral matrix representation
in Eq. (1) to get [35]:
W, (r, p) = MW, (r, p)MT. (36)
Thus, the trace of this matrix provides us an expres-
sion of the time-dependent WF of the coherent states:

Te{Wa (x, b, )] = N20 (b, — ky) { Wi (. )
+ Was(xt) = 208, R Wiz (. 8)]}, (37)
where the components Wy, Was and Wig are the cor-

responding Wigner functions of the terms in Eq. (34)
and their product, and that in general involve sums
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FIGURE 3. Time evolution of the probability density |¥,(r,t)|? in Eq. (35) with k, =0, B=1, a = 44, £ = 0.25
and A =1 for 8B — pmmn borophene (a, b) and 2BH — pmmn borophene (c, d) in each Dirac point (v = +1).

of functions of the form (see [35] for more details)

1 1 .
Wu,v(Xn,m) = ; €xXp (_2|Xn,m|2 + Z(Cn - Cm)*s)

(=0 Ly (Ixnml?) s ifu <,

(—1)°\/EXE LYY (Xnm?) i u > v,
(38)

with L (-) denoting the associated Laguerre polyno-
mials, and

% V25, Xn = Xnm  (393)

Xn,m N

s=(1-p) [ 2y,
WBVy

The time evolution of the WM trace for the CSs is
shown in Figures 4 and 5 for 8B and 2BH — pmmn
borophene, respectively. In both cases, we observe
that the WF in valley K propagates faster than in
valley K. As the state evolves in time, the trace of the
WM takes negative values, which is an indication of
the increasing of the CS quantumness and also of the
uncertainty relations, as is discussed in [35]. For larger
times, the WM traces become identical to that of the
Landau state with n equal to the integer part of |a/?,

(39b)

in agreement to the number occupation distribution
in Eq. (30).

3.5.1. PERIOD OF MOTION

Now, in order to provide an approximate period 7
for the CSs, we proceed as follows [85]. First, we
calculate the mean energy (H), for the CSs ¥, (r).
Then, setting the eigenvalue z, we compute the energy
interval in which (H), lies, namely, E;, < (H)a <
Eji1,k,. Thus, the approximate period is determined

as:
2 2T

T = — = —’
AE  Ejiik, — Ejk,

(40)
that will be different for each valley since the energy
spectrum depends on the tilting parameter v. For
instance, for the CSs with o = 44 and the same values
used in Figures 3, 4 and 5, we have E15 < (H), < Es.
Note that (H), is bounded by the Landau level with
n = |aj> = 16. Thus, the respective periods are
reported in Table 3.

The period 7 in Eq. (40) increases as AE — 0 close
to the electric field critical value &, since a Dirac
fermion takes a longer time to complete a loop an
opened orbit (see red and blue curves in Figure 6).
In contrast, the orbits are closed for more separated
energy levels resulting in a shorter period 7 (see green
curve in Figure 6).
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FIGURE 6. A generic honeycomb lattice interacts with
crossed electric and magnetic fields directed along the
z- and z-directions, respectively. In absence of electric
field E, a non-relativistic classical charged particle
performs a circular trajectory (green curve), while if
the strength E increases, the trajectory becomes into
a trochoid (red and blue curves). The drift velocity
va =E x B/B2 is directed along the y-direction.

Borophene monolayer 74 (K) 77— (K’)
8 — pmmn 34.165w  14.5667
8B — pmmn 17.3887  32.6427
2BH —pmmn 11.0127  13.2007

TABLE 3. Valley-dependent period 7 for the CSs with
eigenvalue o = 47 = z/\/§ in three boron allotropes.
The data for 8 — pmmn borophene were obtained
from [35].

3.6. DISCUSSION

Anisotropic and tilted Dirac cone materials, such
as 8B and 2BH — pmmn borophene, possess valley-
dependent electronic properties under the interaction
with crossed electric and magnetic fields. The effective
Hamiltonian depends on two anisotropic velocities and
one tilt velocity (see Eq. (2)). In the case in which
these materials interact with external crossed electric
and magnetic fields (see Eq. (4)), it is possible to ob-
tain the solutions to the physical problem in a simple
algebraic way (see Eq. (15) and (17)).

We have constructed the CSs U, (r) as a linear
combination of the Landau eigenfunctions ¥(r) of the
Hamiltonian in Eq. (4), that also be eigenfunction of a
matrix ladder operator B~ with a complex eigenvalue
z. As the coherent electron states evolve in time, their
probability density clearly shows maximum values
only around the turning points in the z-axis, in which
momentarily the velocity of charge carriers reduces.
In turn, the emergence of negative values in the trace
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of the Wigner matrix for longer times is related to
the increasing uncertainties of the position and mo-
mentum, as is studied in [35], in agreement to the
probability distribution Eq. (30). Also, the increasing
of the electric field to a critical value can delay the
time-evolution of CSs in one of the valleys, allowing
us to distinguish the Dirac fermions of one valley from
those of another (see Figures 3, 4 and 5).

In Figure 6, we have showed the classical picture of
a (valley-independent) non-relativistic charge carrier
that follows a closed trajectory in the xy-plane in
presence of an external magnetic field B along the
z-direction. When an electric field E is applied along
the z-axis, the trajectory becomes into a trochoid with
velocity vq directed to the y-direction. In contrast, we
observe that in the quantum picture of our problem,
due to the Lorentz transformation into the reference
frame and the energy [43], as well as the valley in-
dex, there is a factor (1 — 32)3/4 that modifies the
spacing between two adjacent Landau levels, and as
a consequence also the period of motion in Eq. (40).

4. CONCLUSIONS

We studied the dynamics of massless Dirac fermions in
two bidimensional monolayers of boron allotropes un-
der the interaction with crossed external electric and
magnetic fields. We analyzed the effect of the Dirac
cone tilt in the time evolution of probability density of
coherent electron states as well as the corresponding
Wigner function. We conclude that the time evolu-
tion of the coherent electron states in these materials
is valley dependent, and the presence of an in-plane
external electric field reinforces such a dependency.

We consider that the findings here presented may
contribute to the understanding of the effects of the
tilting of the Dirac cones 8B and 2BH —pmmn
borophene on the charge carrier dynamics under
the interaction of electromagnetic fields, with which
these materials could be considered as viable val-
ley splitters in experimental applications. Besides,
the coherent state description developed through the
phase-space representation may provide a satisfac-
tory semi-classical description of similar quantum
valley-dependent phenomena that occur in other tilted
anisotropic Dirac materials interacting with external
electromagnetic fields.
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ABSTRACT.

In this work we report on a 3-body system in a d—dimensional space R? with a quadratic harmonic
potential in the relative distances r;; = |r; —r;| between particles. Our study considers unequal masses,
different spring constants and it is defined in the three-dimensional (sub)space of solutions characterized
(globally) by zero total angular momentum. This system is exactly-solvable with hidden algebra sf4(R).
It is shown that in some particular cases the system becomes maximally (minimally) superintegrable.
We pay special attention to a physically relevant generalization of the model where eventually the
integrability is lost. In particular, the ground state and the first excited state are determined within

a perturbative framework.

KEYWORDS: Three-body system, exact-solvability, hidden algebra, integrability.

1. INTRODUCTION

The two-body harmonic oscillator, i.e. two particles
with masses m, and mo interacting via the transla-
tional invariant potential V' o |r; — rj|27 appears in
all textbook in Classical Mechanics. In an arbitrary
d—dimensional Euclidean space R? this system ad-
mits separation of variables in the center-of-mass and
relative coordinates as well as exact solvability. The
relevance of such a system is obvious: any scalar po-
tential U = U(|r; — r;|) can be approximated by the
two-body harmonic oscillator. In this case, the center-
of-mass and relative coordinates are nothing but the
normal coordinates. Therefore, in the n-body case of
n > 2 particles interacting by a quadratic pairwise
potential it is natural to ask the question about the
existence of normal coordinates and the correspond-
ing explicit exact solutions. Interestingly, even for
the three-body case n = 3 a complete separation of
variables can not be achieved in full generality.

Starting in 1935, the quantum n—body problem in
R? was studied by Zernike and Brinkman [1] using
the so-called hyperspherical-harmonic expansion. Two
decades later, this method possessing an underlying
group-theoretical nature was then reacquainted and
refined in the papers by Delves [2] and Smith [3].
Nevertheless, in practice the success of the method
is limited to the case of highly symmetric systems,
namely identical particles with equal masses and equal
spring constants.

In a previous work [4], the most general quantum
system of a three-body chain of harmonic oscillators,
in R%, was explored exhaustively. For arbitrary masses
and spring constants this problem possesses spherical
symmetry. It implies that the total angular momen-
tum is a well-defined Observable which allows to re-
duce effectively the number of degrees of freedom in
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the corresponding Schrédinger equation governing the
states with zero angular momentum. In the sector of
vanishing angular momentum, it turns out that this
three-body quantum system is exactly solvable. The
hidden algebra s¢(4,R) responsible of the exact solv-
ability was exhibited in [4] using the p-representation.
In the present work we consider a physically relevant
generalization of the model where eventually the inte-
grability properties are lost. Again, in our analysis we
assume a system of arbitrary masses and spring con-
stants with the total angular momentum identically
Zero.

In the current study we revisited the algebraic struc-
ture and solvability of the quantum 3-body quantum
oscillator system in the special set of coordinates ap-
pearing in [5], [6]. Afterwards, a physically motivated
generalization of the model is considered. The goal
of the paper is two-fold. Firstly, in the (sub)-space
of zero total angular momentum we will describe the
reduced Hamiltonian operator which admits a hidden
sl(4;R) algebraic structure, hence, allowing exact-
analytical eigenfunctions. Especially, at any d > 1 it
is demonstrated the existence of an exactly-solvable
model that solely depends on the moment of inertia
of the system. This model, admits a quasi-exactly-
solvable extension as well.

Secondly, we explore a physically relevant general-
ization of the model. Approximate solutions of the
problem are presented just for the case of equal masses
in the framework of standard perturbation theory and
complemented by the variational method. The first
excited state, thus the energy gap of the system, is
briefly discussed.
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2. GENERALITIES

The quantum Hamiltonian in R? (d > 1) for three non-
relativistic spinless particles with masses my, mg, ms
and translationally invariant potential is given by

3
1
H = ,ZiAgd) + V(ri2, m13, r23) , (1)

2my;
i=1 v

(h = 1) see e.g. [4, 5], where Agd) stands for the
individual Laplace operator of the ith mass with
d—dimensional position vector r;, and

rij = |ri—r5], (2)

(j = 1,2, 3) is the relative mutual distance between the
bodies 7 and j. The eigenfunctions of (1) which solely

depend on the p-variables, p;; = rfj, are governed by
a three-dimensional reduced Hamiltonian [4]

Hrad = *Arad + V(p)a (3)

where

2 2 2 2
Avaa = Epm 01y + Eplsapla

2(p13 + p12 — p23)a

2
+ —p2s3 3523 +
23

mi P13, P12
2(p13 + p23 — 012) 2(/)23 + p12 — p13)
Op1a. po: Opys
Jr ms P13 P23 + ma P23, P12
d d d
+ 7@712 + 78913 + 781023 ) (4)
M2 pis 23
c.f. [5], and
__mymy
Hij = m; +m; ’

denotes a reduced mass. The operator (3) de-
scribes three-dimensional (radial) dynamics in vari-
ables p12,p13,p23. This operator H;.q is, in fact,
equivalent to a Schrodinger operator, see [4]. We
call it three-dimensional (radial) Hamiltonian. All the
d—dependence in (3) occurs in the coefficients in front
of the first derivatives.

2.1. CASE OF IDENTICAL PARTICLES:
T-REPRESENTATION

Now, let us consider the case of identical masses

thus, p;; = %, and the operator (4) is Ss
permutationally-invariant in the p-variables. It sug-
gests the change of variables p <+ 7 where

T = pi12 t+p13+p23,
To = p12 P13 + P12 p23 + P13 P23 , (5)

T3 = pP12 P13 P23 ,

are nothing but the lowest elementary symmetric poly-
nomials in p-coordinates.

In these variables (5), the coefficients of the operator
Ay.q are also polynomials, hence, this operator is
algebraic in both representations. Explicitly,

Avag = 67107 + 21 (Tro — 72)03 + 273(673 — 712)8??
+ 24 7'28%72 + 367’38%3 + 2[97371 + 472(T2 — 712)]6373

+6do + 2(2d+ 1)71 02 + 2[(d+4)72 — 73] O3

(6)

9 = 0.,i=1,2,3.

3. LAPLACE-BELTRAMI OPERATOR

Now, as a result of calculations it is convenient to
consider the following gauge factor

(s2)""

M= -—=—
MI

(7)

M = mi 4+ mg + mg, where

2 = 2p12 p13 + 2p12 p23 + 2pa3 p13 — Pia — Piz — Pas
N — 16 )

and

mimeg p12 + MiMm3 P13 + Mams P23

T =
M i

possess a geometrical meaning. The term S2 is the
area (squared) of the triangle formed by the position
vectors of the three bodies whilst the term 7 is the
moment of inertia of the system with respect to its
center of mass. The radial operator H.aq (3) is gauge-
transformed to a truly Schrédinger operator [4],

Hig = T HpaaD = A + V + VED 1 (8)

here Arp stands for the Laplace-Beltrami operator

1
Arg(p) = Vgl 0y —— g"0,,

Vigl

(I/,/L = 1,2,3) and (91 = %,82 = 6%3,83 =
The corresponding co-metric in App(p) reads

Opa3”

2 P12 (p13+p12—p23) (p23+pi2—p13)
H12 mi mo

Hyo (p13+p12—p23) (p13+p23—p12)

2
.. P13

9 mi K13 m3
(p23+p12—pi13) (p13+p23—pi2) 2 P23
mo m3 K23

Its determinant

M2
= Detg"’ = 32 ———— T 5% 9
|g| elg m%m%mg JANR) ()

admits factorization and is positive definite. The term
V() denotes an effective potential
1 (d—2)(d—4) MT

7t 32

3
ple) — 2
8

my moms S%

which depends on the two variables Z and Si alone.
Thus, the underlying geometry of the system emerges.

The classical analogue of the quantum Hamilto-
nian operator (8) describes an effective non-relativistic
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FIGURE 1. 3-body chain of harmonic oscillators.

classical particle in a three-dimensional curved space.
Explicitly, the Hamiltonian function takes the form

H£c£l;a551cal) _ g“" Hp, m, + V, (10)
where II,,, p = 12,23,13 are the associated canon-
ical conjugate momenta to the p-coordinates. The
Hamilton-Jacobi equation, at vanishing potential
V = 0 (free motion), is clearly integrable. However,
a complete separation of variables is absent in the
p-representation. The Poisson bracket between the ki-
netic energy T' = g"” II,, II,, and the linear function
in momentum variables

L(lc) = (p13—p23)Lia+(p23—p12) 13+ (p12—p13)as ,

is zero.

4. THREE BODY HARMONIC OSCILLATOR
SYSTEM

In the spectral problem with Hamiltonian (3) we take
the harmonic potential

VHO)N (p) = 202 |v1g pra + Vi3 pi3 + vaz pas | , (11)

w > 0 is frequency and vyg, 113, o3 > 0 are con-
stants with dimension of mass. This problem can
be solved exactly [4]. In particular, in p-space the
reduced operator (3) possesses multivariate polyno-
mial eigenfunctions, see below. We call the above
potential V(7 )(p) the 3-body oscillator system. We
mention that in the case d =1 (3 particles on a line),
the corresponding spectral problem was studied in
the paper [7]. In the current report, we analyze the
d—dimensional case with d > 1.

In r-variables, p = r2, the potential (11) can be
interpreted as a three-dimensional (an)isotropic one-
body oscillator. It is displayed in Figure 1. The
configuration space is a subspace of the cube R3 (p)
in E3 p-space. The p-variables must obey the “tri-
angle condition” SQA > 0, namely the area of the
triangle formed by the position vectors of the bodies
is always positive.
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4.1. SOLUTION FOR THE GROUND STATE

In the harmonic potential (11), the ground state eigen-
function reads

\IngO)

= e w(a1 12 pr12 + a2 s P13+ as pi2s pas) (12)

where the parameters ai, as, ag > 0 are introduced
for convenience. They define the spring constants, see
below. The associated ground state energy

EO = wd(a1+a2+a3), (13)

is mass-independent. There exists the following alge-
braic relations

2 H12 K13 Hi12 K23
vig = aj 12 + aja T + aias m
1 2
H13 23
— a2as3 9
m3
2 H12 K13 H13 K23
V13 = a5 413 + Q162 Tl + aza3 e
1 3
H12 23
— ayas )
ma
2 H12 Y23 H13 K23
V93 = a3 23 + aias T + azas T
2 3
H12 K13
— a1 Qg .
mi

5. LIE ALGEBRAIC STRUCTURE

Using the previous function \IIE)HO) (12) as a gauge
factor, the transformed Hamiltonian H,aq (3)

h(algebraic) = (\I,(()HO))_l [_Arad LV - EO] \I/éHO)
(14)

is an algebraic operator, i.e. the coefficient are poly-
nomials in the p-variables. The FEj is taken from
(13).

In addition, this algebraic operator (14) is of Lie-
algebraic nature. It admits a representation in terms
of the generators

_ 0
Ji B dyi
0
0 — .
L0
0 —_— C— —
.9
JF(N) = wJN) =y Z%‘@‘N )
i=1 /

(i, = 1,2, 3) of the algebra sf(4,R), see [8, 9] here N
is a constant. The notation

Yy = pi2, Y2 = pi13, Ys = p23

was employed for simplicity. If IV is a non-negative
integer, a finite-dimensional representation space takes
place,

Vv = Ut ys2ys®| 0<ng+ngs+n3 <N). (15)
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6. RELATION WITH THE JACOBI
OSCILLATOR

Now, we can indicate an emergent relation between
the harmonic potential (11) and the Jacobi oscillator
system

2 2
4 (Jacobi) — Z [_ 6382- +4A; 0z -Zi] , (16)

i=1

where w > 0, Ay, Ay >0, and

mi1mso ( )
Z] = —(rp — r
! m1 + mao ! 2

. (m1 +m2)m3 (
z3 = {|————— (13 —

miry + Mmars
mi + mo + M3

mi + Mo

are standard Jacobi variables, see e.g. [10]. This
Hamiltonian describes two decoupled harmonic os-
cillators in flat space, see [6]. Consequently, it is an
exactly-solvable problem. The complete spectra and
eigenfunctions can be calculated by pure algebraic
means.

The solutions of the Jacobi oscillator that solely
depend on the Jacoby distances z; = |z;| are governed
by the operator,

2 2
(Jacobi) . 0 _ (d - 1) i
Hrad o 1:21 |: 621821 Zi 021 (]_7)

+ 4A WP+ ANy w2l

In this case, the associated hidden algebra is given
by slz® ) Which acts on the two-dimensional space
(Zl s 2:2).

In particular, the eigenfunctions of H('a°P) (16)
can be employed to construct approximate solutions
for the n-body problem, for this discussion see [10].

Assuming any of the two conditions

m2 _ h2 mo_ M3

ms viz ma vag
in the harmonic oscillator potential V() (11), we
obtain

U§H0) = 4N w2 + 4Ay 0?2

= 2w? (V12 p1a + vi3p1z + vazpes| (18)
— Y (HO)

with n n
mi mo ms
Moo= Ay = IR

miyms
hence, in this case the three-body oscillator poten-
tial coincides with the two-body Jacobi oscillator
potential. In fact, imposing the singly condition
mo 13 = ma 2 the equality (18) is still valid but
A1 # A5 and the system is not maximally superinte-
grable any more.

6.1. IDENTICAL PARTICLES: HYPERRADIOUS

A remarkable simplification occurs in the case of three
identical particles with the same common spring con-
stant, namely

my =mg =m3 =1, a =ax =a3 =a.

Thus, the potential (11) reduces to

3
yHO) = §GQW2 (p12 + p13 + p23)

3
= 5 a2 OJ2 T1 -
Consequently, the ground state solutions (12) and (13)

read

\11(3‘1) _ o~%a(pi2 + p13 + p23)
o (20)
= 6_70’71 ,
Ey = 3wda, (21)

respectively. Moreover, from (6) it follows that in this
case there exists an infinite family of eigenfunctions

Un(m) = e 209n L Vawn) ,
with energy
Ey = 3aw(d+2N),

N =0,1,2,3,..., that solely depend on the variable
71, the so called hyperradious, here Lg\‘,ifl)(x) denotes
the generalized Laguerre polynomial. These solutions

are associated with a hidden s¢(2,R) Lie-algebra.

6.2. ARBITRARY MASSES: MOMENT OF INERTIA

A generalization of the results presented in Section 6.1
can be derived from the decomposition of Ay.q (4)

ANad = A7 + A, (22)

where Az = Az(Z) is an algebraic operator for arbi-
trary d > 1. It depends on the moment of inertial Z
only. Explicitly, we have

Az = 27077 + 2ddr . (23)

The operator A = A(Z, q1,q2) depends on Z and
two more (arbitrary) variables ¢;, g2 for which the
coordinate transformation {p;;} — {Z,q1,¢2} is in-
vertible (not singular). Since such an operator A
annihilates any function F' = F(Z), i.e. AF = 0,
the splitting (22) indicates that for any potential of
the form

Vo= V() (24)

the eigenvalue problem for the operator H,,q =
—Araq + V is further reduced to a one-dimensional
spectral problem, namely

[-Az + V(D)]y = E¢, (25)

which can be called the Z—representation.

In the case of equal masses m; = mg = mg the co-
ordinate Z is proportional to the hyperspherical radius
(hyperradious). Also, Hr (25) is gauge-equivalent to
a one-dimensional the Schrédinger operator.
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FIGURE 2. Classical generalized three-body harmonic
oscillator system: average Lyapunov exponent in the
space of parameters (H, m1). The values ma = ms3 =
1,0.): 1, Vi2 = V13 :VzgzlandRu:Rrg, :R23 =
1 were used.

7. GENERALIZED THREE BODY
HARMONIC OSCILLATOR SYSTEM

Now, let us consider the following potential

Vi =242 [%2 (Vpiz — Ri2)* + v (13 — Ris)’?

+ va3 (\/p23 — R23)2:| ,

(26)
where Rjs, Ri3, R > 0 denote the rest lengths
of the system. At Ry = Ri3 = Rs3 = 0 we re-
cover the exactly solvable 3-body oscillator system,
V(R yVHO)  The relevance of V) comes from
the fact that any arbitrary potential V' = V' (r;;) can
be approximated, near its equilibrium points, by this

generalized 3-body harmonic potential.

However, the existence of non-trivial exact solu-
tions is far from being evident. Even for the most
symmetric case of equal masses and equal spring con-
stants, we were not able to find a hidden Lie algebra
in the corresponding spectral problem (3). Moreover,
at the classical level such a system is chaotic. This
can be easily seen by computing the average Lya-
punov exponent in the space of parameters (H, mq),
see Figure 2, where H is the value of the classical
Hamiltonian (energy) with potential V() (26).

Also, for one-dimensional systems it is said (see [11])
that a classical orbit is PT-symmetric if the orbit re-
mains unchanged upon replacing x(t) by —z*(—t).
There are several classes of complex PT-symmetric
non-Hermitian quantum-mechanical Hamiltonians
whose eigenvalues are real and with unitary time evo-
lution [12, 13]. However, while the corresponding
quantum three-body oscillator Hamiltonian is Her-
mitian, it can still have interesting complex classical
trajectories.

7.1. IDENTICAL PARTICLES

In order to simplify the problem one can consider
the simplest case of equal masses and equal spring
constants (19) with w = 1. Also, we will assume equal
rest lengths

Ris = Ri3 = Ros = R > 0.

54

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

FIGURE 3. Ground state energy of the generalized 3-
body harmonic oscillator vs R for different values of the
parameter a which defines the spring constant, see text.
The solid lines correspond to the variational result
whilst the dashed ones refer to the value calculated by
perturbation theory up to first order.

In this case, approximate solutions for the Schrédinger
equation can be obtained using perturbation theory
in powers of R.

7.1.1. GROUND STATE

Taking the R—dependent terms in (26) as a small
perturbation, the first correction Fj ¢ to the ground
state energy takes the form

3
Eip = 2—60(371'aR2 — 4RV67a) .
™

The domain of validity of this perturbative approach
is estimated by means of the variational method. The
use of the simple trial function

\I/(t)rial — e—$aa(piz + p1s + p23)

c.f. (20), where « is a variational parameter to be fixed
by the procedure of minimization, leads to the results
shown in Figure 3.

7.1.2. FIRST EXCITED STATE

It is important to mention that for the 3-body har-
monic oscillator (R = 0) the exact first excited state
possesses a degeneracy equal to 3. For R > 0, the
perturbation theory partially breaks this degeneracy.
The energy of the approximate first excited state cal-
culated by perturbation theory, up to first order, is
displayed in Figure 4.

8. CONCLUSIONS

In this report for a 3-body harmonic oscillator in Eu-
clidean space R? we consider the Schrédinger operator
in p-variables p;; = rfj,
His = —Aws(piy) + VI (0iy) + VD (piy) . (27)

where the kinetic energy corresponds to a 3-
dimensional particle moving in a non-flat space. The



VOL. 62 NO. 1/2022

Generalized three-body harmonic oscillator system: ground state

El[a, R]
BOprr
E110.5,R]
25
----- Ei[1,R]

0L E[2,R]
Ip e e
10f

st

L L ‘ ‘ | R
0.2 0.4 0.6 08 1o

FIGURE 4. First excited state of the generalized 3-
body harmonic oscillator vs R.

Schrédinger operator (27) governs the S-states solu-
tions of the original three-body system (1), in par-
ticular, it includes the ground state. It implies that
the solutions of corresponding eigenvalue problem
depend solely on three coordinates, contrary to the
(3d)-dimensional Schrédinger equation. The reduced
Hamiltonian Hyp is an Hermitian operator, where the
variational method can be more easily implemented
(the energy functional is a 3-dimensional integral only).
The classical analogue of (27) was presented as well.
The operator (27) up to a gauge rotation is equivalent
to an algebraic operator with hidden algebra s¢(4,R),
thus, becoming a Lie-algebraic operator.

In the case of identical masses and equal frequencies
the aforementioned model was generalized to a 3-body
harmonic system with a non-zero rest length R > 0.
In this case, no hidden algebra nor exact solutions
seem to occur. An indication of the lost of integra-
bility is the fact that the classical counterpart of this
model exhibits chaotic motion. Using perturbation
theory complemented by the variational method it
was shown that the ground state energy vs R develops
a global minimum, hence, defining a configuration of
equilibrium.
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ABSTRACT. In this work, we construct a time-dependent step-like potential supporting a normalizable
state with energy embedded in the continuum. The potential is allowed to evolve until a stopping time
t;, where it becomes static. The normalizable state also evolves but remains localized at every fixed
time up to t;. After this time, the probability density of this state freezes becoming a Bound state In
the Continuum. Closed expressions for the potential, the freezable bound state in the continuum, and

scattering states are given.

KEYWORDS: Bound states in the continuum, supersymmetric quantum mechanics, time-dependent

quantum systems.

1. INTRODUCTION

The first discussion of Bound states In the Con-
tinuum (BICs) in quantum mechanics dates back
to von Neumann and Wigner [1] who constructed
normalizable states corresponding to an energy em-
bedded in the continuum in a periodic potential
V(r) = E + V?)/v from a modulated free-particle
wave function ¢(r) = (sin(r)/r)f(r), with twice the
period of the potential. The localization of this state
is interpreted as the result of its reflection in the Bragg
mirror generated by the wrinkles of V(r) as r — oc.
The extended family of von-Neumann and Wigner
potentials have been discussed and extended for many
years [2-5] from different frameworks including the
Gelfan-Levitan equation [6] also known as inverse scat-
tering method [4, 7], Darboux transformations [8, 9]
and supersymmetry (SUSY) [10-13], among others.
Bound states In the Continuum are nowadays recog-
nized as a general wave phenomenon and has been
explored theoretically and experimentally in many
different setups, see [14] for a recent review.

Exact solutions to the time-dependent Schrédinger
equation are known only in a few cases, including
the potential wells with moving walls [15, 16], which
has been explored from several approaches (see, for
instance, Ref. [17] and references therein) including
the adiabatic approximation [18] and perturbation
theory [16] and through point transformations [19-
23], which combined with supersymmetry techniques
allow to extend from the infinite potential well with
a moving wall to the trigonometric Poschl-Teller po-
tential [24].
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In this article, we present the construction of a time-
dependent step-like potential. We depart from the
standard stationary step potential and apply a second-
order supersymmetric transformation to add a BIC.
Then, by means of a point transformation, the poten-
tial and the state become dynamic and we allow them
to evolve. After a certain time, we assume that all the
time-dependence of the potential is frozen, such that
the potential becomes stationary again and explore
the behavior of the normalizable state. Intriguingly,
it is seen that the freezable BIC is not an eigenso-
lution of the stationary Schrédinger equation in the
frozen potential, but rather solves an equation that
includes a vector potential that does not generate
a magnetic field whatsoever. Thus, by an appropri-
ate gauge transformation, we gauge away the vector
potential and observe the BIC that remains frozen as
an eigenstate of the stationary Hamiltonian after the
potential ceases to evolve in time.

In order to expose our results, we have organized
the remaining of this article as follows: In Section 2
we describe the preliminaries of SUSY and a point
transformation. Section 3 presents the construction
of the time-dependent step-like potential and give ex-
plicit expressions for the freezable BIC and scattering
states. Final remarks are presented in Section 4.

2. SUPERSYMMETRY AND A POINT
TRANSFORMATION

Point transformation is a successful technique to de-
fine a time-dependent Schrédinger equation with a full
time-dependent potential from a known stationary
problem [19, 20, 24]. In this section, we use a trans-
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formation of this kind in combination with a conflu-
ent supersymmetry transformation to obtain a time-
dependent step-like potential from the stationary case.

2.1. CONFLUENT SUPERSYMMETRY

Darboux transformation, intertwining technique
or supersymmetric quantum mechanics (SUSY) is
a method to map solutions v of a Schrédinger equa-
tion into solutions ¢ of another Schrodinger equation
[25-29]. It is based on an intertwining relation where
two Hamiltonians and a proposed operator LT must
fulfill the relation

HL'=L'H, (1)

where

2 ~ 2
—j? Ty, H=— 4V @

H =
The main ingredient of SUSY are the seed solutions,
which correspond to solutions of the initial differential
equation Hu = eu, where € is a real constant called
factorization energy. In this work we focus on the so
called confluent supersymmetry, where LT is a second-
order differential operator. Once a seed solution and
a factorization energy are chosen, the next step is to
construct the following auxiliary function

v=1 <w 4 / u2(y)dz) , 3)

where w is a real constant to be fixed. Then, one way
to fulfill (1) is by selecting

d v’ d u
(S V)[4
L (dy+v>(dy+U>’ @

and the potential term in H as
_ d2 Y
V(y) =Voly) —2——In <w +/ uzdz) ()
dy Yo

Then, solutions of the differential equation Hy = E,
where E is energy, can be mapped using L' and the
intertwining relation as follows:

Hy = EY,
J times LT
LtHy = EL"y,
(8 using (1)
HLYW = EL"y,
U defining ¢ o Lty
Hy = Ev.

We define 9 as

1
F—¢

b= L. (6)

The factor (E —¢)~! is introduced for normalization
purposes. Moreover, H could have an extra eigenstate

that cannot be written in the form (6). This state is
called missing state and plays an important role in this
work. The missing state is obtained as follows: First
we have seen that LT maps solutions of Hi = E1)
into solutions of Hi) = E1), by obtaining the adjoint
equation of (1) HL = LH, where L = (L") we can
construct the inverse mapping, but there is a solution
1. such that Ly, = 0. This solution is explicitly:

- 1 U
wezcegzcema (7)

where C. is a normalization constant if 1. is square
integrable. This state fulfills H1), = e).. Notice that
the selection of u, € and w is very relevant, we must
choose these carefully to avoid the introduction of sin-
gularities in the potential V that lead to singularities
also in 1. The function w + [u?dy must be node-
less. We can satisfy this if either lim, ., u(y) =0 or
limy_, _ oo u(y) = 0 and if w is appropriately chosen.

2.2. POINT TRANSFORMATION

Given that we know the solution of the time indepen-
dent Schrodinger equation

j;ww L E- V()] dly) =0 ®

with a potential defined in y € (—o0,00), let us con-
sider the following change of variable

T

T A+ 1 9)

y(z,t)

where 2 € (—o00, 00) is considered as a spatial variable
and t € [0,00) a temporal one. Then, the wavefunc-
tion

1 i(x2+§) — T
(b(m’t):\/me)(p{ 4t + 1 }w(4t+1)’ (10)

solves the time-dependent Schrodinger equation

2

.0 0
Z&¢($,t) + ﬁ(b(mvt) = V(z,t)g(x,t) =0, (11)

where the potential term is

(4t-i1-1)2V <4ti1>' (12)

In other words, the change of variable (9) together
with the replacements V. — V and @) — ¢ trans-
form a stationary Schrédinger equation into a time
dependent solvable one.

V(SE,t) =

3. TIME DEPENDENT STEP-LIKE
POTENTIAL WITH A FREEZABLE
BOUND STATE IN THE CONTINUUM

In this section, we depart from the well-known step
potential V(y) = VO(—y) as time independent sys-
tem. Then, using confluent supersymmetry we will
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add a single BIC. Furthermore, with the point trans-
formation previously introduced we transform the
stationary system into a time-dependent system with
an explicitly time-dependent potential. We will choose
a stopping time or freezing time t; after which the
potential no longer evolves:

V(z,t)
V(.’E, ti)

0<t<ty,

13
t >t (13)

VF (:Ca t) = {
Finally, the solutions of the Schrédinger equation will
be presented.

Let us commence our discussion by considering the
Step-Potential

vV oy <o,
Voly) = {0 o (14)

defined along the axis y € (—o0, 00) and V is a positive
constant. The solutions of this system are well known
in the literature (see [30, 31]). Restricting ourselves
to the case 0 < E; <V, the solutions are:

by) = {eXp(py)

cos(qy) + 7 sin(qy)

y <0,
) >0 (15)

with energy E, = ¢*> and p = \/V — E,.

Next, to perform the confluent supersymmetric
transformation we choose a factorization energy such
that 0 < ¢ < V and the corresponding seed solution

u(y) as

uly) = {eXp(F»y)

cos(ky) + 7 sin(ky)

y <0,

16
y> 0, (16)
with k2 = € and k% = V —e. Note that u(y) — 0
when y — —oco. Then, from (5) we obtain explicitly
the SUSY partner V:

_ 16 exp(2ry) k3w
_ (exp(2Ky)+2Kw)?

V(y) = _
®) 32k? (k cos(ky) + rsin(ky) Zg;

y<0

) y>0, (17)

where the functions 9(y) and 0(y) are
o(y) = [(k2 + &) (K*x + k) + 2/€4w] sin(ky)
— k [(K* + &%) (ky + 1) + 2k kw]
d(y) = [2ky(k* + k*) + 4kw — 2k~ cos(2ky)
+(k* — K?) sin(2k;y)]2 .

We can calculate directly from (7) the missing state
associated to the factorization energy e:

2k exp(Ky)
n 2rkw—+exp(2k Y S 0’
e (y) =C. 4k3(cos(l;c(y)f)% sin(ky)) 0 (18)
be(y) >0

where

Ve(y) = (k% — Kk?) sin(2ky) — 2kk cos(2ky)
+ dwk® + 2ky (K + 7).
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FIGURE 1. [|¢c(y)|*> and an envelop function of

the form A(y) = 3§, with a = 2%k(k? 4+ k)12,
b= 2wk®(x?* + k%)~ The scale of the graph is fixed
with V=5, k=1, k =2 and C. = 1, in the appropri-
ate units.

In order to confirm that v, is square integrable, we
proceed in the following way. First, we separate the
. - " 0 |-
mtegl:al ||we||2 = fjooo WJG‘Qdy = ffoo |¢€|2dy +
fooo |Yc|?dy. The first integral can be directly calcu-
lated:

o 2 1
Pdy = |0 2t ( )
/mww y= 10 tan (——

For the second integral, we can show that it is bounded
by a square integrable function:

0o T . 2
fO |w€|2dy B /00 4k3(cos(ky) + %sm(/ﬂy)) dy
|Ce|? 0 De(y)
- /°° 4k*Vk? + K2 J
~ Jo |4wk? + 2ky (k2 + k2?) Y
00 2 2
a a
— dy = —, 19
L] =5 (19)
where a = ’j’jr = b= R%“f;. Figure 1 shows a fair

fit to the squared modulus of eq. (18) for y > 0.
_ For an energy F = q* # €, the wavefunction solving
Hvy = Ev is constructed using (6), and (15). It reads

- (5—p) exr;(ﬂy)} b <0
wly) = 1@ (;gfgfclS(qy)zip(syij(qy) . (20)
- e y >0,

where we abbreviated
_ 2kwo(k + p) + (p — k) exp(2ky)
B 2kw + exp(2Ky)

Doy) = k2 (p sin(qy)q+ qcos(qy))
N 4k(rsin(ky) + k cos(ky))

Pe(y)
X []; (F\? cos(ky) — ksin(ky)) (p sin(qy) + qcos(qy)>

V- (y)

I

+ (/-z sin(ky) + k cos(ky)) <q sin(qy) — pcos(qy))} .
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In Figure 2 the potential V (y), along with the proba-
bility densities of the missing state |¢,(y)|? and a scat- E=2
tering state [¢)(y)|? are shown. We observe that the
wavefunction of the BIC has an envelop function which “
tends to zero as |y| — oo, whereas the state v (y) is e=1
not localized. )
The next step is to construct a time dependent
potential from (17) using the point transformation
presented in (9-12). Notice that x =y at t =0. Then [ 7777777==7777 U et
V transforms as the piecewise potential:

3 2Kz
Vi(z,t) = % g © P (aryr) . (21) y
(i+1) (260 + exp(£25)]

Vao(y)

FIGURE 2. Potential V(y), along with the probability

if # < 0, otherwise densities of the missing state [ (y)|* and a scattering

- state |1 (y)|? are shown. The scale of the graph is fixed
32k? withV =5,k=1,k=2,¢g=+v2 and w = 4.

(4t +1)2

kx . kx \ 0(y(z,t))
X {kcos <4t+1> + K sin <4t+ 1) @) | (22)
In Figure 3 (top) we show the potential V(z,t) at
t = 0,t = 0.1 and ¢t = 0.2. Its shape changes in time
and its spatial profile oscillates as expected, vanishing

as £ — o0o. Analogously, for the time-dependent BIC,
the associated wavefunction for energy € is explicitly

2 AN A e t=0
el t) = xp{““‘*)}we(m)w%) L

Vix,t) =

t=0.2

t=0.1

V(x,1)

e
Vit +1 4t +1 4t +1

This function solves the time-dependent Schrédinger X
equation 10;¢. + OzzPe — Vo = 0 and its square

integrability is guaranteed since ¥.(y) is a square
integrable function: t=0.2

612 1 (60 (0, )

1 - T 2
- 4t+1/_oo|w€ (4t+1)| de

L[|&@W@=H&W (24) ‘ L w

-20 -10 0 10 20

t=0.1

|pe(x.t) |2

where we used the change of variable (9). Its proba- X
bility density is shown in Figure 3 (center) at different
times. This state is localized and the first peak in the
probability density broadens and diminishes height as

t=0.2

time increases.
For states with energy E, = ¢* # ¢, the correspond- ‘:‘t t=0.1
ing time-dependent wavefunction has the explicit form = /\/ w V H H V
1 i@+ -/ = u
vt = \/meXp{ 1 }w(zlt—l—l)’ (25) o
The behavior of the probability density |¢(z,t)|?, for =0 10 o 0 2
E = 2 at different times is shown in Figure 3 (bottom). X
This state is unlocalized at any time.
Finally, we choose the freezing or stopping time ¢;. FIGURE 3. Behavior of the potential V (z,t) (top), the
Then, we can consider a charge particle in a potential: BIC ¢e(z,t) (center) and the scattering state ¢(z,t)
(bottom) at the times t = 0, ¢ = 0.1, and ¢ = 0.2. The
V(z,t) 0<t<t, scale of the graphs is fixed by V=5, k =1, k = 2,

VF(x,t) = { (26) g=+v2and w=4.
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where V(z,t) is given by (21,22). Notice that when
t € [0,t;) the potential is changing in time, and when
t > t; the potential is frozen. This potential is in fact
a family, parametrized by w > 0, recall that w was
introduced by the confluent SUSY transformation.

Neither ¢(z,t) nor ¢.(x,t) are stationary states,
they evolve in time, and they are not eigenfunctions
of the operator —0,, + V. At any time ¢ > t;, the
functions ¢(x,t;) and ¢.(x,t;) satisfy the eigenvalue
equation:

[(8833 + iAm(:z:)>2 + V(:c,ti)] o(x,t;)

E
= méf’(m,ti)v L2, (27)
where A, (z) = —9,0(x) and
; E
o(z) = 4t‘1+ - (z2+ 4) . (28)

Equation (27) is the Schrodinger equation for
a charged particle under the influence of a vector
potential A = (A,,0,0) that, nevertheless, does not
generate magnetic field since B =V x A = 0. Let
us recall that the Schrodinger equation for a charged
particle of charge ¢ immersed in an external electro-
magnetic field is better written in terms of the scalar
o and vector potentials A through the Hamiltonian

H = (p+qA)*+qp. (29)
These electromagnetic potentials allow us to define
the electric and magnetic fields as
0A
ot’
definition that does not change if the following trans-
formations are performed simultaneously,

E=-Vo— B=VxA, (30

A—A'=A+V) w—)ap':@—g—i\7 (31)
where A = A(x,t) is a scalar function. This is a state-
ment of gauge invariance of Maxwell’s equations. In
quantum mechanics, the time-dependent Schrédinger
equation

O

ot
retains this feature if along the transformations in
Eq. (31) in the Hamiltonian (29), the wavefunction
changes according to the local phase transformation

P — 1 = e (33)

In our example at hand, this freedom allows us to
select A\ in such a way that if at certain instant of
time t; the vector potential A # 0 but before we
had A = 0, one can still have a Schrodinger equation
without vector potential by tuning appropriately the
scalar potential. In particular, by selecting

Aa,t) = U(z)O(t — t,), (34)

— Hy (32)
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we can shift the scalar potential such that the time-
dependent equation governing this state never de-
velops a vector potential to begin with. Then, by
choosing a vector potential A(x,t) = (Az(z,t),0,0)
where A, (x,t) = —O(t — ;)0,0(x), we observe that
the piecewise function

¢($,t) 0§t<tu

(k) t2t (35)

¢F(I,t) = {

becomes a solution of
101 (2,1) = [—020 + Vr(x,t)] op(x,t) = Hop(x,t).
In particular, the function

¢E($,t) 0§t<ti,

b (w51) tzh (3

¢Fe($7t) = {

before the freezing time ¢; is just a time dependent
wave packet but for ¢ > ¢; it becomes a Frozen Bound
state In the Continuum satisfying the eigenvalue equa-
tion Hppe = edre, where e = ¢/(4t;+1)%. In Figure 4
we plot the potential Vx (top), the Freezable Bound
State in the Continuum ¢p. (center) and a scattering
state ¢ (bottom) at t = 0.8, t =1 and ¢t = 1.8, the
freezing time is ¢; = 1, note that after ¢ = 1 neither
the potential nor the wavefunctions evolve.

4. FINAL REMARKS

In this article, we apply a confluent supersymmetric
transformation to the standard Step-Potential defined
in the whole real axis. The seed solution that we
use makes it possible to embed a localized squared
integrable state in the continuum spectrum, a BIC.
We have provided the system, potential, and states,
with time evolution through a point transformation.
Nevertheless, we notice that the wrinkles in the po-
tential as x — oo still localize a BIC at every fixed
time.

Next, we allow the evolution of the system continue
and at a given stopping time t;, we freeze the potential
and fix it stationary. Upon exploring the behavior of
the BIC with this static potential after the freeze-out
time, we surprisingly observe that it does not cor-
respond to a solution of the stationary Schrodinger
equation, but instead it develops a geometric phase
encoded in a vector potential which does not gener-
ate any magnetic field. Thus, by gauging out this
geometric phase, the resulting state becomes indeed
an eigenstate of the frozen Hamiltonian. We call this
state a Freezable Bound state In the Continuum.

Further examples are being examined under the
strategy presented in this work, including vector po-
tentials which might be relevant for pseudo-relativistic
systems.
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Step-like potential with a freezable bound state in the continuum

———————————————————————— t=1.8

t=0.8

-20 <15 -10 -5 0 &5 10 15 20

t=1.8

|pe(x.t) |2

t=0.8

t=1.8

lp(x.t) |2

-20 -10 0 10 20

FIGURE 4. Behavior of the potential Vg (z,t) (top),
the FBIC ¢rc(x,t) (center) and the scattering state
¢r(x,t) (bottom) at the times ¢t = 0.8, ¢ = 1, and
t = 1.8. The freezing time is t; = 1. The scale of the
graphisﬁxedbyV:5,kzl,/i:2,q:\/§and
w = 4.
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ORTHONORMAL POLYNOMIAL PROJECTION QUANTIZATION:
AN ALGEBRAIC EIGENENERGY BOUNDING METHOD
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ABSTRACT. The ability to generate tight eigenenergy bounds for low dimension bosonic or ferminonic,
hermitian or non-hermitian, Schrédinger operator problems is an important objective in the computation
of quantum systems. Very few methods can simultaneously generate lower and upper bounds. One of
these is the Eigenvalue Moment Method (EMM) originally introduced by Handy and Besssis, exploiting
the use of semidefinite programming/nonlinear-convex optimization (SDP) techniques as applied to the
positivity properties of the multidimensional bosonic ground state for a large class of important physical
systems (i.e. those admitting a moments’ representation). A recent breakthrough has been achieved
through another, simpler, moment representation based quantization formalism, the Orthonormal
Polynomial Projection Quantization Bounding Method (OPPQ-BM). It is purely algebraic and does not
require any SDP analysis. We discuss its essential structure in the context of several one dimensional

examples.

KEYWORDS: Eigenvalue bounding methods, hermitian and non-hermitian linear operators.

1. INTRODUCTION

The eigenvalue bounding problem for linear ordinary
differential equations, or linear partial differential
equations (i.e. LODE/LPDE) has been an active
area of research for many decades. In the context
of quantum physical systems, as represented by the
multidimensional Schrédinger equation,
h2
—%v%p(?) +V(@)U(T) = BY(T), (1)
the generation of upper bounds to the individual dis-
crete state energies is readily obtainable through such
well known methods as that of Rayleigh-Ritz (RR) [1].
The challenge has been to find an equally effective
lower bound method. A well known lower bound
method is that associated with Temple [2]; however,
its convergence rate is slow. Nevertheless, it has served
as a spring board for other more effective lower bound
formulations. Among these is the work by Marmorino
et al. [3], and more recently, that of Martinazzo and
Pollak [4]. The latter are able to improve upon the
convergence rate of Temple’s lower bound formulation.
Despite these successes, two important facts remain.
The first is that all the above bounding methods
require the use of two different bounding formula-
tions. One for the upper bounds (RR), another for
the lower bounds. That is, they do not define a uni-
fied theoretical framework for simultaneously gener-
ating lower and upper bounds. Additionally, these
methods are based on a Hilbert space representation
for quantum systems, dependent on the existence of
hermitian hamiltonians. They are of little relevance
for bounding the real/complex eigenenergies of non-
hermitian systems, particularly those corresponding
to PT-symmetry breaking systems [5-8].

In this work we present a novel approach that
can generate tight bounds for the discrete states of
bosonic or fermionic, low dimension, systems, regard-
less if they are hermitian or not. It is referred to
as the Orthonormal Polynomial Projection Quantiza-
tion Bounding Method (OPPQ-BM), as developed by
Handy [9]; and based, in part, on a related method,
the OPPQ-Approximation Method by Handy and
Vrinceanu [10, 11]. Its general structure is outlined in
the following sections, through representative one di-
mensional systems, both hermitian and non-hermitian.
We outline the full OPPQ-BM theory within the con-
text of the one dimensional, double well, sextic anhar-
monic oscillator; and then demonstrate the existence
of the key structures necessary for its implementation
to the PT symmetry breaking problem with potential
V(z) = ix? + iaz.

Beyond the theoretical interest in bounds, they
are also of practical importance for delicate systems
where conventional computational methods may yield
widely varying results. That is, the availability of tight
bounds allows one to discriminate between competing
theories.

One famous problem of this type corresponds to the
Quadratic Zeeman (QZM) effect for superstrong mag-
netic fields. This problem was analyzed through many
different types of computational methods, resulting in
a wide range of values for the most challenging state
to compute: the ground state binding energy. This
was reviewed by Le Guillou and Zinn-Justin (LG-ZJ)
in the context of their order dependent conformal
transformation analysis [12]. Using novel, Moment
Problem [13] related, computational methods, Handy,
Bessis, et al. [14, 15]. were able to confirm the accu-
racy of the LG-ZJ analysis, by computing sufficiently

63



Carlos R. Handy

AcTA POLYTECHNICA

tight bounds to the ground state binding energy. Sub-
sequent studies by Kravchenko et al. [16], and the
more recent work by Schimerczek and Wunner [17],
developed a different formulation that yielded vastly
improved estimates (not bounds). The work by Handy
extended OPPQ-BM to the QZM problem, yielding
bounds that significantly improved upon, or were com-
petitive with, the estimates by Kravchenko et al.

The QZM problem is an example of an important
class of problems for which bounding methods are
highly relevant. These are classified as singular per-
turbation — strongly coupled systems. Such systems
involve quantum particles subjected to very strong
forces, over relatively short length scales. This is in-
herently a multiscale problem, in keeping with the
objectives of wavelet analysis [18, 19], etc.

Our original immersion into the eigenenergy bound-
ing problem was through the study of strong coupling-
singular perturbation type systems, such as QZM.
The natural framework for regulating these systems is
through the use of a non-local, extensive, representa-
tion. The power moments provide such a representa-
tion. As such, the types of systems studied here are
those for which the Schrédinger operator configuration
space problem can be transformed into a moments’
equation counterpart for the power moments of the
bound state solutions. We refer to these as MER
type systems (i.e. those admitting a moment equation
representation). This will become clear below. This
condition can be relaxed, and essentially imposed on
systems that do not admit such MER formulations,
making the underlying OPPQ-BM principles applica-
ble to many different types of systems. The details of
this expanded analysis will be communicated shortly.

1.1. SINGULAR-PERTURBATION STRONG
COUPLING PROBLEMS AND MOMENT
REPRESENTATIONS

It is not widely appreciated that power moments are
relevant in understanding the multiscale structure of
most systems. Thus, consider the scaling transform
of a given wavefunction (i.e. signal, where we have
simplified the notation to that of one dimension):

o0 T —
SU(a,b) = ;7/_ dr S(* S, @)
where
Limeg 0+ SU(a, b) = W(b), (3)

and v = [dz S(z) # 0.

Physicists are biased in favor of attaining an analyt-
ical understanding of problems. Therefore the natural
question to ask is, what is the analytical dependence
in the inverse scale (i.e. %) for this scaling transform,
if U is a bounded, L? state? It will become clear
from Eq. (4), that the power moments of the bound
state solution, determine the analytic structure of the
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inverse scale expansion. These considerations underlie
the analysis by Handy [20].

Alternatively, engineers are more oriented towards
computational capabilities. If so, then it readily fol-
lows that the a — 0 limit can be replaced by the in-
tegral [~ dad, (aS (oz — b))), where o = 1, which
after a convolution substitution gives one the Contin-
uous Wavelet Transform [19].

For bound state configurations, if
lim |00 U(|2])S(|z[e?) = 0, exponentially, for
arbitrary 6, then the scaling transform becomes ana-
lytic in the inverse scale, % Under this assumption,
the scaling transform’s analytic expansion depends
on the moments [20]

SWah) =2 3453 (9) o ut, @

]:O p:()

where 828(0) = 0}, and

+oo
u(p) / dx P V(z). (5)

— 00

2. THE MOMENT EQUATION
REPRESENTATION

The natural extension of the above considerations is
to study linear quantum systems whose differential
form is transformable into a moment equation. Thus
consider the sextic anharmonic oscillator potential,
where the physical parameters have been re-scaled:

—20%0(x) + (ma® + g2®)¥(z) = EV(x). (6)

The nature of physical quantum systems is that the
discrete states decay exponentially, and therefore have
finite power moments. The unphysical solutions be-
come exponentially unbounded in one or both asymp-
totic directions, therefore their power moments are
infinite.

We can multiply the above equation by P and inte-
grate by parts, assuming the underlying wavefunction
is that of a discrete state. We then obtain the moment
equation representation (MER):

gu(p +6) = —mpu(p +2) + Eu(p)

+p(p—1)eup-2), p>0. (7)

This homogeneous MER expression is a finite differ-
ence equation of effective order 1 4+ m4 where my = 5.
That is, for any F parameter value, the first six power
moments {po, pi1,..., 451 (i.e. p(l) = pe) are the
initialization moments, or missing moments, and gen-
erate all the other power moments through closed
form, energy dependent coefficients:

u(p) = Z Mg(p. ) pe,  p=0. (8)
£=0
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If the coupling strength is large, g >> 1, the nat-
ural inclination is to attempt some kind of singular
perturbation analysis involving expansions around the
kinetic energy term; or, alternatively, a large pertur-
bative expansion/resummation analysis.

In configurations space, kinetic energy expansions
become singular (i.e. expanding in €?) because the
order of the differential equation abruptly changes
from zero to two. However, the order of the MER
relation does not change as its kinetic energy counter-
part is set to zero. This is one simple evidence that
the MER transformation regulates singular perturba-
tion expansions (i.e. kinetic energy expansions). That
is, singular perturbation expansions in the moments’
representation are better behaved.

3. GENERATING EIGENENERGY BOUNDS
WITHIN A MOMENTS’
REPRESENTATION

There are two methods for generating bounds within
a moment equation representation (MER). The first
method, referred to as the Eigenvalue Moment Method
(EMM), was developed by Handy and Bessis [14,
15], and is based on the Moment Problem [13].
Its theoretical-computational structure is based on
what is now referred to as semidefnite programming
(SDP) [21, 22]. As such, the SDP based formulation
of Handy and Bessis is the first use of such meth-
ods for quantum operators [22]. Its computational
implementation was done through the use of linear
programming [23], since SDP algorithms were not
known in the 1980s.

The second moment representation bounding for-
mulation is that presented in this work, OPPQ-BM.
Unlike EMM, OPPQ-BM is applicable to the low
lying discrete states of any system, hermitian, or non-
hermitian, bosonic, or fermionic, provided it admits
a moment equation representation (MER). EMM is ap-
plicable only for the multidimensional bosonic ground
state.

For systems admitting both EMM and OPPQ-BM,
it is our belief that at its basic level, EMM pro-
duces faster converging bounds (as shown in this work
through the analysis of the sextic anharmonic oscilla-
tor in Eq. (6)); however, if one optimizes the selection
of the reference/weight function, then OPPQ-BM can
yield significantly faster converging results.

The EMM formulation involves sophisticated, non-
linear, convex optimization analytical tools. How-
ever, OPPQ-BM is purely algebraic (i.e. eigenvalues,
eigenvectors, and algebra). Given the power of Math-
ematica, with unlimited precision, it can produce
spectacular results.

It is important to stress that EMM produces (when
applicable) tight bounds ab initio. The OPPQ-BM is
empirical. If the convergence of a particular parame-
ter is numerically observed, then one can confidently

generate bounds for the physical energies. We demon-
strate this.

4. THE EIGENVALUE MOMENT METHOD

The bosonic ground state must be a positive (nonneg-
ative) configuration [24], ¥,,.(7) > 0. If the corre-
sponding Schrodinger equation is transformable into
MER form, then one can impose the Moment Problem
positivity theorems and constrain the power moments,
and in turn the energy and missing moments. This
is the EMM-methodology. This was done, several
decades ago, by Handy and Bessis (HB) [14, 15].

The Eigenvalue Moment Method (EMM), achieves
geometric convergence rates for the bounds to the
ground state energy. The only limitation is that it can
only be applied to multidimensional bosonic systems,
and then only to the ground state. As previously
noted, it was used to solve the Quadratic Zeeman
(QZM) problem [15]. The bounding of bosonic ex-
cited states, through a moment representation, could
only be realized more recently through application of
OPPQ-BM [9].

One can extend the EMM quantization philosophy
to the probability density of one dimensional hermitian
Schrodinger operators. This is because the probability
density will satisfy a third order, linear, differential
equation (LODE). If the LODE representation ad-
mits a MER formulation, then one can generate tight
bounds to any discrete state. This is because all the
discrete states are associated with nonnegative, L2,
configurations.

If the underlying Sturm-Liouville problem is non-
hermitian, then the one dimensional Schréodinger equa-
tion can be transformed into a fourth order LODE
for the probability density. This approach was used
by Handy [8] in precisely computing the a-parameter
regimes where the system V(x) = iz3 + iax, violated
PT symmetry (i.e. PT symmetry breaking). These re-
sults were confirmed through a faster, moment based,
estimation procedure [25], that led to a more detailed
understanding for the onset of PT symmetry break-
ing. These results significantly improved upon the
predictions by Delabaere and Trinh [26], based on
asymptotic analysis. We revisit this problem in this
work.

The multidimensional probability density, S (7) =
U*(7)U(7) will not generally satisfy a linear partial
differential equation; therefore, no MER relation can
be generated, and EMM cannot be applied. Never-
theless, through OPPQ-BM we can circumvent this
difficulty.
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5. THE ORTHONORMAL POLYNOMIAL
PROJECTION QUANTIZATION
FORMALISM

5.1. THE OPP(Q NON-ORTHOGONAL BASIS
EXPANSION

Let us expand the discrete state wavefunction in terms
of some appropriate, complete, non-orthonormal basis,

{Bn(x) = Pp(2)R(z)}:

z) =Y cnPo(z)R(x). (9)

n=0

We require a weighted polynomial basis, involving
orthonormal polynomials relative to some appropriate
positive weight R(z) > 0 (we adopt the one dimen-
sional notation for simplicity):

<Pm|R|Pn> = 5m,n- (10)

The weight is real, as are its orthonormal polynomials,
involving real polynomial coefficients:

n

=y =Ma (11)

j=0

For non-hermitian systems with complex bound
state wavefunctions, it is the projection coefficients,
{¢n} that become complex.

The basis {B,,(x)R(x)} will be complete, but non-
orthogonal (i.e. (B,,|B,) # 0, if m # n).

We can rewrite Eq. (10) as

j1=072=0

where w(ji + j2) = [ dz 291792 R(z), the Hankel mo-
ment matrix of the weight, W; ; = w(i + j).

Knowledge of the Hankel moment matrix allows
us to generate the orthonormal polynomials through
the Cholesky decomposition method, which involves
decomposing the positive Hankel matrix into the form
W = CCT. Let é; correspond to a unit vector in the
j-th component. We then solve for

=@ 1.
27 = (Ch) ey (13)

This generates the coefficient vector for P, (), or E(”g.
The projection coefficients are obtainable from the
MER relation for the power moments of ¥(z):

u(p) = [Rdx P (x). (14)

Assume that the corresponding MER relation exists
= Mg(p, O)pe. (15)
£=0
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It then follows that

(Pn|®),

=> 2" u0)
7=0

n
= Z = Z Mp(j,€)pe, (16)

ms

Cn

where
n
AP(B) =3 = Mg (), 0). (18)

The MER relation suggested in Eq. (15) is a ho-
mogeneous relation for the power moments. Some
normalization condition needs to be imposed:

C(H)=1. (19)

For one dimensional systems, the natural normaliza-
tion is the unit (nonlinear) normalization: |7/|2 = 1.
However, it need not be chosen as such. Alternative
choices [9] are linear normalizations such as pg = 1 or
Mo —+ M1 = 1, etc.

5.2. THE OPP(Q QUANTIZATION CONDITION
The OPPQ quantization condition requires that the
weight be chosen so that the following positive inte-
gral is bounded for discrete solutions and infinite for
unphysical solutions:

I[\I/,R]:/mdx %, (20)
le; (B, 70, (21)
=0

where we have assumed U is a bounded discrete state.

More generally, we note that depending on the
asymptotic behavior of the physical or unphysical (i.e.
unbounded) solutions, and the chosen asymptoic form
for the weight, the integral in Eq. (20) will satisfy the
quantization condition:

I[V, R]

{fznzte — FE= Ephy& and 7 ﬁphys
0, <= F 7é Ephys or ﬁ 7é ﬁphys

The OPPQ quantization condition essentially be-
comes a shooting method in the E X 7, 1+ mg, pa-
rameter space (after imposing a normalization). This
is the essence of the OPPQ-BM bounding procedure.
The focus of the remaining OPPQ formalism is to re-
duce this shooting method to a minimization problem
in the energy parameter space.

(22)
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5.2.1. SELECTION OF THE OPPQ WEIGHT

The above formalism has two significant advantages.
The first is that it tells us that the weight should
not be chosen so that it asymptotically vanishes much
faster than the asymptotic form of the physical solu-
tions.
Thus, given a physical, discrete state, ¥, let C(x)
satisfy the asymptotic relation:

We then want
/ 4 U (2)C ()] < oo, (24)

In the works by Handy and Vrinceanu [10, 11],
which introduce a particular version of the OPPQ
formalism (i.e. to be referred to here to as the OPPQ-
Approximation Method (OPPQ-AM)), they argued
and demonstrated that the fastest convergence to the
discrete states is associated with weights that mimic
the asymptotic form of the desired discrete state:

Lim|z500C () = const. (25)

The constant can be finite (i.e. zero), but not infinite
in a manner that violates Eq. (24).

5.2.2. USE OF THE GROUND STATE AS A WEIGHT

Another advantage of the above formalism is that we
can take R(x) = ¥4, (x) even if we do not know the
functional form for the ground state.

As long as one does not require that the discrete
state wavefunction be reconstructed (i.e. one is only
interested in the eigenenergies) then the only infor-
mation required for the ground state is that its power
moments be known accurately. This then allows us
to generate the corresponding orthonormal polynomi-
als, allowing for the generation of rapidly converging
bounds to the discrete states. We demonstrate this
in this work (i.e. Table 8).

One can determine the power moments of the
ground state wavefunction either through EMM or
OPPQ-BM. Note that for bosonic systems, this is an
excellent use of EMM, since the ground state is usually
the only state that can be determined.

Using the ground state as a weight usually yields
the fastest convergence.

6. THE OPPQ-APPROXIMATION
METHOD (OPPQ-AM)

From Eq. (21) and the OPPQ quantization condition
in Eq. (22) it follows that the physical energy and
missing moment values must satisfy

1 o0 Cn(Ephys, H phys) = 0- (26)

Since ¢, (E, 1) = X(n)

1+ mg linear equations

(E) -, from Eq. (17), the

STANTE) py, =0, (27)
EQZO

0 < ¢; < mg, can be used to approximate the physical
energies through the determinantal secular equation

Det (AZV *fl)(E)) = 0. (28)

This defines the OPPQ-Approximation Method
(OPPQ-AM). As indicated earlier, Handy and
Vrinceanu [10, 11] noted significant improvement in
the convergence rates when the weight, R, mimics the
asymptotic form of the desired physical states.

The OPPQ representation is very robust, and no
convergence irregularities emerge so long as the weight
does not decrease much faster than the asymptotic
form of the physical states. Provided this is satisfied,
the OPPQ-AM formalism will always converge to the
true physical energies; however, the rate of conver-
gence depends on the asymptotic properties of the
chosen weight.

Despite these impressive results, there is no guaran-
tee that, for hermitian systems, the energies generated
through Eq. (28) will be real. Spurious, small imagi-
nary parts may be produced from Eq. (28), that vanish
in the N — oo limit.

By way of contrast, the OPPQ-Bounding Method to
be described below, will always generate real energies
for hermitian systems. In addition, as its name sug-
gests, converging bounds to the discrete state energies
can be generated.

We make the last observation more explicit. As
will be shown below, OPPQ-BM generates, to each or-
der, an energy dependent function, £y (E). The local
minima, OpLy(E) = 0 will approximate the physi-
cal energies. These local minima can, essentially, be
bounded, through converging lower and upper bounds.
We refer to the local minima in Ly (F) as the OPPQ-
BM estimates, in order to distinguish them from the
OPPQ-AM estimates from Eq. (28) and the OPPQ-
BM generated bounds.

7. THE OPPQ-BOUNDING METHOD

We outline the structure of OPPQ-BM for one space
dimension problems. The major difference between
one dimensional and multidimensional MER, type sys-
tems is that one dimensional problems have a fixed
number of missing moments: m; < oo.

Multidimensional problems involve an infinite hi-
erarchy of missing moment subspaces of increasing
dimension. That is, ms; — oo. We develop the 1-
space dimension OPP(Q formalism in a manner that
extends to multidimensions. How the normalization
prescription is chosen, plays an important role in the
formalism [9].
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FIGURE 1. Logio(An(E)) for sextic anharmonic oscil-
lator system in Eq. (47); N = 20, 40, 100, 120.

The OPPQ quantization condition in Eq. (22) is
dependent on the positive, (essentially) increasing,
sequence, defined by the partial sums:

I|U, R] = Limn_eoSn(E, 1), (29)

where
N
=L lE D )
7I7’N ), (31)

where Py (F) is an energy dependent, positive matrix

(if N > my) of dimension (1 +mg) X (1 + ms):
P = (K@) X m). (32

=0

involving the sum over dyad matrix expressions.

For non-hermitian systems, the “bra” missing mo-
ment vector in Eq. (31) requires the complex conju-
gate expression for positive norms on complex vector

spaces.
It trivially follows, by definition, that

0<SN(E, )< Sns1(B, ) <...<ZI[E, ). (33)

The OPPQ quantization condition in Eq. (22) tells
us that the physical energy and corresponding missing
moments correspond to (Epnys, [ yhys) Points within
the E x ﬁ parameter space where the functional

Z[V, R] has a local minimum. Also, for fixed E,pys,
the corresponding physical missing moment values
are those corresponding to a global minimum in the
missing moment space. Therefore, to order N we can
focus on the global minimum within the constrained
(i.e. normalized) missing moment space:

Ly(E) = Infp{Sn(E, 1) [Crorm (1) =1}, (34)

where some convenient normalization has been

adopted, C(ﬁ) =1
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Log,o(An(E))
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FIGURE 2. Logio(An(F)) for sextic anharmonic oscil-
lator even states in Eq. (65); N = 4,6, 8,10, 12; based

on the weight Rr(£) =& %emp( =£).

Log,o(An(E))

FIGURE 3. Logio(An(E)) for sextic anharmonic oscil-
lator even states in Eq. (65); N = 4,6, 8,10, 12; based
1
—3

on the weight Rg(£) = £~ 2exp(—£2/2).

An important result is that
Lyn(E) < Lys1(E). (35)

This trivially follows from Eqs. (33-34).
An immediate consequence is that the counterpart
to the quantization condition in Eq. (22) now becomes

simpler:
init E = Epnys,

lim L (E) = finite <— phy (36)

N—o0 00 = E # Eppys.

Combining this with Eq. (35) we obtain:

0< ﬁN(E) <£N+1(E) <...
finite, <= F = Eppys (37)
00, <= E # Eppys.

Therefore, the Ly (F) functions form an increasing,
nested, concaved upwards, sequence of positive func-
tions. This is demonstrated for the sextic anharmonic
harmonic oscillator problem (Figures 1-3), as well as
the non-hermitian ix® + iaz potential (Figure 4), on
the complex energy domain. Only at the exact physi-
cal energy will the limit be finite. Everywhere else it
will become infinite.
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a=-270

FIGURE 4. Logio(An(E)) for N = 20,30,40,50,
V(x) = iz® + iazx, a = —2.70

Given the behavior of the Ly (E), it is clear that
the local minima in the energy variable, at a given
order “N”, should approximate the physical energies.
Thus, for each physical discrete state, its correspond-
ing approximants, Fppys. v, Will satisfy

OpL(Eyyihy) =0, (38)
resulting in
dim B = By (39)

More importantly, these local minima have a very

important property. The expressions LN(E;SZZ?N)

form an increasing, positive sequence, bounded from
above by the physical counterpart. This follows from

En(Ein) < Exa(Efuiic),  (40)
which follows from:
En(Efmth) < Ly (Bt )
< EN+1(E§:Z:;)N+1)- (41)
It now follows that the counterpart to the OPPQ
quantization condition in Eq. (22) becomes
0 < Ly(BGHM0) < Ly (B ) < ...
< Loo(Ephys)- (42)
Thus, the {EN(E;()ZZ:)N)} form a monotonically in-
creasing positive sequence bounded from above by

the physical value. The minima do not necessarily
converge monotonically.

8. THE OPPQ-BOUNDING METHOD

Upon reviewing Eq. (42) a bounding strategy emerges.
Assume that the sequence elements can be generated
to sufficiently high expansion orders, and that a rough
upper bound, By can be discerned:

LN (Biih) < Laa (Bt y) < -

< Loo(Bpnys) < Bu.  (43)

Given the behavior of the £y (FE) functions, as given
in Egs. (35-37), one can readily determine energy
parameter values satisfying

such that

L U
E;)h;s;N < Ephys < Ez(ﬁzj;s;N7 (45)
and
: ) (L) _
ngr(l)o (Ephys;N - Ephys;N) - O+' (46)

As a point of comparison, the Rayleigh-Ritz (RR)
method solely produces upper bounds. Regardless of
how rapidly these bounds converge from above (to
the physical value), there is no theoretical criteria by
which the RR results can suggest a lower bound to
the physical energy. The OPPQ-BM method does.

9. THE SEXTIC ANHARMONIC DOUBLE
WELL POTENTIAL

The sextic anharmonic oscillator (double well) poten-
tial problem is defined by

—0%U(x) + (2 + ma®)V(z) = BV (x), (47)

where we will take g =1 and m = —4.

There are three different configuration space repre-
sentations for the sextic anharmonic oscillator prob-
lem, each with different MER relations of varying
order. The most immediate is simply working with
U as given in Eq. (47). This leads to a sixth order
(i.e. 1+ mg = 6) finite difference MER relation, as
given in Eq. (48). We examine both OPPQ-AM and
OPPQ-BM as applied to this representation.

The next configuration space representation is that
of the U?(z) presentation. It leads to a MER relation
of order 3 (i.e. 1+ ms = 3). We do not apply either
OPPQ formulation to this case. However, one can
use EMM to bound all the low lying discrete states;
thereby providing a test for the effectiveness of OPPQ.

The third, and last, sextic configuration space rep-
resentation is provided by the contact transformation,
d(z) = exp(—%j)\ll(:c). This leads to the most effi-
cient MER representation, corresponding to a first
order (homogeneous) MER relation (i.e, 1 +ms = 1).
It results in the fastest OPPQ and EMM convergence.

9.1. EMM-V¥

The first MER representation to be considered, for
the sextic anharmonic oscillator, results from a direct
MER analysis of the Schrédinger equation representa-
tion in Eq. (47). The power moments along the entire
real axis are referred to as the Hamburger moments
u(p) = [y dz 2P (z).

Upon multiplying both sides of Eq. (47) by zP and
implementing an integration by parts analysis, implic-
itly assuming that one is working with a discrete state,
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there ensues a Hamburger moment equation relation
(MER) of the form:

p(p+6) =—m u(p+2) + Eu(p)

+ pp—Dulp—2), p=>0. (48)

This is a MER equation of order 1 +mg = 6. The
MER relation in Eq. (48) applies to both even and
odd discrete states.

The generator form for the above MER becomes

Mg(p+6,0) =—m Mg(p+2,¢) + EMg(p,?)
+ p(p - 1)ME(p - 27€)a (49)

p>0;and 0 < £ < ms; = 5. The initialization
conditions becomes

M(41,03) = d¢, 45, (50)

for 0 S 61,2 S 5.
The OPPQ representation becomes

U(z) =Y cnPulz)R(2). (51)
n=0

One can take the weight to be the Gaussian, Rg(x) =
exp(—2?), or the asymptotic form for the physical
states, Ra(z) = exp(f%). In the original formulation
of the OPPQ-Approximation Method (OPPQ-AM)
Handy and Vrinceanu examined both; and demon-
strated the superiority of R4(z). Our interest here
is to demonstrate this approach, and to implement
the OPPQ-Bounding Method with regards to the R4
formulation.

The orthonormal polynomials for the Gaussian,
Rg(x), are determined by the Hermite polynomials

(ﬁm|emp(—x2)|ﬁn> = Om.n, (52)
N 1
() = ————H, (2). (53)

VA/m2n!

The orthonormal polynomials (i.e. their coefficients)
for R4(x) are determined through the Cholesky de-
composition of the Hankel moment matrix

Win = / dx 2™ exp(—xt/4), (54)
R
or
0,if m +n = odd,
Wm,n = {QWEF n+1/2y . _ (55)
(T55),if m 4+ n = 27, (even).
The projection coefficients are determined by
ms=5
Cn(EHU’O7"'7/J/5): Z Agn)(E) He, (56)
£=0

70

from Eq. (17-18), where

n

AP(E) = ST = M (), 0). (57)
=0

The OPPQ-Approximation Method corresponds to
solving the secular equation

en—e, (B, ) =0, (58)

for 0 </ <5and N — oo, or
Det(AgV ““)(E)) -0, (59)

a 6 x 6 determinantal secular equation.

In summary, having chosen N, we need to generate
{A%n) (E)IN —mgs < n < N}. This requires the or-
thonormal polynomials to order N and the generation
of Mg(p+6,¢), for 0 < p < N — 6. The Hankel mo-
ment matrix for the weight are required up to order
2N.

The results for both choices of weight are indicated
in Tables 1 and 2, for the first ten discrete state
energies. It is clear that the R4 choice for the weight
is orders of magnitude faster than the simple Gaussian.

It is natural to normalize the missing moments
according to a unit normalization | /|2 = 1, or

5
doup=1. (60)

=0

Accordingly, the energy functional whose minimization
is part of the OPPQ-Bounding Method becomes:

[:N(E) —
AN (E) = Smallest Eigenvalue of Pn(E), (61)

where the dyad matrix is given by

(Pw(E))

N
o = AL ENDE). (@)
7=0

The Ay (FE) form a family of nested, increasing func-
tions, whose local minima approximate the eigenener-
gies, and serve to define a bounding formalism. We
depict this behavior for the R4 (x) weight, in Figure 1.
The resolution is not too high and so it is difficult to
appreciate that the downward spikes actually are very
close to each other. This type of illustration becomes
easier to recognize in a subsequent reformulation of
the sextic anharmonic oscillator.

We can also apply EMM analysis to the system in
Eq. (47). The EMM procedure essentially imposes
the well known Hankel Hadamard Moment Problem
constraints in order to bound the discrete state ener-
gies associated with nonnegative configuration space
solutions. Since the only state of this type is the
ground state, which must also be of even parity, we
can further specialize the MER relation in Eq. (48) to
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N Ey Ey Es E3 E,
25 -0.530376450630854  0.985067365669966  5.28830977093027 10.4934190522107  15.8338485774860
50 -0.523284216533135 1.00560182885171  5.37480811122565 10.5699924952422  16.7909114406834
75 -0.523268805558542  1.00576819439460  5.37496683348150 10.5725844031665 16.7952741272760
100  -0.523268623704744 1.00576834791848  5.37496999430605 10.5725850991710 16.7953468181267
125  -0.523268622109697 1.00576834035184  5.37497000920767 10.5725850451529 16.7953468448794
150  -0.523268622126032 1.00576834023041  5.37497000886154 10.5725850446303 16.7953468331754
175 -0.523268622127498 1.00576834022567  5.37497000884083 10.5725850445874  16.7953468327220
200  -0.523268622127550 1.00576834022555  5.37497000884007 10.5725850445860 16.7953468327042
25 -0.523268576015852  1.00576828117312  5.37497437050670 10.5726072299740 16.7951977796668
50 -0.523268622127552  1.00576834022554  5.37497000884005 10.5725850445859  16.7953468327034
100 -0.523268622127552 1.00576834022554  5.37497000884004 10.5725850445859  16.7953468327036
200. -0.523268622127552 1.00576834022554  5.37497000884004 10.5725850445859 16.7953468327036
TABLE 1. OPPQ-AM, for the first five states of V(z) = 2% — 422, ms = 5, RGauss = e~ and Ra = e/
N FEs Fg E; FEg FEoy
25 23.5770262257055 46.5131514442214
50 23.8599097864908 31.6506317849753 40.1684238879451 48.7083019153321 57.2184300245252
75 23.8838452220218 31.7416917119713  40.2993336329482  49.5062748750452  59.2851256940478
100 23.8839209143498 31.7425529172254  40.3026888622591  49.5114653542220  59.3258556535193
125 23.8839223617171 31.7425500612024 40.3027376770457 49.5115009782085 59.3262796515870
150  23.8839223760489 31.7425498440774 40.3027378004240 49.5115004143879  59.3262744628777
175 23.8839223758291  31.7425498374411 40.3027377924283 49.5115003807374  59.3262741019580
200 23.8839223758112  31.7425498371238  40.3027377918922  49.5115003775253  59.3262740863702
25 23.8828743775059  31.7384980035506  40.3209134822543  50.0634788389675
50 23.8839223758082  31.7425498371192  40.3027377921622 49.5115003777545  59.3262740709658
100 23.8839223758101 31.7425498371122 40.3027377918721  49.5115003773799  59.3262740857373
150  23.8839223758101 31.7425498371122 40.3027377918721 49.5115003773799  59.3262740857373
200 23.8839223758101 31.7425498371122  40.3027377918721 49.5115003773799  59.3262740857373

TABLE 2. OPPQ-AM, for the sixth-tenth states of V(z) = 2% — 42%, ms = 5, Raauss = e and Ra = e==/4

such states, yielding a reduced finite order difference
equation for the power moments (i.e. ms; = 2). The

upper bound (i.e. BY)
DN (EpryenJIN > 0} <

phys

BV

phys*

) to the positive sequence
We then deter-

results produced bounds to the 8th decimal place for
the ground state energy. We obtain the EMM bounds:
—0.523268623844284 < Eg4 < —0.523268619253327,
based on an expansion order of approximately 29
power moments (i.e. {u(p)|0 < p < 28}). This was
done on a simple PC with about 14 place precision.

We note that the EMM bounds quoted above were
accurate to approximately eight decimal places, based
on approximately 28-29 power moments. The missing
moment order used for the even state formulation was
mg = 2. The OPPQ-BM bounds quoted in Table 3,
based on an mgs = 5 MER formulation, use an optimal
weight, but only give us two decimal place accuracy
on the basis of 25 power moments. Of course, the
bounds quickly improve, as N — 125. We continue
these EMM versus OPPQ comparisons below.

By way of contrast, the OPPQ-BM procedure can
produce bounds on all the low-lying states. To pro-
duce these, we must first generate the local minima,
OrpAn( éﬁ;?z\,) = 0. Fortunately, these derivatives
can be obtained algebraically through a recursion
procedure. Following this, we must discern a crude

mine the energy interval whose endpoints satisfy
L) U) U)

)\1\;(]51()@S N) = Bg()hys )\N(Ez()hys ~)- These become

the lower and upper bound estimates for that physical

energy.

The above bounding analysis is initiated in Table 4
for the ground and second excited state of the sextic
anharmonic oscillator. Since the use of the R4 weight
yields very rapid convergence, we see that the coarse
upper bounds, B() are easily determined. Using these
we can generate the bounds for the ground state and
first excited state, as given in Table 3. We note that
the OPPQ-BM bounds generated in Table 3 (we could
have continued tightening the bounds), for the ground
state, used 125 power moments giving us bounds at
the 18th decimal place. In Eq. (69) we quote the EMM
bounds obtained on the basis of 61 power moments.
The accuracy is at the 33rd decimal place. However,
in Eq. (70), using an optimal (Stieljes representation)
weight, the OPPQ-AM converged to 50 decimal places,
using only 45 power moments.
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L
By

U
By

s 50
25 -0.524852943468474 -0.521778245307431
50 -0.523268749143883 -0.523268495112775
75 -0.523268622134517 -0.523268622120587
100 -0.523268622127553 -0.523268622127552
125 -0.52326862212755223948 -0.52326862212755223934

5.368449680815753
5.374969291406036
5.374970008804361
5.3749700088400432

5.3749700088400449937

5.384374689469648
5.374970726288986
5.374970008875728
5.3749700088400468

5.3749700088400449945

BW) = _0.876

BW) = _0.990

TABLE 3. OPPQ-BM upper and lower bounds for the ground and second excited states, using R4 = e

—zt/4

Logio ()\(Eé’;(;")

OEMESN") =0

Logio ()\(Eénﬁn)»

5.37640170043752
5.37497000884746
5.37497000884004
5.37497000884004

-0.991603081677466
-0.991530473233468
-0.991530473233135
-0.991530473233135

BU = —0.990

TABLE 4. OPPQ-BM Analysis for determining coarse upper bounds, BY), for the ground and second excited states,

25  -0.523315367444853 -0.877054685910968
50  -0.523268622128326 -0.877042389134943
75 -0.523268622127552 -0.877042389134815
100 -0.523268622127552 -0.877042389134815
BWU) = —0.876
4
using Ry = e % /4.
9.2. EMM-U?2

Another MER representation for the sextic anhar-
monic oscillator is possible by working with the prob-
ability density, S(x) = ¥2(z). It is easy to show that
the probability density for real potentials satisfies
a third order LODE. For the sextic anharmonic os-
cillator problem, this 3rd order LODE yields a MER
relation of order 3 (i.e. ms = 2). We do not give
the details of this analysis, since the following MER
representation offers the easiest OPPQ implementa-
tion. The value of EMM-W¥? is that we can bound
the discrete states and use the results to gauge the
effectiveness of OPPQ. This is referenced below.

4
9.3. EMM e~ 7 ¥(x)
The third MER representation is obtained through
the contact transformation,
o

8(x) = eap(~ )W (). (63)
Since this involves a factor identical to the dominant
WKB asymptotic form for the physical states, the
MER representation for ¢ will involve fewer missing
moments (i.e. none, after a normalization) than the
MER for ¥, as given in Eq. (48), involving five (5)
missing moments (after imposing a normalization).
This is desirable since the lower the missing moment
order, the faster the convergence of either OPPQ or
EMM. We provide the details of both approaches
below.

9.4. OPPQ ANALYSIS OF THE (ms = 0) SEXTIC
ANHARMONIC DOUBLE WELL OSCILLATOR

The double well anharmonic problem of interest is
that for the potential V(x) = 2° — 42%, where z € R.
The physical solutions must die off, asymptotically,

72

according to the dominant WKB expression ¥(x) ~
cop(—2)

If we work with the contact transformation in
Eq. (63) ®(z) = encp(—gi%)\ll(yc)7 we note that the
discrete states remain normalizable and exponentially
bounded, in the ® representation. Unphysical ¥ con-
figurations (i.e. non-normalizable due to their expo-
nentially unbounded form in one or both asymptotic
directions) map into non-normalizable ® configura-
tions. The EMM formalism works in either represen-
tation, precisely because of this. We note that the
power moments for exponentially bounded configura-
tions exist; whereas they become infinite (or do not
exist) for unphysical configurations.

The ® configurations must satisfy the differential
equation

" () 4 2239 (z) + (72 + E)®(x) = 0. (64)

The Hamburger moment (i.e. u(p) = [ dz 2P®(x))
equation becomes
(2p = Dulp+2) =plp — Dulp — 2) + Eplp).

The even parity states will admit a MER for the even
order power moments, ((2p) = u(p) or

(4p = Du(p+1) =2p(2p — Du(p — 1) + Eu(p). (65)

The odd parity states p(2p + 1)
the MER :

= v(p) will satisfy

(p+Dv(p+1) =2p(2p+ 1v(p—1) + Ev(p). (66)

We note that the even order Hamburger moments

satisfy: u(2p) = u(p) = 0+O° d¢ P12 (\/€), where

2% = &; however, the odd order Hamburger moments

satisfy pu(2p + 1) fo d¢ £PD(\/€). The
importance of these relatlons is that the respective
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N Eo

Es

Ey

Es

Eg

10 -0.5234534028
20 -0.5232677208
30 -0.5232686293
40  -0.5232686220
50  -0.5232686221
60  -0.5232686221
70 -0.5232686221
80  -0.5232686221
90  -0.5232686221
100 -0.5232686221

5.354166238
5.375031586
5.374969341
5.374970019
5.374970009
5.374970009
5.374970009
5.374970009
5.374970009
5.374970009

16.82887249
16.79298386
16.79536744
16.79534604
16.79534686
16.79534683
16.79534683
16.79534683
16.79534683
16.79534683

31.63171200
31.74329539
31.74254727
31.74254902
31.74254987
31.74254984
31.74254984
31.74254984
31.74254984

49.94322409
49.45632020
49.51247497
49.51148774
49.51149946
49.51150043
49.51150038
49.51150038
49.51150038

TaBLE 5. OPPQ-BM Estimates (i.c. pAn (Elrity

moments, in the context of Egs. (65, 66) allow us to
implement a Stieltjes moment analysis through EMM.

We will only apply OPPQ on the even ¥ configu-
rations, for simplicity. However, since the even order

_ ®(\/9)

power moments are the moments of Y (&) = Wk

the OPPQ expansion must be relative to this con-
figuration. Thus, the relevant OPPQ expansion will
be

() = eaPulR(), (67)
n=0

where ®’s power moments will satisfy Eq. (65).

Since the physical configurations behave, asymptot-
ically, as U(z) ~ ea:p(—"”f), the transformed expres-
sions behave as ®(§) ~ exp(—%).

Since the transformed system involves a Stieltjes
configuration supported on the nonnegative axis, one
might take the weight to be the exponential function,
R (&) = exp(—£), with Laguerre polynomials; or the
Gaussian Rg(€) = exp(—£2/2), restricted to the non-
negative real axis. However, for the quantization
integral in Eq. (20) to apply, particularly with regards
to the generation of bounds, we need to take into
account the & ~% that is inherent to the transformed,
even order, power moments.

Based on the previous arguments we will work with
Rp(§) = ¢ 2exp(—¢) and Ra(€) = £ 2exp(—£2/2).
The corresponding power moments for the weights,
in order to generate the orthonormal polynomials are
obtained as follows.

The power moments wr,(p) = fooo d¢ EPRL(€) or
wr(p) = D[p + 3] satisfy the recursion relation
wr(p+1) = (p+ 1/2)wr(p); whereas wg(p) =
Jo~ d€ €PRg(€), or we(p] = 2% T[24H), satisfy the
recursion relation wa(p +2) = (p + 1/2)we(p).

In their original work on the OPPQ-Approximation
Method (i.e. Eq. (28)), Handy and Vrinceanu imple-
mented OPPQ-AM with both of these types of weights
(i.e. using their counterparts along the entire real axis,
x € R). They showed that superior (faster converging)
results were obtained for weights that emulated the
asymptotic form of the physical states.

) = 0), ® representation, (Eq. 65) Rr(§) = §7%emp(—§).

The enhanced efficiency of working with Rg(€) in-
stead of Rp(§) is evident in Figure 3 compared to
Figure 2 (i.e. the functions for the former are converg-
ing much faster around the physical energies).

The numerical results for the mg = 0 sextic an-
harmonic oscillator problem are given in the follow-
ing section. We only give numerical results based
on using Ry (§). Instead of working with Rg (&), we
will use the actual ground state wavefunction (i.e.
its power moments), Rgy.(§). The reason is that
both have the same asymptotic behavior. That is,
Ry (&) = @4,(€) ~ R (€); therefore, upon solving for
the power moments of the ground state wavefunction
(including the energy), we can use it to generate its
orthonormal polynomials, and quantize the excited
states, through OPPQ.

To be able to do this requires sufficient accuracy in
the determination of the ground state power moments,
since these must generate a positive Hankel matrix
for the weight (before implementation of a Cholesky
analysis). Although this can be done through OPPQ,
EMM inherently works with positive matrices and
therefore is more efficient for doing this type of analy-
sis.

9.5. OPPQ RESULTS FOR THE mg = 0, SEXTIC
ANHARMONIC OSCILLATOR

The OPPQ-® formulation is a zero missing moment
problem (i.e. ms; = 0) and converges very fast.

In Figure 2 we plot the nested sequence Ay (E), for
N =4,6,8,10,12. This calculation was done based on
the Rp(£) weight. A similar result holds for the Rg(&)
weight as depicted in Figure 3. It clearly reveals the
faster convergence afforded by a weight that emulates
the asymptotic form of the physical states.

In Table 5 we give the OPPQ-BM energy esti-
mates (i.e. the local minima, 3E/\N(E;()ZZ:.);N) =0)
for the low lying, even parity, discrete state ener-
gies, based on Eq. (65), using the inferior weight
RL(€) = ¢ 2exp(—f).

Table 5 only cites results (to ten significant figures)
for N < 100. Not shown in Table 5 are the OPPQ-BM
estimation results for the ground state at N = 120:
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N 9pSn(EU™) =0 Log(Sx(EY"™)) en(Ex)=0 2 Y

20 49.94322409213197  7.982552803 49.4426432537 48.893 50.857

30 49.45632020275004  7.997267757 49.4986057623 49.366 49.546

40 49.51247497421839  8.002499541 49.5123070944 49.504 49.520

50  49.51148774312169 8.002657778 495114731270 49.510 49.512

60  49.51149945726214  8.002665930 49.5115007312 49.51140 49.51159

70 49.51150043370514  8.002667120 49.5115003992 49.51148 49.51151

80  49.51150037650008 8.002667337 49.511500375879294  49.5114990 49.5115017

90  49.51150037729806  8.002667346 49.511500377394135  49.5115001949  49.5115005597
100 49.51150037738496  8.002667348 49.511500377382972  49.5115003518  49.5115004029
110 49.51150037737999  8.002667348 49.511500377379789  49.5115003736  49.5115003811
120 49.51150037737991  8.002667348 49.511500377379918  49.5115003768  49.5115003780

B =38.01

TABLE 6. OPPQ Results for Fs: Rp = ¢~

Ey. = —.52326862212755224. This result lies within
the bounds generated through an EMM-® analysis
(based on the first 29 power moments):

—.5232686221275616 <

Eg. < —.5232686221275495. (68)

We can infer that the EMM bounds in Eq. (68) pre-
dict the exact answer to 13 decimal places. This result,
based on 29 moments, surpasses the OPPQ-BM esti-
mation analysis in Table 5 (N = 30) of —0.5232712343,
at the fourth-fifth decimal place. Thus EMM-®, by
this comparison, is approximately three times more
efficient.

Having said this, we remind the reader that whereas
EMM involves sophisticated analysis (i.e. nonlinear
convex optimization), OPPQ is purely algebraic, and
implementable to arbitrary accuracy through algebraic
software, such as Mathematica. Additionally, EMM is,
in practice, only applicable to the (multidimensional)
bosonic ground state; whereas OPPQ applies to any
multidimensional bosonic or fermionic (low dimension)
system, including non-hermitian systems.

9.5.1. GENERATING BOUNDS FOR Fg

We re-examine the results in Table 5 for Ejg, the slow-
est converging energy. As with other methods, such
as Rayleigh-Ritz (RR), the manifest convergence of
the results (i.e. the N — 120 sequence in Table 5) is
no guarantee of the accuracy of the apparent limit in
predicting the true energy. Whereas EMM produces
converging bounds from first principles; OPPQ defines
a procedure by which one can generate bounds pro-
vided a certain parameter is empirically determined,
specifically the coarse upper bound, BY). Below we
describe the OPPQ-BM bounding procedure in detail,
although the same underlies the results in Tables 4
and 3, for the my = 3 MER formulation in Eq. (48).
The only advantage of the current problem is that
it is a zero missing moment problem, and therefore
easier to implement.
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N

In Table 6 we provide the OPPQ-BM eigenenergy
estimate for Eg (the second column). The third col-
umn contains the increasing, convergent, positive se-
quence from which a coarse upper bound, B(Y), is to
be empirically determined. Using this coarse upper
bound, we can generate arbitrarily tight bounds (i.e.
the last two columns), as N — oo. Note that we
continued generating these bounds in Table 7. This
entire procedure is based on the assumption that the
manifest convergence of the third column in Table 6
is correctly bounded, from above, by the empirically
determined coarse upper bound, B(Y). The fourth
column contains the OPPQ-AM estimate.

It is important to appreciate that the coarseness
of B(Y) has nothing to do with the tightness of the
bounds, in principle, assuming one can generate high
OPPQ expansion orders.

Below we compare the accuracy of the OPPQ-
BM formalism to order N — 120, both with re-
spect to the OPPQ-BM energy estimate (Eg =
49.5115003774, from Table 6) and the OPPQ-BM
bounds (49.5115003768 < Eg < 49.5115003780, also
from Table 6), as compared to the bounds generated
by an EMM analysis. The results are very good and
consistent.

It is important to note that the OPPQ-BM estimate
obtained at lower order, does not have to lie within the
OPPQ-BM bounds obtained at higher order. Thus
the entry in the second column in Table 6, corre-
sponding to OPPQ-BM energy estimate (i.e. the local
minima) of E = 49.51148774312169 (i.e. N = 50),
lies outside of the bounds generated in the last two
columns, for N > 80. However, all OPPQ-BM esti-
mates must lie within the bounds calculated at lower
order.

9.6. COMPARISON WITH EMM BOUNDS

Generally, the EMM analysis will be more efficient in
generating bounds than OPPQ-BM. That is, fewer
moments will be required to generate the same level
of tightness of the bounds. However, this depends



VOL. 62 NO. 1/2022

Algebraic Eigenenergy Bounding Method

N EY e

150 49.511500377377302482 49.511500377382545933

160 49.511500377379459378 49.511500377380389040

170 49.511500377379839286 49.511500377380009132

180 49.511500377379908253 49.511500377379940166

190 49.511500377379921131 49.511500377379927287

200 49.511500377379923601 49.511500377379924818

210  49.511500377379924086 49.511500377379924333

220  49.511500377379924184 49.511500377379924235

230  49.511500377379924204 49.511500377379924215

240  49.511500377379924208 49.511500377379924210

250  49.511500377379924209048830 49.511500377379924209558953
260 49.511500377379924209246851 49.511500377379924209360932
270 49.511500377379924209290914  49.511500377379924209316869
280  49.511500377379924209300890 49.511500377379924209306893
290 49.511500377379924209303186  49.511500377379924209304597
300 49.511500377379924209303723 49.511500377379924209304060

B =8.01
TABLE 7. Bounds for Es based on chosen B(Y).
N FEy Es Ey FEg Eyg

1 -0.5232686221275529
5 -0.5232686221276021
10 -0.5232686221275522
20 -0.5232686221275523
30 -0.5232686221275523

5.37847969429
5.37497046837
5.37497000884
5.37497000884

16.78604192264
16.79542276464
16.79534683270
16.79534683270

31.74535880954  49.5248113799
31.74254983720  49.5115003841
31.74254983711  49.5115003772

TABLE 8. OPPQ-BM Estimates (i.e. 9rSn(E) = 0) for V(z) = 2° — 422, ms = 0, R(z) = &, () based on the first
61, EMM generated, ground state power moments {ug-(p < 60)}.

on the choice of weight, as the following case exem-
plifies. Thus, with regards to the mys; = 2 missing
moment formulation given earlier, the EMM bounds
for the ground state —0.523268623844284 < E,. <
—0.523268619253327, were based on the first 29 power
moments. The same (approximately) level of tight-
ness was achieved with OPPQ-BM using more than 50
power moments, based on the results in Table 3. Thus,
in this example EMM is vastly superior to OPPQ-BM.
However, for the next example the situation signifi-
cantly improves for OPPQ-BM over EMM.

For the ms = 0 formulation being considered, using

the first 62 Stieljes power moments (i.e. {u(p)lp <
61}), EMM achieves the bounds:

—.52326862212755223941616949719078449 < Frnmnm
< —.52326862212755223941616949719078395 (69)

Using the weight Ry, the OPPQ-AM estimate achieves
this level of accuracy on the basis of approximately
220 power moments; whereas the weight Rg gener-
ates an OPPQ-AM estimate that surpasses the EMM
accuracy based only on the use of 45 moments (OPPQ-
AM):

Eoppg-am = —0.523268622127552239416169497
19078406116564771630604 (70)

9.7. USING THE GROUND STATE AS A WEIGHT

In Table 8 we implement OPPQ-BM on a representa-
tion that uses the generated moments of the unknown
ground state R(z) = ¥, (z). As expected, the con-
vergence is very fast in comparison with results based
on RL.

9.8. EMM RESULTS FOR THE PROBABILITY
DENSITY

Application of EMM to the probability density (i.e.
EMM-W¥2, an my = 2 problem) yields the bounds
—.52326866 < FEp, < —.52326857, 1.0057681 <
E; < 1.0057685, 5.3749699 < FE, < 5.3749701,
10.5725845 < E3 < 10.5725855, 16.795339 < Ey <
16.795351, 23.883886 < E5 < 23.883961, 31.74217 <
Eg < 31.74323, 40.301 < E; < 40.305, 49.506 <
FEs < 49.533 all to the same moment expansion or-
der of 28. We also note that an EMM-¥{m, = 2}
bounding formulation on the ground state yields com-
parable bounds using the first 28 power moments:
—.5232686237 < Ey < —.5232686193 . With regards
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to Eg, extension of EMM-¥2{m, = 2} analysis to
the first 48 moments (i.e. {u(p)|0 < p < 47}) yields
the bounds 49.5115003768 < FEg < 49.5115003798.
These serve to further confirm some of the results
previously cited.

10. A PT-SYMMETRY BREAKING,
NON-HERMITIAN, PROBLEM

Consider the non-hermitian system

—02U(2) + (ix® +iax)V(2) = EV(z), (71)
which is known to break PT symmetry for negative
values of the ‘a’ parameter (a < —2.611809356, and
for a < —5.375879629) from Refs. [8, 25]. The case
a = 0 has purely real eigen-energies, as computed by
Bender and Boettcher [5], and theoretically confirmed
by Dorey et al. [6]. The EMM-U*¥ formulation also
provided strong numerical evidence for this [27].

States that are PT symmetric satisfy ¥*(—xz) =
U(z), and have real energies, E € R. States that
break this symmetry have complex conjugate pairs
for the energies (i.e. ¥*(—x) # ¥(z), with complex
energies E* and F, respectively).

We work with the MER-W representation for which
the complex power moments on the real axis satisfy

=—ap(p+1) —iEu(p)
—ip(p — Dulp — 2),

The recursion relation for the energy dependent gen-
erator coefficients is

w(p +3)
p>0. (72)

- Z.p(p - I)ME(p -2, E)’ (73)

for p Z O, 0 S Y4 S 2, and ME(£17£2) = 5@1752. This
is an my; = 2 representation of order 3. Since the
asymptotlc form of the physical states goes as ¥(z) ~
exp(—2|z|2), we can use the Gaussian weight R(z) =
exp(—2%/2). The OPPQ-BM formalism ensues as
before:

=Y ¢;Pi(2)R(), (74)
j=0

involving real weights and corresponding orthonormal
polynomials. The complex projection coefficients are
given by

Cj(E7,u07/~L17/J“2) = <P](‘I)|\I’>7 (75)
or
ms=2 ]
Cj(E, IU/OMU/IMU'Q) = Z Aéj)(E) He, (76)
£=0

where the coeflicients depend on the orthonormal
polynomial coefficients and the Mg(p, ¢)’s:

76

AP (B) = Ejj =9 Mg(n, 0). (77)

n=0

The OPPQ-BM quantization condition is

IV, R] = /mdxw

{fzmte <= E = Epnys and ﬁ ﬁphys?

00 E # Ephys or ﬁ 7£ 7phy5 (78)

We adopt the vector notation for the missing moments

7 = (ko, 1, p2)-
Substituting the OPPQ representation we obtain:

I[W, R = > ¢ (B, )c;(E, ). (79)
7=0
Once again, the focus is on :
N (E. )
=3 Zuél(ZA(J)

£1=045=0

D(E))ess (30)

involving the positive definite matrix

N

=Y A @ AZE). (81

7=0

(PN(E))el 0y

If we adopt a unit missing moment vector nor-
malization, then the focus for OPPQ-BM quantiza-
tion is on the behavior of the smallest eigenvalue,
AN(E)
a function of the real and imaginary parts of the
energy variable. The focus is on determining the lo-
cal minima: dg Ay (Ej(vm;}?;s) = aEiAN(E](Vm;Z'L)/s) =0.
These derivatives can be obtained algebraically.

We outline the essential steps for algebraically gen-
erating the partial derivatives. First of all, we have

= (Z|Pn(E)| ), involving the normalized
missing moment (lowest) eigenvector. This is not an
analytic function in E, so we must work with the
partial derlvatlves with respects to F,;. Thus, we
need Jg, ,An(E ﬁ|8Em77N E)| ). We can gen-
erate the requ1red matrix expression from Eq. (80)
or 9, Pn(E) = XN, (8ET,1.A(7>(E)*>A(J’)(E) tee.
From Eq. (77), so long as the Z’s do not depend on
the energy parameter, we need 9g,.,Mg(n,£). How-
ever, this can be obtained recursively through the
expression in Eq. (72).

Our immediate interest is on the behavior of Ay (E)
over the two dimensional complex energy plane, as
the parameter ‘a’ is varied, and N = 40. In
Figures 5-12 we show the convergence of two PT-
breaking (complex conjugate) energies (eventually be-
coming real) as we increase the a-parameter through

= Smallest Eigenvalue (PN(E)>, viewed as
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a=-3.30 a=-2.50

10 10

FIGURE 5. Logio(Aa0(E)) for PT-breaking regime, FIGURE 8. Logio(A40(F)) for PT-breaking regime,
—3.30 < a < —1.70 for V(z) = iz® +iaz, a = —3.30 —3.30 < a < —1.70 for V(x) = iz® +iax, a = —2.50
a=-2.90 a=-2.30

FIGURE 6. Logio(Ma0(E)) for PT-breaking regime, FIGURE 9. Logio(Aa0(E)) for PT-breaking regime,
—3.30 < a < —1.70 for V(z) = iz® +iax, a = —2.90 —3.30 < a < —1.70 for V(x) = iz® +iax, a = —2.30
a=-2.70 a=-2.10

FIGURE 7. Logio(M0(E)) for PT-breaking regime, FIGURE 10. Logio(A10(E)) for PT-breaking regime,
—3.30 < a < —1.70 for V(z) = iz® +iax, a = —2.70 —3.30 < a < —1.70 for V(z) = iz® +iax, a = —2.10

7



Carlos R. Handy

AcTA POLYTECHNICA

a=-1.70

FIGURE 11. Logio(A10(E)) for PT-breaking regime,
—3.30 < a < —1.70 for V() = iz 4+ iax, a = —1.70

a=0

FIGURE 12. Logio(Aao(FE)) for PT-breaking regime,
—3.30 < a < —1.70 for V(z) = iz® + iaz, a = 0.00

-3.30,—2,90, —2.70, —2.50, —2.30, —2.10, —1.70 and
0. These parameter values were chosen since it is
known that PT-symmetry breaking occurs at a., =
—2.611809356 (as well as at a., = —5.375879629) [8,
25].

Figure 7 shows the behavior of the physical energies
(i.e. defined by the local minima), for a = —2.70 ~ a,,
the critical value for the onset of symmetry breaking.
For this same a = —2.70, Figure 4 shows the behavior
of successive Ay (FE) surfaces for N = 20, 30, 40, 50.
Within the two dimensional graphical renderings, we
see similar behaviors to that in Figures 1-3. We can im-
plement the same OPPQ-BM bounding analysis used
previously, for hermitian systems, to bound the real
and imaginary parts of the discrete state real/complex
energies. The nesting of the respecive Ay (E,, E;) in
Figure 4 shows the viability of the previous OPPQ-BM
analysis for bounding the real and imaginary parts
of the complex-plane energies. This is the focus of
a future work.
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We note that for a = 0, the local minima in Fig-
ure 12 correspond, approximately (due to the low
order, N = 40) to the PT-symmetric states with ener-
gies Ey = 1.15626707198811, Ey = 4.10922875280956,
E3 = 7.56227385497590 and F, = 11.31442182025857
(not shown). These were determined by EMM [8] and
OPPQ-AM [10].

11. CONCLUSIONS

We have demonstrated the effectiveness of a new
eigenenergy bounding procedure implementable for
multidimensional discrete states regardless of the her-
mitian or non-hermitian character of the associated
Schrodinger operator. The discussion centered on
several one dimensional systems of this type. The
extension to multidimensions have been given else-

where [9]. The approach advocated here is purely
algebraic.
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1. INTRODUCTION

Supersymmetry (SUSY) is a symmetry that rotates
bosons into fermions and fermions into bosons. It
is one of the beautiful symmetries of nature. Also,
a field theory (FT) which remains invariant under the
rigid or global supersymmetry transformations (where
the transformation paremeter is a constant Grassman
spinor) and which also satisfies the super Poincare
algebra (SPA) is usually referred to as a supersym-
metric field theory (SFT). In this article, we consider
the free massless Wess-Zumino Model (WZM) in 4D
which describes a SFT. It may be important to men-
tion here that the WZM is the first known example of
an interacting 4D quantum field theory with linearly
realised SUSY, studied by Wess and Zumino using
the dynamics of a single chiral superfield (composed
of a complex scalar and a spinor fermion). It may
be important to mention that the WZM represents
a typical SFT which is of central importance in the
theory of SUSY, supergravity and superstring theory
(SST) and for further details we refere to the work of
Refs. [1-8].

The WZM describes an example of a non-manifest
supersymmetry [5]. One could of course go to the
formalism of superspace and superfields to construct
a theory that has a manifest supersymmetry [5]. Tak-
ing this theory as an example, it is possible to formu-
late supersymmertic field theories in different dimen-
sions including in higher dimensions. The WZM also
provides a basic framework for the study of Ramond
Nievue Schwarz (RNS) SST [8] which is an example
of a SST with non-manifest SUSY. Further, start-
ing with the WZM, it is also possible to construct
a supergravity theory [1-6, 8].

SPA is a graded Lie algebra that includes anti-
commutation relations (ACR’s) involving the super-
charge ), — the generator of the SUSY transforma-
tions. WZM is one of the simplest examples of a SFT.
In this article, we discuss the supersymmetry of WZM

8o

and present some remarks with respect to the rigid
or global supersymmetry versus the local supersym-
metry (which happens to be a Supergravity theory).
Finally we consider the constraint quantization of this
theory [7]. It is important to mention that the su-
persymmetry has profound applications in conformal
hadron physics from light-front holography where it
even has some observational prospects [9-11].

As mentioned above, the supersymmetry is a sym-
metry that relates bosonic and fermionic variables (or
the bosons and fermions) so that:

0B=¢€¢F, 0F=¢0B; 0=0, (1)
Here, § is bosonic, B is bosonic and F' is fermionic.
The transformation parameter € (or €) is a constant
Grassman spinor and is fermionic. Grassman vari-
ables are anti-commuting. Supergravity theory on the
other hand is a theory that has “local supersymmetry”
and it is invariant under local Susy transformations
where the transformation parameter depends on the
spacetime z*. So the transformation parameter for
supergravity: e(z#) or €(x*) depends on z* and hence
supergravity is a “gauge theory” of gravity. In con-
trast to this the WZM is a supersymmetric F'T with
rigid or global (not local) Supersymmetry.

Let us us consider two consecutive infinitesimal rigid
supersymmetry transformations of a bosonic field B:

51 B = ElF 5 52F = 6263 (2)

This then implies that the two internal SUSY trans-
formations lead us to a spacetime translation:

{01,00}B =a"0,B; a" = (&7"e1) (3)

Presence of a spacetime derivative of B on right hand
side (RHS) of above equation suggests that the Susy
is an extension of the Poincare spacetime symmetry:

{Qa, Qv} = 2(v")ar Py (4)
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Supercharge Q, (a = 1,2,3,4 in 4D) is the gener-
ator of SUSY transformations. It is related to the
generator of spacetime translations P, and therefore
is not an internal symmetry generator. The SUSY
transformation is an extention of the Poincare space-
time symmetry. Supercharge @), is a spinor. It is
fermionic and anti-commuting. Poincare algebra (PA)
after including the supersymmetry becomes the SPA.

2. THE WESS-ZUMINO MODEL

The WZM is defined (on-shell) by the Lagrangian
density [5]:

L= [0 — S A% + L(0,8)0"B

2
- %77”L2B2 — mgA(A? + B?)
+ (v 0, —m)p — g (V¢ A+ iy°¢B)
— S (A 4 B 5)

Here A is a scalar field, B is a pseudoscalar field,
1 is a spin-1/2 Majorana field (1) = v = CyT). C
is the charge conjugation matrix and A = A" and
B = B'. All the fields here have the same mass m
and they couple with the same strength g. This is in
contrast to the non-SUSY FT’s.

This is due to the fact that states of a particular
representation of the super Poincare algebra (SPA) are
characterized by the eigenvalue m? of P? (= P,P*)
and different values of spin s. Actually, all the fields
belong to the same mass multiplet in SPA.

Pauli-Ljubanski polarization vector is defined as:

W, = %EWPUP”MPU (6)
Here
P?=p,pP*
W2 =Ww,Ww* (7)

are Casimir operators of PA that satisfy:

We further have:

P =m?>0
W2 = —m?s(s + 1). (9)

Where, m? and (—m?s(s+1)) are the eigenvalues of P2
and W2. Here s denotes the spin of the representation
which assumes discrete values: s =0,1/2,1,3/2,...
This representation is specified in terms of the mass
m and spin s. Physically a state in a representation
(m, s) corresponds to a particle of rest mass m and

spin s. Also, since the spin projection S3 can take
any value from —s to +s, (massive particles fall into
(2s 4 1)-dimensional multiplets).

In WZM, all the fields namely, A, B, 1, 1 have the
same mass m and they couple with the same strength
¢ (in the unbroken SUSY) — in contrast to the non-
supersymmetric field theories. States of a particular
representation of SPA are characterized by the eigen-
value m? of Casimir operator P? and different values
of spin s. W* is proportional to P* (generator of the
Poincare group):

WH = APH (10)
and
Wo=APy=D J (11)
where
Pt = (R, P). (12)

The constant of proportionality A in W, = AP, is
called Helicity and it is defined by:

P.7
A= 2 (13)

for massless particles with A := +s where s =
0,1/2,1,... is the spin of representation. N =1 is
called as the Minimal Supersymmetry and N > 1
is called the Extended Supersymmetry.

For simplicity we set (¢ = 0) yielding the La-
grangian density of the free WZM [5]:

1 1 1
R BA _ Ton2 A2 - o
E.—[QauAa A 2m A+ 2(%38 B

1 _
— 5m*B?+ (i7" 9, —m)v)| (14)
Theory is seen to be invariant (up to a total derivative)
under the rigid SUSY transformation [5]:

SA=¢

SB=—iex’

St = — (1770, +m) (A — iy’ B) e

§h= e(A—iv® B) (i7" 8, —m)  (15)

Here € is a constant Grasmann variable (which does
not depend on spacetime x = z*) implying a global
or rigid SUSY transformations. However, §i¢ and
81 here, are seen to depend on spacetime derivatives
of A and B. This implies that this is an extention
of Poincare spacetime symmetry (different than an
internal symmetry).

Supercurrent j* of the theory could be easily calcu-
lated to be [5]:

s [%g(A — i7" B) (iv”%y —m)y* w]

[

% G ku} (16)
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Here [ is a real constant which could be suitably
choosen. The spinor charges Q,, are defined by [5]:

Qq = /dgz k2
K= 284 BYin" 8, —mn®y] ()

Here kO are the spinor charge densities with a =
1,2,3,4. Spinor charges and spinor charge densities
being fermionic satisfy SPA and the spinor charges
are seen to satisfy the anti-commutation relation

(ACR) [5]:
{Qa: @} = 2P, ("")as (18)

This explicitly shows that the WZM obeys the SPA
and it is a supersymmetric FT having a rigid or global
SUSY. Also, the supersymmetry of the theory is a non-
manifest supersymmetry.

We now set m = 0 for making the fields to be
massless, so that the free massless WZM is defined by
the Lagrangian density:

L:= %@A&‘“A + %@BE)“B + u?(way)w] (19)

This is the simplest example of a supersymmetric FT
in 4D with a non-manifest supersymmetry.

We obtain the free WZM by setting g = 0 and it is
seen to be invariant, up to a total derivative, under
the rigid SUSY transformations [5]:

SA=¢
SB=—iey’

0 == (i7"0,) (A= i7" B)

50 = (A—in® B) (i7" 0,) (20)

Here € is a constant Grasmann variable (which does
not depend on spacetime x = z*). Here, 3 and 5
are seen to depend on spacetime derivatives of A and
B which implies that this is an extention or gener-
alization of the Poincare spacetime symmetry. (e, €)
being constant, implies that the symmetry is a rigid
or global Susy.

It is also possible to consider it as a theory of a single
complex scalar field and a fermionic field by combining
the fields A and B as follows:

$(z) = (A+iB)/2
¢*(z) = (A—iB)/2 (21)

implying therefore: ¢ = &) and 6¢* = ep and

6ha = 2i(0"€) 40, 0" (2)
ot = ~2i(5"€)49,0(x) (22)

Since A is a scalar field and B is a pseudoscalar field,
the complex combination ¢(z) transforms under the
parity transformation like complex conjugation. Here,

82

1 and ¥ are not independent fields as they are the Ma-
jorana spinor fields in the Weyl formulation. Hence
the transformations of 1 and §1 are not independent
and one could be obtained from the other. Supercur-
rent j# of the theory is obtained as:

= [%E(A —ir® B) (in" 9 )" zp} = [% ¢ k“} (23)
Here 3 is a real constant. Spinor charge @, are:

Q. = /d% ko
K=[lA-# B) (" TN w] (2

Here kO are the spinor charge densities with a =
1,2,3,4. WZM being a supersymmetric FT, spinor
charges and the spinor charge densities are seen to
satisfy SPA and the spinor charges satisfy the ACR:

{Qav Qb} = 2PM(7#)ab (25)

This implies that the WZM obeys SPA and it is a su-
persymmetric FT with a rigid Susy. SPA reads [5]:

[P, P,] =0 (26)

[M;wa Pp] =—1 (n,up PV —Nvp PM) (27)

[lev Mpd] = i(nﬂle/a + nvoMup)
+1i (nuaMup + anMuU) (28)

[Pu: Qa] =0 (29)
[M;wv Qa] = _(Ufw)ab Qb (30)
ot = 31w

{Qaa Qb} = 2('7”)ab Pp
{Qa, Qv} = =2 (v C)ap Py
{QaaQb} =2 (C_l'yﬂ)ab P, (31)

SPA has 14 generators: 4 generators of Lorentz trans-
lations P, , 6 generators of Poincare transformations
M, and 4 spinor charges (), (the Majorana spinors).
Here the indices a and b run from 1 to 4 in 4D.

3. FREE MASSLESS WZM

We now set m = 0 for making the fields to be mass-
less, so that the free massless WZM is defined by the
Lagrangian density:

L= %aHA8“A+%@B@“BJNZ;(Z’YV@VW (32)
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We break up the Lagrangian density of the free mass-
less WZM into bosonic and fermionic parts:

L=Lp+LF
1 1
Lp = iaﬂA(?“A + 58#38“3

Lp =4y 0)¢ (33)

Further, Lr (= LF) could be written in two differ-
ent looking but conceptually equivalent forms (which
differ by a total derivative (t.d.)) as follows:

LY = iy )
f = [0 @) - @] (39

T2 ~ 32
gt = () (35)

Theory described by LI is seen to possess a set of two
second class constraints:

i - :
L = L3 = S0,(¥n") = 50,5"

2

Here, Fermi fields ¢ and v are to be treated as inde-
pendent fields. Theory described by ££' is also seen
to possess a set of two second class constraints:

17 -
x1=(m+ §¢7°) ~0
g
x2 = (T + p%) ~ 0. (37)

The Fermi fields ¢ and ¢ in this later case are not
independent fields. This is consistent with the defini-
tion of Majorana spinor fields (we remind ourselves
here that in WZM, the fermionic fields are Majorana
spinor fields).

We now study the Hamiltonian formulation of the
theory [7]. The canonical momenta following from
the Lagerangian density of WZM defined by L :=
(Lp+Lr) with L = LL (working with the signature
N = diag(+1,—1,—1,—1)) are:

oL

HA = 6(8014) :80/1
oL
Mp = 50T = 9B (38)
oL i
T ) - 2
oL i
™= 8(6015)7 2777/1 (39)

Theory thus has 2 primary constraints (PC’s):
i-
x1 = (m+ §¢70) ~0

X2 = (T + %vow) ~0 (40)

In principle, x1, x2 represent an infinite number of
PC’s which could be labeled say by «, 8 (which run
from one to infinity). We however, ignore these fur-
ther labelings in our considerations. The canonical
Hamiltonian density of the theory is obtained as:

He =(00A) 4 + (00 B) Il + (0ova) Ta
+ (00%a) T — L — LF (41)

X ) :
Ho = 5 [ + 115 — i dFy + i d)me|  (42)

The total Hamiltonian density is:
Hr=Hce+x1u+x2v (43)

Demanding that the constraints x; and yo are pre-
served in the course of time one does not get any
secondary constraints and therefore these are the only
2 constraints that the theory possesses. Non-vanishing
matrix elements of the 2 x 2 matrix of the PB’s of
these above constraints among themselves are:

y)a(a’ —y’). (44)

The non-vanishing equal-time (ET) commutation
relations (CR’s) (denoted by a square bracket) and
ET anti-commutation relations (ACR’s) (denoted by
a curly bracket) of the bosonic and ferminic variables
of the theory are found to be:

[A(z, 1), Iy, 1)] = i 6(z —y) (45)

R12 = —R21 = i’yod(xl — y1)5(m2 —

[B(z,t),1p(y,t)] =i 0(x —y) (46)
{tha(z,t),0a(y, 1)} ="0ap 6(x —y)  (47)

O —y)=6d(z" —y")(a® —y*)o(a® —y*)  (48)

These relations appear to be similar to the usual
ones. However, the fermionic spinor field ¢ here is
not a Dirac spinor but it is a Majorana spinor having
real components: (¢ = ¢¢). We need to remember
here that the Dirac spinor is a 4-component spinor
which has complex elements and it could be expressed
in terms of two, 2-component Weyl spinors having
complex elements. However, if the elements of these
Weyl spinors are taken as real (v = %) then it
becomes a Majorana spinor (having real elements).

In path integral quantization (PIQ) [7], transition
to quantum theory is made by writing the vacuum
to vacuum transition amplitude for the theory, called
the generating functional Z[Jy] of the theory which in
the presence of the external sources Jj, for the present
theory is [7]:

210 = [ldnlesp [i [ dsayfat + maona
+ HBaoB + Waow + 7_760’(;

+ Huaou + Hua(ﬂ) — HT]:| (49)
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Here ®F = (A, B,v,%,u,v) are the phase space
variables of the theory with the corresponding
respective canonical conjugate momenta: II; =
(14,0, 10,,IL,). The functional measure [dy]
of the theory (with the above generating functional
Z[Jg]) is:

[du) =|[6(=" = y")d(2® — y*)8(a® — y*)][dA]

[dB][dv][d][du] [dv][dILA]
[dI1g][dr][dr][dIL,][dIL, ]

Sl + 597°) ~ 0

5((7 + 3°) ~ 0] (50)

4. CONCLUSIONS AND SUMMARY

Some important remarks may be helpful. In relativis-
tic quantum mechanics, the Dirac equation (DE) is
a single particle relativistic wave equation where v
represents a wave function. In FT, DE is an Euler-
Lagrange field equation which is obtained from the
Dirac action or the Dirac Lagrangian by using the vari-
ational principle.

WZM is the simplest example of a supersymmetric
field theory in 4D. This is also an example of a FT
with non-manifest supersymmetry. Taking the ex-
ample of free massless WZM, one could study many
important theories in different dimensions including
in higher dimsimensions. The theory also provides
a basic framework for the study of Ramond Nievue
Schwarz (RNS) superstring theory (SST) which is an
example of a SST with non-manifest SUSY. Starting
with the WZM, it is possible to construct a super-
gravity theory by gauging its global (rigid) SUSY into
a local SUSY through the Noether’s procedure.

Just to summarize in brief, we have studied in this
work, the WZM [5], which is a supersymmetric FT
that has rigid or global supersymmetry. The theory
has a supercharge Q, (a = 1,2,3,4 in 4D) which is
a Grassmann spinor having anti-commuting proper-
ties. Theory is invariant under rigid supersymmetry
transformations where the transformation parame-
ter is a constant Grassmann spinor [5]. Finally, we
have also studied the Hamiltonian and path integral
quantization of the theory [7].
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ABSTRACT.

We consider the three dimensional electrodynamics described by a complex scalar field coupled
with the U(1) gauge field in the presence of a Maxwell term, a Chern-Simons term and the Higgs
potential. The Chern-Simons term provides a velocity dependent gauge potential and the presence
of the Maxwell term makes the U(1) gauge field dynamical. We study the Hamiltonian formulation of
this Maxwell-Chern-Simons-Higgs theory under the appropriate gauge fixing conditions.

KEYWORDS: Electrodynamics, Higgs theories, Chern-Simons-Higgs theories, Hamiltonian formulations,

gauge-theories.

1. INTRODUCTION

We study the Hamiltonian formulation [1] of the
three dimensional (3D) electrodynamics [2-22], in-
volving a Maxwell term [20], a Chern-Simons (CS)
term [19, 21, 22|, and a term that describes a cou-
pling of the U(1) gauge field with a complex scalar
field in the presence of a Higgs potential [22]. Such
theories in two-space one-time dimension ((2+1)D)
can describe particles that satisfy fractional statistics
and are referred to as the reletivistic field theoretic
models of anyons and of the anyonic superconductiv-
ity [21, 22].

A remarkable property of the CS action [21, 22],
is that it depends only on the antisymmetric tensor
e** and not on the metric tensor g*”. As a result,
the CS action in the flat spacetime and in the curved
spacetime remains the same [21, 22]. Hence CS action,
in both the Abelian and in the non-Abelian cases
represents an example of a topological field theory [21,
22].

The systems in two-space, one-time dimensions
(241)D (i.e., the planar systems, display a variety
of peculiar quantum mechanical phenomena ranging
from the massive gauge fields to soluble gravity [19—
22]. These are linked to the peculiar structure of the
rotation group and the Lorentz and Poincare groups in
(241)D. The 3D electrodynamics models with a Higgs
potential, namely, the Abelian Higgs models involv-
ing the vector guage field A* with and without the
topological CS term in (2+1)D have been of a wide
interest [19-22].

When these models are considered without a CS
term but only with a Maxwell term accounting for the
kinetic energy of the vector gauge field and they repre-
sent field-theoretical models which could be considered
as effective theories of the Ginsburg-Landau-type [22]
for superconductivity. These models in (2+1)D or
in (341)D are known as the Nielsen-Olesen (vortex)
models (NOM) [20]. These models are the relativistic

generalizations of the well-known Ginsburg-Landau
phenomenological field theory models of superconduc-
tivity [2, 20, 22].

The effective theories with excitations, with frac-
tional statistics are supposed to be described by gauge
theories with CS terms in (2+1)D and a study of these
gauge field theories and the models of quantum elec-
trodynamics involving the CS term represent a broad
important area of investigation [21, 22].

The CS term provides a velocity dependent gauge
potential [21, 22], and the presence of the Maxwell
term in the action makes the gauge field dynami-
cal [20]. We study the Hamiltonian formulation [1] of
this Maxwell-Chern-Simons-Higgs theory under the
appropriate gauge fixing conditions [20, 22].

The quantization of field theory models with con-
straints has always been a challenging problem [1].
Infact, any complete physical theory is a quantum
theory and the only way of defining a quantum theory
is to start with a classical theory and then to quan-
tize it [1]. Theory presently under consideration is
also a constrained system. In the present work, we
quantize this theory using the Dirac’s Hamiltonian
formulation [1] in the usual instant-form (IF) of dy-
namics (on the hyperplanes defined by: 2% =t =
constant) under appropriate gauge-fixing conditions
(GFC’s) [1, 19-22].

2. HAMILTONIAN FORMULATION

The Maxwell Chern-Simons Higgs Theory in two space
one time is defined by the following action:

S = /C(@,@*,A“) 3z, (1)
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where the Lagrangian density £ (with k = 2

2m
0 being the CS parameter) is given by:

1 v n *
c=[- L Rure s (D) (0re) - V(P

K ns
+5e AAMQVAA} 2)

V(e)? =7+ B2 +alef!
=[P —®5)%; (®o#0).  (3)

Where the covariant derivative is defined by:

= (0, +1ieA,)
D, = (9, —ieA,)
g = diag(+1,—1,-1)
"% = eg1p = +1
wv=0,1,2. (4)

In the above Lagrangian density the first term is the
kinetic energy term of the U(1) gauge field and second
term represents the coupling of U(1) gauge field with
the complex scalar field as well as kinetic energy for
the complex scalar field. Third term describes Higgs
potential and the last term is the CS term.

The model without the CS term describes an
Abelian Higgs model and is defined by the Lagrangian
density £ = L(®,®*, A,) where £ is a function of
a complex scalar field and an Abelian gauge vector
field A,,(z) defined by the above Lagrangian density.
In (2+1)D this theory is called as the Nielsen Olsen
(vortex) model (NOM). These models possesses sta-
ble, time independent (i.e., static), classical solutions
(which could be called 2D solitons). In fact, the model
admits the so-called topological solitons of the vortex
type [4].

Further, in this model, if we choose the parameters
of the Higgs potential to be such that the scalar and
vector masses become equal i.e., if we set the Higgs
boson and the vector boson (photon) masses to be
equal i.e., if we set: MHiggs = MPhoton = €Po then
that implies:

V(8] = S (0 — @) 5)

The above model then reduces to the so-called Bo-
gomol’nyi model which describes a system on the
boundary between type-I and type-II superconductiv-

ity [4].
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In component form, the above Lagrangian density
can be written as:

L= (’2‘””) [AOFH + A1 (9240) — Ag(ale)}
+ <;) {A2(80A1) - A1(80A2)} - %F122
+ B O Ay — 0 Ar) + (80A2 - 82/10)]
+ { )+ 1 e(FpP") AP
— i e(0g®)Ag®* + eZAgfb*(I)]
+ { — (01D*)(01D) — i €(8,D*) A, D
+i e(01P) A1 D" — eQAffb*@-
+ { — (029)(02®) — i (Do ®*)As®

+1i e(0g®)Ax®* — 2 A30* D

— V(|®]?). _ (6)

Canonical momenta obtained from the above La-
grangian density are:

oL
m= = (9p®* — i eAy®*
8(80@) (80 1 eAg )
.o ,
II* = W = (80@ +1 €A0¢)
oL
= ——— =0 7
0(00Ao) @)
oL
Ei(=1") = —
i ) (D A7)
(0140 — o A1) + 5 Ao
oL
Ey(:=11%) = ————
2( ) (D As)
= (B Az — D2 Ag) — gAl. (8)

Here II,I1*,TI°, 1, E> are the momenta canonically
conjugate respectively to ®, ®*, Ay, Ay, As. The the-
ory is thus seen to possess only one primary constraint

(PC):
=T11° =~ 0. (9)

The canonical Hamiltonian density of the theory is
obtained using the Legendre transformation from the
Lagrangian density of the theory in the usual manner.
Every term in the Lagrangian density (including the
CS term) is equally important. The calculational de-
tails are omitted here for the sake of brevity. The total
Hamiltonian density of the theory is then obtained
from the canonical Hamiltonian density by including
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in it the primary constraint of the theory with the
help of the Lagrange multiplier field v = u(z*) (which
is dynamical) as follows:

Hy =110 + I1 IT* — je Ao (IO — IT*®*)
1
+ 5B + By?)

1
+ §F122 + [E1(81A0) + E2(52A0)]

+ ;(;)2@13 + 457)

- (;) [AsEy — A By + AgFya)

+ [ (012%) (1) + i €(0, D) A,

— i e(01P)A;D* + 2 A2D @}

+ [ (0207)(02®) + i e(F50) Ay ®
|

— i e(0p®)Ar®* + 2 A3D* D (10)

where
T = /HTde, (11)
with the total Hamiltonian density given by:
Hr = [He + V). (12)

It is to be noted here that in the construction of
the canonical Hamiltonian density of the theory, all
the fields of the theory play an equally important role
through the Legendre transformation and through
the Lagrangian density of the theory that defines
the theory. Also, it is worth mentioning here that
the Hamilton’s equations of motion of the theory (that
are omitted here for the sake of brevity) obtained from
the total Hamiltonian density of the theory preserve
the constraints of the theory for all time. After pre-
serving the Primary constraint y; in the course of
time, one obtains a secondary constraint

X2 = ZB(HCI) - H*(D*) + (81E1 + 82E2)

+ g(alAg — 62141) =~ 0. (13)

The matrix of Poisson Brackets (PB’s) among the
constraints x; is a null matrix and thereby theory is
a gauge invariant theory and is invariant under the
following local vector gauge transformations:

0P =P, §0* = —ipfd*, S’ =0
0Ag = —0pB; 0A1=—018; 0Ay=—0:0
ST = —if(0p®*) — eBAD* +i(e — 1)(9pB)P*

OIl* = zﬂ(@ofb) - GBA()@ - z(e - 1)(805)‘1)

S, — _7“325; SEy = galﬂ; Ju = —8B. (14)

Here, (3 is the gauge parameter § = f(a*) and
the vector gauge current satisfies: 9,J* = 0. The
components of J* are:

JO = Jo = (iB®)[0D* — i eAyD*]
— (iB®*)[0o® + i eAD]
—(018) Fo1 — (023) Foa
— 5 (@18) A2 — (9:8)A1 |

J = *Jl (’Lﬁ )[ — 81®* +1 BAlé*]
(Zﬁq) )[ - 81<I> —1 €A1(I)]
= (0oB) Fio — (02f) Fa1

+ g[(aoﬁ)Az — (028) A0 |

J?=—Jo = (iB®)[ — 02@* +i eAr®”]

—~

— (iB®*)[ — 0y — i eAy®]
—(00B) Fag — (018) F12
[(00B)A1 — (218) A0 . (15)

—~

N’\??

For quantizing the theory using Dirac’s procedure
we choose the following two gauge-fixing conditions

(GFC’s):
E=1I=0
&= Ay =~ 0. (16)

Here the gauge Ay =~ 0 represents the time-axial
or temporal gauge and the gauge II ~ 0 represents
the coulomb gauge. These gauges are acceptable and
consistent with our quantization procedure and also
physically more interesting. Corresponding to this set
of gauge fixing conditions the total set of constraints
now becomes:

x1=I"~0
X2 = [Z@(Hq) — H*q)*) + (81E1 + 62E2)
+ g(alAQ — 82141)} ~0

xs=§& = =0
xa =& = Ay~0. (17)
The non-vanishing matrix elements of the matrix

Rop (= {x1, x2}p) of the equal-time Poisson brackets
of the above constraints are:

R14 = —R41 = - (5(.%‘1 - yl 5(%2 - y2)
Ro3 = —Rgp = iell §(z' —y")d(2® —y?).  (18)
The above matrix is nonsingular and the set of
constraints x; ; ¢ = 1,2, 3,4 is now second class and

the theory is a gauge non-invariant theory. The non-
vanishing matrix elements of the matrix R;ﬁl (which
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is the inverse of the matrix R,p) are given by:

y1)a(z® —y?) (19)
—(eIRyy = i 8(z' —y')d(2® — ¢?).

Rf41 = _Rzﬁl = 5(951
(eH)R531 =
Following the standard Dirac quantisation proce-

dure, the non-vanishing equal time Dirac Brackets
(DB’s) of the theory are obtained as:

(I {11 (2%, ', 2%) , @ (=, y",9*)}p

— () — )0 — )
{Ir* (2%, 2", 2%) , @*(2°,9",9*)}p
= {II* (2%, 2", 2%) , ®*(2%y",9*)}p

—y)i(a* —y?)

= (5) " — ") Bed(a? — y?)
{El(xoaxlaxZ) ) Al( Y 7y2)}
= {E1(2°,2",27) , A2y %)} p

{E2<x0,1‘1,x2) ) AQ(x07y1?y2)}D
= {E2($O,$17$2) ) AQ(xoaylvyz)}P
= —6(z' —y")a(z? — ¢?)

(1) {@(% 2t 2?) . @*(2° y' 9"}
= (=9")8(z" —y")é(z® —y?)

(){Q(I,I,wz),A( v y*)ho
= (®) o(a" —y")i(a® —y?)
(iell) {@(2°, 2", 2%) , Ai(2®y",9%)}p

= 016(z" —y")s(a® — y?)

(ieH) {¢)($07x17x2) ’ AQ(xovylayQ)}D
=0(z' —y') 9d(x? —y?). (20)

Here one finds that the product of the canonical
variables appear in the expressions of the constraints
as well as in the expressions of the DB’s and therefore
for achieving the canonical quantisation of the theory,
one encounters the problem of operator ordering while
going from DB’s to the commutation relations, this
problem could however be resolved by demanding that
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all the fields and the field momenta after quantisation
become Hermitian operators and that all the canonical
commutation relations need to be consistent with
the Hermiticity of these operators. This completes
the Hamiltonian formulation of the theory under the
choosen gauge fixing conditions.

It may be worthwhile to mention here that our
choice of GFC’s is by no means unique. In principle,
one can choose any set of GFC’s that would convert
the set of constraints of the theory from first-class
into a set of second-class constraints. However, it is
better to choose the GFC’s that are physically more
meaningful and nore relevant like the ones that we
have choosen. In our case the gauge Ay = 0 represents
a time-axial or temporal gauge and the gauge Il ~ 0
represents a Culomb gauge and both of them are
physically important GFC’s. Another important point
is that one can not choose covariant GFC’s here simply
because the constraints of the theory are not covariant
and therefore it would not work.

In path integral quantization (PIQ) [23], transition
to quantum theory is made by writing the vacuum
to vacuum transition amplitude for the theory, called
the generating functional Z[J] of the theory which in
the presence of the external sources Jj for the present
theory is [23]:

Z[Jy] = /[d,u] exp [i/d?’x [J ®F + T19, @
+TT* 0y ®* + T1°0p A + E100 A1

+ E280A2 + Huaou - /HT]:| . (21)

Here ®F = (&, &*, Ay, A1, Ay,u) are the phase
space variables of the theory with the correspond-
ing respective canonical conjugate momenta: Il =
(I, 1%, T1°, By, B, 11,,). The functional measure [du]
of the theory (with the above generating functional

ZLT)) is

[du] = |(iel)a(" — y")o(a? — o)

d®][d®"][dAo][dA:][dAs][du][dIT]
[dI1*] [d11°)[d B ] [d ] [dIL, )6 (11%) = O]
(5[[%6(1_[(1) IT* (I)*) (81E1 + 62E2)

+ (61142 — (92 )] ~ 0]

2
S[IT =~ 0]6[Ag ~ 0]]. (22)
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ABSTRACT.

In this talk, we briefly review the rational extension of many particle systems, and is based on
a couple of our recent works. In the first model, the rational extension of the truncated Calogero-
Sutherland (TCS) model is discussed analytically. The spectrum is isospectral to the original system and
the eigenfunctions are completely expressed in terms of exceptional orthogonal polynomials (EOPs). In
the second model, we discuss the rational extension of a quasi exactly solvable (QES) N-particle Calogero
model with harmonic confining interaction. New long-range interaction to the rational Calogero model
is included to construct this QES many particle system using the technique of supersymmetric quantum
mechanics (SUSYQM). Under a specific condition, infinite number of bound states are obtained for
this system, and corresponding bound state wave functions are written in terms of EOPs.

KEYWORDS: Exceptional orthogonal polynomials, rational extensions, many particle systems, SUSYQM.

1. INTRODUCTION

Orthogonal polynomials play very useful and important roles in studying physics, particularly in electrostatics
and in quantum mechanics. In quantum mechanics, only a few of the commonly occuring bound states problems,
which have a wide range of applications and/or extensions, are solvable. Such systems generally bring into
physics a class of orthogonal polynomials.These classical orthogonal polynomials have many properties common,
such as (i) each constitutes orthogonal polynomials of successive increasing degree starting from m = 0, (ii) each
satisfy a second order homogeneous differential equations, (iii) they satisfy orthogonality over a certain interval
and with a certain non-negative weight function, etc. In 2009, new families of orthogonal polynomials (known
as exceptional orthogonal polynomials (EOP)) related to some of the old classical orthogonal polynomials were
discovered [1-3]. Unlike the usual classical orthogonal polynomials, these EOPs start with degree m = 1 or
higher integer values and still form a complete orthonormal set with respect to a positive definite inner product
defined over a compact interval. Two of the well known classical orthogonal polynomials, namely Laguerre
orthogonal polynomials and Jacobi orthogonal polynomials, have been extended to EOPs category. X,,, Laguerre
(Jocobi) EOP means the complete set of Laguerre (Jacobi) orthogonal polynomials with degree > m. m is
positive integer and can have values of 1,2,3,... Attempts were made to also extend the classical Hermite
polynomials [4]. Soon after this remarkable discovery, the connection of EOPs with the translationally shape
invariant potential were established [5-9]. The list of exactly solvable quantum mechanical systems is enlarged
and the wave functions for the newly obtained exactly solvable systems are written in terms of EOPs. Such
systems are known as rational extension of the original systems. The study for the exactly solvable potentials
has been boosted greatly due to this discovery of EOPs over the past decade [10-37].

There are several commonly used approaches to build the rationally extended models, such as SUSYQM
approach [38, 39], Point canonical transformation approach [40, 41], Darboux-Crum transformation approach [42,
43], group theoretical approach [44], etc. These approaches have been used to study different problems in this
field leading to a discovery of a large number of new exactly solvable systems, which are isospectral to the
original system and the eigenfunctions are written in terms of EOPs. Further, quasi-exactly solvable (QES)
systems [45-49] and conditionally exactly solvable (CES) systems [50, 51] attracted attention in literature due
to the lack of many exactly solvable systems. Several works have been devoted to the rational extension of
these QES/ CES systems [22, 24, 37]. Nowadays, the parity time reversal (PT) symmetric non-Hermitian
systems [52-62] are among the exciting frontier research areas. Rational extensions have also been carried out for
non-Hermitian systems [6, 19, 29-32]. Even though most of the rational extensions are for the one dimensional
and/or one particle exactly solvable systems, the research in this field has also been extended to many particle
systems [24, 25, 27]. We have done several works on rational extensions for many particle systems. In one of
the works, the well known Calogero-Wolfes type 3-body problem on a line was extended rationally to show
that exactly solvable wave functions are written in terms of X,, Laguerre and X,, Jacobi EOPs [26]. However,
this article is based on two of our earlier works on rational extension of many particle systems [24, 25], which

90



VOL. 62 NO. 1/2022 Rational extension of many particle systems

were central to the talk presented during the AAMP meeting. In the first work [25], we discuss the rational
extension of the truncated Calogero-Sutherland model using a PCT approach. We indicate how to obtain
rationally extended solutions, which are isospectral to the original system in terms of X, Laguerre EOPs. In
the second model [24], we discuss the rational extension of a QES N-particle Calogero model with a harmonic
confining interaction. New long-range interactions to the rational Calogero model are included to construct this
QES many particle system using SUSYQM. The wavefunctions are expressed, again, in terms of exceptional
orthogonal Laguerre polynomials.

Now, we present the organisation of the article. In the next section, we present the TCS model and its
solutions in brief to set the things for the section 3, where we consider the rational extension of the TCS model.
In section 4, the QES solutions for the rationally extended Calogero type many particle system are presented.
Section 5 is reserved for conclusions.

2. TCS MODEL

In his work, Jain-Khare (JK) [63] exactly solved some variant of Calogero-Sutherland model (CSM) on the full
line by taking only the nearest and next-to-nearest neighbor interactions through 2-body and 3-body interactions.
Later, Pittman et al. [64] generalized this model by considering an N-body problem on a line with harmonic
confinement with tunable inverse square as well as the three-body interaction extends over a finite number of
neighbors and were able to solve it exactly. This model is known as truncated Calogero-Sutherland model (TCS).
N-body TCS model [64], where particles are interacting through 2-body and 3-body potentials, is given by

N
1 AA=1) N (x; — )% - () — 21)%
H= [ + 5w 2] + e B TP (1)
; 2 0a2 ; |z —xj |2 Kz];k |5 — x|z — anl?
li—jl<r li—jl<r
li—kl<r
with A # 0 and x = (21, 79,...,2x5) € RY. The 2- body interaction is attractive for 0 < A < 1 and is repulsive

for A > 1. Here, r is the integer parameter and for r» = 1, this system reduces to that of the Jain-Khare [63]
model. However, for r = N — 1, it corresponds to the CSM [65-67] model.

Using standard techniques in the case of many particle systems, the time independent Schrodinger equation
(TISE) corresponding to the above system can be written in radial and angular parts as

D" (p) + (N +2s—1+Ar(2N —r — 1)) %@l(p) +2(E — %prQ)(I’(p) =0, (2)

(where p = va x2, is the radial coordinate and the prime denotes the differentiation with respect to its

arguments and this convention is adopted throughout this manuscript) and

N
(it (o )= "

=1 1<J

(where the function Ps denotes the homogeneous polynomial of angular variables of degree s =0,1,2,...). To
obtaine these Eqs. we have substituted the wave function

U(z) = H(x — ;)" ®(p) Py(z) (4)

in the TISE, HV = EV .
This model is solved exactly and the solution is given by,

the spectrum: E,, = w(2n +s+ % + %(2N —r— 1))

and the corresponding radial wave function in terms of classical Laguerre polynomials is given as

wp2 (@) 2
where o = (8 -1+ % + %(ZN —r— 1)) This result is consistent with JK and CSM models in the appropriate
limit [64]. In the next section, we will extend this model by adding some interaction terms. Then, the extended

model will be cast as a rational extension of the TCS model.
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3. EXTENDED TCS MODEL (ETCS)

We would like to find another system related to the TCS model, which is isospectral to the TCS and possibly,
its wave functions are written in terms of EOPs. To find the rational extension of the TCS model, we start by
adding a new interaction term, [25]

(g + aow?p?)
(B1 + Baw?p?)?

where ;2 and f; 2 are unknown constants and will be fixed later. We would like to show that this H, will
correspond to the rational extension of this TCS model for some specific values of the parameters a; o and 5 2.
Since Vj,e,, depends only on radial coordinate, p, only the radial equation will be modified and angular equation
will be the same as in the case of the TCS model. The radial part is obtained having the same substitution as
in Eq. (4) in the earlier section for the Hamiltonian H,

He:H+ :H+Vnew7 (7)

Y (p)+ (N+2s—1+ (2N —r—1))- <I>’m( )+ 2(E - 1w2p2 + View) ) @eat (p) = 0, (8)

3

with P, (x) satisfying the same generalised Laplace equation as in Eq. (3). Note that here, a prime on ®..(p)
indicates a derivative with respect to p.
We further substitute,

Dewt(p) = f(p)C(9(p), (9)

in Eq. 8 where f(p) and g(p) are two undermined functions and {(g) is a special function to obtain

)
o) a0 .t N\ L) )
Foya o) g T ,,g/(,,>><< )+g’(p)2(f(p) TR

where, 7 = (N +2s — 1+ Ar(2N — r — 1)) and E.y is exactly same as E, given in Eq. (5)
We now compare this differential equation satisfied by ((g(p)) with the differential equation satisfied by the

'(g) + ( (B vem))«g) —0,  (10)

X, Laguerre polynomial ﬁSf‘)(g)

5 () C(g—a)(gta+t]) i 1(lg=a) )i -0 n
L,*(g(p)) 9o+ ) L, (g(p))+g<(g+a) + 1)Ln (g(p) =0; n>1, (11)

to obtain (with n — n+1,)

Vear = %wsz + (2wp2i(:u7 1) (2w8ptg(j-;i)1)2’ (12)
and
1 _a 1 (9 -« a+1
1) =)t F e (5 [ EZOE S D). (13)
for a given g(p) as defined in the case of a conventional model
9(p) = wp; 04:%—% (14)

The energy eigenvalues E.,; for the new system with the potential in Eq. 12 turn out to be the same as that of
the conventional TCS model as discussed in Section 2 and are given by Eq. (5). However, the corresponding

eigenfunction ®.,+(p) is completely different. Using f(p) and replacing ((g) — L;Ofgl( ) in Eq. (9), the expressions

for the energy eigenfunctions are obtained in terms of X7 exceptional orthogonal Laguerre polynomials (LgL +) 1(9)
as

Eflj( ) n=0,1,2,... (15)

Note that the X; Laguerre polynomial (ﬁgﬁgl(g)) is related to the classical Laguerre polynomials by

L 1(9) = ~(g+a+ 1)L (g) + LIV (g). (16)
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The constant parameters aq 2 and 1,2 for which the Hamiltonian (7) is exactly solvable can easily be determined
by comparing Egs. (7) and (12), and one finds that

o = —dw(T—1); g = 8,
b1 = 7—-1; and B2 =2/w. (17)

In the special cases of r = 1 and r = N — 1, we then obtain the rational extension of the JK model and the
CSM, respectively.

X,, case:

Similar to the X; case, we redefine Eqs. (8) and (9) by replacing ®eyi(p) — Pmewt(p) and f(p) —
fm(p),C(g) = Cm(g), respectively. Now the differential Eq. (8) will also be m dependent and can be written as

1 1
) car(p) + (N +25 =14+ Xr(2N —r — 1)) ;@;mm(p) +2(E - (§w2p2 + Vinnew)) Pm,eat(p) = 0. (18)

Now, we proceed with the steps as in the case of X7, by substituting @, ezt (p) = fin(0)Gn(g(p)) in the above
equation to obtain the differential equation for (,,(g), which is exactly same as in Eq. (10).Then, we compare
that equation with the X, exceptional Laguerre differential equation

L) (g(p) + Qun(9) L, (g(p)) + Run(9) L), (9(p)) = 0, (19)
with
_ 1 LY (—g)
Qm(9) = i {(a +1—-g)— 291253_1)(_9)}
1 LY (~g)
and R, (g9) = p {n - QQL(,,?)(Q)} (20)

to get (replacing n by n + m)

L(O‘+1) _ L(a) _ L(a) _ 2
‘/m,new = _2w2p2 8:21)( J + 20)(0‘ + on2 - 1) (Z:ll)< g) + 4w2p2 ( (TZ__ll)( g) ) - 2mw7 (21)
L (—9) L (9 L~ 7 (=9)

and
10 =6 et ten (5 [ Qo). (22)

We note that the spectrum for the potential in Eq. (21) is exactly same as that for the potential in Eq. (12) and
for a usual TCS system. However, the eigen functions in all three cases are different. For a usual TCS model,
these are in terms of classical Laguerre polynomials, in case of the potential in Eq. (12), that is, in the X case,
these are in terms of X; Laguerre polynomials and finally the wave functions for the system with the potential
in Eq. (21) are in terms of X,, Laguerre polynomials. The wave functions for the system described by the
potential in Eq. (21) are given by

w 2
xXp(—%5) ¢ ()

DPppeat(p) = 2L (wp?); n,m=0,1,2,... (23)
m,ex Lfﬁ_l)(prQ) +

where the X,,, Laguerre polynomial (ﬁ(a) (9)) is related to the classical Laguerre polynomials by

n+m

L) (9) = L (=) LV (9) + LD (=g) L, (9). (24)
As expected, for m = 1, the above results reduce to the corresponding X;-case, while for the m = 0 case one

gets back the conventional TCS model. In the next section, we will consider a rational extension of Calogero
like many particle systems.
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4. QES MANY PARTICLE SYSTEM

In this section, we would like to discuss a rational extension of Calogero like many particle systems [24]. We
start with a many particle Calogero like Hamiltonian with an arbitrary potential U(v/Np), which depends only
on the ‘radial’ coordinate p

H= Al S UWED) A2 L pe | LS a2 25
**Z@JFZWJF (VNp); A2 =5, p= ﬁZ(xz*%) (25)

: i — T; 2
i=1 % i<j i) i<j

Our aim is to construct a possible structure of U(v/'Np), for which the many particle model is exactly solvable.
To this end, we follow the standard method [65-67] and take a trial wavefunction for ¢ (x) in a sector of the
configuration space corresponding to a definite ordering of particles (e.g., x1 > xo > -+ > xy) as

0(w) = [T — )" Pug()é(p), with a = VT F 22 (26)

i<j

and obtain the radial part differential equation,

—[¢"(p) +2(k + b+ 1)%925’(,0)} +[U(VNp) = Elg(p) = 0 (27)

with b= & (Aé*l)a 4+ NOV+D 9 The angular part is described by Py 4(z), which are translationally invariant,
symmetric, k-th order homogeneous polynomials satisfying the differential equations

N
0% Py, 4(x) 1 1 o 9 _
2 ot *(“2)2;@]-_3%) Bw; By ) Teel®) =0 2
J= J

Note that the index ¢ in Py 4(z) can take any integral value ranging from 1 to A(NV, k), where A(N, k) is the
number of independent polynomials. The existence of such translationally invariant, symmetric and homogeneous
polynomial solutions of (28) has been discussed in the original work by Calogero [65, 66].

For our purpose, we will look for a solution of the radial part and proceed with the substitution

é(p) = p~ T Vx(p), withl=Fk+b (29)
in Eq. (27) to obtain
2

—Cj‘—pzx@) L U(VNo)x(p) = Ex(p) (30)

where Uy (v/Np) is k dependent (through 1) and is written as

Ue(VNp) = U L (). (31)

pe

Our aim here is to find a solution of Eq. (30) with a possible general structure of U(v/Np). This will provide an
exact solution of a many particle system given in Eq. (25). This can be done in various ways, but we would like
to use the technique of SUSYQM, details of which can be found in [38, 39]

We consider a specific superpotential of the form [22]

2g1p a-+1
591(0)

= .aeRT 32
14+ g1p? p 200+ 3 (32)

Wip) =p+

for which one of the partner potentials is a radial oscillator. The partner potentials can be calculated as,

ala+1
V+(p)=p2+([)2)+2a+77 (33&)
+1(a+2) g1 847 p
V(o) = g2+ @ - 20+ 5. 33b
)=r P’ L+gip?  (1+91p)? (330)
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The potential V, is the potential for a radial oscillator model with a constant term. The complete solution for
this potential is given by

E;=4(n+a+g>, n=0,1,2,... (34)

!
+y — n. at+l,—p® /2 a+1/2(,2) 35
Xn (P) 7F(n+a+%)p e n (%) (35)

Where L%H/ 2(/)2) is a usual Laguerre polynomial. Using the results of SUSYQM, we can obtained the solution
for the partner potential V_(p) given in Eq. (33b) as

E;=4<n+a+;>, (36)

which is the same as in the case of V., the radial oscillator potential. The radial part of the wave function is
written as

_ 4(n!) Y2 —p/2 1 ~a+3/2, 2
= =P~ ————L . 37
Xn (p) \/EIF(n—i—oz—i— %)p € L?+1/2(7p2) n+1,1 (p ) ( )

This solution for V_(p) is possible only when the parameter g; depends on « in a particular fashion and hence,
the model with V_ is conditionally exactly solvable. Note that V, (p) can be used to generate the exactly
solvable Calogero model with a harmonic confining interaction as in this case

U(VNp) = Up(vNp) — W;” L Chs l)p; ) (38)

apart from an overall constant term. Now, [ = k + b and « are free parameters and we can chose the parameter
a = [ such that U (\/ﬁ p) = p? is independent of k. Calogero has shown that the many particle system (25) with
U(v/Np) = p? can be solved exactly for all possible values of k. However, unlike this case, V_(p) represents
a QES many particle system as we explain below.

(@+1)(a+2)—1(+1) 4g1 8g1p?

U(VNp) = p* + - +
(VNp)=p p? L+gip> (14 g1p?)

5 +2a+5, (39)

In this case, o depends on g; and hence can’t be chosen as such that U(v/Np) is independent of k. Hence, the
many particle system with U(v/Np) is QES as it is solvable only for a particular value of k. The eigenvalues are

)
En:4<n+o¢+2), n=20,1,2,.... (40)

and the corresponding (unnormalized) QES eigenfunctions in terms of X; Laguerre polynomials are written as

Il —p2 1 ~at3/2 atd
Yn(e) = p*Hle™ /QWLHLA (o) [T (@i = 25 Py (). (41)
1 - i<j

Note that the solution of the angular part P, , (x) is only for a specific value of the degree of the polynomial,

i.e. for k = k. We can’t find the solution of the radial part for k #* k. Thus, the solution is not complete, we
have obtained a part of it and thus, in this sense, we called the solutions QES. Now, we have obtained another
potential given in Eq. (33b), which is isospectral to a radial oscillator potential but the wave functions are
completely different and are written in terms of X; Laguerre polynomials. Thus, we have achieved the rational
extension of Calogero like many particle system with a U(v/Np) given in Eq. (39).

We would like to point out that exactly same result can also be obtained using the other method, like PCT
method. Furthermore, using the PCT approach, one can obtain the most general rationally extended radial
oscillator potential

I(+1)  4p* L (—p?) 47 L2 (—p?) 407 L2 (—p?)

— 2 m—2 2 m—2 9 e )

Vlp) =p" 4 == = —mip o T2 A== — e, 4 (42)
g L (=p?) L (=p?) L (= p2)
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whose bound state solutions for the energy eigenvalues E,, = (4n + 20 +3) n=20,1,2,... and eigenfunctions
are written in terms of X,, exceptional Laguerre Polynomials as

(n —m)! ]1/2 2"t exp(—p?/2) 214-1/2 ()

43
I+1/2+n)C(+1/2+n—m) L2y (43)

Xn,m(p~) = [(

Where ﬁi;;ln/fm (p?) is X, exceptional orthogonal Laguerre polynomial, m = 0 corresponds to usual Laguerre
polynomials. Now, we note that m = 1 corresponds to the case we discus, in the context of Calogero Model as

the potential

1(0+1) 8 32,°

Vi = p? - 44
L T T Tl 1) (44)
calculated from Eq. (42) is the same as our V_(p) in Eq. (33b) when I = (a+ 1) and g1 = ﬁ apart from an

overall constant term. The solution obtained through the PCT approach in Eq. (43) for m =1 is exactly the
same as we obtained through the supersymmetric approach.

5. CONCLUSIONS

In this article, we have reviewed two of our old works [24, 25] on a rational extension of many particle systems.
In the first model [25], we have considered the TCS model with pairwise 2-body and 3-body interactions, and
using the well known PCT approach, we have extended the model rationally. The spectrum is isospectral to the
original TCS system and the wave functions are written in terms of X,,, Laguerre polynomials. This means that
we have a family of isospectral systems for m = 1,2, ... related to the TCS model with different potentials.
The eigen functions are different and are written in terms of EOPs. In the other model, we have considered the
QES Calogero like many particle system, and using SUSYQM techniques, obtained the general structure of
the QES potential for which we can find the QES solutions. The wave functions are written in terms of EOPs.
We have considered broken SUSYQM in our approach. We feel it would be of interest to investigate similar
many particle systems for which supersymmetry is unbroken.
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ABSTRACT. The paper advances Odake and Sasaki’s idea to re-write eigenfunctions of rationally
deformed Morse potentials in terms of Wronskians of Laguerre polynomials in the reciprocal argument.
It is shown that the constructed quasi-rational seed solutions of the Schrédinger equation with the Morse
potential are formed by generalized Bessel polynomials with degree-independent indexes. As a new
achievement we can point to the construction of the Darboux-Crum net of isospectral rational potentials
using Wronskians of generalized Bessel polynomials with no positive zeros. One can extend this
isospectral family of solvable rational potentials by including ‘juxtaposed’ pairs of Romanovski-Bessel
polynomials into the aforementioned polynomial Wronskians which results in deleting the corresponding
pairs of bound energy states.

KEYWORDS: Translationally form-invariant Sturm-Liouville equation, generalized Bessel polynomials,
Romanovski-Bessel polynomials, rational Darboux-Crum transformations, polynomial Wronskians.

1. INTRODUCTION

In recent publication [1] Alhaidari pointed to a new form of ‘quasi-rational’ [2] solutions (q-RSs) of the
Schrodinger equation with the Morse potential in terms of generalized Bessel polynomials [3-6], instead of using
the conventional ¢-RSs composed of weighted Laguerre polynomials [7-11]; though, to be more accurate, the
possibility to quantize the Morse potential by Romanovski-Bessel (R-Bessel) polynomials [12, 13] has been
already recognized by Quesne [14], with reference to Cotfas’ papers [15, 16] (see also [17]). It should be also
emphasized that Odake and Sasaki in their in-depth study [18, 19] on rational Darboux-Crum [20, 21] transforms
(RDCYs) of translationally shape-invariant (TSI) potentials did implicitly express eigenfunctions of the Morse
potential in terms of R-Bessel polynomials with degree-independent indexes as a substitute for commonly used
classical Laguerre polynomials [22]. (Though the Bochner-type differential equation for generalized Bessel
polynomials was also listed in Table 1 in [7] on the line linked to the Morse potential the authors used the
conventional representation for eigenfunctions [22] to construct rationally deformed Morse potentials.)

The remarkable feature of the new rational realization for the Morse oscillator is that the resultant rational
canonical Sturm-Liouville equation (RCSLE) can be converted by an energy-independent gauge transformation
to the Bochner-type eigenequation with a linear coefficient function of the first derivative independent of degrees
of sought-for polynomial solutions. Using terminology of our recent study [23] on translationally form-invariant
(TFT) CSLEs this implies that the given RCSLE belongs to TFI Group A and we should give full credit to
Odake and Sasaki[18, 19] who initially came up with this breakthrough idea to treat the Morse oscillator as
a rational TSI potential of Group A.

Keeping in mind that the TFI equation under consideration has only two basic solutions the net of its
RDCZs is uniquely specified by a single series of Maya diagrams [24] and therefore any rationally deformed
Morse potential can be re-expressed in terms the Wronskian of generalized Bessel polynomials with a common
degree-independent index, as it has been done in [19] though in slightly different terms. The novel representation
of seed eigenfunctions [19] is in a sharp contrast with their conventional representation in terms of classical
Laguerre polynomials with degree-dependent indexes [10, 11].

The main purpose of this work is to present new simplified expressions for eigenfunctions of the Schrodinger
equation with a rationally deformed Morse potential by re-writing them in terms of finite exceptional orthogonal
polynomial (EOP) sequences formed by Wronskian transforms of R-Bessel polynomials.
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2. TFI STURM-LIOUVILLE EQUATIONS

2.1. LIOUVILLE-DARBOUX TRANSFORMATIONS
Let ¢-[¢; Q] be a solution of the generic CSLE

2
{4 + 6@+ @l s =0 )
at an energy &,(Q), where the index 7 specifies the factorization function (FF) in question. In the problems
of our current interest I°[¢; Q)] is a rational function of ¢ termed ‘reference polynomial fraction’ (RefPF). We
prefer to keep this notation in the general case when I°[¢; Q] is an arbitrarily chosen real function of ¢ also
dependent on some parameters (). We will replace Q) by ;, b after restricting the analysis solely to TFI CSLEs.
In [23] we identified four families of RefPFs associated with rational TSI potentials termed ‘Jacobi’, ‘Laguerre’,
‘Routh’ and ‘Bessel’ (or _# Ref, ZRef, ZRef, and ZRef for briefness) so the corresponding g-RSs are composed
of polynomials (with degree-dependent indexes in general) from one of four conventional differential polynomial
systems (DPSs) [25, 26]. The density function p[£] plays a crucial role in our analysis because, as indicated by
Eq. (4) below, it determines the change of variable converting CSLE (1) to the Schrodinger equation [27, 28].

It was Rudjak and Zakhariev [29] who extended the intertwining technique [30] from the Schrédinger equation
to the CSLE. Here we however use a slightly different definition of the socalled [31, 32] ‘generalized’ Darboux
transformations introducing them via the requirement that the function

“0r[6; Q) o p 2 1E] /60 (€ Q) (2)
is a solution of the transformed CSLE at the same energy ¢,(Q), i.e.,
d2
{4+ 160 7+ @lel} “orle0) =0 0

Rudjak and Zakhariev’s reciprocal formula (2) thus plays a crucial role in our approach to the theory of TFI
CSLEs.

Since various authors give the term ‘generalized Darboux transformation’ completely different meanings it
seems preferable to refer to these operations as ‘Liouville-Darbouz’ transformations keeping in mind that they
can be performed in three sequential steps:

(1.) The Liouville transformation &(z):
g () = p ' 2E(x)] (4)
from the CSLE

d2 IO . (I) . . _
{dgﬁ [&Q]Jrep[ﬁ]} € Qsel =0 (5)

to the stationary 1D Schrodinger equation with the potential [27, 28]
VI[E(); Q) = —p~ E(@)I°[E(2); Q] — 1/2{€, } (6)

where {&, 2} stands for the ‘Schwarzian derivative’;

(2.) the Darboux deformation of Liouville potential (6) using the FF

Ur(2;Q) = p/E(2)]o-[€(2); Q)3 (7)

(3.) reverse Liouville transformation from the Schrodinger equation to the new CSLE

d2 Ore. . . —
{d§2+1 [s,Q|r1+ep[§]}<b[5,Q,e|r]o. (®)

Obviously any TFI theorem proven for Liouville-Darboux transformations of CSLE (5) can be directly
applied to the resultant Liouville potential thus linking the new technique to the conventional Darboux-Crum

theory of TSI potentials [11, 19, 33].
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2.2. TRANSLATIONAL FROM-INVARIANCE OF STURM-LIOUVILLE EQUATION

We call a CSLE ‘translationally form-invariant’ if it has two ‘basic’ solutions ¢ o[¢, a, b] and ¢_ o[¢, a, b]

2 N N N
{j?+ﬂmaﬁheiammma}mmammo (9)

related via the following reciprocal formulas:

bi0l€ @ % 1,8 = p~2[¢] g ol @, ). (10)
It has been proven [23] that
100 a,b | +,0) = 106 @ 4 1,8] + &2 (a, b)ple], (11)
where R N N
éaﬂ(a,b)ze;,o(a:&: l,b)—t’:‘i,o(a,b). (12)

The Liouville transformations of the CSLEs with zero-energy free terms I°[¢;@,b] and I°[¢;@,b | +,0] then
brings us to Gendenshtein’s conventional definition of a TSI potential [34]

N

VIE a,b| +,00=V[&a + 1,6 — & (a,b) (13)

or N
Vg a,b| -0/ =V[Ea — 1,6 — & 1(a,b) (14)

depending on which basic solution ¢ o[¢; 2, b] or ¢_ o[¢; 2, b] represents the lowest energy eigenfunction.

Note that the Russian word ‘dopma’ used by Gendenshtein [34] has two meanings ‘form’ and ‘shape’. The term
‘form invariant’ with reference to CSLEs was adopted by us from the English translation of Gendenshtein’s joint
paper with Kreve [35] while the commonly accepted term ‘shape-invariance’ is preserved for the corresponding
Liouville potentials. The shift of the translational parameters a by 1 thus retains the analytical form of the
TFI CSLE while preserving the ‘shape’ of its Liouville potential. It is true that the Liouville transformation of
the TFI CSLE results in a ’translationally shape-invariant (TSI) potential. However the Class of TFI SLEs is
defined via (10) with no reference to the associated Schrédinger equation.

2.3. EQUIVALENCE THEOREM FOR DARBOUX-CRUM TRANSFORMS OF A TFI CSLE wWITH TWO
BASIC SOLUTIONS

It has been proven [23] that any TFI CSLE has at least two infinite sets of solutions

Srmrl6a bl = p PIEWIE @ £ 1,0 | F,0; £, m]/dr0lé a £ 1,0], (15)
where R N N
Wigsa,b | & miF,m'] = W {amlés @, ox e a0} (16)
The cited ‘raising’ recurrence relations can be conveniently re-written as
Feml€a £ 130] = fo [ a,b], (17)
where N N N
femr1l€; a,b] = ¢x (& a,b]/dx0[E; a,b] (18)

and dot denotes the first derivative with respect to &.
The solutions ¢4 ., [€; a,b] also obey the “lovering” recurrence relations:

dxmlEs @, 6] = p~ PEJwlg a,b | £0,m]/ b o[ 0, 8] = (19)
= 70@:‘:,m—1(a\iTab)(b:t,m—l[f;a\iT;;] for m > ]-a

where

Erm(a,b) =erm(a,b)—exzo(a,b). (20)

Solutions from both infinite sets can be then used as seed functions for Darboux-Crum transformations (DCTS)
of the given TFI CSLE which results in an infinite net of solvable SLEs specified by a single series of Maya
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diagrams [24]. Following the arguments presented in [33] for rationally deformed TSI potentials we [23] proved
that any CSLE in this net can obtained using only seed solutions of the same type.
Let us parametrize a set of seed functions of the same type,

M(glﬁl/) = m17"'7m|§14)L|> (21)
by two partitions of an equal size L: - B B
AL =6150500 51 (22)
such that a
my =64 +k—1 for 1<k <4, (23)
m‘glﬂl—l"‘rl = m|g1ﬁ171| +85+1= ‘ 7&1_,[_1 I 4645, +1 for 1<i< L, (24)
MUE, ek = MYE 1 T k—1 for 1<I<L/1<k<4$, (25)

One can easily verify that the largest element in partition (21) coincides with the sum of the partition lengths
|f;1_>L | and |f¥1_>L |7 i.e., L B .
mg, =l A =S [+ s (26)

It has been proved in [23] that use of the conjugated set of seed solutions of opposite type,

7§LL—)l EﬁL—H;gL—H E&La&L—la s 7&1;éL7§L—17 B aélﬂ (27)

results in an equivalent CSLE so the corresponding Liouville potential V[¢; E\(‘S), b|F, M(AL;_1)] computed at
shifted values of the translational parameters,

2@ =7 161, (28)

where § is a nonzero integer, differs from the Liouville potential V[¢; E, b |4, M(AL_,1)] only by a zero-point
energy.

In [23] we have derived the following relation between the Wronskians of two equivalent sets of seed solutions
of the same type

wle; @b | +MEA L)

5 3 L (AL 1] —8)
p1/4‘61%L|(‘é1~>L|71)[£] lnl X_s, [f, a 1—1 1 7b]
AL ; 29
(Bl (29)
~ w(é; a b | = M(ALL)]
3 o L (AL el
p1/4‘5LL~>1|(|6LL41\—1)[£] ll:ll X5 [67 a 1—1—1 1 ’b]
where
IN|-1 ",
XFin|[€; a,b] = H dxo0l&a L] (30)
k=0

For any CSLE from Group A the derived relation turns into the equivalence relations between the Wronskians
of the corresponding seed polynomials discovered in the breakthrough paper by Odake and Sasaki [19]. We
illuminate these relations in more details in subsection 3.4 below using Wronskians of generalized Bessel
polynomials as an example.

If the given rational TSI potential has only a finite number of eigenfunctions then the set of seed functions
+,m or —,m which starts from these eigenfunctions (—,m in case of our current interest) also contains infinitely
many g-RSs vanishing at only one quantization end (virtual state wavefunctions in Odake and Sasaki’s terms
[18, 19]), with the Gendenshtein (Scarf IT) potential [34] as the sole exception (including its symmetric limit
represented by the sech-squared potential well). The DCTs using nodeless ¢-RSs of the selected type results
in a net of isospectral potentials. Therefore, except for the Gendenshtein potential, we don’t need to include
‘state-inserting’ solutions (’pseudo-virtual state wave functions’ in Odake and Sasaki’s terms) into the given set
of seed functions— a remarkable corollary of the ‘extended’ Krein-Adler theorem [11].

If the given partition &;_,; is composed of alternating even and odd integers staring from an even integer
6% then all the integers

& = Mg e~ Mg, L, — 1 >0 forany <L (31)
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must be also even which implies that the set of seed solutions i,M(EL_ﬂ) is composed of L segments of even
lengths [11, 19] or in other words is formed by ‘juxtaposed’ [36-38] pairs of seed solutions +,m’,+,m’ + 1.

Similarly if the set of seed solutions, #, M (A-);_,; is formed by ‘juxtaposed’ pairs of seed solutions =+, m, 4, m+1
then the conjugated set is formed by seed solutions F,m’ with only even gap lengths, again starting from an
even number. We refer the reader to subsection 3.4 below for a scrupulous analysis of this issue in connection
with juxtaposed pairs of eigenfunctions of the Schrédinger equation with the Morse potential in the ZRef
representation [19].

3. QUANTIZATION OF RATIONALLY DEFORMED MORSE POTENTIALS BY WRONSKIAN
TRANSFORMS OF R-BESSEL POLYNOMIALS

3.1. SCHRODINGER EQUATION WITH MORSE POTENTIAL IN BESSEL FORM
In this paper we focus solely on the TFI CSLE

d2
{dyQJrIO[y;a]Jrsoopo[y]} Dly;a;e] =0 (32)
with the RefPF ,
ly;a] = 2ay™> —y~* +1/4y~> (33)
and the density function
woPoly] = 00yl =y (34)
One can directly verify that CSLE (32) has a pair of ’basic’ solutions
wotx0(y;a) =y = e (y > 0) (35)
at the energies
ot o(a) = —(a+1/2)2 (36)

Examination of solutions (35) shows that they obey the following symmetry relations

o 0lysa + K =y b oly; ] (37)
for any integer k and
0004 .0(Y;)ocd—0(y; ) = y° (38)
whereas the function
Frolé @,b] = 650[€ @, b]/dx0(6; ab] (39)
takes form
wofroléral = yTHeeT. (40)

We thus proved that the pair of basic solutions in question satisfy the TFI condition [23]

wbrolysa+1] = wopsly)/ b x0(y: a). (41)
One can directly verify that
swofx0(ax1) = sexo(a) (42)
and thereby
0b41(a) = exo(at1) — ero(a) =0 (43)
so the symmetry condition [23]
Err(a£1) = —Eir (). (44)
trivially holds.
The gauge transformations
oo ®y;ase] = o[y aloo Fi[y; as€] (45)

convert CSLE (32) to a pair of Bochner-type eigenequations

d? d
{deyQ +arelial 4 o si,()(a)]} Filyiaie] = 0, (46)
with
T [ysa] = 2(1 £ a)y F 2. (47)
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We define generalized Bessel polynomials as

YD (y) = Y (y/B), (48)
where the polynomial Yn(a)(x) is given by (2) in [4] and thereby coincides with polynomial (9.13.1) in [6]
Vi (z) = yn(2;). (49)

Note that Chihara’s relation (4.3) in [5] is apparently based on Brafman’s definition [39] for the polynomial
yn(z; «, B) such that y,(x;a + 2,2) = y,(x; «). Adding the second index to the conventional notation [4, 5]
allows us to avoid uncertainties in the definition of the variable used to differentiate a polynomial in the reflected
argument, keeping in mind that

Y (—y) = V(7D (y). (50)

Eq. (37) for the Bessel DPS in [40] thus corresponds to the polynomials y omh) (y) in our terms. (We prefer to
preserve symbol ‘B’ for their orthogonal subset composed of R-Bessel polynomials [12, 13].) It is also worth
mentioning that Alhaidari [1] introduced a slightly modified notation for generalized Bessel polynomials:

Je(1/2y) = Y, (y) = (2n + 2a),(y/2)] F1(—n; —2a — n;2/y), (51)

with the Pochhammer symbol (a), standing for the falling factorial. And indeed it would be possibly more
convenient to use the parameter a as the polynomial index keeping in mind that the forward and backward shift
relations change the polynomial index by 1. However we prefer to stick to the more conventional notation.
The basic solution ¢4 o[y; a] is thus nothing but a constant solution of eigenequation (46) converted back
by gauge transformation (45). Similarly the reverse gauge transformation of each of the DPSs composed of

polynomials Y,ﬁf—“ 2‘1?2)(;1/) results in pairs of infinite sequences of ¢-RSs of CSLE (32):
m¢i,m[y§ a] = ooci,m(a)oo(b:t,O[y; a]YrSzi2a7:F2) (y) (52)

The multiplier ;Cy ,, will be chosen below in such a way that q-RSs (52) satisfy recurrence relations (15).
The crucial advantage of expressing q-RSs in terms of generalized Bessel polynomials, instead of Laguerre
polynomials [7-11], is that the weight function o,¢4 [y; a] in the right-hand side of (52) does not depend on the
polynomial degree — the direct consequence of the fact that the given TFI CSLE belongs to Group A [18, 19, 23],
in contrast with the conventional representation of eigenfunctions of the Schrédinger equation with the Morse
potential in terms of classical Laguerre polynomials [22].

According to the general theory of Bochner-type eigenequations [41] differential equation (46) has a polynomial
solution of degree m at

€ = soft,m(a) = stz 0(a) —m[2(L £ a) +m — 1], (53)
which, coupled with (36), gives
oft.m(a) = —(m+1/2+a)% (54)
This brings us to the simplified version of the raising ladder relations [23] for the energies of ¢-RSs (15):
0oft m+1(0) = cc€x m(a£1) (55)

with &41(a) =0 .
To be historically accurate, it is worth mentioning that Cotfas’ Eq. (10) in [16] with the leading coefficient
o(s) = s? does list Al-Salam’s [4] formula

Y (y) = nl (—y/2)" L7V (2/y) (56)
for the generalized Bessel polynomials in terms of Laguerre polynomials in the reciprocal argument 2/y (though
without mentioning the former polynomials by name). Actually Cotfas discusses only eigenfunctions of the

corresponding Sturm-Liouville problem so the cited formula specifies R-Bessel polynomials expressed in terms of
classical Laguerre polynomials in 2/y:

B (y) =Y A0 (y) = nl (—y/2)"LEA2M(2/y) for n < A, (57)

with Cotfas’ parameter o standing for 1 — 2A here. The remarkable feature of this finite subsequence of
generalized Bessel polynomials is that the polynomials in question are orthogonal on the positive semi-axis as
prescribed by orthonormality relations (9.13.2) in [6]:

o0 o0
/ soPolyloo®? olys A+ 1/2)BSY (y) B (y)dy = / y 247 1e 2B (y) B (y)dy =
0 - 0 -

n!lI'(2A+1—n)
2A—-2n—1

(58)

Onn-
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Making use of (39) we can represent backward shift relation (9.13.8) in [6] as

d

g5 Loefrol §a Y2 @)] = 2 frol6a+ 1,007 () (59)

so the functions
oof—i—,m [65 a] = ooc—,m (a)oofoo,0[€§ G]ngfh)(y) (60)

satisfy raising relation (17) provided we choose
0Cmi1(a) = 26,0 j(a—1) = 2mH (61)

keeping in mind that «C_ ¢(a) = 1.
Substituting (54) into (20) gives

00— m—1(a—1)=—m(m+1—2a) (62)
so recurrence relation (19) can be re-written as
27y V72D (y) = m(m + 1 = 20)oc—m-1ly; a — 1)/ s0é- 0lys dl. (63)

Combining (52), (61), and (37) with k£ = 1 brings us to ’forward shift operator’ (9.13.6) in (6)

Y22 (y) = 0.5m(m + 1 - 2a)Y, 222 (y), (64)

m—1

To formulate the Sturm-Liouville problem of our interest it is worthy to convert CSLE (32) to its ‘prime’ [42]
form at oo using the gauge transformation

o ¥ lysa;e] =y~ V2 @[y as €] (65)
and then to solve the resultant RSLE
Ly Ly by ey L W [prase] = 0 (66)
dy dy o0 b b

under the Dirichlet boundary conditions (DBCs):
lim oo ¥ [y; a5n] = lim oo ¥ [y;0560] = 0. (67)

The main advantage of converting CSLE (32) to its prime form with respect to the regular singular point at
infinity comes from our observation [42] that the characteristic exponents for this singular end have opposite
signs and therefore the corresponding principal Frobenius solution is unambiguously selected by the DBC. Prime
RSLE (66) can be also re-written in the form of the ‘algebraic’ [42] Schrédinger equation

{y;;yjy —y 2+ 2ay”t + E} oo ¥ [y;a;¢] = 0. (68)
(As discussed in the following subsections this is the common remarkable feature of RCSLEs with density
function (34) assuming that the singular point at infinity is regular.) Reformulating the given spectral problem
in such a way allows us to take advantage of powerful theorems proven in [43] for zeros of principal solutions of
SLEs solved under the DBCs at singular ends.

The eigenfunctions of RSLE (66) thus take form

s ¥ ia] =y 2t nly;a] = 2"y! 20 YBETYA (y) for m=0,...,N(a). (69)

One can then directly verify that each eigenfunction obeys the DBC at both singular ends. Since R-Bessel
polynomials (57) form an orthogonal sequence the eigenfunction o, Y [y; a] must have exactly n nodes and
therefore [43] the sequence of eigenfunctions (69) corresponds to [A] = N(a) + 1 lowest eigenvalues of RSLE
(66) with

N(a) =|a—1/2| = [A]. (70)

1

Note also that eigenfunctions (69) are orthogonal with the weight y~! and that any solution normalizable with

this weight must vanish at infinity.
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The presented argumentation does not exclude existence of eigenfunctions with the number of nodes larger
than N(a)— 1. To confirm that the problem in question is indeed ezxactly solvable one can simply take advantage
of the conventional analysis of the Schrodinger equation with the Morse potential [22] in the ZRef representation.

The reader can argue that the problem must be exactly solvable since the Morse potential is TSI. However
the author [44] has an issue with this assertion. Though the Gendenshtein’s claim [34] concerning the ezact
solvability of shape-invariant potentials is most likely correct it has been never accurately proven to our knowledge.
The catch is that Gendenshtein’s arguments decreasing the translational parameter a one by one bring us to the
Sturm-Liouville problem with | @ |< 1/2 and then we still need to prove that the resultant SLE has no discrete
energy spectrum.

The change of variable y(z) = e* converts ZRef CSLE (32) into the Schrédinger equation with the Morse
potential o V[y(z);a], where

wVlysal = =y 1°[y;a] +1/4 (71)

= 2ay ' +y 2 (72)

Comparing (72) with (1) in [10] shows that . V[y(z); A +1/2] = V4 1(x) in Quesne’s notation.

According to the general theorem presented in [43] for singular SLEs solved under the DBCs any principal
solution « ¥_ , [y; a] near the singular end point y = 0 has nodes at the positive semi-axis iff it lies above the
ground energy level. Examination of the inequality

cofom(a) < e o(a) (73)
thus shows that the g-RS o ¥_ , [y;a] with m # 0 preserves its sign on the positive semi-axis iff
m>2 —1=24 (74)

(cf.(12) in [10]). It will be proven in next subsection that one can use any combination of admissible g-RSs
o Y¥_ m [y;a] as seed functions to construct an ezactly solvable RDC.Z of the ZRef CSLE.
According to (9.13.1) in [6]

Y20t (y) = 277 (2m = 2a),, V20 (y) (75)
where, in following [5], we use hut to indicate that the polynomial in question is written in its monic form. It is
essential that the multiplier

m

m—1
(2m — 2a), H 2m — 2a — 1) H (m—2a+1) (76)
1=0 =1

necessarily differs from 0 if either 2m — 2a < —1 (R-Bessel polynomials) or m = m > 2a — 1 (generalized Bessel
polynomials with no positive zeros) so the polynomial degree is equal to m in both cases of our primary interest.

3.2. RDC.Js OF PRINCIPAL SOLUTIONS NEAR SINGULAR END POINTS

Using an arbitrary set M, = my, ..., m, of seed functions ¢+ m, [y; a] of the same type (0 < my, < my1 for k =
1,...,p—1) we can represent the corresponding RDC.Z of #Ref CSLE (32) as

{dd22+ o Ily;a | £:M,) + ey~ 2}OofI>[y;a;5:|:EMp]:0, (77)
where
Py | ) = Pl + >y Ul | £77,) (78)
with
soWly;a | £IM1] = ot m, [y al, (79)
wly;a | £:My) = W {achsm, [0l - ot m, y;al}  for  p>1, (80)

and the symbolic expression ld standing for the logarithmic derivative. When deriving (78) we also took into
account that the so-called [42] ‘universal correction’

AT{ply)} = om/mmi}@%

(81)
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in Schulze-Halberg’s [45] generic formula for zero-energy free term of the transformed CSLE vanishes in the case
of our current interest: p(y) = y‘2.

The common remarkable feature of Wronskians (80) for TFI CSLEs from group A (originally noticed by
Odake and Sasaki [19] in their scrupulous study on RDC.Zs of the corresponding TSI potentials) is that each

can be represented as the weighted polynomial Wronskian

sowlysa | £:My] = ol oly; alocWongy [y5a | £:M,), (82)
where the Wronskian
Mgy [0 | £, = W {VEeF (), yEes) ()] (83)
is a polynomial of degree o
Mgz, = M [ =0.5p(p — 1) (84)

(see (61) in [19]). When it seems appropriate we will drop the index specifying the degree of polynomial
Wronskians in question. Substituting (82) into (78), coupled with (33) and (35), one finds

— 2 .d R
oIl ysa | £M,)) =2(atp)y® -yt +1/4y72 + ydy ( y 1doWly; a | :t:Mp]> . (85)

Each RCSLE under consideration can be alternatively obtained via sequential RDTs with the FFs

— _ owly;al izﬁp]
oocI):I:,mP [y; a | :EIM?,ﬂ = yp ! .7 N (p = ]-7 s 7p) (86)
wewly;a | £, 1]

so RefPFs (85) can be determined via the following sequence of recurrence relations
0 v 0 — 2d —
ol ysa | M, = oI y;a | £:Mp_q] + vy Y ldoo®s m, [y;a | £:Mp_1] (87)

(a natural extension of the renown Crum formulas [21] to the CSLEs).
For an arbitrary choice of the partition M, RefPF (85) generally has poles on the positive semi-axis and

—t
therefore RCSLE (77) cannot be quantized analytically. So let us choose a set M, = mli, ceey m;t of seed
solutions of the sane type, oot m,[y;a] (0 < my = mki <Mpyq = mfﬂ for k=1,...,p—1), in such a way
—t
that the seed function oo¢+ m, [y;a] and all Wronskians w[y;a | £:M] for p = 2,...,p preserve their sign on

the positive semi-axis. In particular Odake and Sasaki [19] and nearly the same time Gomez-Ullate et al [11]
constructed the subnet of rationally deformed Morse potentials

Vigal +M)] = Viysa] + 9 {OOIO[y;a} — o I°ly;a | +M]] } (88)

using seed solutions infinite at both quantization ends. In next subsection we will introduce another subnet of
rationally deformed Morse potentials

Viyia| —=M,] = Viyal +y° {oolo[y;a] — oIy | =M, } (89)

constructed by means of FFs vanishing at the origin. The subnet starts from the potential - V[y;a | —Em] with
a positive integer m > 2a — 1 — potential function (16) in [10] with A =a —1/2,B = 1.

Substituting (82) into (86) and also making use of (37) with k = p, shows that RCSLE (77) has an infinite
set of g-RSs

o Wly; a | £:M,,m]

wo®i mlysa | £:Mp] = b oly;a £ pl (90)

o Wly; a | £:M,)]
Apparently ¢-RS (90) with the label ‘—’ represents the principal solution approaching 0 as y‘s—(ﬁp)e_l/ Y in the

limit y — 40. On other hand g-RS (90) labelled by ‘+’ infinitely grows as y5+(ﬁp)el/y in this limit. In both
cases

ldoo @t mly;a | £:M,)) ~ Fy 2 (91)
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and consequently
Id *®4 lysa | £:M,) =1dy —ldee®s mly;a | £:M,) ~ +y~2 (92)
for 0 < y << 1, where we dropped subscript co in the notation of the FF for the reverse RDT:

Oy plysa | My =y/eo®rmlysa | £:1M,) . (93)

Note that the last summand in sum (85) has a simple pole at y = 0 so an arbitrary principal solution of RCSLE
(77) near its irregular singular point at y = 0 can be approximated as

o ®oly;ase | £:M,] o yAe@Mp)e=1/y  for g << 1, (94)

where A (a; Mp) stands for a finite power exponent which particular value is non-essential for our discussion.
Examination of the quasi-rational function

L yw {ooq>i,mp+l[y;a | £07,] oy asc | i%Mp]}
o Poly;ase | £:M 1] = =

oo(I):I:,mp+1 [y7 a | iﬂp}

Y ool aie | £My] =y ldoc®im, [y ;| M) wo®oly; a; | £:0,]

representing the RD.Z of the principal solution of RCSLE (77) near its irregular singular point at y = 0 confirms
that it is a principal solution of the transformed RCSLE near the singular point in question. Vice versa the
quasi-rational function

yw {*cbi,mp ysa | £170,] L oBolysase | iSMpH]}

= 96
*®i77ﬂp+1 [y; a | :I::MP] ( )

Y oPoly;aie | £Mpp] —y 1d* @y, Y50 | £ Mpi1] o®oly; ase | £:M 1]

representing the reverse RD.7 of the principal solution (95) is the principal solution of RCSLE (77) near its
irregular singular point at y = 0.

To study a behavior of Frobenius solutions near a regular singular point of RCSLE (77) at infinity it is
convenient to convert this equation to its ‘prime’ form [42] using the gauge transformation

oo ¥ [y;a;e +: M) = y Y2 Dy ase | M) (97)
which gives

d d L, .d — » o
—y— — 2(a=+1 2—(y ldso sa | M o saje | £:Mp|] = 9
{dyydy Yy +2@E)y "+ dy(y Wly;a | pl ) tey } ¥ [y;a;¢ | pl =0  (98)

As explained above the main advantage of this representation comes from the fact that the characteristic
exponents of two Frobenius solutions of RSLE (98) near this singular end have opposite signs, with the principal
Frobenius solution decaying as y~V~¢ when y — co. Again RSLE (98) is nothing but the ‘algebraic’ [42] form of
the Schrédinger equation with the rationally deformed Morse potentials (88) or (89) accordingly — the common
feature of RCSLEs with density function (34) as far as the given SLE has a regular singular point at infinity.
Apparently

oo ¥ [y;a;e | :I:EMPH] = y_l/QOO@[y;a;s | i;ﬂp+1] =

YW {oo ¥ [yiaicam,,(a) | =00, oo B [yiaie | iiMp]} (99)

~ ¥ [ﬁU?a;Ei,mpH(G) | izﬁp]

Here we are only interested in cases when the FF appearing in the denominator of PF (99) is the non-principal
Frobenius solution of RSLE (98) near the singular point at infinity so

oo ¥ [y;a;5¢e | ifﬁp_ﬂ] ~ —[V—e+ —Ei)mp+1(a)]y_\/js for y>>1 (100)
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if o W [y;a;¢ | :I:fﬂp} is an arbitrary principal Frobenius solution of this RSLE near the singular end in question.
We thus proved that the RD.7 of any principal Frobenius solution for each of the singular end points is itself
the principal Frobenius solution of the transformed RSLE near the singular point in question.

Suppose that RSLE (98) with M, replaced for M;t 1 has an additional eigenfunction o ¥ [y;a;e*(a) |

:I:fﬁzil] at the energy ¢*(a) < 0. Applying the reverse RDT with the FF

—t B —
yl/Q/OO(I)[y; A5 €+ mpyqq (a’) | :t:Mp] = o0 Sﬂ ! [y; A5 €4 myqq (a’) | :t:Mp] (101)

to the new eigenfunction we would come to the solution which obeys the DBC at infinity:

w {oo B [grascsm. (@) | SV B [yiaie*(a) | iEM;'ll]}

_ v ES
0o % ! [y;a;gzl:,mp+1 (a’) | :l::Mp] (102)

~ [V =ermys (@) =/~ @)y V= @ for g s>

assuming that €*(a) # €+ ,m,, (a). On other hand, the quasi-rational function on the left is related to principal
solution (96) via gauge transformation (97) with ¢ = £*(a) and therefore the solution in question would obey
both DBCs which contradicts the assumption that e*(a) is a new eigenvalue. The only exception corresponds to
the case €*(a) = €+ m,,, (@), when the RDT with FF (100) insert the new bound energy state below the ground
energy level of rationally deformed Morse potential (88) or (89) accordingly.

3.3. [SOSPECTRAL FAMILY OF RATIONALLY DEFORMED MORSE POTENTIALS WITH A REGULAR
SPECTRUM

Let us prove that any set M; of seed solutions ¢_ m,[y;a] (0 < my < my < myy; < p) is admissible if the

generalized Bessel polynomial Yn(,;m) (y) does not have positive zeros so each seed function @— m, [y; a] preserves
its sign on the positive semi-axis. According to (73), this is possible if m > 2a — 1 for any m € ﬁ;. In other
words we have to prove that polynomial Wronskian (83) does not have positive zeros if this is true for each
polynomial Yn(,;?a)(y). This assertion is obviously trivial for p = 1. It also directly follows from the arguments
presented in previous subsection that the RDT of ZRef CSLE (32) with the FF ¢_ . [y; a] preserves the discrete

energy spectrum so the prime RSLE

d d . .
—y=— + Yoo lysa | =] + (e +1/2)y 7" b oo ¥ [y;05¢ [ —imy] =0 (103)
dy” dy

solved under the DBCs

lim o ¥ [y;a;6,(a) | —my] = li_>m 0o ¥ [y;a;6,(a) | —my] =0 (104)

y—0

has exactly N(a) eigenfunctions

1/2

s ¥ yiasen(a) | —my] = ¥, [yia| —m] =y 2@ ,lyia| —my] (105)

at the energies e_ ,,(a) with n varying from 0 to N(a) — 1. Making use of (90) with p =1 and m = n, they

can be also re-written in the quasi-rational form

= W(y; a | _Eml’n]
Yo, 2 (y)

¥ lyal—mi] =¥ lya—1] (106)

Keeping in mind that the PF in the right-hand side of the latter expression is proportional to 4”1 for y >> 1
one can immediately confirm that eigenfunctions (105) vanish in the limit y — oo for any n < a — 1/2.
Let us now use the mathematical induction to prove that the polynomial -23[y;a | —EM;H] does not have

positive zeros if this assertion holds for the polynomial -20[y; a | —fﬁ;]. Again it is suitable to convert RCSLE
(77) to its prime form

dy dy ‘ .

{d d +yoo10[y;a|—SMp1+<e+1/2>y-1}oo ¥ lyraze | M) =0 (107)
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solved under the DBCs

lim o ¥ [y; a;en(a) | —ﬁ;] = lim o ¥ [y;a;en(a) | —M;] =0. (108)

y—0 < Y—>00

Making use of (90) with p = p we can again re-write the eigenfunctions

o ¥ ia| =M= ¥ [y;aie0(a) | =M, ] =y /200 [y;a | — M, ] (109)

in the quasi-rational form

Wly;a | _:M;Jrl]

o ¥ lyial =M, ] = ¥_g [y;a—p] (110)

i oow[ya a | _mg]
Examination of g-RS (110) reveals that it vanishes at the origin and therefore represents a principal solution of
prime SLE (103) near its irregular singular point. Since this solution lies below the lowest eigenvalue it must be

nodeless [43] and therefore no Wronskian ~20[y; a | —fﬁ;] has positive zeros.
All the g-RSs

oow[?ﬁa | _Mgvn] (111)

¥ lyia| =M= ¥ [yia—p

vanish at infinity for n < N(a) = | A] since the power exponent of the PF in the right-hand side of (111) is
equal to n — p in the limit y — oco. This confirms that the Direchlet problem for SLE (103) has exactly N(a)
eigenfunctions defined via (111) with n < N(a). Since these eigenfunctions must be orthogonal [43] with the

weight y~! the polynomial Wronskians ..20[y; a | —M n] with n varying from 0 to N(a) — 1 are orthogonal

P>
with the positive weight

oo ¥ o lysa - p]

Wlysa | =M, ] = — . (112)
Y ooW[y;a | —M,]
If the Morse potential has at least 2 energy levels the sequence starts from a polynomial of degree
M, |05 p(p+1) > 2p. (113)
keeping in mind
M, [> (2a — 1)p+0.5p(p+ 1) > 2p+ 0.5p(p + 1) (114)

in this case. The finite EOP sequence in question thus starts from a polynomial of at least second degree and
therefore [46] does not obey the Bochner theorem [47].
Re-writing (85) with M, = M, as

— 2 d —
Il <M,] = a3l + 2 (ol | -8, ) (115

we can then explicitly express corresponding Liouville potential (89) in terms of the admissible Wronskian

= Wy; a | —fﬁg] as follows

— d —
<Vigal =Myl =oViyia—pl =2y (y ldooWy; a | —iM;]) (116)

As mentioned in previous subsection this net of isospectral rational potentials starts from potential function (16)
in [10] with A =a —1/2, B =1, after the latter is expressed in terms of the variable y = e”.
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3.4. SUBNET OF RATIONALLY DEFORMED MORSE POTENTIALS QUANTIZED VIA WRONSKIANS OF
R-BESSEL POLYNOMIALS

Another family of solvable RDCZs of CSLE (32) can be constructed using juxtaposed pairs of eigenfunctions
0@ ni[U; @)y c0b—np+1ly;a] (0 < np < ngy1 —1 < N(a) for k = 1,...,J). The simplest double-step
representative of this finite family of rationally deformed Morse potentials with n; =1, J = 2 was constructed
by Bagrov and Samsonov [38, 48] in the late nineties based on the conventional .ZRef representation of the
Schréodinger equation with the Morse potential. The extensions of their works to an arbitrary number of
juxtaposed pairs of eigenfunctions in both ZRef and ZRef representations were performed more recently in
[11] and [19] accordingly.

For any TFI RCSLE from Group A one can by-pass an analysis of the pre-requisites for the Krein-Adler
theorem [49, 50] by taking advantage of the fact that the Wronskians of eigenfunctions are composed of weighted
orthogonal polynomials with the common degree-independent weight and therefore the numbers of their positive
zeros are controlled by the general Conjectures proven in [51] for Wronskians of positive definite orthogonal
polynomials. In particular we conclude that any Wronskian formed by juxtaposed pairs of R-Bessel polynomials
of non-zero degrees may not have positive zeros.

Let Ny be a set of R-Bessel polynomials of degrees

N2J = M(gLal) =

. . (117)
ny:ng 4251 — 1,ngj 41t noj41 + 252 — 1,00 nag o5, 41 nag(n1 > 0,m2;5 < N)
with even
=2, (1=1,...,L). (118)
Examination of the ¢-RS functions
oo sz,f,n [y;a | _EN2J} = y71/200©7,n[y;a ‘ _NQJ] =
N 119)
oomy;a —:N J, N N (
et a2 e = Nen ] o o, )
oogn[y;a | _:N2J]
shows that they all represent principal solutions near the irregular singular point of the prime RSLE
d d 0 — . —
apVay Tl [yia| —Nos]+ (e +1/2)y" oo ¥ [ysaie [ —:N2y] =0 (120)
assuming again that the latter equation is solved under DBCs
lim o ¥ [y;a;6, | —Noy] = lim o ¥ [y;a;6, | —Noy] = 0. (121)
y—0 Yy—00

Note that the PF in the right-hand side of (119) is proportional to y" =27 for y >> 1 so each solution with
n ¢ Noy < N(a) represents an eigenfunction of RSLE (120).
Again these eigenfunctions must be orthogonal with the weight y~! and therefore N(a) — 2J Wronskians

= Wly:a | —Nay,n] with n ¢ Nyy < N(a) form a polynomial set orthogonal with the positive weight
w0 ¥20 [y a — 2]

Yoo202[y;a | —Nay]

oWly;a | —ENQJ] = (122)

If sequence (117) starts from 1y = 1 then the finite EOP sequence in question lacks the first-degree polynomial.
Otherwise it always starts from a polynomial of non-zero degree

|Noy | —J(2J +1) > (ny — 1)(84 — 1) > 1. (123)

In both cases the pre-requisites of the Bochner theorem are invalid as expected [46].
The Liouville potentials in question can be thus expressed in terms of the admissible Wronskians -20[y; a |

—:Ny;] as follows

o d .f
Vysa| —Nos] = Vy;a —2J] — 2y@(y ldeoWly;a | —:Nas]). (124)

We refer the reader to Conjectures in [51] to verify that the number of zeros of each Wronskian in the constructed
orthogonal polynomial set changes exactly by 1 even if a jump in the polynomial degree is larger than 1. However
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even if we take advantage of these elegant results we still need to prove that there are no additional eigenfunctions
with a number of nodes larger than N(a) — 2J — 1. In contrast with the analysis presented in the previous
section, this proof is complicated by the fact that the RDT at each odd step results in a non-solvable RSLE
with singularities on the positive semi-axis. Luckily we deal with the TFI CSLE so its RDC.Z using juxtaposed
pairs of eigenfunctions can be alternatively obtained via sequential RDTs with seed solutions from the second
sequence +,m [11, 19]. Namely, as already mentioned in the end of section 2 the conjugated partition

7+ [ —
M5, = M(BEiy) (125)

is formed by alternating even and odd integers starting from an even integer ¢-;. The reverse is also true: if the
partition

M, =M("8: 1, "% 1,) (126)

is composed of alternating even and odd integers starting from an even integer 6-; then each segment of the
conjugated partition
_ o _
PNy, = M("6 1,-1;761,-1) (127)

must have an even length, with the largest element

+ —| PA 1 = _ PN
mlpglaLP‘ _| Al*)Lp ‘ 1 - mlpéLpall e N2Jp7 (128)

where PA 1 =761 ;P81
Making use of (37) one can verify that quasi-rational functions (30) can be decomposed as

soXgn(y;a] =y PNV =UFN [ 6N (ly;al)] (129)

and therefore the denominators of the fractions in equivalence relations (29) take form

L _ _
LAY H o X s, [y; aE=11-9)] = yzLoofﬁleol [y: d] (130)
=1
_ L _ _
_ 7 o 7 st 5L A
y~ /2l =1) H o Xty [ a{B-11=%9] = yZLOO¢|_7é‘[y; allB1-2D) (131)
=1

accordingly, where |7§1_>L |=| Al | and

L L L -1
=) SEi+ D 6= s+ &) (132)
=1 =1 =1

I=l+1

We thus come to the following equivalence theorem for the Wronskians of generalized Bessel polynomials

o Wysa | +MEA1L)] = ooW[y; aB1=2D | (AL ). (133)

Note that decomposition (129) holds for any TFI CSLE of Group A provided that we replace y? for the leading
coefficient ;o[y] of the corresponding counter-parts of differential eigenequations (46). This brings us to the
equivalence relations for polynomial Wronskians discovered by Odake and Sasaki [19] in their pioneering analysis
of TSI potentials from Group A.

If a > 1/2 then, according to (128), the largest element of the partition pﬁng is smaller than a+
| ngLP | —1/2 and therefore the Wronskian in the right-hand side of (133) with Al 1 replaced for ngpﬁl
is formed by juxtaposed pairs of R-Bessel polynomials. This confirms that none of the polynomial Wronskians

~Wy;a | +EM;_ ] has zeros on the positive semi-axis and therefore each partition M: specifies an admissible

sequence of seed solutions ¢y m,[y;al (my € M; for k = 1,...,p). Based on the arguments presented
in subsection 3.2 we thus assert that the RDTs in question may insert only one bound energy level at the
energy oof4,m,,, (@) which by definition lies below the ground energy level o4 m,(a) of the Liouville potential

o Via | ﬁ: ]. On other hand all the existent energy levels remain unchanged.
As the simplest example we can cite the partition

1,2,...,20 = M(2J,1) = M (1,2]) for 2J < |A] (134)
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As a direct consequence of the equivalence theorem we find that

Y2a=2IL= 0y o ilya | —1:2J) (20 < [A]), (135)

where the Wronskian on the right is formed by 2.J sequential R-Bessel polynomials of non-zero degrees smaller
than A and therefore may not have positive zeros for a > —1/2 [51]. As initially proven in [7] and then illuminated
in more details in [8] using the so-called ‘Kienast-Lawton-Hahn’s theorem’ [52-54] the latter assertion holds for
any positive J despite the fact that the seed functions o ¥ _ ,, [y; a/+1)] have nodes on the positive semi-axis
for

a®’*) 4172 <m < 24. (136)
Indeed, representing (56) as
Y30 (y) = V.0 (—y/2) = ml (—y/2) "L 272D (<2 /y) (137)

shows that the absolute value of the negative m-dependent Laguerre index
am=—2a—2m—-1<0 (138)

is larger than the polynomial degree and therefore the polynomial in question may not have zeros at negative
values of its argument.

3.5. ISOSPECTRAL RATIONAL EXTENSIONS OF KREIN-ADLER SUSY PARTNERS OF MORSE
POTENTIAL

Since any RDCT of the Morse potentials using pairs of juxtaposed eigenfunctionsﬁg s _keeps unchanged
the ground-energy level a set of seed functions ¢+ m[y;a] is admissible iff all m € Noy, M, where M, is
an admissible set of seed polynomials specified in subsection 3.3. We can then use the same arguments as

in subsection 3.3 to prove that any Liouville potential

d —
<y ldocW[y; a | —Nay, M;]) (139)

o Vy;a| —EN2J7M;] = V[y;a—2J —p| — 2yd—y

has exactly the same discrete energy spectrum as rationally deformed Morse potential (124) constructed by
means of juxtaposed pairs of R-Bessel polynomials of non-zero degrees. Its eigenfunctions expressed in terms of
the variable y = e® can be represented as

oom[yv a | _ENZJa n,ﬁ;]

o ¥ [ia| —Noy, M=o ¥ [y50 —2J — p] forn ¢ Ny < N(a)  (140)

OOQB[% a | _;NQJ, M;]

keeping in mind that the corresponding prime RSLE is nothing but the Schrédinger equation re-written in its
algebraic form.

4. CONCLUSIONS

The presented analysis illuminates the non-conventional approach [19] to the family of rationally deformed
Morse potentials using seed solutions expressed in terms of Wronskians of generalized Bessel polynomials in the
variable y = e*. As a new achievement compared with Odake and Saski’s [19] study on RDCJs of the Morse
potential (see also [11] where a similar analysis was performed within the conventional . ZRef framework) we
constructed a new RDC net of isospectral potentials by expressing them in terms of the logarithmic derivative
of Wronskians of generalized Bessel polynomials with no positive zeros. The constructed isospectral family
of rationally deformed Morse potentials represents a natural extension of the isospectral RD.Z s of the Morse
potential discovered by Quesne [10]. An important element of our analysis often overlooked in the literature
is the proof that the sequential RDTs in question do not insert new bound energy states. The widespread
argumentation in support of this (usually taken-for-granted) presumption is based on the speculation that the
theorems of the regular Sturm-Liouville theory [55] are automatically applied to singular SLEs. We can refer
the reader to the scrupolous analysis performed in [43] for SLEs solved under the DBCs as an illustration
that this is by no means a trivial issue. To be able to prove the aforementioned assertion we converted the
given RCSLE to its prime form such that the characteristic exponents of Frobenius solutions for the regular
singular point at co have opposite signs and therefore the principal Frobenius solution near this singular end
is unambiguously selected by the corresponding DBC. (In the particular case under consideration the prime
RSLE accidently coincides with the Schrodinger equation re-written in the ‘algebraic’ [42] form but this is
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not true in general.) Re-formulating the given spectral problem in such a very specific way allowed us to take
advantage of powerful theorems proven in [43] for zeros of principal solutions of SLEs solved under the DBCs at
singular ends. We [42] also used this simplified version of the conventional spectral theory to prove that any
RD.Z of a principal (non-principal) Frobenius solution near the regular singular point at oo is itself a principal
(non-principal) Frobenius solution of the transformed RSLE. This assertion plays a crucial role in our proof of
the exact solvability of the constructed DC net of isospectral rational potentials. It is commonly presumed that
the Krein-Adler theorem [49, 50] is applied to an arbitrary potential regardless its behavior near the singular
end points. In [42] we examined this presumption more carefully for the Dirichlet problems of our interest again
taking advantage of the theorems proven in [43] for zeros of juxtaposed eigenfunctions. However one can by-pass
this analysis for any TFI RSLE from Group A keeping in mind that the Wronskians in questions are formed by
orthogonal polynomials with degree-independent indexes and therefore the numbers of their positive zeros are
controlled by the general Conjectures proven in [51]. In particular this implies that any Wronskian formed by
juxtaposed pairs of R-Bessel polynomials of non-zero degrees may not have positive zeros.
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ABSTRACT. We extensively motivate the studies of higher-derivative gravities, and in particular we
emphasize which new quantum features theories with six derivatives in their definitions possess. Next,
we discuss the mathematical structure of the exact on the full quantum level beta functions obtained
previously for three couplings in front of generally covariant terms with four derivatives (Weyl tensor
squared, Ricci scalar squared and the Gauss-Bonnet scalar) in minimal six-derivative quantum gravity
in d = 4 spacetime dimensions. The fundamental role here is played by the ratio x of the coupling
in front of the term with Weyl tensors to the coupling in front of the term with Ricci scalars in the
original action. We draw a relation between the polynomial dependence on x and the absence/presence
of enhanced conformal symmetry and renormalizability in the models where formally x — +o00 in the
case of four- and six-derivative theories respectively.

KEYWORDS: Quantum Gravity, higher derivatives, beta functions, UV-finiteness, conformal symmetry.

1. INTRODUCTION AND MOTIVATION

Six-derivative Quantum Gravity (QG) is a model of
quantum dynamics of relativistic gravitational field
with higher derivatives. It is a special case of gen-
eral higher-derivative (HD) models which are very
particular modifications of Einsteinian gravitational
theory. The last one is based on the theory with up
to two derivatives (an addition of the cosmological
constant term brings terms with no derivatives on the
metric field at all) and it is simply based on the action
composed of the Ricci curvature scalar R understood
as the function of the spacetime metric. In this setup,
we consider that gravitational field is completely de-
scribed by the symmetric tensor field g,,, being the
metric tensor of the pseudo-Riemannian smooth differ-
ential manifold of a physical spacetime. In Einstein’s
theory the scalar R contains precisely two ordinary
(partial) derivatives of the metric. The action obtained
by integrating over the spacetime volume the densi-
tized Lagrangian \/HR we call as Einstein-Hilbert
action. The QG models based on it were originally
studied in [1-3]. Below we consider modifications of
two-derivative gravitational theory, where the number
of derivatives on the metric is higher than just two.
It must be remarked, however, that the kinematical
framework of general relativity (GR) (like metric struc-
ture of the spacetime manifold, the form of Christoffel
coefficients, the motion of probe particles, or geodesic
and fluid dynamics equations) remains intact for these
modifications. Therefore these higher-derivative (HD)
models of gravitational field are still consistent with
the physical basis of GR, the only difference is that
their dynamics — the dynamics of the gravitational
field — is described by classical equations of motion
with higher-derivative character. Thence these modi-
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fications of standard Einsteinian gravitational theory
are still in the set of generally relativistic models of
the dynamics of the gravitational field. They could
be considered both on the classical and quantum lev-
els with the benefits of getting new and deeper in-
sights in the theory of relativistic gravitational field.
Our framework on the classical level can be summa-
rized by saying that we work within the set of metric
theories of gravity, where the metric and only the
metric tensor characterizes fully the configurations of
the gravitational fields which are here represented by
pseudo-Riemannian differential manifolds of relativis-
tic four-dimensional continuous spacetimes. Therefore,
in this work we neglect other classical modifications
of GR, like by adding torsion, non-metricity, other
geometric elements or other scalars, vectors or ten-
sor fields. This choice of the dynamical variables for
the relativistic gravitational field bears impact both
on the classical dynamics as well as on the quantum
theory.

Theories with higher derivatives come naturally
both with advantages and with some theoretical prob-
lems. This happens already on the classical level when
they supposed to describe the modified dynamics of
the gravitational field (metric field g, () living on
the spacetime manifold). These successes and prob-
lems get amplified even more on the quantum level.
The pros for HD theories give strong motivations
why to consider seriously these modifications of Ein-
stein’s gravitation. We will briefly discuss various
possibilities of how to resolve the problems of higher-
derivative field dynamics in one of the last sections
of this contribution, while here we will consider more
the motivations.
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On the classical level, the set of HD gravitational
theories can be viewed as one of the many possible
modifications of two-derivative gravitational theory.
It is true that now observations, mainly in cosmology
and on the intergalactic scales, point to some possible
failures of Einsteinian theory of gravity or to our lack
in understanding the proper nature of the sources
of gravity in these respective situations. There are
various views possible on this situation and its expla-
nations by gravitational theories. In the first view,
researchers say that Einstein-Hilbert theory is still
fine, but we need to add locally new exotic (meaning
coming with some non-standard properties) matter
source. Since we do not know what these sources for
energy-momentum tensor (EMT) of matter are built
out of (for example — from which quantum fields of
particle physics as understood nowadays), we call the
missing sources as dark energy and dark matter respec-
tively. Contrary to this approach, in the other, the
gravitational source is standard, that is we describe
what we really see in the galaxies and in the universe,
without any “dark” components, but the gravitational
theory should be modified. In this second path, the
internal dynamics of the gravitational field is changed
and that is why it reacts differently to the same classi-
cal visible EMT source of standard matter. One of the
promising options is to add higher derivatives of the
metric on the classical level, but in such a way to still
preserve the local Lorentz symmetry of the dynamics
that is to be safe with respect to the general covari-
ance. Hence all HD terms in the action of the theory
must come from generally densitized scalars which are
HD analogs of the Ricci scalar. They can be in full
generality built as contractions of the metric tensors
(both covariant g,, and contravariant ¢g""), Riemann
curvature tensor R,,,,, and also of covariant deriva-
tives V,, acting on these Riemann tensors'. Initially
this may look as presumably unnecessary complica-
tion since classical equations of motion (EOM) with
higher derivatives of the gravitational field are even
more complicated than already a coupled system of
non-linear partial differential equations for the com-
ponents of the metric tensor field in Einstein’s gravity.
However, on the cosmological and galactic scales some
gravitational models with higher derivatives give suc-
cesses in explaining: the problem of dark matter halos,
flat galactic rotation curves, cosmological dark energy
(late-time exponential expansion of the universe) and
also primordial inflation without a necessity of having
the actual inflaton field. These are amongst all of
observational pieces of evidence that can be taken for
HD models.

Since our work is theoretical we provide below some
conceptual and consistency arguments for HD gravi-
ties. First, still on the classical level, within the class
of higher-derivative gravitational theories, there are
models that are the first, which besides relativistic

1We do not need to consider covariant derivatives on the
metric tensor because of the metricity condition, Vg, = 0.

symmetries, enjoy also invariance under conformal
symmetry understood in the GR framework. Prop-
erly this is called as Weyl symmetry of the rescaling
of the covariant metric tensor, according to the law:
G — Q%g,, with Q = Q(z) being an arbitrary scalar
parameter of these transformations. To understand
better this fact, one may first recall that the metric
tensor g, is taken here as a dimensionless quantity
and all energy dimensions are brought only by partial
derivatives acting on it. Next, the prerequisite for full
conformal symmetry is scale-invariance of the classical
action, so the absence of any dimensionful parameter
in the definition of the theory. From these facts, one
derives that in four spacetime dimensions (d = 4) the
gravitational conformal models must possess terms
with precisely four derivatives acting on the metric.
In general, in d dimensions, for conformal gravita-
tional theory the classical action must be precisely
with d derivatives on the metric. (One sees due to the
requirement of general covariance that this considera-
tion of conformal gravitational theories makes sense
only in even dimensions d of spacetime.) Another in-
teresting observation, is that the gravitational theory
with Einstein-Hilbert action is classically conformally
invariant only in two-dimensional framework. For 4-
dimensional scale-invariant gravitational theory one
must use a combination of the squares of the Riemann
tensors and various contractions thereof. (The term
UR is trivially a total derivative term, so cannot be
used.) Therefore for d-dimensional conformal gravi-
tational theories (d > 2) we inevitably must consider
HD metric theories. The conformally invariant gravi-
tational dynamics is very special both on the classical
level and also on the quantum level as we will see in
the next sections.

The main arguments for higher-derivative gravita-
tional theories in dimensions d > 2 come instead from
quantum considerations. After all, it is not so surpris-
ing that it is the quantum coupling between quantum
field theory (QFT) of matter fields and quantum (or
semi-classical) gravity or self-interactions within pure
quantum gravity that dictates what should be a con-
sistent quantum theory of gravitational interactions.
Our initial guess (actually Einstein’s one) might not
be the best one when quantum effects are taken fully
into account. Since it is the classical theory that is
emergent from the more fundamental quantum one
working not only in the microworld, but at all en-
ergy scales (equivalent to various distances), then
the underlying fundamental quantum theory must
necessarily be mathematically consistent, while some
different classical theories may not possess the same
strong feature. Already here we turn the reader’s
attention to the fact that the purely mathematical
requirement of the consistency on the quantum level
of gravitational self-interactions is very strongly con-
straining the possibilities for quantum gravitational
theories. It is more constraining than it was origi-
nally thought of. Moreover, not all macroscopic, so
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long wavelength limit, classical theories are with these
quantum correspondence features, only those which
emerge as classical limits of consistent quantum grav-
ity theories. Following this path, at the end, we must
also correct our classical gravitational theory, and
likely it will not be Einsteinian gravity any more.

From a different side, we know that matter fields
are quantum, they interact and they are energetic,
so they are “charged” under gravitation since energy-
momentum content is what the gravity couples to. If
we did not know nothing about gravity, then we could
discover something about it from quantum consider-
ations of gravitationally “charged” matter fields and
their mutual interactions consistent with quantum me-
chanics. In this way we could make gravity dynamical
and quantum with a proper form of graviton’s propa-
gation. Actually, it is the quantum consideration that
makes the gauge bosons mediating the interactions
between quantum charged particles dynamical. These
gauge bosons are emanations or quantum realizations
of classical dynamical gauge fields that must be in-
troduced in the classical dynamics of matter fields or
particles for the overall consistency. Below we will
present a few detailed arguments why we need HD
gravities in d > 2 giving rise to dynamical gravita-
tional fields with HD form of the graviton’s propa-
gators in the quantum domain. They are all related
and in a sense all touch upon the issue of coupling of
a potential unknown dynamical quantum gravity the-
ory to some energetic quantum matter fields moving
under the influence of classical initially non-dynamical
gravitational background field. (The background grav-
itational field does not have to be static, stationary or
completely time-independent, what we only require
here is that it is not a dynamical one.) These last
classical fields can be understood as frozen expecta-
tion values of some dynamical quantum gravitational
fields. As one can imagine for this process of quantum
balancing of interactions the issue of back-reaction of
quantum matter fields on the classical non-dynamical
geometry is essential.

Firstly, we recall the argument of DeWitt and
Utiyama [4]. Due to quantum matter loops some
UV divergences in the gravitational sector are gen-
erated. This is so even if the original matter theory
is with two-derivative actions (like for example stan-
dard model of particle physics). The reasons for these
divergences are pictorially Feynman diagrams with
quantum matter fields running in the perturbative
loops, while the graviton lines are only external lines
of the diagrams since they constitute classical back-
grounds. In such a way we generate the dynamics
to the gravitational field due to quantum matter in-
teractions with gravity, so due to the back-reaction
phenomena. If the latter was neglected we would have
only the impact of classical gravitational field on the
motion and interactions of quantum matter particles.
We can be very concrete here, namely for example
in d = 4 spacetime dimensions, the dynamical action
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that is generated for gravity takes the form
Sdiv =/d4$ 9] (acC? + arR?), (1)

so we see that counterterms of the GR-covariant form
of C% and R? are being generated. (In the equation
above, the R? and C? terms denote respectively the
square of the Ricci scalar and of the Weyl tensor,
where the indices are contracted in the natural order,
ie. C? = ClupoC*?. Collectively, we will denote
these curvatures as R?, so R? = R?,(?.) This is true
no matter what was our intention of what was the
dynamical theory of the gravitational field. We might
have thought that this was described by the stan-
dard two-derivative Einstein-Hilbert action, but still
the above results persist. One notices that in these
two counterterms C? and R? one has four derivatives
acting on a metric tensor, so these are theories of
a general higher-derivative type, differently from orig-
inally intended E-H gravitational theory whose action
is just based on the Ricci scalar R. These C? and R?
terms appear in the divergent part of the dynamically
induced action for the gravitational fields. We must be
able to absorb these divergences to have a consistent
quantum theory of the gravitational field coupled to
the quantum matter fields present here on such curved
(gravitational) backgrounds [5]. This implies that in
the dynamics of the gravitational field we must have
exactly these terms with higher derivatives as in (1).
Finally, we can even abstract and forget about matter
species and consider only pure gravitational quantum
theory. The consistency of self-interactions there on
the quantum level puts the same restriction on the
form of the action of the theory. In such a situation in
the language of Feynman diagrams, one considers also
loops with quantum gravitons running inside. These
graphs induce the same form of UV divergences as
in (1). Then in such a model, we must still consider
the dynamics of the quantum gravitational field with
higher derivatives. Hence, from quantum considera-
tions higher derivatives are inevitable.

We also remark here that in the special case, where
the matter theory is classically conformally invari-
ant with respect to classical gravitational background
field (the examples are: massless fermion, massless
Klein-Gordon scalar field conformally coupled to the
geometry, electrodynamic field or non-Abelian Yang-
Mills field in d = 4), then only the conformally covari-
ant counterterm C? is generated, while the coefficient
apr = 0in (1). This is due to the fact that the quanti-
zation procedure preserves conformal symmetries of
the original classical theory coupled to the non-trivial
spacetime background. Such argument can be called
as a conformal version of the original DeWitt-Utiyama
argument. Then the R? counterterm is not needed but
still the action of a quantum consistent coupled con-
formal system requires the higher-derivative dynamics
in the gravitational sector [6]. Here this is clearly the
gravitational dynamics only in the spin-2 sector of
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metric fluctuations, which is contained entirely in the
(conformal) C? sector of the generic four-derivative
theory presented in (1).

An intriguing possibility for having higher deriva-
tives in the gravitational action was first considered by
Stelle in [7] and some exact classical solutions of such
a theory were analyzed in [8-10]. In d = 4 spacetime
dimensions, the minimal number of derivatives is ex-
actly four, the same as the number of dimensions [11].
This reasoning coincides with the one presented earlier
that we need to have in even number of dimensions
d, precisely d derivatives in the gravitational action
to have first scale-invariant model of gravitational dy-
namics (later possible to be promoted to enjoy also
the full conformal invariance). However, as proven by
Asorey, Lopez and Shapiro in [12], there are also pos-
sible theories with even higher number of derivatives,
and they still have good properties on the quantum
level and when coupled to quantum matter fields.
Similarly, in the literature there are various known
motivations for conformal gravity in d = 4 spacetime
dimensions, one can consult representatives in [13, 14].

Secondly, we emphasize that to have a minimal (in
a sense with the smallest number of derivatives) per-
turbatively renormalizable model of QG in dimensions
d, one also has to consider actions with precisely d
derivatives. The actions with smaller number are not
scale-invariant and have problems on the quantum
level to control all perturbative UV divergences, and
not all of them are absorbable in the counterterms
coming from the original classical actions of the the-
ories — such models with less than d derivatives are
not multiplicatively renormalizable. The first case
for renormalizability is when the action contains all
generic terms with arbitrary coupling coefficients with
d (partial) derivatives on the metric for d dimensions.
The special cases when some coefficients and some
coupling parameters vanish may lead to restricted
situations in which full renormalizability is not real-
ized. We discuss such special limiting cases in further
sections of this paper. The argument with the first
renormalizable theory is a very similar in type to
the quantum induced action from matter fields, but
this time the particles which run in the perturbative
loops of Feynman diagrams are quantum gravitons
themselves. So this argument about renormalizability
applies to pure quantum gravity cases. Unfortunately,
the original Einstein-Hilbert action for QG model is
not renormalizable (at least not perturbatively) in
d = 4 dimensions [15-18]. The problems show up
when one goes off-shell, couples some matter, or goes
to the two-loop order, while at the first loop order with
pure E-H gravitational action on-shell all UV diver-
gences could be successfully absorbed [15] on Einstein
vacuum backgrounds (so on Ricci-flat configurations).
Actually, in such a case in vacuum configurations the
theory at the one-loop level is completely UV-finite.

There are also other ways how one can on the quan-
tum level induce the higher-derivative terms in the

gravitational actions, although these further argu-
ments are all related to the original one from DeWitt
and Utiyama. One can, for example, consider inte-
grating out completely quantum matter species on
the level of functional integral which represents all
accessible information of the quantum theory. In the
situation, when these matter species are coupled to
some background gravitational field, then the resulting
partition function Z is a functional of the background
gravitational field. Not surprisingly, this functional is
of the higher-derivative nature in terms of number of
derivatives of the fundamental metric field, if we work
in the dimension d > 2. This reasoning was for exam-
ple popularized by 't Hooft [19-21], especially since
in d = 4 it can give rise to another motivations for
conformal gravity as a quantum consistent model of
conformal and gravitational interactions, when mass-
less fields are integrated out in the path integral.

In this way we can discover the quantum consis-
tent dynamics of the gravitational field even if we did
not know that such quantum fields mediating gravi-
tational interactions between particles existed in the
first place. The graviton becomes a propagating parti-
cle and with higher-derivative form of the propagator,
which translates in momentum space to the enhanced
suppression of the fall-off of the propagator for large
momenta in the UV regime. This is due to the addi-
tional higher powers of propagating momentum in the
perturbative expression for the graviton’s propagator.
This enhanced UV decaying form of the propagator is
what makes the UV divergences under perturbative
control and what makes the theory at the end renor-
malizable. Besides a few (finite number of) controlled
UV divergences the theory is convergent and gives
finite perturbative answers to many questions one can
pose about the quantum dynamics of the gravitational
field, also in models coupled consistently to quantum
matter fields.

Another way is to consider the theory of Einsteinian
gravity and corrections to it coming from higher di-
mensional theories. One should already understood
from the discussion above, that E-H action is a good
quantum action for the QG model only in the spe-
cial 2-dimensional case. There in d = 2 QG is very
special renormalizable and finite theory, but without
dynamical content resembling anything what is known
from four dimensions (like for example the existence
of gravitational waves, graviton spin-2 particles, etc.).
This is again due to infinite power of conformal sym-
metry in d = 2 case. Instead, if one considers higher
dimensions like 6, 8, etc. and then compactifies them
to common 4-dimensional case, one finds that even
if in the higher dimensions one had to deal with the
two-derivative theory based on the Einstein-Hilbert ac-
tion, then in the reduced case in four dimensions, one
again finds effective (dimensionally reduced) action
with four derivatives. These types of arguments were
recently invoked by Maldacena [22] in order to study
higher-derivative (and conformal) gravities from the
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point of view of higher dimensions, when the process of
integration out of quantum modes already took place
and one derives a new dynamics for the gravitational
field based on some compactification arguments.

All this above shows that many arguments from
even various different directions lead to the studies of
higher-derivative gravitational theories in dimensions
of spacetime d > 2. Therefore, it is very natural to
quantize such four-derivative theories (like it was first
done by Stelle) and treat them as a starting point for
discussion of QG models in d = 4 case. At the end, one
can also come back and try to solve for exact solutions
of these higher-derivative gravitational theories on the
classical level, although due to increased level of non-
linearities this is a very difficult task [23].

Yet another argument is based on apparent simi-
larity and symmetry seen in the action of quadratic
gravity and action for a general Yang-Mills theory.
Both these actions are quadratic in the corresponding
field strengths (or curvatures). They are curvatures
respectively in the external spacetime for the gravita-
tional field and in the internal space for gauge degrees
of freedom. The Einstein-Hilbert action is therefore
not similar to the F? action of Yang-Mills theory and
the system of Einstein-Maxwell or Einstein-Yang-Mills
theory does not look symmetric since the number of
curvatures in two sectors is not properly balanced.
Of course, this lack of balance is later even ampli-
fied to the problematic level by quantum corrections
and the presence of unbalanced UV divergences (non-
renormalizability!). Still, already on the classical level,
one sees some dichotomy, especially when one tries to
define a common total covariant derivative D,, (covari-
ant both with respect to Yang-Mills internal group
G and with respect to gravitational field). For such
an object, one can define the curvature F,, that is
decomposed in its respective sectors into the gauge
field strength F),, and the Riemann gravitational ten-
sor R,,ps. But the most natural thing to do here is
to consider symmetric action constructed with such
a total curvature of the derivative D, and then the
generalized F? is the first consistent option to include
both dynamics of the non-Abelian gauge field and
also of the gravitational field. As we have seen this
choice is also stable quantum-mechanically [24] since
there are no corrections that would destabilize it and
the only quantum corrections present they support
this F2 structure of the theory, even if this was not
there from the beginning. We emphasize that this
was inevitably the higher-derivative structure for the
dynamics of the quantum relativistic gravitational
field studied here.

1.1. MOTIVATIONS FOR AND INTRODUCTION TO

SIX-DERIVATIVE GRAVITATIONAL THEORIES
Now, we would like to summarize here on what is
the general procedure to define the gravitational the-
ory, both on the classical as well as on the quantum
level. First, we decide what our theory is of — which
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fields are dynamical there. In our case these are grav-
itational fields entirely characterized by the metric
tensor of gravitational spacetime. Secondly, we spec-
ify the set of symmetries (invariance group) of our
theory. Again, in our setup these are, in general, in-
variances under general coordinate transformations
also known as diffeomorphism symmetries of gravita-
tional theories. In this sense, we also restrict the set
of possible theories from general models considered
in the gauge treatment of gravity, when the transla-
tion group or full Poincaré groups are gauged. Then
finally following Landau we define the theory by spec-
ifying its dynamical action functional. In our case for
a classical level, this is a GR-invariant scalar obtained
by integrating some GR-densitized scalar Lagrangian
over the full 4-dimensional continuum (spacetime).
As emphasized above, for theoretical consistency, we
must use Lagrangians (actions) which contain higher
(partial) derivatives of the metric tensor, when the
Lagrangian is completely expanded to a form where
ordinary derivatives act on the metric tensors (con-
tracted in various combinations). Specifying now, to
the case motivated above, we shall use and study be-
low the theories defined by classical action functionals
which contain precisely six derivatives of the metric
tensor field.

In order to define the theory on the quantum level,
we use the standard functional integral representation
of the partition function (also known as the vacuum
transition amplitude) of the quantum theory. That
is we construct, having the classical action functional
Sup, being the functional of the classical metric field
Stp |9 ], the following object

Z :/Dgl“, exp(iSup), (2)

where in the functional integral above we must be
more careful than just on the formal level in defining
properly the integration measure Dy, . For example,
we should sum over all backgrounds and also over all
topologies of the classical background gravitational
field. One can hope that it is also possible to clas-
sify in four dimensions all gravitational configurations
(all gravitational pseudo-Riemannian manifolds) over
which we should integrate above. The functional in-
tegral, if properly defined, is the basis for quantum
theory. One can even promote the point of view that
by giving the functional Z one defines the quantum
theory even without reference to any classical action S.
However, it is difficult a priori to propose generating
functionals Z, which are consistent with all symme-
tries of the theory (especially gauge invariances) and
such that they possess sensible macroscopic (classical)
limits. For practical purposes of evaluating various
correlation functions between quantum fields and their
fluctuations, one modifies this functional Z by adding
a coupling of the quantum field (here this role of the
integration variable is played by g,.) to the classical
external current J. And also for other theoretical rea-
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sons, one can compute this functional in background
field method, where the functional integration is over
fluctuation fields, while the classical action functional
is decomposed into background and parts quadratic,
cubic and of higher order in quantum fluctuation fields.
For this one defines that the full metric is decomposed
as follows, g,, = Guv + hyuw, where the background
classical metric is denoted by g,, and metric pertur-
bations by h,,. By computing variational derivatives
of the partition function Z[J] with respect to the clas-
sical current J one gets higher n-point functions with
the accuracy of the full quantum level. One can com-
pute them both perturbatively (in loop expansion) or
non-perturbatively, and also on trivial backgrounds
or in background field method. Finally, for spacetimes
which asymptotically reach Riemann-flatness, from
on-shell quantum Green functions dressed by wave
functions of external classical states, one derives quan-
tum matrix elements of scattering processes. Only
in such conditions one can define general scattering
problem in quantum gravitational theory.

In this article, we want to analyze the quantum
gravitational model with six derivatives in the action.
That the theory is with six derivatives can be seen,
because of two related reasons. First, one can derive
the classical equations of motion based on such an
action. Then one will see that the number of partial
derivatives acting on a metric tensor in a general term
of such tensor of equations of motion is at most 6 in
our model. Or similarly, one can compute the tree-
level graviton’s propagator for example around flat
Minkowski background. And then one notices that
some components of this propagator are suppressed
in the UV regime by the power k% in Fourier space,
when k is the propagating momentum of the quantum
mode. Actually, for this last check one does not even
have to invert and compute the propagator, one can
perform a very much the same analysis on the level
of the kinetic operator between gravitational fluctu-
ations around some background (of course the flat
background is here the easiest one). Later in the main
text of this article, we discuss how to overcome the
problems in defining the propagator in some special
cases, but the situation with the terms of the kinetic
operator is almost always well-defined and one can
read the six-derivative character of the theory easily
from there.

We have seen in the previous section that the four-
derivative gravitational theories in d = 4 spacetime
dimensions are scale-invariant (can be conformally
invariant) on the classical level and that they are also
first minimal renormalizable models of dynamical QG.
This last assertion is proved by the power counting
analysis. We will show below that it is possible to
further extend the theory in such a way that the
control over divergences is strengthened even more
and this is again based on the analysis of the superficial
degrees of divergences of any graph and also on the
energy dimensionality arguments. In this way we

will also explain why we can call generic six-derivative
gravitational theories in d = 4 as perturbatively super-
renormalizable theories.

The power counting analysis in the case of four-
derivative Stelle gravity as in (1) (quadratic gravity of
the schematic type R? as in [7]) leads to the following
equality

A +dy =4, (3)

where A is superficial degree of divergence of any
Feynman graph G, dp is the number of derivatives of
the metric on the external lines of the diagram G, and
for future use we define L as the number of loop order.
For tree-level (classical level) we have L = 0, while for
concreteness we shall assume L > 1. This theory is
simply renormalizable since the needed GR-covariant
counterterms (to absorb perturbative UV divergences)
have the same form as the original action in (1)2. In
general local perturbatively renormalizable HD model
of QG in d = 4, the divergences at any loop order
must take the form as in (1) with a potential addition
of the topological Gauss-Bonnet term.

The change in the formula (3), when the six-
derivative terms are leading in the UV regime, is
as follows

A +dy=6—2L. (4)

The above formula can be also rewritten as a useful
inequality (bound on the superficial degree A):

A<6—20L=4-2(L-1), (5)

since dg > 0. From this one sees an interesting feature
that while in the case of four-derivative Stelle theory
the bound was independent on the number of loops
L, for the case of six derivatives (and higher too) the
bound is tighter for higher number of loops. This is
the basis for super-renormalizability properties. In
particular, in the case of six-derivative theories there
are no any loop divergences at the level of fourth loop,
since for L. = 4 we find that A < 0, so all graphs
are UV-convergent. We also emphasize that a super-
renormalizable model is still renormalizable, but at
the same time it is more special since infinities in
the former do not show up at arbitrary loop order L,
which is instead the case for merely renormalizable
models. From the formula (4) at the L = 3 loop level
the possible UV divergences are only of the form pro-
portional to the cosmological constant A parameter,
so completely without any partial derivatives acting
on the metric tensor. Similarly for the case of L = 2,
we have that divergences can be proportional to the A

2We remind for completeness that the Gauss-Bonnet scalar
term GB = E4 = wapg — 4wa + R? is a topological term,
that is its variation in four spacetime dimensions leads to total
derivative terms contributing nothing to classical EOM and also
to quantum perturbation theory. It may however contribute
non-perturbatively when the topology changes are expected.
But for the sake of computing UV divergences we might simply
neglect the presence of this term both in the original action
as well as in the resulting one-loop UV-divergent part of the
effective action.
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(with no derivatives) and also to the first power of the
Ricci scalar R of the manifold (with two derivatives
on the metric, when it is expanded). In what follows
we will not concentrate on these types of subleading
in the UV divergences and our main attention in this
paper will be placed on the four-derivative divergences
as present in the action (1). Up to the presence of the
Gauss-Bonnet term they are the same as induced from
quantum matter loops. These types of divergences
are only generated at the one-loop level since for them
we must have dg = 4 and A = 0. The last infor-
mation signifies that they are universal logarithmic
divergences. Their names originate from the fact that
they arise when the ultraviolet cutoff Ayy is used to
cut the one-loop integrations over momenta of modes
running in the loop in the upper limits.

The analysis of power counting implies that the the-
ory has divergences only at the first, second and third
loop order and starting from the fourth loop level
it is completely UV-finite model of QG. Moreover,
based on the above argumentation, the beta functions
that we report below (in front of GR-covariant terms
with four derivatives in the divergent effective action)
receive contributions only at the one-loop level and
higher orders (like two- and three-loop) do not have
any impact on them. This means that the beta func-
tions that we are interested in and that we computed
at the one-loop level are all valid to all loop orders,
hence our results for them are truly exact. They do
not receive any perturbative contributions from higher
loops. For other terms in the divergent action (like A
or R) this is not true. The theory is four-loop finite,
while the beta functions of R?, C? and GB terms
are one-loop exact. All these miracles are only pos-
sible to happen in very special super-renormalizable
model since we have six derivatives in the gravita-
tional propagator around flat spacetime. This number
is bigger than the minimal for a renormalizable and
scale-invariant QG theory in d = 4 spacetime dimen-
sions and this is the origin of the facts above since we
have a higher momentum suppression in the graviton’s
propagator.

According to what we have stated before, we de-
cide to study the quantum theory described by the
following classical Lagrangian,

L= wcC,w,,,,DC’“”p" + wrROR
+0cC? + 0rR? + 0GB + w. R+ wy. (6)
From this Lagrangian we construct the action of our
HD quantum gravitational model, here with six deriva-

tives as the leading number of derivatives in the UV
regime, by the formula

SHD :/d4$‘\/@£ (7)

Above by Cl s we denote the Weyl tensor (con-
structed from the Riemann R,,,,, Ricci tensor R,,,
and Ricci scalar R and with coefficients suitable for

124

d = 4 case). Moreover, by GB we mean the Euler
term which gives rise to Euler characteristic of the
spacetime after integrating over the whole manifold.
Its integrand is given by the term also known as the
Gauss-Bonnet term and it has the following expansion
in other terms quadratic in the gravitational curva-
tures,

GB=E,=R?

2 2
pe — AR, + R°. (8)
Similarly, we can write for the “square” of the Weyl
tensor in d =4

02 — 02

nvpo

vpo 2
= CypeC""" =R

» o — 2R2, + %RQ.

(9)
Finally, to denote the box operator we use the symbol
O with the definition O = g"¥V,V,,, which is a GR-
covariant analogue of the d’Alembertian operator 92
known from the flat spacetime.

It is important to emphasize here that the La-
grangian (6) describes the most general six-derivative
theory describing the propagation of gravitational
fluctuations on flat spacetime. For this purpose it
is important to include all terms that are quadratic
in gravitational curvature. As it is obvious from the
construction of the Lagrangian in (6) for six-derivative
model we have to include terms which are quadratic
in the Weyl tensor or Ricci scalar and they contain
precisely one power of the covariant box operator [
(which is constructed using the GR-covariant deriva-
tive V,,). These two terms exhaust all other pos-
sibilities since other terms which are quadratic and
contain two covariant derivatives can be reduced to
the two above exploiting various symmetry properties
of the curvature Riemann tensor as well as cyclic-
ity and Bianchi identities. Moreover, the basis with
Weyl tensors and Ricci scalars is the most convenient
when one wants to study the form of the propagator
of graviton around flat spacetime. Other bases are
possible as well but then they distort and entangle
various contributions of various terms to these prop-
agators. We also remark that the addition of the
Gauss-Bonnet term is possible here (but it is a total
derivative in d = 4); one could also add a general-
ized Gauss-Bonnet term, which is an analogue of the
formula in (8), where the GR-covariant box operator
in the first power is inserted in the middle of each
of the tensorial terms there, which are quadratic in
curvatures. Eventually, there is no contribution of
the generalized Gauss-Bonnet term in any dimension
to the flat spacetime graviton propagator, so for this
purpose we do not need to add such term to the
Lagrangian as it was written in (6).

In what follows we employ the pseudo-Euclidean
notations and by \/m we will denote the square root
of the absolute value of the metric determinant (always
real in our conventions). The two most subleading
terms in the Lagrangian (6) are with couplings w,
and wy respectively. The first one is related to the
Newton gravitational constant G, while the last one
wyp to the value of the physical cosmological constant
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parameter. The QG model with the Lagrangian (6)
is definitely the simplest one that describes the most
general form of the graviton propagator around flat
spacetime, in four spacetime dimensions and for the
theory with six derivatives.

We would like to already emphasize here, that there
are two remarkable special limiting cases in the the-
ory (6). In order to have a non-degenerate classi-
cal action and the well-defined Hessian operator of
the second variational derivative, one needs to re-
quire that both coefficients of the UV-leading terms,
namely weo and wpg, should be non-zero. Only in
this case the theory is renormalizable, moreover only
in this case it also has nice additional features like
super-renormalizability and that the fourth and higher
perturbative loop contributions are completely finite.
We want to say that the quantum calculations re-
ported in the next section correspond only to this
kind of well balanced model with both Weyl tensor
and Ricci scalar squared terms and one power of the
GR-covariant box operator inserted in the middle.
(This is in order to have a six-derivative action, but
also with terms that are precisely quadratic in grav-
itational curvatures.) In principle, there exist also
models with non-balanced situations and dichotomy
between different sectors of fluctuations. For example,
in the special case of wg =0, 8¢ # 0 and wgr # 0, the
theory has the propagating spin-two mode with four
derivatives and the propagating spin-zero mode with
six derivatives in the perturbative spectrum around
flat spacetime. This has to be contrasted with the
fact that interaction vertices have always six deriva-
tives in both special and also in generic theories (with
we # 0 and wr # 0). For another special version of
the model, with we # 0 and wgi = 0, the situation is
quite opposite regarding the spectrum, but the nega-
tive conclusions are the same. According to the power
counting arguments from [6, 25] and also from (3) in
both special cases the theories are unfortunately non-
renormalizable. (We also discuss in greater details the
power counting for these two special limiting models
in section 4.4.) Hence one should be very careful in
performing computations in such cases and in trusting
the results of limits there. These cases will be ana-
lyzed in more details in the next sections as it will be
revealed that they are crucial for understanding the
issue of the structure of perturbative divergences both
in the four-derivative as well as also in six-derivative
QG models in d = 4.

The other consequences of the formula for power
counting as presented in (4) is that the subleading in
the UV terms of the original action in (6) do not at all
contribute to the four-derivative terms leading in the
UV regime of the divergences in (1). That is we have
that the coefficients a¢, ar and agp in (1) depend
only on the ratio of the coefficient in front of the term
with Weyl tensors and box inserted in the middle (i.e.
COC) to the coefficient in front of the corresponding
term with two Ricci scalars (i.e. ROR), so only on the
ratio we/wr also to be analyzed later at length here.

These coefficients of UV divergences a¢, ar and agp
do not depend on 6¢, 0r, Oag, w, nor on wp. This
is due to the energy dimensionality considerations of
other UV-subleading terms in the action in (6). Only
the terms having the same energy dimensionality as
the leading in the UV regime (shaping the UV form
of the perturbative propagator) may contribute to the
leading form of UV divergences, which in the divergent
action (1) are represented by dimensionless numbers
(in d = 4) such as a¢, ag and agp. For example, the
terms with coefficients ¢ or 0 have different energy
dimensions and cannot appear there. This pertinent
observation lets us for our computation to use just
the reduced action, where we write only the terms
that are important for the UV divergences we want
to analyze in this paper. This action takes explicitly
the following form

Sup = / d*z/|g| (W ClupeDC** + wrROR) . (10)

We want to just remark here that the results in
the theory with six-derivative gravitational action
are discontinuous to the results one obtains for the
similar type of computations in four-derivative Stelle
quadratic QG models, which are usually analyzed in
d = 4 as the first and the most promising models of
higher-derivative QG. This discontinuity is based on
the known fact (both for HD gauge and gravitational
theories) that the cases with two and four more deriva-
tives in the action of respective gauge fields (metric
fields in gravity) than in the minimal renormalizable
model are discontinuous and exceptional, while the
general formula exists starting from action with six
derivatives more in its definition (and then this for-
mula could be analytically extended). All three cases
of: first minimal renormalizable theory, and the mod-
els with two or four derivatives more are special and
cannot be obtained by any limiting procedure from
the general results which hold for higher-derivative
regulated actions, which contain six or more deriva-
tives than in the minimal renormalizable model. For
the case of QG in d = 4 in the minimal model we
have obviously four derivatives. Of course, this dis-
continuity is related to the different type of enhanced
renormalizability properties of the models in question.
As we have already explained above the gravitational
model with six derivatives in d = 4 is the first super-
renormalizable model of QG, where from the fourth
loop on the perturbative UV divergences are com-
pletely absent. The case of Stelle theory gives just
the renormalizable theory, where the divergences are
present at any loop order (they are always the same
divergences, always absorbable in the same set of
counterterms since the theory is renormalizable). One
sees the discontinuity already in the behaviour of UV
divergences as done in the analysis of power counting.
When the number of derivatives is increased in steps
(by two), then the level of loops when one does not see
divergences at all decreases but in some discontinuous
jumps. And for example for the QG theory with ten
or more derivatives the UV divergences are only at
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the one-loop level. (For gravitational theories with
8 derivatives the last level which is divergent is the
second loop.)

There exist also analytic formulas, which combine
the results for UV divergences for the cases of theories
with four or more derivatives more compared to the
minimal renormalizable model with four derivatives
in d = 4. Again one sees from such formulas, that the
correct results for the minimal renormalizable model
and the one with six derivatives are discontinuous.
Then the case with 8-derivative gravitational theory
is the first one for which the analytic formulas hold
true. However, this has apparently nothing to do with
the strengthened super-renormalizability properties
at some loop level as it was emphasized above.

The six-derivative gravitational theory is therefore
3-loop super-renormalizable since the 3-loop level is
the last one, when one needs to absorb infinities and
renormalize anew the theory. These jumps from 3-
loop super-renormalizability to 2-loop and finally to
one-loop super-renormalizability are from their na-
ture discontinuous and hence also the results for
divergences inherit this discontinuity. For theories
with ten or more derivatives we have one-loop super-
renormalizability and the results for even higher num-
ber of derivatives 2n must be continuous in the pa-
rameter of the number of derivatives 2n, which could
be analytically extended to the whole complex plane
from the even integer values 2n > 10, which it origi-
nally had. In this analytically extended picture, the
cases with eight, six and four derivatives are special
isolated points, which are discontinuous and cannot
be obtained from the general analytic formula valid
for any n > 5. The origin of this is again in power
counting of divergences, when some integrals over loop
momenta are said to be convergent, when the super-
ficial degree of divergence is smaller than zero, and
when this is non-negative, then one meets non-trivial
UV divergences. These infinities are logarithmic in
the UV cutoff kyvy for loop integration momenta for
the degree A vanishing, and power-law type for the
degree A positive. This sharp distinction between
what is convergent and what is divergent (based on
the non-negativity of the degree of divergences A of
any diagram) introduces the discontinuity, which is
the main source of the problems here.

In this contribution, we mainly discuss and analyze
the results which were first obtained in our recent
publication [26]. The details of the methods used to
obtain them were presented to some extent in this
recent article. The method consists basically of using
the Barvinsky-Vilkovisky trace technology [27] applied
to compute functional traces of differential operators
giving the expression for the UV-divergent parts of
the effective action at the one-loop level. The main
results were obtained in background field method and
from UV divergences in [26] we read the beta func-
tions of running dimensionless gravitational couplings.
The results for them in six-derivative gravitational
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theory in d = 4 spacetime dimensions were the main
results there. They are also described in section 2
here. Instead, in the present contribution, we decided
to include an extended discussion of the theoretical
checks done on these results in section 3. However,
the main novel contribution is in section 4, where we
present the analysis of the structure of these obtained
results for the beta functions. Our main goal here is to
show an argumentation that provides an explanation
why the structure of the beta function is unique and
why it depends in this particular form on the ratio x
(to be defined later in the main text in (36)). These
comments were not initially included in the main re-
search article [26] and they constitute the main new
development of the present paper.

We remind to the reader that in this paper, in
particular, we will spend some time on attempts to
explain the discontinuity of such results for UV di-
vergences, when one goes from six- to four-derivative
gravitational theories. So, in other words, when one
reduces 3-loop super-renormalizability to just renor-
malizability. Or equivalently, when the situation at
the fourth perturbative loop gets modified from not
having divergences at all, because all loop integrations
give convergent results (with negative superficial de-
gree A < 0), to the situation when at this loop level
still UV divergences are present (since their degree
A is zero for logarithmic UV divergences in the cut-
off). This clearly sharp contrast in the sign of the
superficial degree of divergences is one of the reasons,
why the discontinuity between the cases of six- and
four-derivative gravitational theories in d = 4 persists.

1.2. ADDITION OF KILLER OPERATORS

As a matter of fact, we can also add other terms
(cubic in gravitational curvatures R3) to the La-
grangian in (6). These terms again will come with
the coefficients of the highest energy dimensionality,
equal to the dimensionality of the coefficients w¢e and
wpr. Hence they could contribute to the leading four-
derivative terms with UV divergences of the theory.
The general form of them is given by the following
list of six GR~covariant terms

Lrs = s1R® + s5RR,,, R" + ssR,,, R* ;R
+ 84RRpe R*7 + s5R, Rpo RV
+ SGR/,LVPG'RILVH)\RPUKA . (11)

Actually, these terms can be very essential for making
the gravitational theory with six-derivative actions
completely UV-finite. However, for renormalizability
or super-renormalizability properties these terms are
not necessary, e.g., they do not make impact on the
renormalizability of the theory and therefore should
be regarded as non-minimal. In the analysis below
we did not take their contributions into account and
made already a technically demanding computation in
a simplest minimal model with six-derivative actions.
The set of terms in (11) is complete in d = 4 for all
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what regards terms cubic in gravitational curvatures.
This non-trivial statement is due to various identities
as proven in [28].

These cubic terms are also sometimes called “killers”
of the beta functions since they may have profound
effects on the form of the beta functions of all terms
in the theory. This is roughly very simple to explain.
These killer terms are generally of the type sR? and
are to be added to the original Lagrangian in (6) of
six-derivative theories, where the UV-leading terms
were of the type wROR. It is well known that to
extract UV divergences at the one-loop level one has
to compute the second variational derivative operator
(Hessian H) from the full action. The contributions
from cubic killers to it will be of the form of at least
sR, when counted in powers of generalized curvature
R. Next, when computing the trace of the functional
logarithm of the Hessian operator for the form of
the one-loop UV-divergent effective action one uses
the expansion of the logarithm in a series according
to

ln(l—i—z):z—%zQ—l—.... (12)
Hence we need to take maybe up to the square of
the contribution sR to the Hessian from the cubic
killer term. The third power would be too much. We
must remember that we are looking for terms of the
general type R? in the UV-divergent part of the effec-
tive action. Hence the contribution of the cubic killer
in curvatures would produce addition to the covari-
ant terms with UV divergences of the general type
f(s)R?, where the yet unknown functions f(s) can be
polynomials up to the second order in the coefficients
s; of these killers. Now, requiring the total beta func-
tions vanish (for complete UV-finiteness) we need in
general to solve the system of the quadratic equations
in the coefficients s;. The only obstacle for finding
coefficients of the killers can be that some solutions
of this system reveal to be complex numbers, not real,
but we need to require all s; coefficients to be real
for the definiteness of the action (for example in the
Euclidean case of the signature of the metric). There-
fore this issue requires a more detailed mathematical
analysis, but the preliminary results based on [26, 29]
show that in most of the cases the UV-finiteness is
possible and easily can be achieved by adding the
cubic killer operators from (11) with real coefficients
S;.

One can compare the situation here with cubic
killers to the more known situation where the quartic
killers are used to obtain UV-finiteness. Unfortu-
nately, such quartic killers cannot be added to the
six-derivative gravitational theory from (6) since they
would have too many partial derivatives and would
destroy the renormalizability of the model. Quar-
tic killers can be included in theories with at least
8 derivatives. Such approach seems to be preferred one
since the contribution of quartic killers (of the type
schematically as R*) is always linear in d = 4 to UV

divergences proportional to R? schematically. And to
solve linear system of equations with linear coefficients
is always doable and one always finds solutions and
they are always real. This approach was successfully
applied to gravity theories in [29], to gauge theories
in [30], to the theories on de Sitter and anti-de Sitter
backgrounds [31] and also in general non-local theo-
ries [32]. One could show that the UV-finiteness may
be an universal feature of quantum field-theoretical
interactions in nature [33]. Moreover, this feature of
the absence of perturbative UV divergences is related
to the quantum conformality as advocated in [34, 35].

1.3. UNIVERSALITY OF THE RESULTS

Finally, one of the most important features of the
expression for the UV-divergent part of the effective
action in the six-derivative gravitational theories is
its complete independence of any parameter used in
the computation. This parameter can be gauge-fixing
parameter, or it can appear in gauge choice, or in
details of some renormalization scheme, etc.. This
bold fact of complete universality of the results for
the effective action was proven by the theorem by
Kallosh, Tarasov and Tyutin (KTT) [36-38], applied
here to the six-derivative QG theories. The theorem
expresses the difference between two effective actions
of the same theory but computed using different set
of external parameters. Basically, this difference is
proportional to the off-shell tensor of classical equation
of motion of the original theory. And this difference
disappears on-shell. However, in our computation
we want to exploit the case when the effective action
and various Green functions are computed from it
understood as the off-shell functional.

But in super-renormalizable theories there is still
some advantage of using this theorem, namely for this
one notices the difference in number of derivatives
on the metric tensor between the original action and
Lagrangian of the theory as it is in the form (10)
(and resulting from it classical EOM) and between
the same counting of derivatives done in the divergent
part of the effective action. We remind the reader
that in the former case we have six derivatives on
the metric, while in the latter we count up to four
derivatives. This mismatch together with the theorem
of KTT implies that the difference between the two
UV-divergent parts of the effective actions (only for
these parts of the effective actions) computed using
two different schemes or methods must vanish in super-
renormalizable QG theories with six-derivative actions
for whatever change of the external parameters that
are used for the computation of these UV-divergent
functionals. This means that our results for diver-
gences are completely universal and cannot depend
on any parameter. Hence we derive the conclusion
that our found divergences do not depend on the
gauge-fixing parameters, gauge choices nor on other
parametrization ambiguities. We remark that this
situation is much better than for example in E-H
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gravity, where the dependence on a gauge is quite
strong, or even in Stelle four-derivative theory, where
four-derivative UV-divergent terms also show up some
ambiguous dependence on gauge parameters off-shell.
Here we are completely safe from such problems and
such cumbersome ambiguities.

In this way such beta functions are piece of gen-
uine observable quantity that can be defined in super-
renormalizable models of QG. They are universal,
independent of spurious parameters needed to define
the gauge theory with local symmetries, and moreover
they are exact, but still being computed at the one-
loop level in perturbation calculus. They are clearly
very good candidates for the observable in QG models.
Therefore all these nice features gives us even more
push towards analyzing the structure of such physical
quantities and to understand this based on some the-
oretical considerations. This is what we are trying to
attempt in this contribution.

Another important feature is that in theories with
higher derivatives in their defining classical action, on
the full quantum level there is no need for perturba-
tive renormalization of the graviton‘s wave function.
This is also contrary to the case of two-derivative
theory, when one has to take this phenomena into ac-
count, although its expression is not gauge-invariant
and depends on the gauge fixing. These nice prop-
erties of no need for wave function renormalization
can be easily understood in the Batalin-Vilkovisky
formalism for quantization of gauge theories (or in
general theories with differential constraints) [39, 40].
This important feature is also shared by other, for
example, four-derivative QG models. Since the wave
function of the graviton does not receive any quan-
tum correction, then one can derive the form of the
beta functions for couplings just from reading the UV
divergences of the dressed two-point functions with
two external graviton lines. We can simplify our com-
putation drastically since for this kind of one-loop
computation we do not have to bother ourselves with
the three- or higher n-point function to independently
determine the wave function renormalization. Un-
fortunately, the latter is the case, for example, for
standard gauge theory (Yang-Mills model) or for E-H
gravity, where the renormalization of the coupling
constant of interactions has to be read from the com-
bination of the two- and three-point functions of the
quantum theory, while the wave function renormaliza-
tion of gauge fields or graviton field respectively can
be just read from quantum dressed two-point Green
function. For the case of six-derivative theories, just
from the two-point function we can read everything
about the renormalization of the coupling parameters
of gravitons’ interactions. Additionally, we have that
on the first quantum loop level we do not need to
study effective interaction vertices dressed by quan-
tum corrections. Hence, here at the one-loop level
there is no quantum renormalization of the graviton’s
wave function and UV divergences related to interac-

128

tions are derived solely from propagation of free modes
(here of graviton fields) around the flat spacetime and
corrected (dressed) at the first quantum loop. Effec-
tive vertices of interactions between gravitons do not
matter for this, but that situation may be changed
at higher loop orders. At the one-loop level this is
a great simplification for our algorithm of derivation
of the covariant form of UV divergences since we just
need to extract them from the expression for one-loop
perturbative two-point correlators of the theory, both
in cases of four- and six-derivative QG models.

All these nice features of the six-derivative QG
model makes it further worth studying as an example
of non-trivial RG flows in QG. Here we have exactness
of one-loop expressions for running 0¢(t), Or(t) and
Ocp(t) coupling parameters in (6), together with super-
renormalizability. This is one of the most powerful
and beautiful features of the super-renormalizable QG
theory analyzed here. Therefore, this model gives
us a good and promising theoretical laboratory for
studying RG flows in general quantum gravitational
theories understood in the field-theoretical framework.

We remark that from a technical point of view, the
one-loop calculations in super-renormalizable models
of QG are more difficult when compared to the ones
done in the four-derivative just renormalizable gravi-
tational models [27, 41-43]. The level of complexity
of such calculations depends strongly on the number
of derivatives in the classical action of the model as
well as on the type of one-loop counterterms one is
looking for. The counterterm for the cosmological
constant is actually very easy to obtain and this was
done already in [12]. Next, the derivation of the diver-
gence linear in the scalar curvature R requires really
big efforts and was achieved only recently in our col-
laboration in [44]. In the present work, we comment
on the next step, and we show the results of the calcu-
lations of the simply looking one-loop UV divergences
for the four-derivative sector in the six-derivative min-
imal gravity model. In our result, we have now full
answers to the beta functions for the Weyl-squared
C?, Ricci scalar-squared R? and the Gauss-Bonnet
GB scalar terms. The calculation is really tedious and
cumbersome and it was done for the simplest possible
six-derivative QG theory without cubic terms in the
classical action, which here would be third powers
of the generalized curvature tensor R3. Even in this
simplest minimal case, the intermediate expressions
are too large for the explicit presentation here, hence
they will be mostly omitted. Similar computations in
four-, six- and general higher-derivative gauge theory
were also performed in [30, 45, 46].

As it was already mentioned above, the derivation
of zero- and two-derivative ultraviolet divergences has
been previously done in Refs. [12] and [44]. Below
we will show the results for the complete set of beta
functions for the theory (10). This we will achieve by
deriving the exact and computed at one-loop beta func-
tion coefficients for the four-derivative gravitational
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couplings, namely 0¢c, O and 0gg, extracted as the
coefficients of the UV-divergent part of the effective
action in (1). Without loss of generality, the calcu-
lation will be performed in the reduced model (10),
so without terms subleading in the number of partial
derivatives acting on the metric tensor after the proper
expansion here. (We will not need to include terms like
R?, C? or even R in (10).) This is clearly explained
by the arguments from dimensional analysis since the
divergences with four derivatives of the metric, in (1),
are of our biggest interest here. Moreover, numerical
coefficients of those subleading terms cannot in any
way combine with coefficients of propagators (shaped
in the UV regime by the leading terms with six deriva-
tives in the action (10)) to form dimensionless ratios
in front of terms in (1) in d = 4 spacetime dimensions.

2. BRIEF DESCRIPTION OF THE
TECHNIQUE FOR COMPUTING UV
DIVERGENCES

An essential part of the calculations is pretty much
the same as usually done in any higher-derivative
QG model, especially in the renormalizable or super-
renormalizable models [26, 44] as considered here. In
what follows, we can skip a great part of the explana-
tions. We will focus on the calculation of the fourth
derivative terms of the divergent part of the effective
action.

First, to perform pure computation we use the back-
ground field method, which is defined by the following
splitting of the metric

g}tl/ — ?];w + hy,y (13)

to the background g, and the quantum fluctuation
parts given by the spin-2 symmetric tensor A, .

The next step is to define the gauge-fixing condition.
Since our theory with six derivatives still possesses
gauge invariance due to diffeomorphism symmetry we
have to fix the gauge to make the graviton propagator
non-degenerate. For this we will make some choice
of the gauge-fixing parameters, here represented by
numerical «, 8 and y parameters. First, we choose the
parameter § in the harmonic background gauge-fixing
condition X, according to

Xu =V —BVuh,  h=h",, (14

in the most simple “minimal” form, as will be indicated
below. The same concerns the parameters o and .
Finally, we select a general form of the weighting
operator, C'= C**, which is defined by the formula
below:

.~ 1
C=Cm = - (¢"D* + (v —1)VFOVY) . (15)

This together with the gauge-fixing condition, that is
x*, defines the gauge-fixing action [41] in the following
form,

St =/d4x\/|9| Xu C* X (16)

The action of the complex Faddeev-Popov (FP) ghost
fields (respectively C* and C},) has in turn the form

Sen = /d4x\/|g| CHM,"C,, (17)

where the bilinear part between the anti-ghost C* and
ghost fields C,, the so called FP-matrix M , depends
differentially on x, gauge-fixing conditions and also
on the contracted form of the generator of gauge
transformations R,

5Xu
5gaﬁ

M= M) = Rop" = o/O+V"V,—28V,V".

(18)
In the above equation by the matrix-valued operator
R.p" we mean the generator of infinitesimal diffeo-
morphism (local gauge) transformations in any metric
theory of gravity.

Since as proven and explained at the end of sec-
tion 1.3, our final results for UV divergences are here
completely universal and they are independent of any
parameter used to regularize, compute and renormal-
ize the effective action of the theory, then we can take
the following philosophy at work here. We choose
some specific gauge choice in order to simplify our
calculation, but then we are sure that the final results
will be still correct, if obtained consistently within this
computation done in a particular gauge choice. It is
true that intermediate steps of the computation may
be different in different gauges, but the final results
must be unique and it does not matter which way
we arrive to them. We think we could choose one
of the simplest path to reach this goal. A posteriori
this method is justified, but the middle steps of the
processing of the Hessian operator will not have any
invariant objective physical meaning. These are just
steps in the calculational procedure in some selected
gauge.

One knows that in such a case, for example, for
a formalism due to Barvinsky-Vilkovisky (BV) [27] of
functional traces of differential operators applied in the
background field method framework, all intermediate
results are manifestly gauge-independent. Then still
such partial contributions (any of them) separately do
not have any sensible physical meaning, although such
results are gauge-independent and look superficially
physical — any physical meaning cannot be properly
associated to them, if all these terms are not taken in
total and only in the final sum. On the contrary, if the
computation is performed using Feynman diagrams,
momentum integrals and around flat spacetime, then
the intermediate results are not gauge-invariant, as it
is well known for partial contributions of some graphs,
and only in the final sum they acquire such features
of gauge-independence.

We also need to distinguish here two different
features. Some partial results may be still gauge-
dependent and their form may not show up gauge
symmetry (for example, using Feynman diagram ap-
proach, a contribution from a subset of divergent
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diagrams may not be absorbed by a gauge-covariant
counterterm: F? in gauge theories, or R? in gravity
in d = 4). This feature should be however regained
when the final results are obtained. This is actually
a good check of the computation. But another prop-
erty is independence of the gauge-fixing parameters,
which are spurious non-physical parameters. At the
same time, a counterterm might be gauge-covariant
(built with F2 or R? terms), but its front coefficient
may depend on these gauge parameters «, [3, vy, etc..
This should not happen for the final results and they
should be both gauge-covariant (so gauge-independent
or gauge-invariant) and also gauge-fixing parameters
independent. These two necessary properties, to call
the result physical, must be realized completely inde-
pendently and they are a good check of the correctness
of the calculation.

Unfortunately, it seems that using the BV com-
putational methods even in the intermediate results
for traces of separate matrix-valued differential opera-
tors (like H, M and C’), we see already both gauge-
independence and gauge-fixing parameters indepen-
dence provided that such parameters were not used
in the definition of these operators. Only in some
cases, the total result is only gauge-fixing parameter
independent. This means that within this formalism
of computation this check is not very valuable and
one basically has to be very careful to get the correct
results at the end. Instead, we perform a bunch of
other rigorous checks of our results as it is mentioned,
for example, in section 3.

Finally, let us here give briefly a few details con-
cerning the choice of the gauge-fixing parameters «,
B and 7. The bilinear form of the action is defined
from the second variational derivative (giving rise to
the Hessian operator H )

IA{ _ H'U’V’pg _ 1 62 (S + ng)
N
(19)

where the first term H[.f” contains six-derivative
terms, which are leading in the UV regime. By O(V*)
we denote the rest of the bilinear form, with four or
less derivatives and with higher powers of gravitational
curvatures R. The energy dimension of this expression
is compensated by the powers of curvature tensor R
and its covariant derivatives, hence in this case, we can
also denote O(V*) = O(R). The corresponding full
expression for the Hessian operator H is very bulky,
and we will not include it here.

The highest derivative part (leading in the UV
regime) of the H operator, after adding the gauge-
fixing term (16) that we have selected, has the form

= H7 +O(V*),

2
w
60;7_ C +2wR)g/u/gpz7j| D3

3
+ (5 —2wn - D (oo 4 grveve )2

Hﬁ:;jpo — [Wc SHPo | (

1
+ (=g = 2weg" ) VIV
(67
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2 -1
+ (55 +2wp+ ) VIV VOVIOL (20)
a
In this expression, we do not mark explicitly the sym-
metrization in and between the pairs of indices (u,v)
and (p, o) for the sake of brevity.

To make the UV-leading part of the Hessian opera-
tor H/."'{” minimal, one has to choose the following
values for the gauge-fixing parameters [44]:

1 weo — 6wr _ 2we — 3wr

o= p= (21)

dwe — 6wr’ 7= 3we

We previously explained that this choice does not
affect the values and the form of one-loop divergences
in super-renormalizable QG. Thus, we assume it as
the most simple option.

One notices that the expressions for gauge-fixing
parameters in (21) are singular in the limit we — 0
and also when we = %wR. While the first one is
clearly understandable, because then we are losing
one term weCOC in the action (10) and the theory
is degenerate and non-generic, the second condition is
not easily understandable in the Weyl basis of writing
terms in the action in (10) (with R? and C? terms).
To explain this other spurious degeneracy one rather
goes to the Ricci basis of writing terms (with R? and
wa = R, R"" elements and also properly generalized
to the six-derivative models by inserting one power of
the box operator in the middle). There one sees that
the absence of the coeflicient in front of the wa leads
to the pathology in the case of we = %wR and also
formal divergence of the 8 gauge-fixing parameter. We
remark that in the final results there is no any trace
of this denominator and this divergence, hence the
condition for non-vanishing of the coefficient in front
of the covariant term RZV in the Ricci basis does not
have any sensible and crucial meaning — this is only
a spurious intermediate dependence on (4we —6wg) L.
Contrary, the singular dependence on w¢ coeflicient
is very crucial and will be analyzed at length here.
Actually, to verify that the denominators with (dwe —
6wr) ! completely cancel out in the final results is
a powerful check of our method of computation.

Now we can collect all the necessary elements to
write down the general formula for the UV-divergent
part of the one-loop contribution to the effective action
of the theory [41],

r® = %Trlnf{ — iTrIn M — %Trlné’. (22)

The calculation of the divergent parts of the first
two expressions in (22) is very standard. One uses
for this the technique of the generalized Schwinger-
DeWitt method [27], which was first introduced by
Barvinsky and Vilkovisky. For this reason we shall
skip most of the standard technical details here. We
use the Barvinsky-Vilkovisky trace technology related
to the covariant heat kernel methods together with
methods of dimensional regularization (DIMREG) to
evaluate the functional traces present in (22) and to
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have under control the general covariance of the final
results. Due to this we cannot check it because all
three contributions in (22) gives results which look
covariant and sensible. We remind the reader that
here we work with the minimal gauge choice and in
general all three terms separately will show the gauge
dependence and also spurious dependence on gauge-
fixing parameters a, 8 and . However, only the
final results, so the weighted sum as in (22) is prop-
erly gauge-independent and gauge-fixing independent
and gives rise to a physical observable of the beta
functional of the theory at the one-loop level.

The computational method that we adopt here con-
sists basically of using the Barvinsky-Vilkovisky trace
technology to compute functional traces of differential
operators giving the expression for the UV-divergent
parts of the effective action at the one-loop level. The
main results are obtained in background field method
and from UV divergences in [26] we read the beta
functions of running gravitational couplings. We also
present here below an illustrative scalar example of
the techniques by which these results were obtained.

2.1. EXAMPLE OF THE BV METHOD OF
COMPUTATION FOR THE SCALAR CASE
The simplest example to use the technique of compu-

tation presented here can be based on the analysis of
the scalar case given by the action

S :/d4m <—;¢D¢ — i!ng*) ) (23)

From this action one reads the second variational
derivative operator (also known as the Hessian) given
by the formula

S _ O- 3¢2. (24)

H=57=""3

Next, one needs to compute the following functional
trace Trln H to get the UV-divergent part of the one-
loop effective action

Trln H = Trln (D — ;&)

=Trln <—D (1 + ;¢2D1))

=Trin (~0) + Trln (1 + ;d)QD‘l) . (25)

In the above expression, one concentrates on the sec-
ond part which contains the A coupling. One expands
the logarithm, as in (12), in the second trace to the
second order in A. This yields

Trln (1 + ;\¢2D‘1> =Tr (;&D—l)

2
f%Tr <;\¢251> +... (26)

and one picks up from it only the expression quadratic
in A and quartic in the background scalar field ¢, which
is also formally quadratic in the inverse box operator
O~!, that is the part

P TR P TR
TrlnH 5 5 L' 0% = ¢! T D72, (27)

Precisely this expression is relevant for the UV di-
vergence proportional to the quartic interaction term
— 2 ¢ in the original scalar field action (23). Noticing
that the functional trace of the [0~2 scalar operator
in d = 4 is given by

T 2= (28)
where L is a dimensionless UV-cutoff parameter re-
lated to the Ayy dimensionful momentum UV-cutoff
and the renormalization scale p via Ayy = Lu, one
finds for the UV-divergent and interesting us part of
the one-loop effective action here

. InL%)\?

I = 5T A D/d x(4ﬂ_)21—6¢4. (29)

Now, one can compare this to the original action
terms in (23) describing quartic interactions of the
scalar fields ¢: — [ d4x2—A4¢4. The counterterm action
(to absorb UV divergences) is opposite to I'qs, and
the form of the terms in the counterterm action is
expressed via perturbative beta functions of the theory.
That is in the counterterm action I'c; we expect terms

_llnL2
2 24

Pet = Ty = [dtamst @0
with the front coefficient exactly identical to the one
half of the one in front of the quartic interactions in
the original action in (23) (being equal to —4; = —57).
From this one reads that (identifying that effectively
In L? — 1 for comparison)

1 A2
——0O=—— 31
B 16(47)? (31)
and finally that
3\2
=— 32
6)\ (471_)2 ) ( )

which is a standard result for the one-loop beta func-
tion of the quartic coupling A in %)\(b‘l scalar theory
in d = 4 spacetime dimensions.

One sees that even in the simplest framework, the
details of such a computation are quite cumbersome,
and we decide not to include in this manuscript other
more sophisticated illustrative examples of such deriva-
tion of the explicit results for beta functions of the the-
ory. The reader, who wants to see some samples can
consult more explicit similar calculations as presented
in references [26, 30, 44]. In particular, the appendix
of [30] compares two approaches to the computation of
UV divergences in gauge theory (simpler than gravity
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but with non-Abelian gauge symmetry) — using BV
heat kernel technique and using standard Feynman
diagram computation using graphs and Feynman rules
around flat space and in Fourier momentum space.

2.2. RESULTS IN SIX-DERIVATIVE GRAVITY

The final results for this computation of all UV di-
vergences of the six-derivative gravitational theory
are

l L? 2
Féli‘)/R,C _ I / \F{ 397 9:5)02

1387 7
" GB - —R?
180 G 36R } (33)

for the case of six-derivative pure QG model in d = 4
spacetime dimensions and

lL 1
rie =il [y {- e

+@GB + (—gxﬁdcr + gx;ldcr - %) S e
for the case of four-derivative pure Stelle quadratic
model of QG to the one-loop accuracy. This last result
was first reported in [42]. The result in six-derivative
gravity is freshly new [26]. Here we define the co-
variant cut-off regulator L [27], which stays in the
following relations to the dimensional regularization
parameter € [27, 43],

A2 1 1 2
mlr=h-Y =-=_— = 35
o n/ﬂ € 2—-w 4-n’ (35)

where we denoted by n the generalized dimensionality
of spacetime in the DIMREG scheme of regularization
(additionally Ayy is the dimensionful UV cutoff en-
ergy parameter and p is the quantum renormalization
scale). Moreover, to write compactly our finite results
for the six-derivative theory we used the definition of
the fundamental ratio of the theory z as

= —, 36
o= (36)
while for Stelle four-derivative theory in (34) we use
analogously but now with the theta couplings instead
of omegas, namely

L4—der = z£ (37)
R

It is worth to describe briefly here also the passage
from UV divergences of the theory at the one-loop
level to the perturbative one-loop beta functions of
relevant dimensionless couplings. Using the divergent
contribution to the quantum effective action, derived
previously, we can define the beta functions of the
theory. Let us first fix some definitions.

The renormalized Lagrangian L,y is obtained start-
ing from the classical Lagrangian written in terms of
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the renormalized coupling constants and then adding
the counterterms to subtract the divergences,

Lien = L(w(t)) = L (Za,mi(t)) = L{i(t))+Ler
= L(ai(t)) + (Zc — 1) 0c(t) O + (Zg — 1) Op(t) R?
+(Zap —1)06a(t) GB, (38)

where we have that L. = —Laiv and () =
{0c(t),0r(t),0ca(t)}. Above we denoted by ay(t) the
RG running bare values of coupling parameters, by L.
and Lg;, the counterterm and divergent Lagrangians
respectively, by Z,,(t) renormalization constants for
all dimensionless couplings and finally by «;(¢) these
running couplings. Here and above we neglect writing
terms which are UV-divergent but subleading in the
number of derivatives in the UV regime. From (38),
the full counterterm action reads, already in dimen-
sional regularization,

397 2
o _po _ /g1 )
ct div 26 47[' C
7 o 1387
- —R’+-——GB
36 180 }

2i(47/d 2/|9] {BcC® + BrR® + fanGB} .
(39)

Comparing the last two formulas we can identify the
beta functions and finally get the renormalization
group equations for the six derivative theory,

Ber = d90_1<397+2$>’ (40)

Faw “am2 20 " 9
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The three lines above constitute the main results of
this work. Their structure, mainly the z-dependence
is the main topic of discussion in the next sections.
Above we denoted by t the so called logarithmic RG
time parameter related in the following way: ¢t =
log 5—0 to the renormalization scale u, where pg is
some reference energy scale.

As we will show below the differences between the
cases of four-derivative theory and six-derivative one
are significant and the dependence on the ratio x is
with quite opposite pattern and in completely different
sectors of ultraviolet divergences of the two respective
theories. In the main part of this contribution we will
try an attempt to explain the mentioned difference,
which is now clearly noticeable, using some general
principles and arguments about renormalizability of
the quantum models. We will also study some limiting
cases of the non-finite (infinite or zero) values of the
r parameter and motivate that in such cases the QG
model is non-renormalizable and this leads to char-
acteristic patterns in the structure of beta functions
mentioned above for six-derivative theories. This is
also why we can call the ratio = as the fundamental
parameter of the gravitational theory.
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3. SOME THEORETICAL CHECKS OF THE
RESULTS (33)

Let us say that regardless of the simplicity of the final
formulas with the final result in [26], the intermediate
calculations were quite big and this is why we cannot
present these intermediate steps here. This was not
only because of the size of the algebraic expressions,
where we used Mathematica for help with symbolic
algebra manipulations, but also due to the complexity
of all the steps of the computation starting from the
quadratic expansions of the action of six-derivative
classical theory. The ultimate validity of the calcula-
tions has been checked in several different ways. This
is also briefly described below.

The following checks were performed to ensure the
correctness of the intermediate results of the compu-
tation of UV divergences, which was the main task of
the work presented here.

(1.) First, the validity of the expression for the Hes-
sian operator from the classical action with six
derivatives was verified in the following way. The
covariant divergence of the second variational deriva-
tive operator (Hessian) with respect to gravita-
tional fluctuations h,,, from each GR-covariant
term Sgrav,i in the gravitational action must be
separately zero, namely

2
V. (M) =0+0 (VR k+20>4), (43)
where Sup = ), Sgrav,i- This formula was explic-
itly checked for each term in the action in (10) to
the order quadratic in curvatures and up to total
of four covariant derivatives acting on the general
gravitational curvature R.

(2.) The computation of the functional trace of the log-
arithm of the gauge weighting operator C, namely
of Trln C' was checked using three methods. Since
the C' operator is a non-minimal four-derivative
differential operator and matrix-valued (so with
vector indices), then the computation of its trace
of the logarithm is a bit troublesome. One has to
be more careful here. Therefore, we performed ad-
ditional verifications of our partial results for this
trace. Our three methods consist basically of trans-
forming the problem to computing the same trace
of logarithm but of new operators (with higher
number of derivatives). Next, by selecting some
adjustable parameters present in the construction
of these new operators, these morphed operators
could be put into a minimal form and easily traced
(under the functional logarithm operation) using
standard methods and prescriptions of Barvinsky-
Vilkovisky trace technology [27]. This construction
of new operators was achieved by an operatorial
multiplication by some two-derivative spin-one op-
erator Y containing one free adjustable parameter.

method we multiplied by ¥ from the left also once,
and in the final third method we used the explicitly
symmetric form of multiplication YOV, (This last
form of multiplication is presumably very important
for the manifest self-adjointness property of the
resulting 8-derivative differential operator Y'CA’}A/)
For these operatorial multiplications, Y was a two-
derivative operator, whose trace of the logarithm
is known and can be easily verified. (This was also
checked independently below.) We emphasize that
in the first two methods the resulting operators (YC
and CY respectively) were six-derivative ones, while
in the last one with double multiplication from both
sides, YCY was an eight-derivative matrix-valued
differential operator. At the end, all three described
above methods of computation of TrIn C' agree for
terms quadratic in curvatures. These terms are only
important for us here since they appear in the form
of UV divergences of the theory (and are composed

variants: B2, R2 2
from GR-invariants: R?, R:,, and R;,,;).

(3.) Similarly, the computation of TrinY" for the two-

derivative operator Y was verified using three anal-
ogous methods. We used multiplication from both
sides by the operator A and also the symmetric form
of multiplication /Alf/fl, where Y is a two-derivative
operator, whose functional trace of the logarithm we
searched here. Above, A was another two-derivative
non-minimal spin-one vector gauge (massless) oper-
ator, whose trace of the logarithm is well known [41]
and can be easily found. Again, for the final results
for TrlnY all three methods presented here agree
to the order of terms quadratic in curvatures K.

(4.) In total divergent part I'gj, of the quantum ef-

fective action, we checked a complete cancellation
of terms with poles in y = 2we — 3wg variable,
namely all terms with % and y% in denominators
(originating from the expression for the gauge-fixing
parameter § in (21)) completely cancel out. This
is not a trivial cancellation between the results of
the following traces: Trln H and Trln M.

(5.) Finally, using the same code written in Mathe-

matica [47] a similar computation in four-derivative
gravitational theory (Stelle theory in four dimen-
sions) was repeated. We easily were able to re-
produce all results about one-loop UV divergences
there [42]. To our satisfaction, we found a complete
agreement for all the coefficients and the same non-
trivial dependence on the parameter x4_4er, which
was already defined above for Stelle gravity. This
was the final check.

4. STRUCTURE OF BETA FUNCTIONS IN

SIX-DERIVATIVE QUANTUM GRAVITY

For details one can look up the section III of [26].
_In the first variant of the method, we multiplied
C from the right by Y one time, in the second

4.1. LIMITING CASES

In this subsection, we discuss various limiting cases
of higher-derivative gravitational theories (both with
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four and six derivatives). We study in detail the sit-
uation when some of the coefficients of action terms
in the Weyl basis tend to zero. We comment whether
in such cases our method of computation is still valid
and whether the final results for UV divergences are
correct in that cases and whether they could be ob-
tained by continuous limit procedures.

First, we discuss the situation with a possible de-
generacy of the kinetic operator of the theory acting
between quantum metric fluctuations h,, on the level
of the quadratized action. If the action of a theory in
the UV regime has the following UV-leading terms

Serav = / d*z+\/lg| (wonCOYNC +wr nROYR), (44)

with we nv # 0 and also wr n # 0 and after adding
the proper gauge-fixing functional, then the kinetic
operator can be defined, so in these circumstances it
is not degenerate. Then it constitutes the operatorial
kernel of the part of the action which is quadratic in
the fluctuation fields. It can be well-defined not only
for the cases when we n # 0 and wr n # 0, but also
when wr ny = 0. This last assertion one can check
by explicit inspection, but due to the length of the
resulting expression we decided not to include such
a bulky formula here. However, in the case wo,ny =0,
a special procedure must be used to define the theory
of perturbations and to extract UV divergences of the
model. We remark that in the last case the theory is
non-renormalizable. We also emphasize that the addi-
tion of the gauge-fixing functional here is necessary
since without it the kinetic operator (Hessian) is auto-
matically degenerate as the result of gauge invariance
of the theory (here in gravitational setup represented
by the diffeomorphism gauge symmetry).

In general, as emphasized in [26], in four spacetime
dimensions, the general UV divergences depend only
on the coefficients appearing in the following UV-
leading part of the gravitational HD action,

Sgrav :/d4.’L‘ |g| (UJC,NCDNC + OJR,NRDNR

+ wc,N,lCDN_lC + (JJRA,NflRDN_lR
+we,N—2CON2C + wr n_o ROV 2R) , (45)

where the last two lines contain subleading terms in
the UV regime. However, they are the most relevant
for the divergences proportional to the Ricci curvature
scalar and also to the cosmological constant term [44].
Below for notational convenience, we adopt the follow-
ing convention specially suited for six-derivative grav-
itational theories, so in the case when N = 1. We will
call coupling coefficients in front of the leading terms
as respective omega coefficients (like we = we,1 and
analogously wr = wp,1), while the coefficients of the
subleading terms with four derivatives we will denote
as theta coeflicients (like 8¢ = we o and analogously
0r = wr). Eventually, for the most subleading terms
with subindex values of (N — 2) equal formally to —1
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here, we have just one term contributing to the cos-
mological constant type of UV divergence. We denote
this coefficient as w_; = wg,—1 and it is in front of
the Ricci scalar term in the original classical action
of the theory (6). Simply this coefficient w_; is re-
lated to the value of the 4-dimensional gravitational
Newton’s constant G .

The expressions for the RG running of the cosmo-
logical constant and the Newton’s constant in [26, 44]
contain various fractions of parameters of the theory
appearing in the action (45). Still, for a generic value
of the integer IV, giving roughly the half of the order of
higher derivatives in the model, we have the following
schematic structure of these fractions:
WC N—-1 WR,N—2

we,N WR,N

WR,N-1 Wo,N -2

we,N

. (46)
The structure of the UV divergences and of these
fractions can be easily understood from the energy
dimensionality arguments. We notice that in the Weyl
basis with terms in (45) written with Weyl tensors
Clpo and Ricci scalars R the only fractions, which
appear in such subleading UV divergences are “diag-
onal” and do not mix terms from the spin-2 (Weyl)
sector with terms from the spin-0 (Ricci scalar) sec-
tor. If in any of the above fractions, we take the
limits: wrp,n-1 — 0, wogn—1 = 0, wpN—2 — 0, Or
we,N—2 — 0, then the corresponding fractions and
also related UV divergences (and resulting beta func-
tions in question) simply vanish, provided that the
coefficients in their denominators wgr n and we, v are
non-zero.

On the other hand, if we y = 0, then we cannot
rely on this limiting procedure. In this case, on the
level of the quadratized action the operator between
quantum fluctuations is degenerate even after adding
the gauge-fixing terms. This means that in this situa-
tion a special procedure has to be used to extract the
UV divergences of the model. This is possible, but we
will not discuss it here.

It is worth to notice that in turn, if wgpny = O,
then the kinetic operator for small fluctuations and
after adding the gauge fixing is still well-defined, as
emphasized also above. For this case a special addi-
tional kind of gauge fixing has to be used, which fixes
the value also of the trace of the metric fluctuations
h = g"”h,, and this last one in the theory with NV =0
resembles the conformal gauge fixing of the trace.

If wr, v = 0 and additionally wr y—_1 Or wr,N—2 are
non-zero, then the corresponding beta functions for
the cosmological constant and Newton’s gravitational
constant are indeed infinite and ill-defined as viewed
naively from the expressions in (46). This situation
could be understood as that there is an additional new
divergence not absorbed in the adopted renormaliza-
tion scheme and the renormalizability of such a theory
is likely lost. But if the model is with wgr v = 0 and
at the same time wp N—1 = wr,N—2 = 0, then the con-
tributions of corresponding fractions in (46) are van-
ishing, because the limits wgp y—1 — 0 or wr,N—2 — 0



VOL. 62 NO. 1/2022

Beta Functions in Six-Derivative Quantum Gravity

must be taken as the first respectively. Only after
this, the final limiting procedure wr xy — 0 should be
performed. Therefore, in this limiting situation, the
proper sequence of limits on respective fractions is as
follows:

lim < lim wR’N1> =0 (47)
wr,N—=0 \wr,N-1—=0 WR N

and
lim ( lim

WR,NHO

wRN‘Q) =0. (48

wr,N-2—0 WR N

In this case, there are no contributions to the beta
functions from these fractions, so the R? sector does
not contribute anything to the mentioned UV diver-
gences, while it is expected that the terms in the C?
sector make some impact on beta functions.

However, the similar procedure cannot be applied
in the sector with Weyl square terms (C? sector), so
to the model with we v = 0 and at the same time
we,N—1 = we,N—2 = 0 since these cases have to be
treated specially and separately. In the last case, after
the limit, only the pure sector with Ricci scalar square
terms (R? sector) survives and the theory is likely non-
renormalizable. Then we expect contributions to UV
divergences only from terms in the R? sector.

Regarding the divergences proportional to expres-
sions quadratic in curvatures (R?, C?, and the Gauss-
Bonnet term GB), we have found the following generic
structure in four-derivative gravity [42]:

A_ A_
2 1

A 49
xifder " > ( )

L4 der

where in this case of four-derivative gravity the fun-
damental ratio of the theory is defined as

weo _ fc
wro Or

LT4—der = (50)

The numerical coefficients A_5, A_; and A_g are
different for different types of UV divergences (here
they are given by terms with four derivatives, namely
by R%, C? and GB terms respectively). The explicit
numerical values are given in the formula (34). One
observes negative powers of the ratio x4_qer in (49)
and in (34), implying also negative powers of the cou-
pling f¢ in the final results for these UV divergences.
This result signifies that the theory with o = 0
should be treated separately and then we do not have
well-defined kinetic operator in a standard scheme of
computation. The naive results with the limit 6 — 0
of the above formula in (49) do not exist. Such theories
with 8o = 0 entail complete absence of gravitational
terms in the C? sector. They are again very special
and perturbatively non-renormalizable models. The
above remarks apply both to pure R? Starobinsky
theory as well as to theories in the R? sector with
addition of the Einstein-Hilbert R or the cosmological
constant wp terms.

On the other side, the limit 8z — 0 in pure C?
gravity seems not to produce any problem with the
degeneracy of the kinetic operator, nor with the final
expression (49). The naive answer would be just Ag
for (49) for each of the UV divergences in this case.
But this is an incorrect answer since for pure four-
derivative gravity with g = 0 in the Weyl basis of
terms, we have an enhancement of the symmetry in
the model, beyond the case where 8z was non-zero.
In this situation, the theory enjoys also conformal
symmetry and a more specialized and delicate compu-
tation must be performed to cover this case. This is
the case of four-dimensional conformal (Weyl) gravity.
(We decided for simplicity not to analyze here the cases
when besides the C? action for four-dimensional con-
formal gravity, there are also some subleading terms
from the almost “pure” R? sector, that is w_; # 0
or when we allow for non-vanishing cosmological con-
stant term wp # 0 — these terms in the action would
cause breaking of classical conformality.)

The computation in this case should reflect the fact
that also the conformal symmetry should be gauge-
fixed. We remark that the conformal symmetry does
not require dynamical FP ghosts, because the con-
formal transformations of gravitational gauge poten-
tials (not the conformal Weyl gauge potentials b,,)
are without derivatives. At the end, when the more
sophisticated method is employed, the eventual result
is different than Ag for each type out of three types
of four-derivative UV-divergent GR-invariant terms
in the quantum effective action of the model. The
strict result Ag is still correct only for theories in
which conformality is violated by inclusion of other
non-conformal terms like the Einstein-Hilbert R term
or the cosmological constant wy term. We conclude
that in the four-derivative theory, the two possible
extreme cases of g = 0 or fc = 0 are not covered by
the general formula (49). But in each of these cases
the reasons for this omission are different. In both
these cases the separate more adapted methods of
computation of UV divergences have to be used.

In the case of six-derivative theory studied in [26],
we have the following structure of UV divergences
quadratic in gravitational curvatures

BO + .le7 (51)

with new values for the constants By and B;. The
explicit numerical values are given in our formula (33)
with the results. We also remark that the values of the
constant terms By are different than the values of Ag
in the previous four-derivative gravity case. Moreover,
the numerical coefficients By and B; are different
for different types of UV divergences of the effective
action (R?, C? and GB terms respectively). When
the leading dynamics in the UV regime is governed by
the theory with six derivatives, then the fundamental
ratio x we define as

we,i we

52
WR1  WR (52)
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We emphasize that in such a case, we cannot con-
tinuously take the limit wg — 0. Although, naively
this would mean the limit x — 0, the result just By
from (51) would be incorrect. This is because in this
case we cannot trust the method of the computation.
When we = 0 the kinetic operator is degenerate (the
same as it was in the four-derivative gravity case)
and needs non-standard treatment, that we will not
discuss here.

Moreover, looking at the last formula (51), the other
limit wr — 0 is clearly impossible too, because it
gives divergent results. However, in this case (wg = 0)
and on the contrary to the previous case (wg = 0),
we could trust the computation at least on the level
of the kinetic operator (Hessian) and its subsequent
computation of the functional trace of the logarithm
of. In this case, the final divergent results in (51)
signify that the theory likely is non-renormalizable
and that there are new UV divergences besides those
ones derived from naive power counting analysis®.
We conclude that in the case of six-derivative gravity,
both cases wr = 0 or we = 0 require special treatment
and the type of formula like in (51) or (33) does not
apply there and the limiting cases are not continuous.
More discussion of these limits is contained also in
the further subsection 4.4.

4.2. DEPENDENCE OF THE FINAL RESULTS ON
THE FUNDAMENTAL RATIO &

Here we just want to understand the x-dependence in
the result for the beta functions in six-derivative grav-
itational theory. We first try to analyze the situation
for simpler theory (with four derivatives), prepare the
ground for the theory with six derivatives, and then
eventually draw some comparison between the two.
We look for singular i or i dependence (corre-
sponding to positive or negative powers of the funda-
mental ratio z = z—g respectively) in functional traces
of the fundamental operators defining the dynamics
of quantum perturbations important to the one-loop
perturbative level. We note that the two definitions
for the ratio x in (50) and in (52) respectively for
four- and six-derivative gravities are compatible with
each other and the proper use of them (with theta or
omega couplings) is obvious in the specific contexts
they are used in. Below, when we will refer to features
shared by both four- and six-derivative gravitational
theories, we will use common notation with general
we, wr and z coefficients and we will not distinguish
and not change it to the special notation originally
adequate only to Stelle quadratic theory (with 8¢, 6r
and T4_ger). We hope that this will not lead to any
confusion.

We emphasize, that when we have one of the two
terms missing — with wg or we front couplings — in
the leading in UV part of the action of the model, then

3We remark that the generic power counting analysis of UV
divergences in six-derivative quantum gravity, as presented in
section 1.1, applies only in cases when wo # 0 and wr # 0.
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the theory is badly non-renormalizable and degenerate.
For example, one cannot define even at the tree-level
the flat spacetime graviton propagator since the parts
proportional to PO or P2 projectors do not exist in
cases when wrp = 0 or we = 0 respectively. However,
there we can still use the Barvinsky-Vilkovisky (BV)
trace technology to compute the new UV divergences.
The fact that they are not possible to be absorbed in
counterterms of the original theory is another story
related to the non-renormalizability of the model that
we will not discuss further here. We think that, for
example, using the BV technique one can fast compute
UV divergences in Einstein-Hilbert (E-H) theory in
d = 4 (which is a non-renormalizable model) and
this method still gives a definite result (besides that
these divergences are gauge-fixing dependent and valid
only for one gauge choice). Moreover, using the BV
traces machinery and the minimal form of the kinetic
operator is essential to get final results for the unique
effective action (as introduced by Barvinsky [27, 48]),
also in perturbatively non-renormalizable models.

In quadratic gravity (four-derivative theory) in
d = 4, setting 0 = 0 is highly problematic. The same
regards taking the limit §c — 0, because then the
pure R? theory can be fully gauge-fixed. And for ex-
ample, this means that on flat spacetime background,
the kinetic operator vanishes, perturbative modes are
not dynamical and there is no graviton propagator.
Using the standard technique of the one-loop effective
action one sees that the traces of the functional loga-
rithms of H and of C operators both contain singular
expressions %, and there is no final cancellation be-
tween them. In this case of four-derivative gravity, in
final results for UV divergences, we really see inverse
powers of the fundamental ratio of the theory x4 qer-

The results in quadratic Stelle gravity, when we set
0r = 0, are not continuous either. Because in this case
the local gauge symmetry of the theory is enhanced.
We have also conformal symmetry there. The model
is identical to the Weyl gravity in d = 4 described
by the action C2. As emphasized in [41], this case of
0r = 0 has to be treated specially. Also, in this model,
the conformal symmetry has to be gauge-fixed and in
this special case the operators H and C are different
than their limiting versions under 6z — 0 limit from
the generic four-derivative theory case. Hence also
the results for the beta functions are different than
the limits of the corresponding beta functions in the
situation with 6 # 0.

If we start with the theory with 6 = 0 from the be-
ginning, then there are serious problems with the
kinetic operator. We checked that it cannot be put
by standard fixing of the gauge to the minimal form
with four-derivative leading operator. Moreover, as
the result of this process one of the typical gauge-
fixing parameters remains undetermined. Here one
can try to compute the trace of the logarithm of the
Hessian using the method proposed in [44] consisting
of multiplying by some two-derivative non-minimal
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operator and getting a six-derivative operator, whose
trace can be easily found. But it is hard to believe
that one has any chance to get a non-singular answer
for all the beta functions in pure R? theory since it is
known that this theory is non-renormalizable (because
it lacks the C? counterterm in the bare action).

Actually, here (for the ¢ = 0 case) one could choose
the C' matrix-valued differential operator different
from the standard minimal prescription and choose
different values for the v gauge-fixing parameter. In
the standard minimal choice for the gauge-fixing pa-
rameters and in this model, the C matrix contains
an irregular part in 6o coupling (% pole), because
of the dependence of v on 6. This last dependence
originates from the conditions forced on gauge-fixing
parameters in order to put the kinetic operator in the
minimal form, in the standard case 8¢ # 0. However,
knowing that in the case with 8- = 0, this procedure
is anyhow unsuccessful, we have the freedom to choose
the value of 7 different than the standard one and at
our wish.

In principle, similar considerations can be repeated
verbatim for the case of six-derivative theory (with
N = 1 power exponent on the box operator in the
defining the theory action in (45)). But we remark
here that the theory with wgr = 0 and N = 1 is
not conformally invariant in d = 4 dimensions. And
the above problems with the gauge fixing of the Hes-
sian operator H and non-minimality of it in the case
we = 0 still persist. This is because here for six-
derivative gravitational theories the box operator [J
acting between two gravitational curvatures is only
a spectator from the point of view of the UV-leading
part of the H operator (with the highest number of
derivatives and with the zeroth powers in gravitational
curvatures) or from the point of view of flat space-
time kinetic operator and flat spacetime graviton’s
propagator. The box operator in momentum space
gives only one additional factor of —k2 to the kinetic
operator and additional suppression by —k~2 to the
propagator. The Hessian in the six-derivative theory
with wr = 0 must possess the same definitional issues
as the one in the four-derivative theory (with 8z = 0),
because for the kinetic terms box operator again plays
only the role of the spectator. Hence the difference
on this level between four- and six-derivative theories
is only in some overall multiplicative coefficient (like
flat spacetime d’Alembertian operator 92 is —k? in
Fourier space). So then, if we know that the Hessian
H is almost well-defined for the conformal gravity case
(up to the need for additional gauge fixing of the con-
formal symmetry), then the same will be true for the
Hessian in the six-derivative theory with the wp =0
condition in d = 4 spacetime dimensions, although
then the theory ceases to be conformal anymore. In
conformal gravity in d = 4, when 0 = 0, we have
almost well-defined Hessian, because we know that it
gives rise to a good renormalizable theory at least to
the one-loop perturbative level of computations.

Now, also in the case of six-derivative theories, set-
ting wr = 0 does not create any problem for the
form of neither H nor C' operators. Only the final
results for the beta functions show % poles as this
was manifest from the results in [261}?. In turn, in
six-derivative theories, the limit we — 0 seems regu-
lar, but it is questionable that now we can trust the
results of this limit. In the pure ROR theory, we
expect to get some discontinuous results for the beta
functions not obtainable by the limit wc — 0 since
this model is non-renormalizable. In this model, there
is still an open problem that one cannot make the
kinetic operator of fluctuations a minimal 6-derivative
one. Furthermore, taking the limit wc — 0 on the ki-
netic operator from the generic case wo # 0 produces
a Hessian H that vanishes on flat spacetime. Hence
it seems that in this case the intermediate steps of
the process of computing the divergent part of the
effective action are not well-defined, while the final
result is amenable to taking the limit we — 0, but
exactly because of this former reason, we should not
trust these apparently continuously looking limits.

One should analyze deeper the form of the leading in
the number of derivatives (and also in the UV regime)
part of the kinetic operator H of the theory between
graviton fluctuations. The insertions of box operators,
like any power or functions of the box operator [J, are
only the immaterial differences between the cases of
four- and six-derivative theories here. These opera-
tors are only spectators for getting the leading part
of the Hessian, which is with the highest number of
derivatives and also considered on flat spacetime, so
with the condition that R = 0. Using formula (20)
with solutions for gauge-fixing parameters as in (21),
one finds in the generic case wo # 0 and wg # 0, that
the kinetic operator (leading part of the Hessian) is
indeed minimal and of the form

we
Hi” = 75 (g""g"7 + g"7g"")

wo — bwgr

owDgwgpo_ (53)
In the above formula, one does not see any singularity
when we is vanishing (one saw wgl divergences in
the expressions for a and v parameters in (21)), but
in this case the above treatment was not justified.
When we = 0, one can solve the system for gauge-
fixing parameters for # and 7' = I and assume that
formally 2 = 0 and % = 0, but in the ratio 2 the limit
is finite. One then finds that 8 =1 and 7/ = —2wg
and after substitution to the original Hessian, one
gets that its leading part explicitly vanishes. The
same one gets by plugging the naive limit we — 0
in (53). One also sees from the explicit solutions
in (21) and resulting general expression for ' (i.e.
7' = jwc — 2wg) that by plugging we = 0 one finds
again that 8 =1 and 7' = —2wg as derived exactly
above. The highest derivative level of the gravitational
action is then completely gauge-fixed.
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In the opposite case, when wgr = 0, the leading part
of the Hessian does not vanish, but it is degenerate
and in the form

wc

rvo o 1% wc 1% loa
- 0(¢"9" +9"79"") = =-0g""9", (54)

uv,po _
Hlead - 4

because this operator does not possess a well-defined
inverse, precisely in d = 4 dimensions. An addition of
a new conformal-like type of gauge-fixing here Th{13h
with a new (fourth) gauge-fixing parameter 7 and
where the trace of metric fluctuations h = h#, is
used, removes the degeneracy provided that 7 # 0
is selected. Then the kinetic operator takes the form

v,po we vo o v
Hig " = 5 0(g"9" +9"79"")
+ (7’ — %) Og"*”gP?. (55)

Moreover, for any non-zero value of 7 the Hessian
is still a minimal operator. For 7 # 0 the inverse
exists and also the propagator can be defined around
flat spacetime. The only question is whether the fi-
nal results are 7-independent since this is a spurious
gauge-fixing parameter. The reason for such indepen-
dence is obvious in the four-derivative case, since T
is a gauge-fixing parameter for conformal symmetry
(conformal gauge-fixing parameter, so this is then in
such circumstances a symmetry argument). But in the
case of six-derivative model in d = 4, the reasoning
with conformal symmetry is not adequate since this
model is not conformal anymore. Only the explicit
computation may show that 7 parameter drops out
from final results as it should for them to be physical
and 7 gauge choice independent.

In four-derivative gravitational theory, one can see
the dependence on the x4_qer ratio only in the coeffi-
cient of the R? counterterm. This dependence is with
the general schematic form A,gxzf der T A,la:Ll der T
AoxY_4., like in (49) and in (34). We remark that
for other counterterms (namely for C? and GB in
this Weyl basis), the coefficients of UV divergences
are numbers completely independent of x4_ger. One
could try to explain here this quadratic dependence
in the inverse ratio x;j der i1 front of the R? countert-
erm in a spirit similar to the argumentation presented
in [44], where we counted active degrees of freedom
contributing to the corresponding beta functions of
the theory. It is well known by the examples of beta
functions in QED coupled to some charged matter
and in Yang-Mills theory, that the beta function at
the one-loop level expresses weighted counting of de-
grees of freedom and their charges in interactions
with gauge bosons in question (minimal couplings in
three-leg vertices are enough to be considered here
due the gauge symmetry). The similar counting could
be attempted here, but in gravity, especially in HD
gravity, there is a plenty of other gravitational degrees
of freedom, so this is quite a difficult task to enumer-
ate all of them and their strength of interactions in
cubic vertices when they interact with background
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gravitational potentials. Therefore, this task of ex-
plaining z-dependence and numbers present in the
expressions for all the beta functions both in four- and
six-derivative theories, now seems to be too ambitious
and we leave it for some further future considerations.

Instead, we comment briefly on the general depen-
dence on the z4_4e, ratio in four-derivative theory and
compare this with six-derivative theory. In the case
of N =1 (six-derivative gravitational theory), it was
found as a main result in [26], that the dependence
on z is only in front of the C? counterterm and this
is a linear dependence Biz! + Byz? like in (51) with
non-negative powers of the x ratio. The other coun-
terterms R? and GB are with constant coefficients
(only By terms present) (cf. with (33)). If the other
than the Weyl basis is used to write counterterms,
then the z-dependence is linear in coefficients in front
of each basis term (like in the basis with R?, R? , and

uv
Ri,, oo terms). These explicit dissimilarities between
N = 0 and N = 1 models certainly require deeper

investigations.

It is interesting also to analyze a special value of
the fundamental ratio x of the six-derivative gravi-
tational theory, which makes the C? sector of UV
divergences completely finite. This value is exactly
x = -2 = —44.6625. The R? sector of UV diver-
gences cannot be made finite this way. We remind for
comparison that in the case of quadratic gravity with
four derivatives in d = 4, the special values for x4_ger,
which made contrary the R? sector UV-finite, were
two and they were z4_ger = 3(3 £ +/7) (their numeri-
cal approximations are as follows: z4_ger,— =~ 1.0627
and Z4_der,+ ~ 16.937) as solutions of some non-
degenerate quadratic algebraic equation. Again, con-
trary to the previous case with six derivatives, here the
divergences in the C? sector cannot be made vanish.

Now, we discuss the differences between the two
extreme cases weo = 0 and wr = 0. In six-derivative
model or when we have even more derivatives, su-
perficially these two couplings and their roles for the
computation of UV divergences may look symmetric.
This is however not true due to the different impact of
these two conditions on the form of the kinetic opera-
tor H. In the case when wp = 0, the Hessian operator
still exists, while for we = 0 we lose its form. This
observation has profound implications as we explain
below. First, it is a fact that both these conditions
lead to badly non-renormalizable theories, in which
the flat spacetime propagator cannot be simply de-
fined. Moreover, if N > 0 in none of these two reduced
models we have an enhancement of symmetries and
none of them has anything to do with conformal grav-
ity models, which are present only for N = 0 and
wr = 0 case, despite that in constructions of these
six-derivative models we might use only terms with
Weyl tensor. (However, here we use the term COC,
where it is known that the GR-covariant box operator
O is not conformal.)
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Our explanation of the z-dependence is as follows.
First, in the generic model with N > 0, since it hap-
pens that it is the N = 0 scale-invariant gravitational
model which is here the exceptional one. For six-
derivative theory (or any one with N > 0) the two
reduced models with conditions that we = 0or wg =0
respectively are not renormalizable and likely even at
the one-loop level higher types of divergences (besides
C? and R? from (1)) will be generated. From this we
expect that there must be some problems with UV
divergences obtained from naive power counting ar-
guments here. The problems must show up somehow
in the final numerical values for divergent terms or
in the intermediate steps of the process of computing
these divergences. These problems then signal that we
are working with non-renormalizable theory, which do
not have a good control over perturbative divergences
showing up at the one-loop level.

First, in the case we = 0, we see that the problems
are already there with the definition of the kinetic op-
erator (Hessian) between quantum metric fluctuation
fields. This implies that further processing with this
operator is ill-defined, we cannot trust it and even
if it would give us some final results for divergences,
then they are not reliable at all since the theory is
non-renormalizable. But we already found here the
instance of the problem, which makes our final limit-
ing results (in the we — 0 limit) not trustable. This
means that from the expression in (51), we do not
expect any additional obstacles, like i poles since
the price for non-renormalizability was already paid
and we have already met dangerous problems, which
signal the incorrectness of the naive limit we — 0.
This should already take away our trust in the limit
we — 0 of expressions for UV divergences in (33).
Then this line of thought in the case we = 0 does
not put any constraints at all on the final form of the
x-dependence in (51) since these results like in (51)
in the limit we — 0 will anyway be likely incorrect.

Now, in the other case with N > 0 and wr = 0, we
do not have the problem with the definition of the
Hessian H. Formally, we can process it till the end of
taking the functional trace of the logarithm and adding
contributions from Tr1n M and Trin C. But somehow,
we must find the occurrence of the problem, because
the theory is non-renormalizable! So the only place in
which the problem may sit is in the final z-dependence
of the results for UV divergences. These results should
be ill-defined, when the limit wr — 0 is attempted.
And this implies that they must be with poles in the
wg coefficient, so they must be instead with positive
powers of the x ratio of the theory. Hence, we conclude
that the z-dependence must be linear or quadratic,
but always with positive powers of the ratio x. This
is now confirmed by explicit form as in (33) for UV
divergences of six-derivative theory. The problems
with renormalizability of the pure theory COC show
up in the last possible moment in the procedure for
obtaining the result, namely when one wants to take

the limit wr — 0 or equivalently x — oco. This is the
generic situation for any super-renormalizable theory
and for any N > 0. There are still some mysterious
things here, like why the dependence is only linear in
2 and why only for the C? type of UV counterterm,
while two other counterterms R? and GB are numbers
completely independent of z. Right now we cannot
provide satisfactory mathematical explanations for
these facts.

Using this argumentation in the theory models with
N =1, we get an explanation for the x-dependence in
formula for UV divergences in (51). The logical chain
for the explanation should be as follows. Firstly, in the
pure theory COC, one concludes that the problems of
non-renormalizability shows only in the final results as
impossibility to take the limit wgr — 0 or equivalently
x — oo of formula in (51) for divergences of the model.
Hence the dependence must be on non-negative powers
of the ratio z in formula (51), as it is clearly confirmed
by explicit inspection of this formula. This settles
the issue of the structure of exact beta functions for
N = 1 models (and also for higher N > 1 cases
too). Now, the same formula is a starting point for
an attempt to take the other limit z — 0 of the
also non-renormalizable model of the type ROJR. But
in such a model we have already found a source of
the problem caused by non-renormalizability earlier,
that it is here connected with the impossibility to
properly define non-degenerate Hessian operator in
the model. But this limiting case of x — 0 must
follow the same structure as already established in
formula (51). Simply, theoretically speaking, there
is no need to see more instances of problems due to
non-renormalizability in the ROJR model. Hence, the
first explanation based on the CC model is sufficient
and the results in the model RLJR must be consistent
with it. Moreover, from just the analysis of the case
r — 00, we have concluded what is the structure in
a generic renormalizable case, when we have both
wr # 0 and we # 0 (so z # 0 and z # o). This
structure is beautifully confirmed by the formula (51)
or (33) explicitly for the generic case.

As emphasized above, it is in turn the N = 0 case,
which is extraordinary and it changes the pattern of
T4_qer-dependencies described above. This all can be
traced back to the fact that for N = 0 we have the
possibility of reducing the generic HD scale-invariant
model to the conformal one, when the full conformal
symmetry is preserved (at least on the classical level
of the theory). This happens, when one takes the iso-
lated case of 6z = 0 and 0 # 0 for the four-derivative
theory (for positive-definiteness we may also assume
that 6 > 0). This case is discontinuous and cannot
be taken as the naive limit z4_qo, — 00 of the for-
mula (49) for the R? type of UV divergences, which
would leave us effectively only with the Ag coefficient.
It is well known that the conformal gravity model is
renormalizable one (at least to the one-loop level),
contrary to the case of the theory COC, which was
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discussed above. This means that we shall not find any
source of the problem when computing and getting
results for UV divergences of this C? model. We do
not find problems with the Hessian or the propagator
provided we also gauge-fix the conformal local symme-
try of Weyl conformal gravity. We shall not find the
problem with the final expression of UV divergences,
so there we shall not expect poles with 0 coefficient.
But some x4_4e-dependence up to the quadratic order
could be present (this is due to the one-loop character
of the computation here; one can understand this eas-
ily from contributing Feynman diagrams). So then, we
conclude that this dependence may be only in positive
powers of the inverse ratio, namely of x;l der = Or/0c.
This is again confirmed in the formula (49) and (34),
where we indeed find the quadratic dependence but
in the inverse ratio IZ—lder'

Simply, the final results for the generic case
Tq—der 7 0 and z4_ger # 00 cannot depend on pos-
itive powers of x4 _4er since then the limit of con-
formal gravity in d = 4 (i.e. Z4_ger — 00) would
produce divergent results, but we know that Weyl
gravity is renormalizable with a good control over
one-loop UV divergences. However, this does not
mean that the results for conformal gravity are con-
tinuous and obtainable from the generic ones in (34)
by taking the limit z4_qo, — 00 there. We admit the
fact that the coefficients there may show some finite
discontinuities. However, both in the true and naive
T4_der — 00 limiting forms they must be finite — we
only exclude the case when they would be divergent
in the x4_ger — 00 limit. In this way, the results in
renormalizable 4-dimensional conformal gravity for
UV divergences may be expressed via finite numbers
multiplying just one common overall divergence (like
1/e parameter in dimensional regularization (DIM-
REG) scheme). The theory is renormalizable and
there are no new divergences inside coefficients of es-
tablished form of UV divergences in generic HD Stelle
theory in d = 4 spacetime dimensions, as in (1).

The significant difference between the cases of N =
0 and N > 1 is that in the former case the theory with
0r = 0 is conformal on the classical tree-level as well
as on the first quantum loop, since we know that Weyl
conformal quantum gravity is one-loop renormalizable.
This is why the pattern of the z-dependence in these
two cases is diametrically different. In both these cases
of N =0 and N # 0, one can derive the general
structure of beta functions in generic HD theory with
any finite value of the fundamental ratio = (z # 0
and = # 00) by just analyzing the limit  — oo (or
respectively x4_qer — 00) and its divergences which
should or should not appear there respectively for the
cases of N # 0 or N = 0.

The inverse quadratic dependence on the ratio
T4_der in the case of four-derivative Stelle theory can
be easily understood as well. It is up to the quadratic
order and the same dependence we would expect in the
case of six-derivative gravitational theory in the C?
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sector of UV divergences. However, there as a surprise
we find only up to linear dependence on the fundamen-
tal ratio x and only in one distinguished sector of C?
divergences. In general, we can have up to quadratic
dependence on x in six-derivative models or on x;l der
in the Stelle gravity case in d = 4 spacetime dimen-
sions. The UV divergences of some renormalizable
HD gravity models in d = 4 spacetime dimensions are
all at most quadratic in the general gravitational cur-
vature (schematically they are R?). Hence they can
be all read from the one-loop perturbative quantum
corrections to the two-point graviton Green function,
so equivalently from the quantum dressed graviton’s
propagator around flat spacetime background. We
remind that here there is no quantum divergent renor-
malization of the graviton wave function. Moreover,
higher orders in graviton fields (appearing in interac-
tion vertices) are completely determined here due to
the gauge invariance (diffeomorphism) present in any
QG model, so we can concentrate below only on these
two-point Green functions.

As it is known from diagrammatics, here the con-
tributing Feynman diagrams may have either one prop-
agator (topology of the bubble attached to the line)
or two propagators (sunset diagrams) at the one-loop
order and for corrections to the two-point function. In
the most difficult case, there are here two perturbative
propagators. Since in our higher-derivative theory we
have two leading terms shaping the UV form of the
graviton’s propagator, namely the terms wcCUOC and
wrROR, then the corresponding propagator may be
either with the front coefficient w51 or wlgl respec-
tively as the leading term. To change between the
two expansions (in we or in wgr) one needs to use
one power of the ratio x. Since we have two such
propagators in the one-loop diagrams considered here,
then dependence is up to the quadratic power in x.
Sometimes we need to change back from we to wg
as the leading coefficient of the tree-level propagator,
and then we need to multiply by inverse powers of
the ratio x. The quadratic dependence is what we
can have here in the most complicated case, which is
actually realized in Stelle generic theory with both
Oc # 0 and Or # 0. (The argumentation above can be
repeated very similarly for quadratic gravity in d = 4
forgetting about one power of box operator [J and
changing corresponding omega coefficients to theta
coefficients and x to T4_ger-) Apparently, in the case
of six-derivative gravitational theories there is some,
for the moment, unexplained cancellation, and we see
there only the dependence up to the first power on
the ratio x of that theory.

One should acknowledge here the speciality of the
case of d =4 and one-loop type of computation. For
higher loop orders the powers of the x ratio may ap-
pear higher in the final expressions for UV divergences
of the theory. Similarly, if one goes to higher dimen-
sional QG models, then even in renormalizable models
at the one-loop level, one needs to compute higher
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n-point Green function. This is because in even di-
mension d one needs in renormalizable theory not
only to renormalize terms of the type ROG—4/2R
but also others with more curvatures (and correspond-
ingly less powers of covariant derivatives) down to the
term of the type R%?2, where we do not find covariant
derivatives acting on curvature at all. In the middle,
the general terms can be schematically parametrized
as VI"%R for i = 2,...,% - all these terms have
the energy dimensionality equal to the dimensionality
of spacetime d. For the last term of the type R%?
one needs to look at the quantum dressed n = %-
point function at the one-loop order. In conclusion,
in higher dimensions one should consider not only
two-point functions with one-loop diagrams with the
two topologies described above, but up to quantum
dressed g—point functions. And even for one-loop per-
turbative level these additional diagrams may have
more complicated topology meaning more vertices and
more propagators and this means that also powers
of the ratio & or ™! respectively will be higher and
higher. They are expected to be up to the upper
bound given by the maximal power exponent equal to
g — this can be derived from the expression of quan-
tum dressed %—point function, which is built exactly
with g propagators joining precisely % 3-leg the same
perturbative vertices. Then the topology of such a
diagram is this one of the main one-loop ring and %
external legs attached to it, with each one separately
and each one emanating from one single 3-leg vertex.
Again the situation at the one-loop and in d = 4 is
quite special and simple since the ratio x appears
here only up to the maximal power exponent given
by % =2.

As a side result, one also sees that the situation
in four-derivative model with the condition o = 0
is somehow “doubly” bad. First, the Hessian is not
well-defined to start with and this takes away our trust
in this type of computation. Moreover, if we would
attempt to take the limit §c — 0 (or equivalently
Za—der — 0) in the final result like in (49), then we
get a second problem since such limit gives infinite re-
sults. This means that we somehow doubly confirmed
the problem with the perturbative and multiplicative
renormalizability of such a model. It is not that the
two instances of the problem support each other — they
appear somehow independently and are not related,
nor they cancel out. Above, we have seen that in
the six-derivative (or general N > 0) case, they could
occur completely independently for two completely
different types of non-renormalizable theories (with
the conditions of wg = 0 or we = 0 respectively).
Here, we see that since conformal gravity at one-loop
must be without any problem of this type (no prob-
lem with the Hessian and no problem with getting
infinite results of the limits x4_gey — 00), then the
occurrence of these two problems at the same time
must happen in badly non-renormalizable model with
fc = 0 condition. In other words, since conformal

gravity is a safe model, then the model with o =0
must suffer twice since all these two problems must
inevitably appear in one model or the other, if some
extreme special cases like g = 0 or 8 = 0 are being
considered.

Again, we remark that in generic quadratic gravity
model we see up to quadratic dependence on the
inverse ratio xz_lder, but a precise location where this
dependence shows up is still not amenable for an easy
explanation. We do not know why this happens in
the R? sector only, while the C? and GB sectors are
free from any z4_qe-dependence. But at least the
dependence on the inverse ratio xZ_lder, rather than
on its original form x4_qer = Z—‘;, in the exceptional
case of N = 0 can be explained by the miraculous one-
loop perturbative renormalizability of the conformal
gravity model in d = 4.

4.3. CASE OF CONFORMAL GRAVITY

Here we continue the discussion of related issues, but
now in the framework of conformal gravity, so within
the model with the reduced HD action with N = 0
and formally with 8 = 0. There are various mo-
tivations for conformal gravity in d = 4 spacetime
dimensions [13, 14]. As it is well known the reason
for the multiplicative renormalizability of such a re-
duced model, when we have from the beginning that
f0r = 0 is the presence of conformality — conformal
symmetry both on the tree level and also on the level
of the first loop. Unfortunately, the story with con-
formal gravity in d = 4 is even more complicated
than what we argued above. First, already at the
one-loop level one discovers the presence of conformal
anomaly, which is typically thought as not so harmful
on the first loop level. However, it heralds the soon
breaking of conformal symmetry like for example via
the appearance of the R? counterterm at the two-
loop level. Such term as a counterterm is not fully
invariant under local conformal transformations — it
is only invariant under so called restricted conformal
transformations that is such transformations whose
parameters satisfy the source-free background GR-
covariant d’Alembert equation (JQ = 0) on a general
spacetime. Hence the R? term is still scale-invariant
but it breaks full conformal symmetry of the quantum
conformal gravity. It seems the only way out of this
conformal anomaly problem is to include and couple
to conformal gravity specific matter sector to cancel
in effect the anomaly. This is, for example, done in
N = 4 conformal supergravity coupled to two copies
of N' = 4 super-Yang-Mills theory, first proposed by
Fradkin and Tseytlin [49]. In such a coupled supergrav-
ity model, we have vanishing beta functions, implying
complete UV-finiteness and conformality present also
on the quantum level. This is conformal symmetry in
the local version (not a rigid one) with Weyl conformal
transformations in the gravitational setup and on the
quantum field theory level.
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If not in the framework of N' = 4 Fradkin and
Tseytlin supergravity, the conformal anomaly of local
conformal symmetry signals breaking of conformal
symmetry, while scale-invariance (global part of it)
still may remain intact. In the long run, besides the
presence of non-conformal R? counterterm, this break-
ing will put conformal Ward identities in question
and also the constraining power of the quantum con-
formality in question too. It will not constrain any
more the detailed form of gravitational correlation
functions of the quantum theory. The conformal sym-
metry will not be there and it will not protect the
spectrum from the emergence of some spurious ghost
states in it. This last thing will endanger the pertur-
bative unitarity of the theory (and we do not speak
here about the danger of unitarity breaking due to
the HD nature of conformal gravity). Without the
power of quantum conformal symmetry, we may have
unwanted states in the spectrum corresponding to
the states from generic Stelle gravity, and not from
the tree-level spectrum of conformal gravity, so we
can see mismatch in counting number of degrees of
freedom and also in their characters, namely whether
they are spin-1 or spin-0, ghosts or healthy particles,
etc.

Moreover, in pure conformal gravity described by
the action simply C? without any supergravitational
extension, we notice the somehow nomenclature prob-
lem with the presence of quantum conformality. Even
barring the issue of conformal anomaly, the general
pure gravitational theory has non-vanishing beta func-
tions, so there is no UV-finiteness there. This implies
that there is an RG running and scale-dependence of
couplings and of various correlators on the renormal-
ization energy scale. Hence already at the one-loop
level one could say that scale-invariance is broken,
which implies violation of conformal symmetry too.
However, one can live with this semantic difference
provided that there are no disastrous consequences
of the conformal anomaly. One can adopt the point
of view that the theory at the one-loop level is still
good provided that the UV-divergent action is con-
formally invariant too, that is when one has only
conformally invariant UV counterterms. (Although in
the strict meaning having them implies non-vanishing
beta function, RG running, loss of UV-finiteness and
of scale-invariance.) In our case the conformally in-
variant counterterms are only of the type C? and GB,
so if the R? counterterm is not present at the one-loop
level, then we can speak about this preserved quantum
conformality in the second sense. It happens this is
exactly the situation we meet for quantum conformal
gravity in d = 4 at the one-loop level.

In order to see quantum conformality of one-loop
level conformal gravity in d = 4 described by the
action, one first naively may try to take the limit
x — 400 from the expression for the R? sector of UV
divergences from formula in (34). One would end up
with the results, just a constant Ay, which is generally
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not zero. The whole story is again more subtle, since
the limits in this case are again not continuous, al-
though as we advocated above they are luckily also not
divergent, when we want to send 8z — 0. In the end,
we have only a finite discrepancy in numbers, which
can be easily explained. As emphasized above in this
case of the special reduced model we have the enhance-
ment of symmetries and this new emergent conformal
symmetry in the local version must be gauge-fixed
too. This means that the kinetic operator needs to be
modified and some new conformal gauge-fixing func-
tional must be added to it for the consistency of the
generalized Faddeev-Popov quantization prescription
of theories with local gauge symmetries. This means
that we will also have a new conformal gauge-fixing
parameter (the fourth one), which can be suitably ad-
justed to provide again the minimality of the Hessian
operator. Although, of course, the whole details of
the covariant quantization procedure for conformal
gravity are more delicate and more subtle, here we
can just take a shortcut and pinpoint the main points
of attention. When computing UV divergences using
generally covariant methods like BV trace technology
and functional traces of logarithms of operators, one
also necessarily needs to add here the contribution
of the third conformal ghosts, which are scalars from
the point of view of Lorentz symmetry but they come
with anti-commuting statistics. They are needed here
because the conformal gravity theory is a natural HD
theory and then third ghosts are necessary for covari-
ant treatment of any gauge symmetry in the local
form. It is true that for conformal local symmetry we
do not need FP ghost fields (because of the reasons
elucidated above), but we need a new third conformal
ghost, which is moreover independent from the third
ghost of diffeomorphism symmetry. Each symmetry
with local realization comes with its own set of third
ghosts, when the theory is with higher derivatives.
It is also well known that classically conformal fields
(like massless gauge fields of electromagnetism and
also of Yang-Mills theory) give contribution to diver-
gences which is conformally invariant counterterm,
so only of the type C? or GB terms. This can be
understood easily as a kind of conformal version of
the DeWitt-Utiyama argument used before. Hence, if
the scalars of the anti-commuting type that we have
to subtract were conformally coupled, then they will
not contribute anything to the R? type of the coun-
terterm. But we see from the formula in (34) that
the Ay coefficient there is non-zero, so only this one
survives after the limit z — oo is taken. To cancel
the R? counterterm is crucial for the hypothesized
conformal invariance of the conformal gravity also on
the first loop quantum level. And this must be done
by explicitly non-conformal fields with non-conformal
contributions to divergences. They cannot be massless
gauge fields, but they can be minimally, so not confor-
mally coupled scalar fields. Here for the consistency of
the whole formalism of the FP covariant quantization
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of conformal gravity, this role is played by the one
real conformal third ghost with the kinetic operator
2.

The contribution of the third conformal ghosts is
what we actually need to complete the whole pro-
cess of the computation of the UV divergences in the
conformal gravity model. We need them for the over-
all consistency since in this covariant framework we
cannot a posteriori check the presence of all gauge
invariances. Here we assume that on the first quan-
tum loop level, the conformal gravity model enjoys
fully diffeomorphism as well as conformal symmetry.
The terms given in the covariant BV framework of
computation all satisfy these requirements, so only we
must be careful to take all these contributions into ac-
count. The contribution of the third conformal ghosts
is like that of two real scalars coupled minimally (but
not conformally to one’s surprise) to the background
gravitational metric, but of the ghost type. Indeed
this means that we have to subtract the contribution
of two scalars, which is of course, UV-divergent but
after extracting the overall divergence there is only
a finite number. This is the number that when sub-
tracted now matches with number obtained after the
naive limit £ — oo of the generic results from (49).
We explain that we need to subtract two real scalars
each one coming with the standard two-derivative
GR-covariant box operator as the kinetic operator
since in HD conformal gravity the operator between
third conformal ghosts is of the [J? type as for the
four-derivative theory. The limit to conformal gravity
is discontinuous, but only in this sense that one has
to take out also contribution of real scalar fields min-
imally coupled to gravitation. The first part of the
limiting procedure, namely = — oo is only a partial
step and to complete the whole limiting procedure
one must also deal properly with conformal symmetry.
This applies not only to the coefficients in front of the
R? term, where we see the mysterious but explainable
z-dependence, but also to other coefficients in front
of terms like C? and GB terms. Of course, for the
last two terms the limits £ — oo do not change any-
thing, but the contribution of third conformal ghosts
makes impact and change the numerical results, which
are luckily still finite in conformal gravity. The co-
efficients in front of the R? and GB counterterms
are also finite in generic four-derivative gravity (cf.
with (34)), however by these types of arguments with
conformal gravity we cannot at present understand
why the 2-dependence happens only in front of the R?
counterterm. Of course, in conformal gravity model,
there is not any z-dependence at all.

At the end, when one accounts for all these nu-
merical contributions, one indeed finds that at the
one-loop level in conformal gravity, the coefficient of
the R? term is vanishing, so the quantum conformal-
ity is present in the second sense. And we have only
conformally invariant counterterms in pure confor-
mal gravity without any conformal matter, but there

is still interesting RG flow of couplings there. This
also signifies that there is conformally invariant but
non-trivial divergent part of the effective action with
finite numerical constant coefficients, when the overall
divergence is extracted. These finite coefficients arise
in the two-step process. First as the limit z — oo of
a generic HD gravity and then by subtraction of UV-
divergent contributions of two real scalars minimally
coupled to gravitational field. Since these last contri-
butions are known to be finite numbers multiplying
the overall UV divergence, then this implies that the
limit  — oo of the generic expression in (49) must
also give finite numbers. This explains why in pertur-
batively one-loop renormalizable model of conformal
gravity in d = 4 there are standard UV divergences,
although this is a reduced model with r = 0 and
N = 0 case. So the z-dependence in (34) must be
as emphasized above that is with inverse powers of
the fundamental ratio x of the theory and in accord
with what was schematically displayed in formula (49).
Hopefully now the dissimilarities between the cases
with N =0 and N > 0 are more clear.

In short, we think that the only sensible reason, why
we see completely different behaviour when going from
N =0 to N =1 class of theories is that the theory
with wg = 0 and N = 1 ceases to be conformally
invariant in d = 4. In a different vein, the degeneracy
of the kinetic operator H in the we = 0 cases, for
both N =0 and N = 1, remains always the same.

This proves again and again that the case of con-
formal gravity is very special among all HD theories,
in d = 4 among all theories quadratic in gravitational
curvatures. One can also study the phenomenological
applications of the Weyl conformal gravity models to
the evaporation process of black holes [50, 51] and also
use the technology of RG flows (and also functional
RG flows) in the quantum model of conformal grav-
ity to derive some interesting consequences for the
cosmology (like for example for the presence of dark
components of the universe in [52-54]). Finally, the
conformal symmetry realized fully on the classical level
(and as we have seen also to the first loop level and
perhaps also beyond) is instrumental in solving the
issue with spacetime singularities [34, 55, 56], which
are otherwise ubiquitous problems in any other model
of generally covariant gravitational physics (both on
the classical and quantum level). To resolve all singu-
larities one must be sure that the conformality (Weyl
symmetry) is present also on the full quantum level
(and it is not anomalous there), so the resolution of
singularities from the classical level (by some compen-
sating conformal transformations) is not immediately
destroyed by some dangerous non-conformal quantum
fluctuations and corrections.

4.4. MORE ON LIMITING CASES

Here again we analyze closer the situation with various
limits, when some coefficients in the gravitational
action (45) disappear.
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In a generic six-derivative theory, the trace of the
logarithm of the FP ghosts kinetic operator M and
of the standard minimal C' matrix are regular in the
limit wrp — 0, but not in the limit we — 0. For
the C matrix this is understandable, because the ¥
parameter contains factor wal in the minimal gauge.
However, for the FP ghosts kinetic operator M, this
dependence was unexpected, because in the explicit
definition of the M operator there was never any
singularity in we. Moreover, this singularity is even
quadratic in we coefficient.

We also emphasize that in the general six-derivative
theory the trace of the logarithm of the Hessian op-
erator H is irregular both in the limits wp — 0 and
we — 0 separately. It seems that in the total sum of
contributions to the beta functions of the theory the
singularity in we cancels completely between TrIn H ,
Trln C‘, and Trln M, while the poles in wgr remain
and this is what is seen as a dependence of the final
results on the non-negative powers of the fundamental
ratio z. For the definition of the H operator, if the
limit wr — 0 is taken, nothing bad is seen. This
may be a partial surprise. Of course, when the limit
we — 0 is taken, then this operator does vanish on
flat spacetime, so then its degeneracy is clearly visible.

The situation with limits (fg — 0 or 8¢ — 0) in
four-derivative theory we see as follows. The func-
tional trace TrinC is regular in both limits. It ac-
tually does not depend on any gauge-fixing param-
eters here, despite that in its formal definition we
used the v parameter, which shows the % singularity.

The situation with the FP operator M is the same
as previously, because the operator is identical as in
the six-derivative theory case. The operator H shows
the problem with its definition only when the limit
f0c — 0 is considered. The same is true for its trace
of the functional logarithm, which shows singularity
in O¢ coupling coefficient up to the quadratic order.
In this case and in the total sum of all contributions,
we see only % singularity to the quadratic order.
However, here the limit g — 0 is not continuous
either, because the theory reaches a critical point in
the theory space with enhanced symmetry for g = 0
(conformal enhancement of local symmetries) as it was
explained in subsection 4.3.

Let us also comment on what special happens in the
computation of UV divergences for quadratic theory
from the perspective of problems that we have initially
encountered in six-derivative theory for the same com-
putation. First, we established, in the middle steps
of our computation for the results published in [26],
that in the traces Trln A and Trln (' in Stelle grav-
ity there are no any dangerous i = m poles
(cf. [42]). The cancellations happen separately within
each trace. Second thing is that we found that the
trace Trln C surprisingly completely does not depend
on the gauge-fixing parameter 7, which was needed
and used in the initial definition of the C' operator
in (15). Finally, one can notice that the addition of

144

the Gauss-Bonnet term in d = 4 spacetime dimension,
does not change anything for R?, wa, and wapa di-
vergences (as it was expected), because its variation
is a topological term in d = 4.

In this last part, we use the schematic notation for
various gravitational theories, when we do not write,
for simplicity, the coupling coefficients in front of var-
ious terms since they are not the most important for
the considerations here. In the case of six-derivative
theories, it is impossible to obtain the results for the
cases with we = 0 or wg = 0 by any limiting proce-
dures of the corresponding results obtained for the
general six-derivative theory with wr # 0 and we # 0.
These reduced theories have different bilinear parts,
with degenerate forms of the kinetic operator and our
calculation methods break down here. Similarly, one
can calculate the beta functions in a theory with R?
only and this was done indirectly many times. One
can also calculate UV divergences in COC + R? the-
ory or in an analogous ROR + C? theory, but this is
actually not easy to do. But then we cannot easily ex-
tract these results from our general calculation done in
COC + ROR six-derivative theory. The simple reason
is that all these theories have different amount and
characteristics of degrees of freedom and the transition
from one to another at quantum level is complicated
(and to some extent unknown).

Moreover, we remark, that the results for beta func-
tions in models COC + R? (or COC + R? + C?) or
in ROR+ C? (or ROR+ C?% 4+ R?) could be obtained
by though different computations than what we have
done here. We summarize that the six-derivative grav-
itational theory to be renormalizable must contain
both terms of the type COC and RCJR. Then the ki-
netic operator (Hessian) between gravitational fluctu-
ations and the graviton’s propagator are well-defined.
In all other models, there is not a balance between
the number of derivatives in the vertices of the theory
and in all gauge-invariant pieces of the propagator,
so the theory behaves badly regarding perturbative
UV divergences at higher loops. This does not mean
that the computation of UV divergences at one-loop
level is forbidden, just only that usually these are not
all divergences in the theory, they may not be the
UV-leading ones anymore or the theory does not have
decent control over all of them.

For the strictly non-renormalizable theory with
the leading in the UV term CUOC we can have addi-
tions of various subleading terms which do not change
the fact of non-renormalizability. We can add terms
(separately or in conjunction) of the following types:
wa (cosmological constant term), R (E-H term), R?
(Starobinsky’s term), C? (Weyl square term). The
UV-leading part of the Hessian still is defined as it con-
tains six-derivative differential operator understood
on flat spacetime and between tensorial fluctuations,
so derived from the terms quadratic in curvatures.
The Hessian is non-degenerate. (It has to be non-
degenerate here, because the GR-covariant box oper-
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ator is here only a spectator, and the Hessian must
be “almost” non-degenerate for the case of conformal
gravity with the action C2.) The flat spacetime prop-
agator can be defined only if we make addition of
wa, or R or R? terms — this is because of the prob-
lematic part of it proportional to the projector P(©)
which must for the consistency of the inverting pro-
cedure for the whole propagator be non-zero. This
scalar part (spin-0 part) is sourced from any scalar
term or from the cosmological constant term. If only
the C? term is added, then the propagator still is
ill-defined. Still these additions do not change the
fact that the theory is non-renormalizable, if there is
not an accompanying six-derivative term of the form
ROR. As for the final results for UV divergences in
these extended models, naively one would think that
there are no additional UV divergences proportional
to terms with four derivatives of the metric (namely to
terms R?, C? and GB), because of the limit wr — 0
and the dependence on the z ratio in (33) in the linear
way. We would naively think that divergences with
R? and GB terms are the same as in (33). The only
problematic one could be this proportional to the C?
term since the limit gives already divergent results
(so “doubly” divergent) — this would mean that the
coefficient of the C? divergence is further divergent
and renormalization of just C? does not absorb ev-
erything at the one-loop level. Since the model is
non-renormalizable we cannot trust this computation
and these limits at the end, especially if they give
divergent results. But this probably means that we
cannot sensibly define the C? counterterm needed for
the UV renormalization in these theories. In a sense
an attempt of adding wp or R, or R? terms to reg-
ularize the theory COC + C?, or even the simplest
one, just COC, is unsuccessful so we perhaps still
cannot trust there in the final results just given by
two By coefficients of UV divergences proportional to
terms R? and GB, while the C? divergences are never
well-defined in this class of models.

Instead, in the case of the reduced model with
ROR UV-leading action, one may keep some hope
that the results for the C? counterterms will be finite
at the end, but maybe still discontinuous, despite the
non-renormalizability of the model with ROR action
(plus possible lower derivative additions to regularize
it as it was mentioned above). Maybe in this re-
duced models the results of the projection procedure
of the UV-divergent functional of the effective action
of the theory onto the sector with only C? terms will
result here in giving sense to pure C? divergences in
this limiting model. (Here we may try to resort to
some projection procedure for the functional with UV
divergences since in these non-renormalizable models,
one may expect to find more divergences than just of
the form of C? and R? as presented initially in (1).
There could exist new UV divergences, which contain
even more than four derivatives on the background
metric tensor, even in d = 4 case.) But the final finite

value may be discontinuous and may not be obtain-
able by the naive limit £ — 0 of the expression for the
divergent term in the C? sector of UV divergences, so
it may not be just By there. This remark about pos-
sible discontinuities may apply also to coefficients in
front of divergent terms of the type R and GB. They
may still end up with some finite definite values for
this model, but probably they are not the same as the
coefficients By of these terms from (51), so we proba-
bly will be able to see here another discontinuities in
taking the naive limit x — 0.

These above results about discontinuities and
negative consequences due to the overall non-
renormalizability of the two considered above reduced
models, are also enforced by the analysis of power
counting of UV divergences. One can try to perform
the “worst case scenario” analysis of one-loop inte-
grals and the results show complete lack of control
over perturbative UV divergences in such reduced
models. This is even worse that in the case of off-
shell E-H gravity considered in d = 4 dimensions,
which is known to be one-loop off-shell perturbatively
non-renormalizable theory. In the latter case the su-
perficial divergence of the divergence A is bounded at
the one-loop level (L = 1) in formula (4) by the value
4. In general, at the arbitrary loop order we have the
formula for power counting reads then

A+dy=4+2L-1), (56)

which if we concentrate on logarithmic UV divergences
only (with A = 0), we get that at the one-loop level
for all Green functions we need counterterms with
up to dy = 4 partial derivatives on the metric tensor.
At the two-loop level we instead need to absorb the
divergence term with dg = 6 partial derivatives as this
was famously derived by Goroff and Sagnotti [17, 18].
The counterterm that they have found was of the form
of the C® GR-covariant term and its perturbative
coefficient at the two-loop order does not vanish, and
this implies that the whole UV-divergent term does
not vanish even in the on-shell situation. But still we
know which counterterms to expect at the given loop
order and the absorption of UV divergences works for
all divergent Green functions of the QG model.

The situation in the reduced models of the type
COC or ROR in the leading UV terms is much worse
even at the one-loop level from naive power counting
there. One sees that different GR-covariant countert-
erms are needed to absorb divergences in different
divergent Green functions of the quantum model at
the one-loop level, so the counting does not stop at the
two-point function level. We think that despite these
tremendous difficulties, one still can compute the di-
vergent parts of the effective action and the actual
computations are very tedious and still possible. This
is provided that one can invert the propagator, so one
has some non-vanishing parts in both gauge-invariant
parts of it with the spin-0 and spin-2 projectors. So,
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it is at present practically impossible to do compu-
tation in the pure models COC or ROIR only. We
know that they give contributions in momentum space
proportional to k% in the spin-2 and spin-0 parts of
the propagator respectively, while other parts are not
touched. In order to regularize the theory and to
give sense to the perturbative propagator around flat
spacetime, one has to add the regulator terms as this
was mentioned above. Let us assume that they give
contributions to the other sector of the spin projectors
in the graviton’s propagator of the form k=", where
m is some integer and m < 6, they may likely also
give additional subleading contributions to the main
respective part of the propagator which was there with
six derivatives in the UV regime correspondingly to
the spin-2 sector in COC theory and to the spin-0 sec-
tor in ROOR model. The values of m are respectively:
m = 0 for the cosmological constant addition (it still
regularizes the propagator but very, very weakly),
m = 2 when E-H term is added (it contributes both
to the spin-0 and spin-2 parts), m = 4 when either R?
or C? terms are added (they contribute exclusively in
their respective sectors).

Since now after the regularization of the graviton’s
propagator, its behaviour is still very unbalanced in
the UV regime between different components, then
one sees the following results of the analysis of UV
divergences at the one-loop order. First, the general
gravitational vertex is still with six derivatives, while
the propagator is k% in the best (most suppressed) be-
haviour and k=™ is the worst behaviour in the other
components. For the most dangerous situation we
have to assume that the overall behaviour of the prop-
agator is in the worst case, so with the UV scaling of
the form k~". Then the relation between the number
of derivatives in a general gravitational vertex and in
the propagator is broken and this is a reason for very
bad behaviour with UV divergences here. Such rela-
tion is typically present even in non-renormalizable
models, like in E-H gravity. The lack of this relation
means that now the result for dg of any Feynman
graph G depends on the number of external graviton
lines ny emanating from the one-loop diagram. Pre-
viously in the analysis of power counting there was
never any dependence on this ng, parameter. This is
a source for problems even bigger when one increases
ng. For definiteness we can assume that ng, > 1 since
here we will not be interested in vacuum or tadpole
diagrams and quantum corrections to them. Now,
for a general diagram G with n, external graviton
lines, the worst situation from the point of view of
UV divergences is for the following topology of the
diagram, namely there is one loop of gravitons (so
called “ring of gravitons”) in the middle with n, 3-leg
vertices joined by ng propagators. In the case when
we concentrate on logarithmic divergences D = 0, we
get the following results for the quantity dy which
tells us how many derivatives we must have in the
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corresponding counterterm to absorb the divergence,
dog =44+ ny(6—m) (57)

for the graph contributing one-loop quantum correc-
tions to the ng-point Green function. One sees that
this dg grows without a bound even at the one-loop
level, when ny grows, so in principle to renormalize the
theory at the one-loop level one would need already
infinitely many GR-covariant terms, if one does not
bound the number of external legs of Green functions
that must be considered here. A few words about
explanation of numbers appearing in the formula (57).
The 4 there is the number of spacetime dimensions
(integration over all momenta components at the one-
loop level), while the (6 — m) factor comes from the
difference between the highest number of derivatives
in the vertex, i.e. 6 compensated by the worst be-
haviour in some propagator components given in the
UV by k=™ only.

Moreover, there are precisely n, segments of the
structure propagator joined with 3-leg vertex to create
a big loop. This behaviour signals complete lack of
control over perturbative one-loop divergences even
at the one-loop level. Moreover, they have to be
absorbed in the schematic terms of the type

v4+4ng—ngm+2i7€ng—i’ (58)

for the index 4 running over integer values in the range
1=0,1,2,...ny — 2, where we only mentioned the
total number of covariant derivatives not specifying
how they act on these general gravitational curvatures.
This is because this is an expression for the quantum
dressed one-loop Green function with ng graviton legs
on the flat spacetime, so terms with more curvatures
than n, will not contribute to absorb these divergence
of flat Green ng-point function. We only mentioned
here the really the worst situation, where the diver-
gence may be finally absorbable not only by the high-
est curvature terms of the type V4+47s—mamR1s hut
also for terms with smaller number of curvatures (up
to R? terms and in the precise form RD%”Q(G*’”)R).
We neglect writing counterterms here which are total
derivatives and which are of the cosmological constant
type. These are then the needed counterterms off-shell
at the one-loop level in such general reduced model.
To make it more concrete, we will analyze the cases
of m = 0,2 and 4 with special attention here in these
badly non-renormalizable models for some small num-
bers of legs of quantum dressed Green functions. We
have that at m = 0 to absorb UV divergences from
the 2-point function we need generic counterterms of
the form: RIVR with the exponent j running over
values 7 = 0,1,2, 3,4, 5,6, while to renormalize a three-
point function one needs previous terms and possibly
new terms of the type V/R? with j =0, ..., 16 and for
four-point functions new terms are of the type VIR*
with j = 0,...,20, etc. for higher Green functions (for
ng-leg correlators one needs j up to jmax = 414 + 4).
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When we regularize by adding the E-H term with
m = 2 the situation is slightly better, but then to
absorb UV divergences from the 2-point function we
need generic counterterms of the form: RIVR with
the exponent j running over values j = 0,1,2, 3,4,
while to renormalize a three-point function one needs
previous terms and possibly new terms of the type
VIR3 with j =0,...,10 and for four-point functions
new terms are of the type V/R* with j = 0,...,12,
etc. for higher Green functions (for ng-leg correlators
one needs j up to jmax = 2n,+4). Finally, we can add
terms of the type R? and C? for the regularization pur-
poses. In such final case to be considered here one has
that to absorb UV divergences from the 2-point func-
tion we need generic counterterms of the form: RICVR
with the exponent j running over values j = 0,1, 2,
while to renormalize a three-point function one needs
previous terms and possibly new terms of the type
VIR3 with j = 0,...,4 and for four-point functions
new terms are of the type V/R* with j = 0,...,4,
etc. for higher Green functions (for ng4-leg correlators
one needs j up to jmax = 4 here independently on the
number of legs n,). Still in this last case one sees that
one needs infinitely many counterterms to renormalize
the theory at the one-loop level, although the index j
of added covariant derivative is bounded by the values
4, still one needs more terms with more powers of
gravitational curvatures R.

This shows how badly non-renormalizable are these
models already at the one-loop level and that any
control over perturbative UV divergence is likely lost,
when the number of external legs is not bounded
here from above. These reduced models are examples
of theories when the dimensionality and the num-
ber of derivatives one can extract from the vertices
and propagators of the theory differ very much. Pre-
viously in quantum gravity models these two num-
bers were identical which leads to good properties of
control over perturbative divergences (renormalizabil-
ity, super-renormalizability and even UV-finiteness).
With these reduced models we are on the other bad
extreme of vast possibilities of QG models. But see-
ing them explicitly proves to us how precious is the
renormalizability property and why we strongly need
them in HD models of QG, in particular how we need
super-renormalizability in six-derivative QG models.

The arguments above convince us to think that
there is no hope to get convergent results for the front
coefficient coming with the C? counterterm in the
UV-divergent part of the effective action in the consid-
ered here model with the only presence of the CLOC
as the leading one in the UV. This may signify that
here there exists another UV-divergent term (perhaps
of the structure like CO"C'), which contains more
derivatives, and this could be a reason why the coeffi-
cient in front of the C? term is itself a divergent one.
The presence of such new needed counterterms with
more derivatives can be motivated by the analysis of
power counting of UV divergences in this reduced un-

balanced model, which is also presented below. Even
if the higher CO™C type of UV divergence is prop-
erly extracted and taken care of, then we can still be
unable to properly define and see as convergent the di-
vergence proportional to the four-derivative term C2.
Even such a projection of the UV-divergent functional
of the theory onto the sector with only C? terms will
not help here in giving sense to pure C? divergences
in this limiting model. However, this remark does not
need necessarily to apply to coefficients in front of
divergent terms of the type R? and GB. They may
still end up with some finite definite values for this
model, but probably they are not the same as the
coefficients By of these terms from (51), so we could
be able to see here another discontinuity in taking the
limit x — 4o0.

On the other hand, for the strictly non-
renormalizable theory with the leading in the UV
term ROIR we can have additions of similar various
subleading terms which do not change the fact of non-
renormalizability. We can add terms (separately or in
conjunction) of the following types: wa, R, R?, or C?.
The UV-leading part of the Hessian still is not well-
defined as it should contain six-derivative differential
operator understood on flat spacetime and between
tensorial fluctuations, while from the term ROR we
get only operator between traces of metric fluctua-
tions h = n*"h,, (between spin-0 parts), so derived
from the terms quadratic in curvatures present in the
UV regime. Probably the degeneracy of the Hessian
operator can be easily lifted out, if we add one of the
wa, or R or C? terms. If only the R? term is added,
then the Hessian still is degenerate. Similarly, the flat
spacetime propagator can be defined only if we make
addition of wy, or R or C? terms — this is because of
the problematic part of it proportional to the projector
P® which must for the consistency of the inverting
procedure for the whole propagator be non-zero. This
tensorial part (spin-2 part) is sourced exclusively from
any GR-invariant term built out with Weyl tensors
in adopted here Weyl basis of terms or from the E-H
term or from the cosmological constant term. If only
the R? term is added, then the propagator still is
ill-defined. Still these additions do not change the
fact that the theory is formally non-renormalizable, if
there is not an accompanying six-derivative term of
the form COC.

As for the final results for UV divergences in these
extended models, naively one would think that there
are no new UV divergences proportional to terms with
four derivatives of the metric (namely to terms RZ,
C? and GB), because of the limit we — 0 and the de-
pendence on the z ratio in (33) in the linear way. We
would naively think that divergences with R and GB
terms are the same as in (33). The only problematic
one could be this proportional to the C? term since
the limit gives already constant result, namely the By
coeflicient. Since the model is non-renormalizable we
cannot trust this computation and these limits at the
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end, even if they give here convergent results. But
this probably means that we cannot sensibly define
the C? counterterm needed for the renormalization
of these theories. When we include additions to the
action, which remove the degeneracy of the flat space-
time graviton’s propagator, then at least the pertur-
bative computation using Feynman diagrams can be
attempted in such a theory. Although of course, in
this case the different parts of the propagator have
different UV scalings, so the situation for one-loop
integrals is a bit unbalanced and there is not a stable
control over perturbative UV divergences, when for
example one goes to the higher loop orders. Proba-
bly new counterterms (with even higher number of
derivatives) will be at need here. Making additions
of some subleading terms from the point of view of
the UV regime, may help in defining the unbalanced
perturbative propagator, but still one expects (due
to energy dimension considerations) that these addi-
tions do not at all influence the quantitative form of
UV divergences with four-derivative terms, so these
ones which are leading in the UV. These additions
are needed here only quantitatively and on the formal
level to let the computation being done for example
using Feynman diagrams with some mathematically
existing expressions for the graviton’s propagator. In
a sense adding wy or R, or C? terms regularizes the
theory ROR+ R? or even the simplest one, just ROR,
so we can perhaps trust there in the final results just
given by all three By coeflicients of UV divergences
proportional to terms R?, C? and GB. This can be
motivated by the observation that here the limits
we — 0 or c — 0 respectively do not enhance any
symmetry of the model in question, so they can be
naively and safely taken. But we agree that this case
requires a special detailed and careful computation to
prove this conjectural behaviours.

In the general case of badly non-renormalizable the-
ories, with both we = 0 or wg = 0, one trusts more the
computation using Feynman diagrams and around flat
spacetime than of the fully GR-covariant BV method
of computation. For the former one only needs to be
able to define properly the propagator — all physical
sectors of it, and for this purpose one can regularize
the theory by adding the term w,R, which is a dy-
namical one with the smallest number of derivatives
and for which flat spacetime is an on-shell vacuum
background. (In this way, we exclude adding the
cosmological constant term wj, which would require
adding some source and the flat spacetime propagator
could not be considered anymore in vacuum there.)
Then in such regulated non-renormalizable theory one
can get results around flat spacetime and in Fourier
momentum space, and then at the end one can take
the limit w,, — 0. The results for some UV divergences
in these non-renormalizable models must be viewed as
projected since higher-derivative (like 6-derivative and
even higher) infinities may be present as well. These
last results must coincide with the ones we obtained
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in (33), when the proper limits of wg — 0 or wg — 0
are taken. We notice that adding the E-H term, which
is always a good regulator, changes the dynamics very
insignificantly for these higher-derivative models and
the results from Feynman diagram computations can
be always derived. Instead for the leading in the UV
regime part of the Hessian operator, which is a crucial
element for the BV method of computation, addition
of just w, R does not help too much and the operator
is still degenerate since it is required that all its sec-
tors are with six-derivative differential operators: are
non-vanishing and non-degenerate there.

We propose the following procedure for the deriva-
tion of correct limiting cases analyzed here. First
the theory with we # 0, wg # 0 and w, # 0 is
analyzed using Feynman diagram approach. The re-
sults for UV divergences must be identical to the ones
found in (33) using the BV technique. They do not
show any singularity at this moment. In Feynman
diagram computation one can take the limit we —
or wg — 0, while the propagator and perturbative
vertices are still well-defined. In these circumstances
we have that still w, # 0. We admit that the the-
ory loses now its renormalizability properties, but we
just want to project the UV-divergent action onto the
terms with the structure of three GR-covariant terms
C?, R? and GB. For this the method of Feynman
graph computation is still suitable since it only re-
quires the well-defined propagator, but it can work
even in badly non-renormalizable theories. This is
like taking the naive limits of we — or wr — 0 in the
results from (33) respectively, regardless which way
they were obtained. One justifies the step of taking
these limits by recalling that we are still working in
the Feynman diagram approach, and not with the BV
technique. Finally, one sends w, — 0 hoping that this
does not produce any finite discontinuity in the results
for four-derivative UV divergences. This is justified by
dimensional analysis arguments provided also earlier
in this article and by the fact that except in the case
of conformal gravity theory in d = 4, there is no any
enhancement of local symmetries in the limit w, — 0.
Then one gets the sense for the limits considered in
these sections.

This analysis concludes the part with special lim-
iting cases of extended six-derivative theories, where
one of the coefficients wgr or we is to be set to zero.
Probably the same considerations of some limits can
be repeated very similarly (with the exception of the
conformal gravity case) for the Stelle quadratic gravity
models, but we will skip this analysis here since it can
be found in the literature.

5. STABILITY OF HD THEORIES

Above we have seen that HD theories of gravitation
are inevitable due to quantum considerations. They
also come with a lot of benefits that we have discussed
at length before like super-renormalizability and the
possibility for UV-finiteness. However, it is also well
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known that they have their own drawbacks and prob-
lems. One of the most crucial one is the issue of
unitarity of the scattering (S-matrix) in perturbative
framework. This is of course in the situation when we
can discuss the scattering problems, so when we can
define asymptotic states in interacting gravitational
background, so when the gravitational spacetime is
asymptotically flat. In more generality, the related
issue is of quantum stability of the theory.

In general, in literature about general HD theories
there exist various proposals for solutions of these
perennial problems. We can mention here a few of
them: PT-symmetric quantum theory, Anselmi-Piva
fakeon prescription, non-local HD theories, benign
ghosts as proposed by Smilga, etc. Below we will
try to describe some of their methods and show that
the problems with unitarity or with the stability of
the quantum theory can be successfully solved. We
also provide arguments thanks to Mannheim [57, 58]
that the gravitational coupled theory must be without
problems of this type, if the original matter theory
was completely consistent.

We first express the view that the stability of the
quantum theory is fundamental, while the classical
theory may emerge from it only in some properly de-
fined limits. Hence we should care more about the
full even non-linear stability on the quantum level and
some instabilities on the classical level may be just
artifacts of using classical theory which cannot be de-
fined by itself without any reference to the original
fundamental quantum theory. An attempt to under-
stand the stability entirely in classical terms may be
doomed to clearly fail since forgetting about the quan-
tum origin may be here detrimental for the limiting
process. If the quantum theory is stable and unitarity
is preserved, then this is the only thing we should
require since the world is in its nature quantum and
physically we know that it is true that & = 1 in proper
units, rather than A — 0, so the classical limit may
be only some kind of illusion. If there are problems
with classical stability analysis like this done origi-
nally by Ostrogradsky, then this may only mean that
the classical theory obtained this way neglects some
important features that were relevant on the quantum
level for the full quantum stability of the system.

First, in Anselmi-Piva prescription one solves com-
pletely the unitarity issue for HD theories by invoking
fakeon prescription to take properly into account the
contribution of particles which in the spectrum are
related to higher derivatives theories and which typ-
ically are considered as dangerous for the unitarity
of the theory. The presence of a particle with nega-
tive residue called a ghost at the classical level makes
the theory not unitary in its original quantization
based on the standard Feynman prescription [7] of
encircling the poles for the loop integrals. A new quan-
tum prescription, as recently introduced by Anselmi
and Piva [59-61] was based on the earlier works by
Cutkosky, Landshoff, Olive, and Polkinghorne [62].

The former authors invented a procedure for the Lee-
Wick theories [63, 64], which allow them to tame the
effects typically associated to the presence of ghosts in
the Stelle’s theory. In this picture, the ghost problem
(also known as unitarity problem) is solved conse-
quently at any perturbative order in the loop expan-
sion [61] done for the loop integrals which need to be
computed in any QFT, if one requires higher order
accuracy.

At the classical level, the ghost particle (or what
Anselmi and Piva define as “fakeon”, because this par-
ticle understood as a quantum state can only appear
as a virtual particle and inside perturbative loops) is
removed from the perturbative spectrum of the the-
ory. This is done by solving the classical equations of
motion for the fakeon field by the mean of a very spe-
cific combination of advanced plus retarded Green’s
functions and by fixing to zero the homogeneous so-
lution of resulting field equations [65, 66]. This is
then equivalent to removing the complex ghosts in
the quantum theory from the spectrum of asymptotic
quantum states by hand. However, this choice and
this removal decision is fully preserved and protected
by quantum corrections, hence it does not invalidate
the unitarity of the S-matrix at higher loop orders.

Such prescription of how to treat virtual particles
arising due to HD nature of the theories is very general
and can be applied to both real and complex ghosts,
and also to normal particles, if one wishes to. (Every
particle can be made fake, so without observable ef-
fects on the unitarity of the theory.) In particular, this
prescription is crucial in order to make perturbatively
unitary the theory proposed by Modesto and Shapiro
in [67, 68] which comes under the name of “Lee-Wick
quantum gravity”. The latter class of theories is based
on the general gravitational higher-derivative actions
as proposed by Asorey, Lopez, and Shapiro [12]. In
this range of theories, we can safely state to have
a class of super-renormalizable or UV-finite and uni-
tary higher-derivative theories of QG. In order to
guarantee tree-level unitarity, the theory in [67, 68]
has been constructed in such a way that it shows
up only complex conjugate poles in the graviton’s
propagator, besides the standard spin-2 pole typically
associated with the normal massless graviton particle
with two polarizations. Afterwards, the new prescrip-
tion by Anselmi and Piva [61] guarantees the unitarity
of this theory at any perturbative order in the loop
expansion.

We also emphasize that the Stelle’s quadratic theory
in gravitational curvatures [7] with the Anselmi-Piva
prescription is the only strictly renormalizable theory
of gravity in d = 4 spacetime dimensions, while the
theories proposed in [67, 68] are from a large (in
principle infinite) class of super-renormalizable or UV-
finite models for quantum gravity.

Next, in the other approach pioneered by Bender
and Mannheim to higher-derivative theories and to
non-symmetric and non-Hermitian quantum mechan-
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ics [69, 70], one exploits the power of non- Hermi-
tian PT-symmetric quantum gravity. Here, the basic
idea is that the gravitational Hamiltonian in such
theories (if it can be well-defined), is not a Hermi-
tian operator on the properly defined Hilbert space
of quantum states, rather it is only PT-symmetric
Hamiltonian. Then some eigenstates of such a Hamil-
tonian may correspond to non-stationary solutions of
the original classical wave equations. They would in-
deed correspond in the standard classical treatment to
the Ostrogradsky instabilities. The famous example
are cosmological run-away solutions or asymptotically
non-flat gravitational potentials for the black hole so-
lutions. The problem of ghosts manifests itself already
on the classical level of equations of motion, where one
studies the linear perturbations and its evolution in
time. For unstable theories, the perturbations growth
is without a bound in time. But in some special solu-
tions, like for example present in models of conformal
gravity, these instabilities are clearly avoided and then
one can speak that ghosts are benign in opposition to
them being malign in destroying the unitarity of the
theory. Such benign ghosts [71, 72] are then innocent
for the issues of perturbative stability.

In the PT-symmetric approach to HD theories at
the beginning, one cannot determine the Hilbert space
by looking at the c-number propagators of quantum
fields. In this case, one has to from the start quan-
tize the theory and construct from the scratch the
Hilbert space, which is different than the original naive
construction based on the extension of the one used
normally for example for two-derivative QFT’s. With
this new Hilbert space and with the non-Hermitian
(but PT-symmetric) Hamiltonian the theory revealed
to be quantum-mechanically stable. This is dictated
by the construction of the new Hilbert space and the
structure of the Hamiltonian operator. In that case
the procedure of taking the classical limit, results
in the definition of the theory in one of the Stokes
wedges and in such a region the Hamiltonian is not
real-definite and the corresponding classical Hamil-
tonian is not a Hermitian operator. Therefore, the
whole discussion of Ostrogradsky analysis is correct as
far as the theory with real functions and real-valued
Hamiltonians is concerned, but it is not correct for
the theory which corresponds to the quantum the-
ory which was earlier proven to be stable quantum-
mechanically. The whole issue is transmitted and now
there is not any problem with unitarity or classical
stability of the theory, but one has to be very careful
in attempts to define the classical limiting theory.

We also repeat here arguments proposed by
Mannheim about stability of the resulting gravitation-
matter coupled theory [57, 58]. First we take some
matter two-derivative model (like for example stan-
dard model of particle physics, where we have various
scalars, fermions and spin-1 gauge bosons). This the-
ory as considered on flat Minkowski background is
well known to be unitary so it gives S-matrix of inter-
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actions with these properties. The model can be said
that it is also stable on the quantum level. Now, we
want to couple it to gravity, or in other words put it on
gravitational spacetime with non-trivial background
in such a way that the mutual interactions between
gravitational sector and matter sector are consistent.
This, in particular, implies that the phenomena of
back-reaction of matter species on geometry are not
to be neglected. The crucial assumption here is that
this procedure of coupling to gravity is well behaved
and for example, it will not destroy the unitarity prop-
erties present in the matter sector. We know that
the theory in the matter sector is stable and also
its coupling to geometry should be stable on the full
quantum level. After all, this is just simple coupling
procedure (could be minimal coupling) to provide
mutual consistent interactions with the background
configurations of the gravitational field.

Next, on the quantum level described, for example,
by functional path integral, we can decide to com-
pletely integrate out matter species still staying on
the general gravitational background. As emphasized
in section 1, such procedure in d = 4 spacetime dimen-
sions generate effective quantum gravitational dynam-
ics of background fields with higher derivatives, pre-
cisely in this case there are terms of the type C? and
R? (the latter term is absent when the matter theory
is classically conformally invariant). In other words,
the resulting functional of the quantum partition func-
tion of the total coupled model is a functional of only
background gravitational fields. This last reduced or
“effective” functional is given by the functional integral
over quantum fluctuations of gravitational field of the
theory given classically by the action with these HD
above terms. Let us recall now what we have done,
namely we have simply integrated out all quantum
matter fields, which is an identity transformation for
the functional integral representation of the partition
function Z of the quantum coupled theory. Since
this transformation does not change anything, then
also the resulting theory of gravitational background
must necessarily possess the same features as the orig-
inal coupled theory we started with. Since the first
theory was unitary, then also the last one theory of
pure gravity but with higher-derivative terms must be
unitary too. We emphasized that both theories give
the same numerical values of the partition function Z
understood here as the functional of the background
spacetime metric. In the first theory the integration
variables under functional integrals are quantum mat-
ter fields, while in the second case we are dealing with
pure gravity so we need to integrate over quantum
fluctuations of the gravitational fields. In the last case
the model, which gives the integrand of the functional
integral is given by the classical action Sup, so it con-
tains necessarily higher derivatives of the gravitational
metric field.

There also exist possibilities that ghosts or classical
instabilities one sees on the classical level thanks to
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Ostrogradsky analysis disappear. This may happen if
for example, some very specific (or fine-tuned) initial
or boundary conditions are used for solving non-linear
higher-derivative classical equations of motion of the
theory. It is not excluded as proven by Smilga that
some instabilities may go away if one analyzes such
special situations.

Various cures have been proposed in the literature
for dealing with the ghosts-tachyon issue: Lee-Wick
prescription [63, 64], fakeons [61, 65, 66, 73], non-
perturbative numerical methods [71, 72, 74-78], ghost
instabilities [79-81], non- Hermitian PT-symmetric
quantum gravity based on PT-symmetric quantum
mechanics [69, 70], etc (see also [82-87]). One might
even entertain the idea that unitarity in quantum
gravity is not a fundamental concept. So far, there
is no a consensus in the community which solutions is
the correct one. The unfortunate prevalent viewpoint
is that none of the proposed solutions solves conclu-
sively and completely the problem. And it seems that
sadly the solutions proposed in the literature are not
compatible and are unrelated to each other.

Therefore all the arguments given above should con-
vince the reader that the HD (gravitational) theories
are stable on the full quantum level. In particular,
this means that for situations in which we can define
asymptotic states (like for asymptotically flat space-
times) the scattering matrix between fluctuations of
the gravitational field is unitary on the quantum level
and both perturbatively and non-perturbatively.

6. CONCLUSIONS

In this contribution, we have discussed the HD grav-
itational theories, in particular six-derivative gravi-
tational theories. First, we motivated them by em-
phasizing their various advantages as for the models
of consistent Quantum Gravities. We showed that
six-derivative theories are even better behaved on
the quantum level than just four-derivative theories,
although the latter ones are very useful regarding
scale- and conformal invariance of gravitational mod-
els. Moreover, the models with four-derivative ac-
tions serve as good starting examples of HD theo-
ries and they are reference points for consideration
of six- and higher order gravitational theories. We
first tried to explain the dependence of the beta func-
tions in six-derivative theories by drawing analogies
exactly to these prototype theories of Stelle gravity.
We also emphasize that only in six-derivative grav-
itational models we have the very nice features of
super-renormalizability and the narrow but still vi-
able option for complete UV-finiteness. This is why
we think super-renormalizable six-derivative theories
have better control over perturbative UV divergences
and give us a good model of QG, where this last issue
with perturbative divergences is finally fully under our
control and theoretical understanding.

In the main part of this paper, we analyzed the struc-
ture of perturbative one-loop beta functions in six-

derivative gravity for couplings in front of terms con-
taining precisely four-derivative in the UV-divergent
part of the effective actions. These terms can be con-
sidered as scale-invariant term since couplings in front
of them are all dimensionless in d = 4 spacetime di-
mensions. Our calculation for these divergences was
done originally in the Euclidean signature using the
so-called Barvinsky-Vilkovisky trace technology. How-
ever, the results are the same also in the Minkowskian
signature independently which prescription one uses
to rotate back to the physical relativistic Lorentz sig-
nature case, whether this is standard Wick rotation, or
the one using Anselmi-Piva prescription using fakeons.
This is because they are the leading divergences in the
UV regime, and hence they do not completely depend
how the rotation procedure is done from Euclidean to
Minkowskian and how for example the contributions
of arcs on the complex plane is taken into account
since the last ones give subleading contributions to
the UV-divergent integrals. Moreover, the calcula-
tions of beta functions that we presented in this paper
has very nice and important features of being renor-
malization scheme-independent since they are done
at the one-loop, but the expressions we get for them
are valid universally. These are exact beta functions
since they do not receive any perturbative correc-
tions at the higher loop orders since the six-derivative
gravitational theory is super-renormalizable in d = 4.
Another part of good properties of the beta functions
obtained here are the complete gauge independence
and also independence on the gauge-fixing parame-
ters one can use in the definition of the gauge-fixing
functional. These last two properties are very impor-
tant since in general gravitational theory we have the
access to perturbative computation only after intro-
ducing some spurious element to the formalism which
are related to gauge freedoms (in this case these are
diffeomorphism symmetries). We modify the original
theory (from the canonical formalism) by adding vari-
ous additional fields and various spurious nonphysical
(gauge) polarizations of mediating gauge bosons (in
our case of gravitons) in order also to preserve rela-
tivistic invariances. These are redundancies that have
to be eliminated when at the end one wants to com-
pute some physical observables. Therefore, it is very
reassuring that our final results are completely insen-
sitive to these gauge-driven modifications of original
theories.

Our beta functions being exact and with a lot of
nice other properties, constitute one significant part
of the accessible observables in the QG model with
six-derivative actions. Their computation is a nice
theoretical exercise, which of course from the sense of
algebraic and analytic methods used in mathematical
physics has its own sake of interest. However, as
we emphasized above these final results for the beta
functions may have also meaning as true physical
observables in the model of six-derivative QG theories.
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We described in greater detail the analysis of the
structure of beta functions in this model. First we
used arguments of energy dimensionality and the de-
pendence of couplings on the dimensionless funda-
mental ratio of the theory z. Next, we tried to draw
a comparison between the structure of 4-derivative
gravitational Stelle theory and six-derivative theory in
d = 4 dimensions. We showed the dependence on the
parameters z is quite opposite in two cases. The case
with four-derivative theory is exceptional because the
model without any R term in the action (and also
without the cosmological constant term) enjoys en-
hanced symmetry and then the quantum conformal
gravity is renormalizable at the one-loop order, so
then it is a special case of a sensible quantum physical
theory (up to conformal anomaly problems discussed
earlier). We also remark that in the cases of  — 0
and z — oo the generic six-derivative theories are
badly non-renormalizable. This was the source of the
problem with attempts to obtain sensible answers in
these two limits. Non-renormalizability problem must
show in some place in the middle or at the end of the
computation to warn us that at the end we cannot
trust in the final results for the beta functions in these
cases. In these two cases this problem showed indeed
in two different places and the logical consequences
of this were strongly constraining the possible form
of the rational z-dependence of these results. Thanks
to these considerations we were able finally to un-
derstand whether the positive or inverse powers of
the ratio  must appear in the final results for beta
functions in question. Of course, we admit that this
analysis is a posteriori since we first derived the results
for the divergences and only later tried to understand
the reasons behind these results. But eventually we
were able to find a satisfactory explanation.

And there are a few of additional spin-offs of the pre-
sented argumentation. First, we can make predictions
about the structure of beta functions in 8-derivative
and also of other higher-derivative gravitational theo-
ries with the number of derivatives in the action which
is bigger than 4 and 6 (analyzed in this paper). We
conjecture that the structure should be very similar to
what we have seen already in the generic case with six
derivatives, so only positive powers of the correspond-
ing fundamental ratio = of the theory, and probably
only in the sector with C? type of UV divergences.
Another good side effect is that we provide first (to
our knowledge) theoretical explanation of the struc-
ture of beta functions as seen in four-derivative case
of Stelle theory in d = 4 spacetime dimensions. It
is not only that the theory with C? action is excep-
tional in d = 4 dimensions; we also “explained” these
differences based on an extension of the theory to
include higher-derivative terms like with 6-derivative
and quantify to which level the theory with C? action
is special and how this reflects on the structure of
its one-loop beta functions. We remark that in Stelle
gravity (or even in its subcase model with conformal
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symmetry based on the C? action), there are con-
tributions to beta functions originating from higher
perturbative loops since the super-renormalizability
argument based on power counting analysis does not
apply here. Our partial explanation of the structure
of the one-loop beta functions in Stelle theory in d = 4
uses a general philosophy that to “explain” some nu-
merical results in theoretical physics, one perhaps
has to generalize the original setup and in this new
extended framework looks for simplifying principles,
which by reduction to some special cases show explic-
itly how special are these cases not only qualitatively
but also quantitatively and what this reduction pro-
cedure implies on the numbers one gets as the results
of the reduction. For example, one typically extend
the original framework from d = 4 spacetime dimen-
sion fixed condition to more general situation with
arbitrary d and then draw the general conclusion as
a function of d based on some general simple prin-
ciples. Then finally, the case of d = 4 is recovered
as a particular value one gets when the function is
evaluated for d = 4. And this should explain its spe-
ciality. In our case, we extended the four-derivative
theory by adding terms with six derivatives and in
this way we were able to study a more generic situ-
ation. This was in order to understand and explain
the structure of divergences in the special reduced
case of conformal gravity in d = 4 and of still generic
four-dimensional Stelle theory. We think that this
is a good theoretical explanation which sheds some
light on the so far mysterious issue of the structure
of beta functions. One can also see this as another
advantage of why it is worth to study generalizations
of higher-derivative gravitational actions to include
terms with even more higher number of derivatives,
like 6-derivative, 8-derivative actions, etc.

Finally, here we can comment on the issue of exper-
imental bounds on the values of the ratio x. Since it
appears in six-derivative gravitational theory the con-
straints on its possible values are very weak. Slightly
stronger constraints apply now for the corresponding
value of the ratio in four-derivative Stelle gravitational
theory in d = 4 case. Since the main reason for higher-
derivative modifications of gravity comes because of
consistency of the coupled quantum theory, then one
would expect that the stringent bounds would come
from experimental measurement in the real domain
of true quantum gravity. Of course, right now this is
very, very far, if possible at all, future for experimental
gravitational physics. This is all due to smallness of
gravitational couplings characterized by G propor-
tional inversely to the Planck mass Mp ~ 10! GeV.
And in the quantum domain of elementary particle
physics this scale is bigger than any energy scale of in-
teractions between elementary quanta of matter. This
implies that also quantum gravitational interactions
are very weak in strength. Hence the only experimen-
tal/observational bounds we have on the coefficients in
front of higher-derivative terms come from the classi-
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cal/astrophysical domain of gravitational physics and
they are still very weak. To probe the values of the
coefficients in front of six-derivative terms, one would
have to really perform a gravitational experiment to
the increased level of accuracy between elementary
particles in the full quantum domain, which is now
completely unfeasible. Hence, we have to be satisfied
with already existing very weak bounds, but this lets
us to freely consider theoretical generic situation with
arbitrary values of the ratio x since maybe only (very
far) future experiments can force us theoreticians to
consider some more restricted subset or interval for
the values of the x ratio as consistent with observed
situation in the Nature. For the moment it is reason-
able to consider and explore theoretically all possible
range of values for the x ratio and also both possi-
ble signs. (Only the case with z = 0 is excluded as
a non-renormalizable theory that we have discussed
before.)

In the last section of this contribution, we com-
mented on the important issue of stability of higher-
derivative theories. We touched both the classical and
quantum levels, while the former should not be under-
stood as a standalone level on which we can initially
(before supposed quantization) define the classical the-
ory of the relativistic gravitational field. We followed
the philosophy that the quantum theory is more fun-
damental and it is a starting point to consider various
limits, if it is properly quantized (in a sense that the
quantum partition function is consistently defined,
regardless of how we get there to its form, no matter
which formal quantization procedure we have been fol-
lowing). One of such possible limit is the classical limit
where the field expectation values are large compared
to characteristic values as found in the microworld of
elementary particles. And also the occupation number
for bosonic states are large number (of the order of
Avogadro number for example). Then we could speak
about coherent states which could define well classical
limit of the theory. Such procedure has to be followed
in order to define HD classical gravitational theory.
We emphasized that quantum theory is the basis and
classical theory is the derived concept, not vice versa.
On the quantum level we shortly discussed various ap-
proaches present in the literature to solve the problems
with unwanted ghost-like particle states. They were
classified in two groups: theories with PT-symmetric
Hamiltonian and theories with Anselmi-Piva prescrip-
tion instead of the Feynman prescription to take into
account contributions of the poles of the ghost but
without spoiling the unitarity issue. On the quantum
level, we considered mainly the issue with unitarity
of the scattering matrix since this seems the most
problematic one. The violation of unitarity would
signal the problem with conservation of the probabil-
ity of quantum processes. Something that we cannot
allow to happen in quantum-mechanical framework
for the isolated quantum system (non-interacting with
the noisy decohering and dissipative or some thermal

environment). Of course, such an analysis was tailor-
made for the cases of gravitational backgrounds on
which we can define properly the scattering process.

In general, the scattering processes are not every-
thing we can talk about in quantum field theories even
for on-shell quantities. The analysis of some on-shell
dressed Green functions may also show some prob-
lems with quantum stability of the system. Therefore,
we briefly also described the results of the stability
analysis, both on the classical and quantum level and
to the various loop accuracy in QG models. This
analysis is in principle applicable to the case of any
gravitational background, more general than the one
coming with the requirement of asymptotic flatness.
We also mentioned that in some cases of classical field
theory the analysis of classical exact solutions shows
that the very special and tuned solutions are without
classical instabilities and they are well-defined for any
time starting with very special initial or boundary
conditions. For example, here we can mention the
case of so-called benign ghosts of higher-derivative
gravitational theories as proposed by Smilga some
time ago. This should prove to the reader that we
are dealing with the theories which besides a very
interesting structure of perturbative beta functions,
are also amenable to solve the stability and unitarity
issues in these theories, both on the quantum as well
as on the classical level. With some special care we
can exert control and HD gravitational theories are
stable quantum-mechanically and this is what matters
fundamentally.

ACKNOWLEDGEMENTS

We would like to thank I. L. Shapiro, L. Modesto and
A. Pinzul for initial comments and encouragement about
this work. L. R. thanks the Department of Physics of the
Federal University of Juiz de Fora for kind hospitality and
FAPEMIG for a technical support. Finally, we would like
to express our gratitude to the organizers of the “Alge-
braic and analytic methods in physics” — AAMP XVIII
conference for accepting our talk proposal and for creating
a stimulating environment for scientific online discussions.

REFERENCES

[1] B. S. DeWitt. Quantum theory of gravity. 1. The
canonical theory. Physical Review 160(5):1113-1148,
1967. https://doi.org/10.1103/PhysRev.160.1113

[2] B. S. DeWitt. Quantum theory of gravity. 2. The
manifestly covariant theory. Physical Review
162(5):1195-1239, 1967.
https://doi.org/10.1103/PhysRev.162.1195.

[3] B. S. DeWitt. Quantum theory of gravity. 3.
Applications of the covariant theory. Physical Review
162(5):1239-1256, 1967.
https://doi.org/10.1103/PhysRev.162.1239.

[4] R. Utiyama, B. S. DeWitt. Renormalization of
a classical gravitational field interacting with quantized
matter fields. Journal of Mathematical Physics 3(4):608—
618, 1962. https://doi.org/10.1063/1.1724264.

153



Lestaw Rachwal

AcTA POLYTECHNICA

[5] N. D. Birrell, P. C. W. Davies. Quantum Fields in
Curved Space. Cambridge Monographs on Mathematical
Physics. Cambridge Univ. Press, Cambridge, UK, 1984.
ISBN 978-0-521-27858-4, 978-0-521-27858-4,
https://doi.org/10.1017/CB09780511622632.

[6] I. L. Buchbinder, S. D. Odintsov, I. L. Shapiro.
Effective action in quantum gravity. 1992.

[7] K. S. Stelle. Renormalization of higher derivative
quantum gravity. Physical Review D 16(4):953-969,
1977. https://doi.org/10.1103/PhysRevD.16.953.

[8] K. S. Stelle. Classical gravity with higher derivatives.
General Relativity and Gravitation 9:353-371, 1978.
https://doi.org/10.1007/BF00760427.

[9] H. Lii, A. Perkins, C. N. Pope, K. S. Stelle.
Spherically symmetric solutions in higher-derivative
gravity. Physical Review D 92(12):124019, 2015.
https://doi.org/10.1103/PhysRevD.92.124019.

[10] H. Lu, A. Perkins, C. N. Pope, K. S. Stelle. Black
holes in higher-derivative gravity. Physical Review
Letters 114(17):171601, 2015.
https://doi.org/10.1103/PhysRevLett.114.171601.

[11] L. Modesto. Super-renormalizable quantum gravity.
Physical Review D 86(4):044005, 2012.
https://doi.org/10.1103/PhysRevD.86.044005.

[12] M. Asorey, J. L. Lopez, I. L. Shapiro. Some remarks
on high derivative quantum gravity. International
Journal of Modern Physics A 12(32):5711-5734, 1997.
https://doi.org/10.1142/50217751X97002991.

[13] P. D. Mannheim. Making the case for conformal
gravity. Foundations of Physics 42:388-420, 2012.
https://doi.org/10.1007/s10701-011-9608-6.

[14] P. D. Mannheim. Conformal invariance and the
metrication of the fundamental forces. International
Journal of Modern Physics D 25(12):1644003, 2016.
https://doi. org/lO .1142/5021827181644003X.

[15] G. 't Hooft, M. J. G. Veltman. One loop divergencies
in the theory of gravitation. Annales de I’ Inst H
Poincare Physique Théorique A 20(1):69-94, 1974.

[16] S. Deser, P. van Nieuwenhuizen. One loop
divergences of quantized Einstein-Maxwell fields.
Physical Review D 10(2):401-410, 1974.
https://doi.org/10.1103/PhysRevD.10.401.

[17] M. H. Goroff, A. Sagnotti. Quantum gravity at two
loops. Physics Letters B 160(1-3):81-86, 1985.
https://doi.org/10.1016/0370-2693(85)91470-4.

[18] M. H. Goroff, A. Sagnotti. The ultraviolet behavior
of Einstein gravity. Nuclear Physics B
266(3-4):709-736, 1986.
https://doi.org/10.1016/0550-3213(86)90193-8.

[19] G. ’t Hooft. Local conformal symmetry: the missing
symmetry component for space and time, 2014.
arXiv:1410.6675.

[20] G. 't Hooft. Local conformal symmetry: The missing
symmetry component for space and time. International
Journal of Modern Physics D 24(12):1543001, 2015.
https://doi.org/10.1142/50218271815430014.

[21] G. 't Hooft. Local conformal symmetry in black holes,
standard model, and quantum gravity. International
Journal of Modern Physics D 26(03):1730006, 2016.
https://doi.org/10.1142/50218271817300063.

154

[22] J. Maldacena. Einstein gravity from conformal
gravity, 2011. arXiv:1105.5632.

[23] Y.-D. Li, L. Modesto, L. Rachwal. Exact solutions
and spacetime singularities in nonlocal gravity. Journal
of High Energy Physics 2015:1-50, 2015.
https://doi.org/10.1007/JHEP12(2015)173.

[24] I. L. Buchbinder, O. K. Kalashnikov, I. L. Shapiro,
et al. The stability of asymptotic freedom in grand
unified models coupled to R? gravity. Physics Letters B
216(1-2):127-132, 1989.
https://doi.org/10.1016/0370-2693(89)91381-6.

[25] I. L. Buchbinder, I. Shapiro. Introduction to Quantum
Field Theory with Applications to Quantum Gravity.
Oxford Graduate Texts. Oxford University Press, 2021.

[26] L. Rachwal, L. Modesto, A. Pinzul, I. L. Shapiro.
Renormalization group in six-derivative quantum
gravity. Physical Review D 104(8):085018, 2021.
https://doi.org/10.1103/PhysRevD.104.085018.

[27] A. O. Barvinsky, G. A. Vilkovisky. The generalized
Schwinger-Dewitt technique in gauge theories and
quantum gravity. Physics Reports 119(1):1-74, 1985.
https://doi.org/10.1016/0370-1573(85)90148-6.

[28] R. Mistry, A. Pinzul, L. Rachwal. Spectral action
approach to higher derivative gravity. The European
Physical Journal C 80(3):266, 2020.
https://doi.org/10.1140/epjc/s10052-020-7805-1.

[29] L. Modesto, L. Rachwal. Super-renormalizable and
finite gravitational theories. Nuclear Physics B
889:228-248, 2014.
https://doi.org/10.1016/j.nuclphysb.2014.10.015.

[30] L. Modesto, M. Piva, L. Rachwal. Finite quantum
gauge theories. Physical Review D 94(2):025021, 2016.
https://doi.org/10.1103/PhysRevD.94.025021.

[31] A. S. Koshelev, K. Sravan Kumar, L. Modesto,
L. Rachwal. Finite quantum gravity in dS and AdS
spacetimes. Physical Review D 98(4):046007, 2018.
https://doi.org/10.1103/PhysRevD.98.046007.

[32] L. Modesto, L. Rachwal. Nonlocal quantum gravity:
A review. International Journal of Modern Physics D
26(11):1730020, 2017.
https://doi.org/10.1142/50218271817300208.

[33] L. Modesto, L. Rachwal. Universally finite
gravitational and gauge theories. Nuclear Physics B
900:147-169, 2015.
https://doi.org/10.1016/j.nuclphysb.2015.09.006.

[34] L. Modesto, L. Rachwal. Finite conformal quantum
gravity and nonsingular spacetimes, 2016.
arXiv:1605.04173.

[35] L. Modesto, L. Rachwal. Finite quantum gravity in
four and extra dimensions. In 14th Marcel Grossmann
Meeting on Recent Developments in Theoretical and
Ezxperimental General Relativity, Astrophysics, and
Relativistic Field Theories, vol. 2, pp. 1196-1203. 2017.
https://doi.org/10.1142/9789813226609_0084.

[36] R. E. Kallosh, O. V. Tarasov, I. V. Tyutin. One loop
finiteness of quantum gravity off mass shell. Nuclear
Physics B 137(1-2):145-163, 1978.
https://doi.org/10.1016/0550-3213(78)90055-X.



VOL. 62 NO. 1/2022

Beta Functions in Six-Derivative Quantum Gravity

[37] M. Y. Kalmykov. Gauge and parametrization
dependencies of the one loop counterterms in the
Einstein gravity. Classical and Quantum Gravity
12(6):1401-1412, 1995.
https://doi.org/10.1088/0264-9381/12/6/007.

[38] I. L. Shapiro, A. G. Zheksenaev. Gauge dependence
in higher derivative quantum gravity and the conformal
anomaly problem. Physics Letters B 324(3-4):286-292,
1994.
https://doi.org/10.1016/0370-2693(94)90195-3.

[39] I. A. Batalin, G. A. Vilkovisky. Quantization of
gauge theories with linearly dependent generators.
Physical Review D 28(10):2567-2582, 1983. [Erratum:
Phys.Rev.D 30, 508 (1984)],
https://doi.org/10.1103/PhysRevD.28.2567.

[40] I. A. Batalin, G. A. Vilkovisky. Gauge algebra and
quantization. Physics Letters B 102(1):27-31, 1981.
https://doi.org/10.1016/0370-2693(81)90205-7.

[41] E. S. Fradkin, A. A. Tseytlin. Renormalizable
asymptotically free quantum theory of gravity. Nuclear
Physics B 201(3):469-491, 1982.
https://doi.org/10.1016/0550-3213(82)90444-8.

[42] 1. G. Avramidi, A. O. Barvinsky. Asymptotic
freedom in higher derivative quantum gravity. Physics
Letters B 159(4-6):269-274, 1985.
https://doi.org/10.1016/0370-2693(85)90248-5.

[43] L. S. Brown, J. P. Cassidy. Stress tensor trace
anomaly in a gravitational metric: General theory,
Maxwell field. Physical Review D 15(10):2810-2829,
1977. https://doi.org/10.1103/PhysRevD.15.2810.

[44] L. Modesto, L. Rachwal, I. L. Shapiro.
Renormalization group in super-renormalizable
quantum gravity. The European Physical Journal C
78(7):555, 2018.
https://doi.org/10.1140/epjc/s10052-018-6035-2.

[45] M. Asorey, F. Falceto. On the consistency of the
regularization of gauge theories by high covariant
derivatives. Physical Review D 54(8):5290-5301, 1996.
https://doi.org/10.1103/PhysRevD.54.5290.

[46] M. Asorey, F. Falceto, L. Rachwal. Asymptotic
freedom and higher derivative gauge theories. Journal
of High Energy Physics 2021:75, 2021.
https://doi.org/10.1007/JHEP05(2021)075.

[47] Wolfram Research, Mathematica, Version 9.0,
Champaign, IL (2012). https://www.wolfram.com/.

[48] A. O. Barvinsky, G. A. Vilkovisky. Covariant
perturbation theory. 2: Second order in the curvature.
General algorithms. Nuclear Physics B 333(2):471-511,
1990.
https://doi.org/10.1016/0550-3213(90)90047-H.

[49] E. S. Fradkin, A. A. Tseytlin. Conformal
supergravity. Physics Reports 119(4-5):233-362, 1985.
https://doi.org/10.1016/0370-1573(85)90138-3.

[50] C. Bambi, L. Modesto, S. Porey, L. Rachwal. Black
hole evaporation in conformal gravity. Journal of
Cosmology and Astroparticle Physics 2017(9):033, 2017.
https://doi.org/10.1088/1475-7516/2017/09/033.

[51] C. Bambi, L. Modesto, S. Porey, L. Rachwal.
Formation and evaporation of an electrically charged
black hole in conformal gravity. The European Physical
Journal C 78(2):116, 2018.
https://doi.org/10.1140/epjc/s10052-018-5608-4.

[52] P. Jizba, L. Rachwat, J. Knap. Infrared behavior of
Weyl gravity: Functional renormalization group
approach. Physical Review D 101(4):044050, 2020.
https://doi.org/10.1103/PhysRevD.101.044050.

[53] P. Jizba, L. Rachwal, S. G. Giaccari, J. Kiap. Dark
side of Weyl gravity. Universe 6(8):123, 2020.
https://doi.org/10.3390/universe6080123.

[54] L. Rachwal, S. Giaccari. Infrared behavior of Weyl
Gravity. Journal of Physics: Conference Series
1956(1):012012, 2021.
https://doi.org/10.1088/1742-6596/1956/1/012012.

[55] C. Bambi, L. Modesto, L. Rachwat. Spacetime
completeness of non-singular black holes in conformal
gravity. Journal of Cosmology and Astroparticle Physics
2017(05):003, 2017.
https://doi.org/10.1088/1475-7516/2017/05/003.

[56] L. Rachwal. Conformal symmetry in field theory and
in quantum gravity. Universe 4(11):125, 2018.
https://doi.org/10.3390/universe4110125.

[57] P. D. Mannheim. Mass generation, the cosmological
constant problem, conformal symmetry, and the Higgs
boson. Progress in Particle and Nuclear Physics
94:125-183, 2017.
https://doi.org/10.1016/j.ppnp.2017.02.001.

[58] P. D. Mannheim. PT symmetry, conformal
symmetry, and the metrication of electromagnetism.
Foundations of Physics 47(9):1229-1257, 2017.
https://doi.org/10.1007/s10701-016-0017-8.

[59] D. Anselmi, M. Piva. Perturbative unitarity of
Lee-Wick quantum field theory. Physical Review D
96(4):045009, 2017.
https://doi.org/10.1103/PhysRevD.96.0450009.

[60] D. Anselmi, M. Piva. A new formulation of Lee-Wick
quantum field theory. Journal of High Energy Physics
2017:66, 2017.
https://doi.org/10.1007/JHEP06(2017)066.

[61] D. Anselmi. Fakeons and Lee-Wick models. Journal
of High Energy Physics 2018:141, 2018.
https://doi.org/10.1007/JHEP02(2018) 141.

[62] R. E. Cutkosky, P. V. Landshoff, D. I. Olive, J. C.
Polkinghorne. A non-analytic S-matrix. Nuclear
Physics B 12(2):281-300, 19609.
https://doi.org/10.1016/0550-3213(69)90169-2.

[63] T. D. Lee, G. C. Wick. Negative metric and the
unitarity of the S-matrix. Nuclear Physics B
9(2):209-243, 1969.
https://doi.org/10.1016/0550-3213(69)90098-4.

[64] T. D. Lee, G. C. Wick. Finite theory of quantum
electrodynamics. Physical Review D 2(6):1033-1048,
1970. https://doi.org/10.1103/PhysRevD.2.1033.

[65] D. Anselmi. Fakeons, microcausality and the classical
limit of quantum gravity. Classical and Quantum
Gravity 36(6):065010, 2019.
https://doi.org/10.1088/1361-6382/ab04c8.

[66] D. Anselmi, M. Piva. Quantum gravity, fakeons and
microcausality. Journal of High Energy Physics 11:21,
2018. https://doi.org/10.1007/JHEP11(2018)021.

155



AcTA POLYTECHNICA

Lestaw Rachwal

[78] E. T. Tomboulis. Unitarity in higher derivative

[67] L. Modesto, I. L. Shapiro. Superrenormalizable
quantum gravity. Physical Review Letters

quantum gravity with complex ghosts. Physics Letters

B 755:279-284, 2016. 52(14):1173-1176, 1984.

https://doi.org/10.1016/j.physletb.2016.02.021. https://doi.org/10.1103/PhysRevLett.52.1173.
[79] F. d. O. Salles, I. L. Shapiro. Do we have unitary

and (super)renormalizable quantum gravity below the

[68] L. Modesto. Super-renormalizable or finite Lee-Wick
Planck scale? Physical Review D 89(8):084054, 2014.

quantum gravity. Nuclear Physics B 909:584-606, 2016.

https://doi.org/10.1016/j.nuclphysb.2016.06.004.
[69] C. M. Bender, P. D. Mannheim. No-ghost theorem [Erratum: Phys.Rev.D 90, 129903 (2014)],
for the fourth-order derivative Pais-Uhlenbeck oscillator https://doi.org/10.1103/PhysRevD.89.084054.
model. Physical Review Letters 100(11):110402, 2008. [80] P. Peter, F. de O. Salles, I. L. Shapiro. On the
https://doi.org/10.1103/PhysRevlett.100.110402. ghost-induced instability on de Sitter background.
[70] C. M. Bender, P. D. Mannheim. Exactly solvable Physical Review D 97(6):064044, 2018.
PT-symmetric Hamiltonian having no Hermitian https://doi.org/10.1103/PhysRevD.97.064044.
counterpart. Physical Review D 78(2):025022, 2008. [81] F. de O. Salles, I. L. Shapiro. Recent progress in
https://doi.org/10.1103/PhysRevD.78.025022. fighting ghosts in quantum gravity. Universe 4(9):91,
[71] A. V. Smilga. Benign versus malicious ghosts in 2018. https://doi.org/10.3390/universe4090091.
higher-derivative theories. Nuclear Physics B [82] M. Christodoulou, L. Modesto. Note on reflection
706(3):598-614, 2005. positivity in nonlocal gravity. JETP Letters
https://doi.org/10.1016/j.nuclphysb.2004.10.037. 109(5):286-291, 2019.
[72] A. V. Smilga. Supersymmetric field theory with https://doi.org/10.1134/50021364019050011.
benign ghosts. Journal of Physics A: Mathematical and [83] F. Briscese, L. Modesto. Cutkosky rules and
Theoretical 47(5):052001, 2014. perturbative unitarity in Euclidean nonlocal quantum
field theories. Physical Review D 99(10):104043, 2019.

https://doi.org/10.1088/1751-8113/47/5/052001.
[73] D. Anselmi, A. Marino. Fakeons and microcausality: https ://doi. org/ 10. 1103/PhysRevD .99.104043.
light cones, gravitational waves and the Hubble o .
[84] J. F. Donoghue, G. Menezes. Unitarity, stability and
loops of unstable ghosts. Physical Review D

constant. Classical and Quantum Gravity 37(9):095003,
2020. https://doi.org/10.1088/1361-6382/ab78d2.
P & 100(10):105006, 2019.
https://doi.org/10.1103/PhysRevD.100.105006.

[74] V. 1. Tkach. Towards ghost-free gravity and standard
model. Modern Physics Letters A 27(22):1250131, 2012.
75] M. Kaku. Strong coupling approach to the in some higher erl.vatlve eld theories. .a azies 6(1):23,
[ q]uantization of conformal gravity. Physical Review D 2018. https://doi.org/10.3390/galaxies6010023.
[86] F. Briscese, L. Modesto. Nonlinear stability of
Minkowski spacetime in nonlocal gravity. Journal of

27(12):2819-2834, 1983.
https://doi.org/10.1103/PhysRevD.27.2819.

[76] E. Tomboulis. 1N expansion and renormalization in
quantum gravity. Physics Letters B 70(3):361-364, 1977.
https://doi.org/10.1016/0370-2693(77)90678-5.
stability in nonlocal gravity. Physical Review D
99(8):084041, 2019.

[77] E. Tomboulis. Renormalizability and asymptotic
freedom in quantum gravity. Physics Letters B
https://doi.org/10.1103/PhysRevD.99.084041.

97(1):77-80, 1980.
https://doi.org/10.1016/0370-2693(80)90550-X.

Cosmology and Astroparticle Physics 2019(07):009, 2019
https://doi.org/10.1088/1475-7516/2019/07/009.

[87] F. Briscese, G. Calcagni, L. Modesto. Nonlinear

156



VOL. 62 NO. 1/2022

SWANSON HAMILTONIAN REVISITED THROUGH THE
COMPLEX SCALING METHOD

MARTA REBOIRO*®*, ROMINA RAMIREZ®¢, VIVIANO FERNANDEZ®

@ University of La Plata, Faculty of Exact Science, Department of Physics, 49 & 115, 1900 La Plata, Argentine
b CONICET, Institute of Physics of La Plata. 63 & diag. 113, 1900 La Plata, Argentine
¢ University of La Plata, Faculty of Ezact Science, Department of Mathematics, 50 & 115, 1900 La Plata,

Argentine

d CONICET, Institute Argentine of Mathematics. Saavedra 15 3%, C1083ACA Buenos Aires, Argentine

*

ABSTRACT.

corresponding author: reboiro@fisica.unlp.edu.ar

In this work, we study the non-hermitian PT-symmetry Swanson Hamiltonian in the

framework of the Complex Scaling Method. We show that by applying this method we can work with
eigenfunctions that are square-integrable both in the PT and in the non-PT symmetry phase.
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1. INTRODUCTION

The Swanson Model has been introduced in [1] as
an example of a PT-symmetry hamiltonian [2-8].
Since then it has been extensively studied, allowing
for several interesting extensions [9-25]. Among re-
cent works, let us mention an extension of the Swan-
son model with complex parameters [23, 25|, this
work introduces bicoherent-state path integration as
a method to quantify non-Hermitian systems. Though
the Swanson model is described by quadratic opera-
tors, the underlying physics is nevertheless very rich.
Depending on the region in the model parameter space,
the Swanson model is similar to the hamiltonian of
a parabolic barrier or the hamiltonian of a harmonic
oscillator [26]. From the mathematical point of view,
it is an example of a hamiltonian with eigenfunctions
that do not belong to £?(R) in some regions of the
space of parameters.

Among the methods that are employed to describe
the physics of resonances with complex energy, the
Complex Scaling Method (CSM) [27-32] is one of
the most powerful. It has been extensively used in
the description of many-body resonant states and
non-resonant continuum states observed in unstable
nuclei [32]. In this work, we propose the use of the
CSM to describe the dynamics of the Swanson model,
particularly in the region of non-PT-symmetry.

The work is organized as follows. In Section 2 we
describe the application of the CSM to the Swanson
Hamiltonian. We establish a similarity transforma-
tion between the transformed hamiltonian and its
adjoint operator. We discuss, according to the space
of parameters of the model, the possibility of hav-
ing square-integrable eigenfunctions. We present the
mean values of some observables. In Section 3, we
analyse with an example, the survival probability as
a function of time for an initial coherent state. Con-
clusions are drawn in Section 4.

2. FORMALISM

The hamiltonian of Swanson [1] is given by

1
H = hw (aTa—i— 2) + ho a® 4+ KB aTQ, (1)
with w, «, B € R. The hamiltonian of Eq. (1) can
be written in terms of the coordinate operator, Z,

and the momentum operator, p, by implementing the
following representation

a = L <i.+ib0A>
- \/§ bo hp )

1 z b
o .00
a' = —\|(——i=p]|, 2
V2 (bo h”) ?
being by the characteristic length of the non-
interacting system. The hamiltonian in Eq. (1) reads

N
H(w,a,8) = %h(w—l—a—i—ﬂ) <Z;>

!
2

|
=
&
|
Q
|
=
LT~
jal
m‘o
3>
~_
[V

The adjoint hamiltonian of H(w,«,) is H. =
H(w, B, a).

As we showed in [26], some of the eigenfunctions
of Eq. (3) do not belong to the usual Hilbert space,
H = L2%(R), so that we have to work in a Rigged
Hilbert Space [33, 34].

An alternative approach to solve the eigenvalue
problem of the hamiltonian of Eq. (1), is the use of
the CSM method [27-32] . The aim of the CSM is
to make a similarity transformation from the original
hamiltonian to a hamiltonian which has eigenfunctions
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that belong to £2(R). In the framework of the CSM,
we shall introduce the transformation operator V() =
e~ 37 (#P1P%) with a real scaling parameter 6:

0)2V1O) = ez,
OpV1O) = e p. (4)

< <

The hamiltonian of Eq. (3) is transformed as H(#) =
V(0)HV ~1(8):

H(#) = H,w,a,ps)

It is straightforward to observe that

H' () = H(—0,w, 3, a). (6)

Notice that H(6) is not invariant under the usual
PT-symmetry given by £ — —2, and p — p, and
i— —i

We shall introduce the following similarity transfor-

ap o2i0,2
w—a—p ng

mation induced by the operator T(6) = e
It reads

where h(0) is given by

h(0) (%) + Sk ()’ (8)

_
- 2m
We have defined [26] k = m Q? and

h
(w—a—B)b3
Vw? —4ap = Q. (9)

Though h(6) is a non-hermitian operator, h () =
h(—0) = V(—20)h(0)V(—260)~L. Consequently

m = m(w,a, 5,bp)

Q= Qw,0,8) =

T(-0)"'HI(O)T(-0) =
(T(=0)V(-20)) ' HI (0)(Y(-0)V(-20)) = 1(B).
(10)

From Eqgs. (7) and (10), it results Hf (6)S = SH(#),
with S = T(—0)V(—20)Y(0) [35-37].
The eigenfunctions and eigenvalues of h(f), &(6)
and E(#), are related to that of H and H as follows.
Given h(0)p(0,z) = E(0)¢p(0, x):
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H ¢0,2) = E@O) ¢0,),
HY (0,2) = E@0) v(0,2),
(11)
with
o0,x) = Y(O)'6(0,2),  E©)=E©),
G(0,2) = Y(=0)(¢(0,2))", E(0)=E(0)".

(12)

Thus, the eigenfunctions of H(f) with eigenvalue
E,(0) = E,(0) are given by

a—B 20,2

Gu(@x)=e "7 20 N,¢,(0,2) (13)

with A, a normalization constant.
It can be shown that the eigenfunctions of HT(6)
are

o __a=8 072i2x2
wy(eax) —e w—a—f 2bg

Noou(0,2))",  (14)

and the corresponding eigenvalue is given by F,(6) =
E,(#)*. A similar structure for Eqs. (10)-(14) can be
found in [38, 39]. Moreover, the relation between the
eigenvalues, Eq. (12), is a typical feature for operators
which are self-adjoint in Krein spaces [39-41].

It should be mentioned that the Hamiltonian of
Eq. (5), for « = =0 and w = 1/ cos(26), reduces
to the one introduced in [23-25]. Particularly, in [25]
the dynamics under the action of this hamiltonian is
described for values of § € (—m/4,7/4). For further
results, the reader is kindly referred to [23-25].

In what follows, we aim to determine the range of
values of 6 for which ¢(6,x) belongs to the Hilbert
space L£%(R).

2.1. EIGENFUNCTIONS AND EIGENVECTORS
For w — (a + B) # 0, Eq. (8) can be also written as

d2¢(y) [
g @) sw=0. )
with
E E
_ b T e
‘T w9 (16)
and
v = V2ol (a7
0

where we have defined

O\ 1/2 .
”:@1) bo = €], (18)
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FIGURE 1. Effective potential of Eq. (19), \Z(e oIk for
a fixed z in the regions determined by the signs of
the parameters m(w, o, 8,bo) and Q% (w, o, B,bo). In
Panel (a), (sg(m),sg(Q?)) = (+,+), Region I. For
Panel (b),(sg(m), sg(Q?)) = (+, —), Region II. While,
(sg(m), sg(Q?)) = (-, +) in Panel (c), Region III. In
Region IV (sg(m),sg(Q?)) = (=, —), for Panel (d).
The real part of the effective potential, Re (|ZEZ’3| ),
is displayed in solid lines, while the imaginary part
of the effective potential, Im ( u(9,2) ), is drawn with

[u(8,2)]
dashed lines.

Eq. (15) is the Schrodinger equation corresponding
to the effective potential

_ U(@,{ZZ) 21(0+~/ 1 R 2
u(f,z) = o) 2| | . (19)
Solutions corresponding to Eq. (15) represent dif-
ferent physical systems according to the signs of
m(w, a, B, bp) and Q% (w, «, 8, bg) [26]. In what follows,
we shall refer to Region I when (sg(m), sg(Q?)) =
(+,+), Region II for the case (sg(m),sg(Q?)) =
(+,—), Region III for (sg(m), sg(Q?)) = (-, +), and
Region 1V for (sg(m), sg(2?)) = (—, —), respectively.
In Figure 1 we present the behaviour of the effective
potential of Eq. (19), %, as a function of 6, for
x, |o| and || fixed, in the different regions of the
parameter model-space. The real part of the effec-

u(x)

tive potential, Re (Iu(z)l ), is displayed in solid lines,

while the imaginary part of the effective potential,

Im (‘Zggl), is drawn with dashed lines.

2.1.1. DISCRETE SPECTRUM

For the discrete sector of the spectrum, eigenvalues
and the eigenfunctions are given by

E, = hQ|[n]=h|Qe? [n],
_ a—fB 20 x2
Om(0,2) = 7 0 (0, ), (20)

a—f _ —2i0 x>

n(0.2) = e T (¢n(0,2))", (21)

where ¢,,(0, ) can be written as

@ /1 ®) !
2 2 o
z z
& &
=1 -1
0 T" 27 T" 2
: A ‘“’A | ﬂ A“" '
Z z
2 2
S ES
1/ \/ d O\
1 -1
0 z ‘2—" 2 0 2 n *7" 2n
] ]
FiGURE 2. Real part of the effective potential of
Eq. (19), ‘ZEZ’Q‘. The shadowed sectors correspond

to the values of § for which the solutions of Eq. (15)
are square-integrable. In Panels (a), (b), ¢) and (d)
we present the results for Regions I, II, III and IV,
respectively.

_e2i(0+w)§|g|2 i(047) T
dn(0,2) = Nye o Hp (e b—|o| .
0

i(0+)
2 € o]
2 _ &= Dl 22

being H,(z) the Hermite Polynomial of order n, and
[n] =n+1/2.

Eigenfunctions ¢,,(6, z) are square-integrable for 6-
intervals where Re(u(6, z)) takes positive values. In
Figure 2, we plot Re(u(0, z)/|u(6, x)|) for every region,
the gray regions correspond to the intervals for which
the eigenfunctions are square integrable.

In Table (1), we summarize the sign of the parame-
ter m and Q2, which characterize the different regions
of the model, and for each region we present the val-
ues of phases v and ¢, and the interval where the
eigenfunctions are square-integrable.

In Regions (I) and (III), we can define two well-
defined —domains: I; = [—m, =37 /4)U(—7/4,7/4)U
(3r/4,7] and I, = (=3n/4,—n/4) U (n/4,37/4).
While, in Regions (IT) and (IV), the #-domains are:
Is = (—m,—7/2) U (0,7/2) and I = (—7n/2,0) U
(m/2,m). The intervals repeat themselves periodically,
with period 7.

In the domains summarized in Table 1, eigenfunc-
tions {1,(0,2),¢,(0,2)} form a biorthogonal com-
plete set.

— 00

/_ T (0 2)6n(0,2) A = 6. (23)

It should be noticed that in all regions, the
f#—domains of positive spectrum are different from
the domains with negative spectrum. They represent
different physical boundary conditions.
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sg(m)  sg(0Q?) ol o I 0.
I+ - 0 0 I
/2 T I 4rx/4
moo- +om2 0 b
0 m Il
I n ) /4 w/2 Iy 0
*7'('/4 771'/2 13 :|:7'r/2
*7'('/4 7T/2 13 0

I\ - -

w/4  —m/2 I

TABLE 1. Values of the characteristic parameters
for the different model-space regions. In columns
2 and 3 we give the sign of m and Q2 respec-
tively. Phases v and ¢, for the different regions,
are given in columns 4 and 5, respectively. In col-
umn 6 we present the f-interval for which the dif-
ferent eigenfunctions are square-integrable. In the
Table I, = [—m,—37/4) U (—n/4,7/4) U (37 /4, 7],
I, = (—3n/4,—n/4)U (7 /4,3n/4), I3 = (—m, —7/2) U
(0,7/2) and Iy = (—7/2,0) U (7/2, 7). In the last col-
umn, we give the values of 0. for which the eigenfunc-
tions of the continuous spectrum are square-integrable.
The intervals repeat themselves periodically, with pe-
riod 7.

2.1.2. CONTINUOUS SPECTRUM
The eigenfunctions associated to the continuous spec-

trum [26, 42-45] are given, in terms of the eigenfunc-
tions of h(0) of Eq. (8), ¢¥ (8, z), by

a—p _2i0 x>

oEO,2) = "7 0 ¢l (0,1), (24)
—E _%e—zie% 5 .
vi(0,2) = e 5 (05(6,2)), (25)
with
¢2(0,2) = CT(w+1)D_pos (FV2o|2).

(26)

being D_,_1(y) the parabolic cylinder functions and
V=c— % The normalization constant takes the value

. Gim/85v/2
C= /2

|l;'0‘ JRICERN)

T23/4

The biorthogonality and the completeness relation
can be written as

/_oo @2(0,2)) 6% (6, 2)dx = §(E — E'),
> [ @0y eFo.am=se-). @
s=+ Y X

The possible values that the parameter 6 can take
to fulfill the requirements of biorthogonality and com-
pleteness of Eq. (27), 6., are presented in the last
column of Table 1.
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In the framework of the CSM, the continuous spec-
trum lies along the line 26. In Regions II and IV, the
20. = £ 7 so that E € (—o0, +00) Meanwhile, in Re-
gion I and III, 20, = & 7, so that E takes imaginary
values. Consequently, the parameter v associated to
the order of the eigenfunctions of Eq. (26) takes the
value v = —ile| — 1.

If we look at the effective potential u(6,z), the
values of 0. correspond to the values of 6 for which
Re(u(d,x)) = 0.

2.1.3. PARTICULAR CASES
Case (a): 2 =0.

When ©Q = 0 and w — (a + 8) # 0, the problem
reduces to that of a free particle of energy £ = ¢ e=21,
Eq. (8) reduces to

R f(x)
*WW*EJC@), (28)

the wave function can be written as f(z) = Ae™*® +

Ae_ikx, with k& = A /W‘iﬁ)bg.
Case (b): w—(a+8)=0, a#p.
To study this case we have to look at Eq. (5).

Ifw—(a+B) =0, it reads

i0 4\ 2
o) = nta+s) (S
bo
(@=8)(, i
+h 5 2xhp+1 . (29)
_ 2“’%&7“3 1| ce—2i6
flx)=e R R T (30)

In Table 2 we present the values of F for which the
wavefunction f(z) is square-integrable.

(a+8)/(a—p) (a—p) cos(20) €
+ + I el cos(20)] <1
hla—p(] 2
- - I
+ - I el cos(20)] 1
Rla—p] ~ 2
- + I

TABLE 2. Regions for which the wave function of
Eq. (30) is square-integrable.

2.2. MEAN VALUES OF OBSERVABLES

’IA‘O compute the mean values, we use operators P and
X defined as [19, 46, 47]

P = YWO+y)pV (O +4)7T
B L T R T e el S
e p + 1he (w—a—ﬁ)b%x’
X = Y WO+y)2V(O+4)T
el 5 (31)
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that satisfy

(X, P] = ih. (32)

For the discrete spectrum of H, it can be proved
that

= [T pm(,2) P (6, 2)dx
- V%(Wmn+1 Vdmn-1),
Py = [ @60 £ G0,
_ / T p(6.2) IO (0, x)dx
- fbm (Vi Tbmnt1 = Vibmn-1)
- 2b2 (Vi +2) (0 + Dmnse
—(2n+ 1)
V(= Do), (33)
and
Xl = [ @) X 6,001
_ / 6% (0, 7) TN g 6 (0, z)dx
- \/%(Wamﬁﬁfémn 1),
) = [ @0 X 6,0 00x
= [T hnlB.a) PO (0, )

b2
= 2 (V20 Domnte
+(2n+ 1)6m.n
++v/n(n — 1)6m7n,2) ,  (34)

with bor = b0/|0'|

2.3. TIME DEPENDENT MEAN VALUES

From the Schrodinger equation

ih%%n(a, z,t) = H(0)®, (0, z,t), (35)
it results

B, (0,2.8) = o iEEg (0, 1). (36)

In the same way

ihgﬁn(ﬁ, x,t) =

ot H(0)"%,(0,,t), (37)

it results

T (0,2,t) = e EFP, (0,2). (38)

2.3.1. REIGIONS I AND III: REAL SPECTRUM

In Regions I and III, the discrete eigenvalues of H ()
take the values EX = +h|Q|[n], with eigenfunctions
5,% (0, x). In Region I, the eigenfunctions of the posi-
tive (negative) are square integrable in interval I; (I3),
see Table 1. Meanwhile, in Region III, tthe eigenfunc-
tions of the positive (negative) are square integrable
in interval I (I;). Consequently the time evolution
of the states is given by

En

BE(0,5,1) = on(0, ),
. 1215 (9, 7).
T, (0,0,t) = o HY,0,0),
FHDIAGE (g 1) (39)
and then
(m|Oln) =
eii(n—m)\ﬂlt/ (@ (0,2))" OFE (6, ) dx.

(40)

2.3.2. REcIoN II AND IV: COMPLEX SPECTRUM
In Regions IT and IV, the discrete eigenvalues of H(6)
take the values B = +ih|Q|[n], with eigenfunctions
(Eff(&, x). In Region II, the eigenfunctions of the posi-
tive (negative) are square integrable in interval Iy (I3).
Meanwhile, in Region III, the eigenfunctions of the
positive (negative) are square integrable in interval I3
(I4). So that the time evolution of the eigenfunctions
are given by

OE(0,2,t) = e PR GE(9,2),
e RING, (0,2).  (41)

and
O.0.t) = e VE D (0,2),
= TOTDINGT ). (42)
As a result
(m|O[n) =
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3. RESULTS AND DISCUSSION

In order to evaluate the benefits of the present ap-
proach, let us consider the time evolution of a given
initial state when the parameters of the model corre-
spond to Region II.

In [26] we have analysed the Swanson model by
solving its eigenvalue problem in the Rigged Hilbert
Space. We have found that in Region II the hamilto-
nian was similar to the one of a particle in a parabolic
barrier. In the framework of the CSM, we model the
effective interaction by a complex potential. This fact
resembles the spirit of the Optical Potential in Nuclear
Physics [48, 49], as the potential seen by an incident
nucleon on a nucleus is modeled by a complex effective
potential accounting for the loss of flux due to the
interaction of an incident particle with the nucleons
of the nucleus.

We shall consider the solutions with eigenvalues
E, = —ih|Q|(n + 1/2), which evolve in time as
e~ @I +1/2)t  They correspond to the boundary prob-
lem for 0 < t < oo. In this case v = —m/4 and
0 e Is.

For simplicity, let us assume that the initial state
is a coherent state of the form

00 k
b1(2,0,7) = 12N 2o 0,2),  (44)
I kgmk

where ¢ (6, ) is the k-eigenfunction of H(6). The
survival probability of the state can be computed as

2

o) ‘/m(%@ﬁﬂm%im”m@@ﬁxﬂx

e (|Z|2ef\9|t)k 2

P 19t/2
¢ > il

k=0
— e lQutR2izP (e 1) (45)

Notice that, in this particular case, p(t) is independent
of the parameter 6.

4. CONCLUSIONS

In this work we analyse the advantages of the CSM
for describing the dynamics of a non-hermitian sys-
tem when the eigenfunctions of the problem do not
belong to £L2(R). We have shown that we can cast
the original problem into a complex potential, which
includes absorption and dissipation effects according
to the sign of its imaginary component. We have
shown that for a range of values of 6 in the different
regions of the model, the resulting eigenfunctions are
square-integrable. This feature facilitates the study
of the dynamics of the system from the computa-
tional point of view. The price we have to pay is the
lack of PT-symmetry invariance of the transformed
hamiltonian.
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Work is in progress concerning the application of the
CSM to a more involved problem as the one presented
in [50].
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ABSTRACT. We study the analytic solutions of the generalized Heun equation, (ao +arr+asr?+
azr?) y" + (Bo + Bir + 2r?)y + (0 +e17)y = 0, where |ag| + 82| # 0, and {a;}P, {Bi}i—o,
{ei}}_, are real parameters. The existence conditions for the polynomial solutions are given. A simple
procedure based on a recurrence relation is introduced to evaluate these polynomial solutions explicitly.
For ag =0, a1 # 0, we prove that the polynomial solutions of the corresponding differential equation
are sources of finite sequences of orthogonal polynomials. Several mathematical properties, such as the
recurrence relation, Christoffel-Darboux formulas and the norms of these polynomials, are discussed.
We shall also show that they exhibit a factorization property that permits the construction of other
infinite sequences of orthogonal polynomials.

KEYWORDS: Heun equation, confluent forms of Heun’s equation, polynomial solutions, sequences of
orthogonal polynomials.

1. INTRODUCTION

It seems as a simple question to ask: Under what conditions does the differential equation
m3(r)y” + m2(r)y + mi(r)y = (A + pamo(r)) v,

where A\, and p, are constants and 7;(r),j = 0,1,2,3 are polynomials of unknown degree to be found, has
n-degree monic polynomial solutions y, = > ._q Ck r*, e #0, ¢ =17

A simple approach to deduce the possible degrees of m;,j = 0,1,2,3, is to examine the degrees for the
(possible) polynomial solutions y,,:

For n =0, yo(r) = 1, we must have m1(r) = Ao + po7mo(r) and the degree of the polynomial 71 (r) must have
the same degree as that of 7y(r), so we may combine the same degree polynomial coefficients of y and write the
equation as

m3(r)y” + ma(r)y’ + m(r)y = 0.

Next, for a polynomial solution of degree one, say y;(r) = r + «, the differential equation reduces to
ma(r) + m(r)(r+a) =0
and the degree of o should be the degree of 7 (r) plus one.
Similarly, for a second-order polynomial solution, say y(r) = 72 + ar + 3, it follows by substitution that
73(r) + m2(r)(2r + @) + T (r)(r* +ar + 8) =0

which indicates that the degree of 73(r) should be the degree of w5 plus one, which, in turn, is a polynomial of
w1 degree plus one.

This simple argument shows that for the polynomial solutions of the linear second-order differential equation
with polynomial coefficients, the degree of the polynomial coefficients 7;(r), j = 3,2, 1 must be of degree n, n —1
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and n — 2, respectively. So, without the loss of generality, we may direct out attention to the following: Under
what conditions on the equation parameters oy, B, and €k, for k=0, 1, ..., n, does the differential equation

n n—1 n—2
(Z a rk> y'(r)+ (Z B ﬂf) y(r) + (Zak rk> y(r) =0,n > 2 (1)

has polynomial solutions y =Y -, C;r’ ¢

A logical approach is to examine the differential equation using the series solution

S} .
y=2Crl,
=0
o0
y'=2jCir
j=0
oo
y' =20 -1Cr?
j=0

in (1) and enforce the coefficients C; =0 for all j > m+1, m=0,1,2,--- to find the condition so that C,, # 0.
This approach leads to a conclusion that for equation (1) to have m degree polynomial solution, it is necessary
that

ena=—m(m—1)a, —mpB,_1, n=2,3,---. (2)

Did this answer the question? Indeed, no. Consider, for example, this simple equation
3y + 2%y + (=2r +5)y = 0.

Clearly, the necessary condition (2) is satisfied for m = 1 and one expects the existence of a first degree
polynomial solution, say y = 7 + b, for an arbitrary value of b € R, however, 272 + (—2r + 5)(r + b) # 0 for any
real value of b.

Therefore, for n > 3, the condition (2) is necessary but not sufficient for the existence of polynomial solutions
of the differential equation (1).

Note, for n = 2, equation (1) is the classical hypergeometric-type differential equation [1-4]
(az7? +ayr+ag)y” + (Bir+ o)y +eoy =0 3)
with the necessary and sufficient condition [2] for the polynomial solutions
co=-m(m—1)ay—mp;, m=0,1,2,---.
For n = 3, the differential equation (1) assumes the form

p3(r)y" +pa(r)y +p1(r)y =0,

3 .
ps(r) = > a;r,
§=0
2
pa(r) = > Bjr?, (4)
7=0
1 .
pl(T)Z ZOEjTj, Oéj,,Bj,e’:‘j ER,
j=

which includes as a special case or with elementary substitutions, the classical Heun differential equation [5, 6]

" v 4 € ’ afr—q -
y+(7’+r1+Ta)y+r(r1)(ra)y_0’ (5)

subject to the regularity (at infinity) condition
a+pB+1=v+6+¢,

and its four confluent forms (Confluent, Doubly-Confluent, Biconfluent and Triconfluent Heun Equations).
These equations are indispensable from the point of view of a mathematical analysis [5-11] and for its valuable
applications in many areas of theoretical physics [5, 6, 12-20].

In the present work
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e From equation (4), we will extract the possible differential equations that can be solved using two-term
recurrence formulas.

e From equation (4), we will extract all the differential equations whose series solutions can be evaluated with
a three-term recurrence formula.

e For ag # 0, we shall devise a procedure based on the Asymptotic Iteration Method [21] to find the series and
polynomial solutions of the differential equation (4).

e In the neighbordhoud of a singular point r = 0, i.e., with ay = 0, we will prove that the series solution can
be written as

s P '3(50)
(r)=> (-1)F i s,
g k=0 of (%‘f’s)k(l‘f‘s)k

where s is a root of the indicial equation. Also, we show that {Py.s(e0)}32, is an infinite sequence of
orthogonal polynomials with several interesting properties.

e By imposing the termination conditions, we study the mathematical properties of the finite sequences
of the orthogonal polynomials {Py;s(c0)}}_, and explore the factorization property associated with these
polynomials.

2. ELEMENTARY OBSERVATIONS

The classical approach to study the analytical solutions of equation (4) relies on the nature of the singular points
of the leading polynomial coefficients

C=ap+arr+asr?+asr’

in addition to the point 7 = oo in the extended plane. For real coefficients and oy # 0, the odd-degree polynomial
£ is factored into either a product of a linear polynomial and an irreducible quadratic polynomial or a product
of three linear factors.

In the first case, the polynomial £ can be written as
L=a3(r—& (% +br+c)

where r? 4 br + ¢ is an irreducible polynomial. In this case, ¢ is regular, real, singular point and oo is irregular
for otherwise, the differential equation can be solved in terms of elementary functions according to the classical
theory of ordinary differential equations. In this case, the differential equation can be written as

d*y (Hl n M2 )dy 17 +¢o

dr? r—§& r24br+c %+a3(r—§)(r2+br+0)yzo' (6)

The second case, the polynomial £ can be written as
£=a3(r—E&)(r—E&)(r—E&)
where £;,7 = 1,2,3 and oo are all regular singular points, i.e., the differential equation of Fushsian type,
3

d*y mi | dy 17 + €0 _
Il D el I o ooy T T LAl @)

Jj=1

where p; are constants depending on the differential equation parameters. One can then study the series
solutions of equations (6) and (7) using the classical Frobenius method.

Another approach, recently adopted, to study (4), depends on the possible combination of the parameters
aj,7 =0,1,2,3 such that the polynomial £ does not vanish identically. There are fifteen possible combinations
in total. These fifteen combinations can be classified into two main classes: the first class is characterized by
g # 0, which has eight equations in total, the second class characterized by ag = 0 includes the remaining seven
equations. Each of these two classes will be studied in the next sections. First, we consider some elementary
observations regarding the differential equation (4).
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We assume no common factor among the polynomial coefficients p;(r), j = 1,2,3, we start our study
of equation (4) by asking the following simple question: Under what conditions the series solutions of the
differential equation (4) can be evaluated using a two-term recurrence relation [22]? For, in this case, the two
linearly independent series solutions can be found explicitly.

Theorem 2.1. The necessary and sufficient conditions for the linear differential equation
pa(r)u”(r) + p1(r) v/ (r) + po(r) u(r) = 0, (8)

to have a two-term recurrence relationship that relates the successive coefficients in its series solution is that in
the neighbourhood of the singular regular point ro (where pa(rg) = 0), the equation (8) can be written as:

[q2.0 + qo.n (1 —10)"] (r — 70)> ™ W () + [qr0 + qun (r — 70)"] 7™ (1)
q2(r) q1(r)
+ [q0.0 + qo,n (1 = 70)"] (r = 710) "™ u(r) =0, (9)

qo(r)

where, form €Z ,he€Z", j=0,1,2,
g;(r) =Y ajk(r—r0)* = p;(r) (r —ro)™ 7, (10)
k=0

when at least one of q;0,7 = 0,1,2 and g;,j = 0,1,2, is different from zero. In this case, the two-term
recurrence formula is given by

Ck (k+AX=h)grk+AX—h—1)+q.n]l+qon

= — , 11
Ch—h (k+Ng2ok+X=1)+q10] + q0,0 (11)

where cg # 0, and A = A1, Ay are the roots of the indicial equation
@20 A =1)+q10A+qo0=0. (12)

The closed form of the series solution generated by (11) can be written in terms of the generalized hypergeometric
function as

oo
SN A hk _ .\ 22—1 avn  V/(01,n—42,)2=440,n 2,1
u(r;\) =z Zchkr =r 3F2(1, o T Thea Shann ,
k=0
2 R \/(ql,h—qz,h)2—4qo,hqz,h_1+2>\—1+ Q0 V/(g1,0—42,1)%—440,042.0
2h 2hqz2n 2hqan ’ 2h 2hqz0 2hqz0 ’
22—1 q1,0 V(a1,0-92,0)2—4490,092,0 . qz,n .k
1+ 2h Jr2’““12,0 + 2hagz,0 ’ Q2,0r ) (13)

Applying this theorem, equation (4) generates the following solvable equations:

¢ Differential equation:

r? (ag +agr)u”(r) +7 (B + Bar)u/(r) + (eo + 1) ulr) =0, &9 #0, (14)
Recurrence relation: For £k =1,2,---  and ¢y = 1,
Ck :_(k+/\—1)[a3(k+)\72)+52}+51 1)
Cr—1 (k+>\)[a2(k+>\—1)+ﬂl]+80 ’

where A = A, A_ are the roots of the indical equation
042)\()\—].)4-51)\4-80:0,

namely

s — B £ /(a2 — B1)? — daseo
20[2 '

Ay =
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The two linearly independent solutions generated by (15), in terms of the Gauss hypergeometric functions,
are:

U4 =T 2az

22- P ea- )" Aagcg o F (’82 _ B4 v/ (a2—B1)2—4azeq . V/(as—B2)2—dasze;

2043 2042 20(2 2043 )

2a3 2ag 2as 2a3 bz

B2 B + \/(a2—51)2—4a250 + \/(a3—52)2—4a3c1; azi\/(az;f1)2_4a2€0__asr> ) (16)

¢ Differential equation:
(arr+azr®)u”(r) + (Bo + B2r?)u/(r) +erru(r) =0,  (Bo #0), (17)

Recurrence relation:

Ck 77(/€+)\72)[a3(k+)\f3)+52}+€1
Ch—a (k4 Mo (k+ X —1) 4 Bo] ; (co,c1 #0, k

2733"')3 (18)

where A = Ay, A_ are the roots of the indicial equation
041)\<)\—1)+60)\:0,

ie )\+ = 0,)\, =1- ﬂo/al.
The two linearly independent series solutions generated by (18) are:

2 1 V(s — B2)? — dase
40[3 4 4(13 ’

f;_i_i_\/(a?»—iz):—‘lagﬁ;; 2/5;?1;_33742), (19)
and
u_r) =8 B (i v BB Vit Bl oden
1+62—ﬂo+\/(a3_62)2_4a351;3—BO;—QSTQ) (20)
4 4oz 209 4o 2 20 a1
o Differential equation
(g + azr®)u" (r) + Bar?u/ (r) + erru(r) =0, ag # 0, (21)
Recurrence relation:
c:: - bl a:)(gj‘i(l;;(rk)‘—’—)\‘l)_t)ﬂz] o ) (co #0), (22)

where A = Ay, A2 are the roots of the indicial equation ag A (A — 1) = 0, namely, \; =0, Ao = 1.
The two linearly independent series solutions are:

6043 60&3 ’ 3’ (67}

w(r) = o F) (‘ 2=t os—fof ~daser —oatfat (02— fo)? ~doger 2. as r3> . (23)

and

a3+ B2 — /(a3 — B2)? —dager az+ B2+ /(a3 — B2)? —dager 4 oz .3 (24)
60&3 ’ 60&3 ’ 3’ (7)) '

'LLQ(T) =T 2F1 <

Out of the three generic equations (14), (17) and (21), five exactly solvable differential equations (Cases 1, 4, 5,
8, and 10) of the type (4) follows and other five (Cases 2, 3, 6, 7, 9) that can be derived directly from them by
taking the limits of the equation parameters. For direct use, the ten equations are listed in Table 1.
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DEs and their linearly independent solutions

1 agr?u" + (Bir + Bar?)u’ + (g9 + e17)u =0
1_ 81 1 _ 2_
_ s at 5/ (a2—B1)2—daze 1 \/ (a2—p1)? 404250 (a2—P1)?—dazeo | B,
u= TQ 2oz 202 1F1 5 20(2 + 20(2 a2 7_04727" )
u =
T*%‘I’ﬁ*ﬁv (2 —p1)%—4aszeg F, 1 A 4 &1 _ \/(a2 B1)2—4dazeo 1 o \/(&2—B1)2—4a250_7&r
1511 2 20 B2 200 asg T e :
2 agr?u’ + Biru’ + (eg +e17)u =0
32—
u:r%_m"‘zagv(az B1)?—4azeq oF [ =1+ (a2—p1) 40‘250;_517-)’
[e'D) a2
8 32—
U= r*%Jrﬁ*m\/m Fy ( i B;l 4a2€0§_% r) .
3 ao U + Bor?u’ + (50 +er)u=0
T
u:r%*(mia;o F + & az—4eg , _\/O¢2—4€o._&,r.
141 52 PNGTEE /o ! Qs ’
NZTE
U= T%JF% F + 61 + Vaz—4deo. 1+ az—deg. P2,
1 2/as Vaz 7 ’
4 (aar? +azr®)u’ + Brru’ + (gg +e1m)u=0
1 [ (oo —B1)2—
u:qni_m""wgv(a’z B1)?—4azeq oF) % 043;73451_2%2_’_%24(1260’
1 Jasz—4de; \/ (a2—p1)? 404260 (a2—p1)?—daseo | o5 r
2 as 2a2 20 (o ) (e}
w=r2 25" (a2—p1)%—4azeo F az—4de; _ B _ V(e2=B1)*—daseg
- 2 as 20 20 ’
1 [az—4s; B V(2—p1)? 40260 (a2—p1)2—4azeo _as
2 as 200 2ain asz 7o :
5 (aar? + azr3)u” + Bor?u' + (g0 +e17)u =0
1__ 1 _/as—4ey B 1 [as—4e vV (a3—pB2)2— 404361
U= ’[‘2 svez 2F1 20[23 - 5 20&2 . + 20(3
B2 1 [as—deq _ V(as=B2)?—dase; 1 Yaz—deo. a3,
2a3 2 Qo 2a3 ’ Va2 ) [e'D) ’
1 1 fove —deq V (az—pB2)2—4aze
u=ritrvmveTio, m 2043 + 31/ %5 450 - 22)3 —
B2 1 as—4eg A (ag—P2)%—4aze; Voo — 46(] a3
2as + 2 [ + 203 1 + o} s r
6 (aer? +agr3)u” + (g +e1m)u=0
_ %—ﬁvaz—‘lfo F 1 as—4eg Voag—4eq 1 as—4eg \/(137451,1 \/0(27460. g
u=r 281\ 72 Qo T T2 /as Qo T T 2as N ’_ozzr ’
1 1
stz =—=Vaz—4eo 1 [as—4e Vas—4e1 1 [ag—4e Vasz—4e Vaz—4e a
_r2t3gm 1 2—4eq _ 3—4e; 1 2—4eo 3—4eq 2—4de0. _as
u=r Va2 21 (5 = SN w T 2y ;14 Vi T as ")
7T ar?u’+ (s terr)u=0
1,1 4eg 11 e
14i/1- %0 1. 4 1-14/1- 1
u=r2"2 “20F1(;1+ 1—1—;20 2127‘) u=r2 2 azoFl(;l— 1 %7 2127‘)
8 arru” + (Bo+ far?)u’ +e1ru =0,
Bo
_ . _ B2 .2 —ar 1_ Bo e1 .3 _ Bo._ B2 .2
“_1F1<25272+2a1 2a: " u=71""11F1 {5 =50t 3505 " a0 "2 T )
9 arru’ + o’ +e1ru=0,
Bo
— L& L2 — =5 _.3_ Bo._ & ,2
u = 0F1( 2—&-2&1 40412)7 u=r 10F1<,2 o 4a1r).
10 apu” + Bor®u' +e1ru=0,
_ €1 .2._ B2 .3 _ 4. B
U = 1F1(352,3, 30(0T) U—TIF1< +352535 3QOT)
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3. THE SOLUTIONS IN THE NEIGHBOURHOOD OF AN ORDINARY POINT

3.1. SERIES SOLUTIONS

In the case of ag # 0, r = 0, there is an ordinary point for the differential equations (4). The classical
theory of differential equation ensure that the (4) has two linearly independent power series solutions in the
neighbourhood of r = 0 and valid to the nearest real singular point of the leading polynomial coefficient
L=ap+ayr+azr? + azr® =0. Indeed, the polynomial £ = 0 has the discriminate [23]:

A=18azarayap —4asag+aial —4azal — 2703 al. (25)

The nature of the £ roots as given by (25) along with the corresponding eight differential equations are
summarized in Table 2.

For these differential equations, the following theorem, that can be easily proved using Frobenius method,
holds.

Theorem 3.1. (Formal series solutions) In the neighbourhood of the ordinary point r = 0, the coefficients of
the series solution y(r) = Y p, Cip ¥ to the differential equation (4) satisfy the four-term recurrence relation

((k=1) ((k = 2) az + f2) + €1) Co—1 + (k((k — 1) a2 + B1) + €0) Ci
+ (k+ 1) (ka1 + Bo) Crs1 + (k+2) (k+ 1) ag Cgn = 0, (26)

where k = 0,1,2,--- , with C_y = 0 and arbitrary nonzero constants Cy and C;. The radius of convergence of
these series solutions is extended from r = 0 to the nearest singular point of the leading polynomial coefficient
£=0.

The first few terms of the series solution are given explicitly by

Co=—52 Co— £2Cy,

2aq 2a0

Cy = (1+po) eo—an €1 Co + Bo(a1+ﬁog;§zo(/31+so) Ci,

2
6ag

For ag # 0, using (26), we can extract the following differential equations with series solution from (4) using
a three-term recurrence relation:

¢ Differential equation:
(a0 + arr+agr®)u’(r) + (Bo + Bar?) ' (r) + e1ru(r) =0. (27)

Recurrence formula:

(k+1)(kan —I—ﬂo)c (k—1)((k—2)as+ f2) +e1

(k+1)(E+2)ag ' h+ D (k+2)ag b (28)

Cry2 = —

¢ Differential equation:
(a0 + aor® + azr®) u”’(r) + (Bir + Bor?)u/ (r) + e1ru(r) = 0. (29)

Recurrence formula:

k(k‘ — 1)0(2 + kﬁl _ (k‘ — 1)(]{,‘ — 2)043 + (]43 — 1)62 +é&1
k+1)(k+2)ag " (k+1)(k+2) ag

Ck+2 = - Ck—l- (30)

¢ Differential equation:
(a0 + aar?) W'(r) + (Bir + Bor?) W/ (r) + 1 u(r) = 0. (31)

Recurrence formula:

k(k—l)a2+k610 (k—1)62+61

(ks Dan " Dkt ap " (32)

Cryo = —
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DE ag  ay Q1 Qg Discriminant Roots of £ Domain definition
Az >0 S #&#E | < minj—1 23§
a3 a2 ar Qg Az =0 §1=6=8=¢ Ir| < ¢
I A3z <0 EeER Ir] < ¢
Differential equation: (cg+a17 4+ agr? +azr3)y” + (Bo + Bir + B2r?)y + (co +e17)y =0
Discriminant: A3 =18aszas ay og — das® ag + as?0q? — dag ar® — 27 as? ag?
A3 >0 §1# & 7| < min—12&
0 o o a Az =0 §1=8=¢ Ir] <&
II A3 <0 None |r] < oo
Differential Equation: (ag+arr+asr?)y” +(Bo+ Prr+Bar?)y + (o +e17m)y=0
Discriminant: Az = a3(—4azap + a1?)
arog >0 r=—ap/a; —c0 <1< —ap/ag
0 0 (651 Qo
arag <0 r=—ap/ay —ap/ag <1 < oo
I1I
Differential Equation: (ag+arr)y" +(Bo+ Prir+Bar?)y + (o +e1m)y=0
Discriminant: A3=0
0 0 0 Qg None None —00 <1 <00
v Differential Equation: aoy" + (Bo+Bir+B2r®)y + (eo+e1m)y =0
Discriminant: A3 =0
Az >0 §1#& #E& 7] < minj=y 23§
az 0 a1 ag Az =0 §1=6=8=¢ Ir] <&
\% A3 <0 £eR Ir| < &
Differential Equation: (o +arr+azr®)y" + (Bo+ Bir+P2r?)y + (o +e1r)y =0
Discriminant: Az = —daga® — 27 az? ap?
Az >0 S FEFE |r| < min;—1,.23&;
az az 0 Qo Az =0 §1=86=8=¢ Ir| <€
VI A3 <0 EeR Ir| < ¢
Differential Equation: (a0 +azr? +agr?)y” + (Bo+ frr+ Bar?)y' + (e0 +e17)y =0
Discriminant: Az = —4 a3 ag — 27 as? ap?
as 0 0 Qo apag <0oragas >0 &=/ —ap/as Ir| < &
vi Differential Equation: (o +azr®)y” + (Bo+Bir+ Par?)y + (o +e1m)y=0
Discriminant: As = —27 a3? ap?
/a2 <r<
agag < 0 r=+4,/—20 2
0 as 0 Qg @2 /_ao
a2
VI asag >0 None —00 <1 <00

Differential Equation:

Discriminant:

(o +asr?)y” + (Bo+Bir+Bar?)y + (so+e1r)y=0

Ag =—4 a23 (675}

TABLE 2. Tabulating the eight different types of differential equations, which apply to Theorem 3.1.
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¢ Differential equation:
(ozo + as r3) W (r) + (Bir + Bar?)u/ (r) + regu(r) = 0. (33)

Recurrence formula:

kﬂl (k*l)(k*?)&g‘F(k*l)ﬂg‘i’{:‘l

= — — —1- 4
Ot = =t 2 ag " 1) (E+ 2Dy Cr1 (34)
¢ Differential equation:
aou(r) + (B + B2 r?) ' (r) + e1ru(r) = 0. (35)
Recurrence formula:
k k-1 +e
Cry2 = — By ke — ( )br t a1 Cr-1. (36)

(k+1)(k+2) (k+1)(k+2)ap

o Differential equation:
(a0 + aar? + azr®) u'(r) 4+ Bird/(r) + erru(r) = 0. (37)

Recurrence formula:

k(k—l)ag + kB (k—Q)(k—l)Oé3+E1

R (N | N PR (S Y P ()
¢ Differential equation:
(a0 4+ agr®)u’(r) + i/ (r) + e ru(r) = 0. (39)
Recurrence formula:
k 31 (k—Z)(k—l)Oé3+51
Cr2 = "D+ ) a0t~ (k4 (k42 a0 (40)
¢ Differential equation:
(a0 + aor®)u’(r) + i/ (r) + e ru(r) = 0. (41)
Recurrence formula:
]{;(]{— 1)&2 + k By &1
=— - 1. 42
Crt (k+1)(k+2)ag " (k+1)(k+2)aock ! (42)
¢ Differential equation:
(a0 + aar?) u’(r) + (Br + B2r®)/ (1) + €17 u(r) = 0. (43)
Recurrence formula:
k(k —1)az + B k) (k—=1)B2+¢e1
=— — 1. 44
s k+1)(k+2)ag * (k+1)(k+2)aock ! (44)
¢ Differential equation:
' (r)+ Brru(r) +erru(r) =0, (45)
Recurrence formula:
k €
Chio = — b ! Ch_1. (46)

(k+1)(k+2>0‘“_ (k+1) (k+2)

3.2. POLYNOMIAL SOLUTIONS

The series solution y(r) = > 72—, Ck r* terminates to an n'"-degree polynomial if C, # 0 and C; = 0 for all
J >n+1. It is not difficult to show by direct substitution that for polynomial solutions of P, (r) =Y ;_, Ck rk,
it is necessary that

eg=-n(n—1)as—nps, n=0,1,2,---. (47)
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Furthermore, the polynomial solution coefficients {Cy}}_, satisfy a four-term recurrence relation, see (26),

((k — 1)((]{3 — 2)@3 + ,82) + 61;") Ci_1+ (k((k — 1)0[2 + [31) + Eom) Cy,
+ (k+1)(kar + Bo) Crp1 + (K + 1) (k+2)aoCry2 =0, k=0,1,...,n+1, (48)

n—equations

that generates a system of (n + 2) linear equations in {Cp}}_:

(n+2)—equations

The first n equations are

k=0, —€0Co + PoC1 +2apC2 =0
k=1, — €1Co + (B1 4+ €0)C1 +2(0a + Bo)C2 + 6 C3 =0
k=2, — (B2+e1)Ci+ 2az+201+¢€0)C2+3(2a1 4+ Bo)Cs+12a0Cs =0

k=3, = (2as+2p24+¢€1)Co+ (62 +381 +¢€0)C3+4(3a1 + 0)Ca +2000C5 =0 (49)

k=n—-1 — ((n —2) ((n —3)as + 52) + sl;n)Cn,2 + ((n - 1)((n —2)az + 51) + so;n)Cnfl
—|—n((n - Do+ ,BO)Cn =0.

These equations permit the evaluation, using say Cramer’s rule, of the coefficients {Cj}}7_; of the polynomial
solution in terms of the non-zero constant Cy.

The (n + 1) equation
(n=1)(n—=2)az+(n—1)Ba+e1)Ch1+ (n(n—1) a2 +n B +e0)Cp =0, (50)
gives our sufficient condition that relates ey = ¢, to the remaining parameters of the differential equation.
Finally, the (n + 2)*" equation
etn=-nmn—1az—nps, n=0,1, -, (51)
re-establishes the necessary condition (1 = €1.,) for the existence of the n-degree polynomial solution, see (47).

For a non-zero solution, the n + 1 linear equations generated by the recurrence relation (48) require the
vanishing of the (n + 1) x (n + 1)-determinant (with four main diagonals and all other entries being zeros)

So 11 m
1 S1 T m
v S2 T3 73

Apir = ;
Yn—2 Sn—? Tn—l Mn—-1
Yn—1 Snfl Tn
Yo Sn
where

Sk =¢eom +k((k—1)az+B1),
Ty = k((k — 1)a1 + o) ,
Ve = 1 + (k= 1)((k — 2)as + fB2)
e =k(k+ 1)ag,
and for fixed n,
eimn=-—nmn—1)as—nps. (52)
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A simple relation to evaluate this determinant in terms of lower-degree determinants is given by
App1 =S Dk — Ve T Aj—1 + Y Vo1 Me—1 Dik—2, (A2 =A_1 =0, Ag=1,k=0,1,...,n). (53)

Although there is a classical theorem [24] that guarantees the simple distinct real roots of the three diagonal
matrix, to the best of our knowledge, there is no such theorem available for the matrix-type (52). However, we
shall assume, in the following example, that the matrix entries allow for the distinct real roots of the resulting
polynomial of eq.p,.

Illustrative example:

e For the zero-degree polynomial solution Pg () =1, i.e., n = 0, the coefficients C; = 0 for all j > 1 and the
recurrence relation (28) for k = 0, 1 gives, respectively, the necessary and sufficient conditions

€1;0 = 0, €00 = 0. (54)

e For a first-degree polynomial solution, n = 1, the coefficients C; = 0 for all j > 2 where £ = 0, 1,2 give the
following three equations

€0;1Co + BoC1 = 0,

e1;1Co+ (B1 +€0,1) C1 =0, (55)
(B2 +¢€1;,1)C1 = 0.
So, for Cyp = 1, it is necessary that 1,7 = —f2 and therefore, C; = —eq.1/8y where £¢,1 are now the roots of

the quadratic equation
Bo B2 + Preo;s + gy = 0.

Let 56;1, ¢ =1,2, denote, if any, the two distinct real roots 58;1 #* 5(1);1 of this quadratic equation. Then, for
the two (distinct) differential equations

(a0 +arr+azr? +asr®)Ply (r) + (Bo + B + B212) P, (1)

+ (Eg;l _ﬁ27a) Pl;f (T) :0, ! = 1, 2, (56)
the first-order polynomial solutions are
¢
_ €0;1
P =T, (57)

BoBa+ Prefy + (€6,1)* =0, £=1,2.

e For a second-degree polynomial solution, n = 2, the coefficients C; = 0 for all j > 3 where k =0, 1, 2, 3 give
the four linear equations

£0:2Co + BoC1 + 29 C =0,

e1;2Co + (B1 +€0:2) C1 + 2(aq + By) C2 = 0,
(B2+¢€12)C1+ (2a2 4+ 261 +£0,2) C2 = 0,
(2a3 +2 P2 4+ €1,2)C2 = 0.

The very last equation of (58), correspondent to k = 3, gives the necessary condition
€12 = —2a3 — 20, (59)

and for k = 0,1, the coefficients of the polynomial solution y(r) = 1+ Cy 7 + Co r? read

—£0;2 20
2a3+282 201 + 280,
1= )
Bo 20
B1+e02 201 +25
(60)
Bo —£0;2
B1+e02 2a3+206
Coy = .
Bo 2aq

B1+eo2 200+ 25
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The equation corresponding to k = 2 and n = 2 establishes the sufficient condition

56;2 ﬁo 2@0
—2a3 —2fs Br+efy 201 + 203 =0, (61)
0 Bo—2as—202 20+ 21 +ehy

where ¢ = 1,2, 3 refers to the three distinct simple roots 56;2, {=1,2,3, if any, of the polynomial generated
by the determinant (61). Hence, for each index ¢ = 1,2, 3, the differential equation

(ao +arr+asr?+as 7“3) Pg;@ (r) + (ﬁo + 61+ B 7"2) P/2;e (r)
+ (efi2 — (203 4+ 2B2) 1) Poy (r) = 0, (62)

has the polynomial solution (for £ =1, 2, 3.)

—5&2 20 Bo —56;2
203 +2P2 201 + 25 51+€€;2 203 +2p2 )
Poo(r) =1+ r 4 re, (63)
Bo 2aq Bo 200
B+ 66;2 201 4+ 200 B1+ 66;2 201 + 20

The above constructive approach can be continued to generate higher-order polynomial solutions of an arbitrary
degree.

Theorem 3.2. Suppose the polynomial in 56m generated by the determinant (52) has n + 1 distinct real roots
arranged in ascending order €p,,, < £g.,, < €4, < -*+ < €.,,, then, the eigenvalue problem

d’P,,. dPp,
(ao+arr+azr? +azr?) 72[ + (Bo+ Brr+ B2r?) 76
— n( (n—1)as+ 62) 7 Ppe= —Egm P, (64)
has a polynomial solution of the degree n, for { =1, 2, ..., n+ 1.
This theorem is illustrated by Figure 1, for n = 0,1, 2,3,
n=20 n=1 n=2 n=3
55;0 5(1);1 5%;1 5(1);2 €0;2 €0;2 65;3 53;3 58;3 53;3

- .

Pou(r)  Pua(r) Pua(r) Poa(r) Paao(r) Pas(r) Paa(r) Pso(r) Psa(r) Paa(r)

Y

FIGURE 1. A graphical representation of Theorem 3.2

Open problem: It is an open question to establish the condition(s) on the parameters so that the polynomial
generated by the determinant (32) has simple and real distinct roots.

4. THE SOLUTIONS IN THE NEIGHBOURHOOD OF A SINGULAR POINT

4.1. SERIES SOLUTION AND INFINITE SEQUENCE OF ORTHOGONAL POLYNOMIALS {Pj(g0)}52,

As mentioned earlier, if ag = 0, there are seven subclasses characterized by the equation

r(on+aor+asr®)y” + (Bo+ Brr+ Bar?)y' + (co+e17) y =0. (65)

176



VOL. 62 NO. 1/2022 On Generalized Heun equation with some mathematical ...

The classification of these seven equations along with their singularities and the associated domains are
summarized in Table 3. From this Table, it is noted that if a; # 0, there are four subclasses where the point
r = 0 is a regular singular point, while if a; = 0, the condition 5y = 0 is necessary to ensure that r = 0 is
a regular singular point for two additional subclasses and the last equation is a class where r = 0 is irregular
singular point unless we reduce to Euler’s type (a3 = as = 81 = By = g0 = 0).

In the neighbourhood of the regular singular point r = 0, the formal series solution y(r) = r* ZZOZO Crr* is
then valid within the interval (0,¢) where ¢ is the nearest singular point obtained via the roots of the quadratic
equation a; + a7 + azr? = 0. Here, s are the roots of the indicial equation ay s(s — 1) + Bgs = 0, i.e. s =0
and s =1— fp/a.

Using Frobenius method, it is straightforward to show that the coefficients {Cj} 32, satisfy the three-term
recurrence relation

(k+s+1)(ar(k+5)+ Bo)Cri1 + ((k+5)[az (k+s— 1)+ B1] +e0)Ch

+ ((k+s—1Dfag(k+s—2)+ Ba] +1)Cro1 =0, (66)
where k=1, 2, .... For
C_1=0,
Co=1,
Clz_s(a2(8—1)+51)+€0 _ Pys(e0)
(s + fo)(s+1) a1 <s+%) (s+1)7

this equation can be written as

Cit2 = Ao(k) Cry1 + so(k) Cy,

where
A (k)—_(O‘Q(k+S)+61) (k+s+1)+eo
o\~ = (ar(k+s+1)+50) (k+s+2)
so(k) = (0alk s —1) + fa) (k+5) e

(ar1(k+s+1)+Bo) (k+s+2)’

From this equation, we note that

Ciy3 = A1(k) Cry1 + s1(k) Cy, M(R) = Aok 1) Ao(k) + so(k +1)

81(]6) = )\o(k + 1) So(k),
- . Aa(k) = M (k+ D)Xo(k) +s1(k+1)
Crta = A2(k) Cry1 + s2(k) Cy, 3o(k) = M (k4 1)30(k).
A3(k) = Ao (k + 1)Ao(k) + s2(k + 1)

Cias = A3(k) Crq1 + 53(k) Cr,
Sg(k‘) = )\g(ki + 1)80(k),

and in general

Ck+7n = >\m—2(k) Ck+1 + Sm—2(k) Ck7

and therefore

_ (s+1)(oas+ p1)+eo (S(az (s — 1)+,31)+€o) _ S(as(s —1)+ B2) +e1 Ps.s(g0)

> oG+ D)+ Ao)(s+2) \ (ans+ fo)(s + 1) @G DFETD (et &) 1D O
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DE a3 a1 Condition Roots of LPC Domain definition

1 as  az a1 a2 —4aiaz >0 r=0, & #E&- r € (0,minéy) if &£ >0
r € (max&4,0) if &£ <0
r € (0,&4) if
- <0<&r,[6-1 > &
r e (&-,0) if
- <0 <&y, 6| <&

a3 —4araz =0 r=0, & =& =¢ r € (0,6)

Differential Equation:
Roots:
Singularity:

r(&—r)& -1y + Bo+Bir+B2r’)y +(co+e1r)y=0

r=0; r=~£& =(—az =+ /a3 —4aras3)/(2a3)

r =0,&+,00: Regular

Differential Equation:
Roots:
Singularity:

r(&—r)2y" +Bo+Bir+Par?)y +(eo+eir)y=0
r=0; r=&=—a/(2a3)

r = 0,&: Regular; r = oo: Irregular

11 0 az Q1

r=0, r=-a1/a r € (0,—ai/az) if a1/az <0
r € (—ai1/az,0) if a1/az >0

Differential Equation:
Singularity:

rlar +aor)y’ + (Bo+Bir+ Bar®)y + (o +e1m)y=0

r =0, —a1/as: Regular; r = co: Irregular

IIT a3 O aq

ajaz <0

aras >0

r=0,£\/—a1/as r € (0,4/—ai/as)
r=0, r € (0,00)

Differential Equation:
Singularity:

r(aar? + o)y’ + (Bo+prir+Ber)y +(co+e1m)y =0, asar <0

r=0,%4/—ai1/as,00: Regular

Differential Equation:

r(aar? + o)y’ + (Bo+Prir+Ber)y +(co+e1m)y =0, asar >0

Singularity: r = 0: Regular; r = co: Irregular
IV [0 %} (oD 0 50:0 r =0, —042/043 TG(O,—O@/O@) ifOéz/Oé3<0
r € (—az/as,0) if as/az >0
Differential Equation: r*(asr +a2)y” +r(Br+ f2r)y +(co+e1r)y=0
Singularity: r =0, —as/as: Regular; r = co: Irregular
vV 0 0 a1 r=20 r € (0,00)
Differential Equation: arry’ +(Bo+Bir+Bar)y 4+ (co+e1m)y=0
Singularity: r = 0: Regular; r = oco: Irregular
VI 0 az 0 Bo=0 r=0 r € (0,00)

Differential Equation:
Singularity:

asr?y’ 4 r(Bi+Bar)y +(co+e1ir)y=0

r = 0 : Regular; r = oco: Irregular

VII [0%:3 0 0

r=20 r € (0,00)

Differential Equation:
Singulaity:

asr?y" + (Bo+Bir+Ber?)y +(eo+erim)y=0

r =0, 00: Irregular

TABLE 3. Tabulating the seven different types of differential equations, which apply to Theorem 4.1.
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initiated with
Py s(e) = ((s + 1)(a2 s+ B1) +0)Pr;s(c0) — (@18 + Bo)(s + 1)(s(az(s — 1) + B2) +€1)

Continuing with this process, it is straightforward to conclude that the series solution can be written as

oo

P S( 0)
—T C 7’ = —1)* b TkJrsa 68
Z * kzo K 041(’804—8) (14 s)g A

where the k-degree polynomials of the parameter g, namely {P;s(g0)}32,, satisfy the following three-term
recurrence relation:

Piti;s(e0) = ((k+s)[(k+ s — Dag + fi] + o) Pris(eo) — (k + ) ((k+ s — Dar + Bo) (k+s— 1)
X [(k+8—2)0&3+ﬂ2] +€1)Pk71;5(60), (69)

initiated with P_;.5(g9) = 0 and Pp.5(g9) = 1.

For the classes I-IV in Table 3, including, of course, the classical Heun equation, r = 0 is a regular singular
point with one of the exponents of singularities being s = 0, in which case, the coefficients {Cx}32, of the series
solution y(r) = >_po, Ckr* satisfy the three-term recurrence relation

((k + ].)Uf o1 + ﬁo))ckJrl + (k((k - 1)0[2 + ﬂl) + 60)Ck + ((k — 1)((k — 2)@3 + 52) + 61)Ck71 =0, (70)
and we have the following general result concerning the series solutions of the equation (65):

Theorem 4.1. In the neighbourhood of the regular singular point r = 0, the series solution y(r) = > p_, Ci
of the differential equation (65), with ay # 0, is explicitly given by

- k Pk 50) Tk
— (71)
ey
a1 /)

where the infinite sequence {Py(g0)}3, Is evaluated using the three-term recurrence relation

Pri1(e0) = (k(k — 1)ag + kB + €0) Pr(e0) — k((k — 1)ou + Bo)
X ((k—1)(k = 2)as + (k — 1)B2 + €1) Pr—1(c0), (72)

where P_1(g9) = 0, and Py(eo) = 1.
Here, (a), refers to the Pochhammer symbol (a), = a(a+1)---(a = n+ 1) = I'(a + n)/I'(«) which is
defined in terms of Gamma functions and satisfies the identity (—n); = 0 for any positive integers k > n + 1.

Equation (72) in Theorem follows directly by substituting the coefficients of (71) in the recurrence relation (65)
and eliminates the common terms.

Corollary 4.2. In the neighbourhood of the regular singular point r = 0, the series solution y(r) = > =, Cir
of the differential equation

(o1 +azr?)y" + (Bo+ Bir+ Bar?)y + (0 +e17)y =0, (73)

is given, explicitly, by

sy =3 (1 Pl (74)

where

Prr1(e0) = (kB1 + c0) Br(eo) — k ((k — Dax + Bo) x ((k — 1)(k — 2)az + (k — 1)B2 + 1) Pr-1(c0),  (75)
initiated with ‘B_l(zfo) = 0, ‘330(50) =1.
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Corollary 4.3. In the neighbourhood of the regular singular point r = 0, the series solution y(r) = Zzozo Cyr*
of the differential equation

r(ar+aor)y” + (Bo+ Pir+P2r?)y +(eo+e1m)y =0, (76)
is given, explicitly, by

sy =3 (1 Bl (77)

where
ka+1 (60) = (k‘(k — 1)042 + k‘ﬁl + Eo)ka(Eo) — k‘((k‘ — 1)0&1 + Bo)((k‘ — 1)52 + 61)Tk_1(50), (78)
initiated with P_1(g9) =0, Py(eg) = 1.

Corollary 4.4. In the neighbourhood of the regular singular point r = 0, the series solution y(z) = Y=, Cxr*
of the differential equation

arry” + (Bo+Prr+ Bar?)y + (o +e1r)y =0, (79)
is given, explicitly, by

y(r) = S (—1)F —Prleo) (80)
k—

(2
(0751 k

Pri1(e0) = (kB1 + €0)Pr(e0) — k ((k — 1) a1 + Bo) ((k — 1)B2 + €1)Pr—1(c0), (81)
initiated with P_1(eg) = 0, Py(go) = 0.

where

Corollary 4.5. In the neighbourhood of the regular singular point x = 0, the series solution y(x) = Z;OZO Crat
of the differential equation

arry” + (Bo+ Bar?)y + (o +e17)y =0, (82)
is given, explicitly, by

S Py (o)
(r) =Y (-1)F —E ok, (83)
O ()
(051 k

Py t1(e0) = eoPr(e0) — k(K — 1)a1 + Bo)((k — 1)B2 4+ €1)Pr—_1(c0), (84)
initiated with P_l(Eo) = 0, Pl(é'o) =1.

where

Remark 4.6. If, in addition to ag = 0, we also have a; = 0, then r = 0 is a regular singular point only if
Bo = 0, in which case the differential equation reduces to an equation that resembles Euler’s equation, namely

r? (o +agr) y’ +r(Bi+Bar)y + (co+e1r)y =0. (85)
The exponents of the singularity » = 0 are
sp = (a2 — B1 £ /(a2 — B1)2 — dasgg) /(202).

From the relation (66), the coefficients of the formal series solution y(r) = r*>"p2 , Cy r* satisfy the two-term
recurrence relation (k=1,2,..., Co = 1),

k
__ (k=1+4sg)(k—2+sy)ag+(k—1+s54)B2+ter _ j (—14s4)(j—2+s1)as+(j—1+s4)Ba+er
Ch = — (k+s+)(k—14st)as+(k+s+)B1+eo Cr1,= H(_l)J (J+s+)(G—1+s+)aa+(+s+)B1+e0 (86)

Jj=1

that allows to obtain a closed form of the series solution of (71) in terms of the generalized hypergeometric
function as

s az— —4a ag— —4a
y(T):Ti3F2(1,Si—%+&—V< 3—B2)2—4 se1 5i+%+ B2 V(a3 —B2)%—dage |

2a3 2a3 20[3 2a3 )
1 8 (ap—B1)2—4azeq 1 8 V(a2—pB1)2—dazeo . Q3
Si+§+ﬁ_T7si+§+ﬁ+T7_Ozr : (87)
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4.2. POLYNOMIAL SOLUTION AND FINITE SEQUENCE OF ORTHOGONAL POLYNOMIALS

Theorem 4.7. The necessary condition for the second-order linear differential equation (65) to have an n'"-

degree polynomial solution y, (r) = ZZ:O Crr¥,n=0,1,2,..., in the neighbourhood of the regular singular
point r = 0 with one of the indicial equation exponents s = 0, is

ein=—nn—1)az—nps, n=0,1,2,..., (88)

along with the sufficient condition, relating the remaining coefficients, given by the vanishing of the tridiagonal
(n+1) x (n + 1)-determinant A, 1 = 0 given by

So Ty
N S T
Y2 S2 T
Apt1 = ; (89)
Yn—2 Sn—2 Th-1
Yn-1 Sn—1 Tn
Yo Sn
where, for fixedn : €1, = —n(n — 1) az — n Ba,

Sk; = €0;n + k((k - 1)0&2 +ﬁ1)7
T, = —k((k’ - 1)011 + ﬂO)v
Y= —€1n — (k= 1) ((k = 2)as + B2),

and all other entries are zeros. In this case, the polynomial solutions are given explicitly by

o) = S (1) PR Com) i 90
Yn(r) g:%( )k!a’f(ﬁo> (90)
(651 k

where the finite orthogonal sequences { P} (co.n)}}_, are evaluated using the three-term recurrence relation
Piyr(e0im) = (Sk +€0in) Pk (€0im) — Wk Pr_1(20:mn)
or, more explicitly,
Pitp1(Eom) = (k(k = Doz + kBr + con) P (c0:n) + k(n =k + 1) ((k = 1o + Bo)
x (B2 + az(k+n—2))Ppr_i(com) » (91)

where P, (g0.n) = 0, and P§(g0.n) = 1 for the non-negative integer n.

Expanding A1 with respect to the last column, it is clear that the determinant (89) satisfies a three-term
recurrence relation

{Ak+1 = (Sk +€on) A — v T Ag—1, (92)

AOZL A_lz(), k:O,l,...,n,

that allow to compute the determinant Ay recursively in terms of lower-order determinants. We now show, by
induction on k, that

Agy1 = Pryi(eom). (93)

For k =0, we find by (89) that Ay = (Sp + €0.n) Where the right hand side equals to Py’ (e¢.,,) using (91). Next,
suppose that A; = Pj(eon), for j =0,1,2,--- , k, then from (91)

Piy1(Eom) = (Sk + EO;n) Pr (eosn) — v T Pr_y1(€0n) = (Sk + Eo;n) Ag =y Tk Ag—1 = Ag11

and the induction step is reached. These results can be represented by the graphical representation (Figure 2).

Some of the mathematical properties of the finite sequence of polynomials {P}!(¢o;n)} 1, Will be explored in
later sections.
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Py
0
0
A = det
T 0y, sy 0
0 0 0 Sh

FIGURE 2. A demonstration of how the polynomials {P} (€0;n)}r—o may be obtained from the (k + 1)-determinant
Aggq for k=0,1,2, ..., n.

Remark 4.8. For a3+ as + a3 = 0, the canonical form of Heun’s equation can be deduced from (65) by means
of the following substitutions:

Bo+B1+8s Bo o3 BotarasBi+aips

£1 £0
" 3 —an a1 ajagz(a;—as) / e + ag
Yy + | S+t a y'(r) + y(r) =0. (94)
r—1 r (r—2%) r(r—l)(r—g—;)
or, simply in the standard form as
" v d € ’ afBr—q B
yi(r) + (T * r—1 * rb)y(r)+ r(r—l)(rfb)y(r) =9 (9)
where
0% ) 5 « B q b
\ \ J \ b
Bo BatBi+Bo Paci+ Praraz + Foai P2+ (n—1ag L, L& @
a az — azaq (a1 — as) a3 as  az
i) i) 1) i) L)
) € I} « q b

where, in either case, it follows
Yy+o+e=a+p+1

that ensures the regularity of the singular point co. With these parameters, the Sturm-Liouville form of the
differential equation (65) is

,d% (7’7 (r — 1) (r — b)* ﬁ) +afrt(r=1)" =0 Ty =g (= 1) (e = by (96)

where, for b>1,v7>0, 6 > 1,7 € (0,1) .

Corollary 4.9. The second-order linear differential equation
r2(asr 4+ o)y (1) + 7 (Bar + 1) ¥ + (—(n(n —1) az +n Bo)r + ) y =0, (97)

where r € (—as/as,0) if agasz > 0 or r € (0,az/a3) if asas < 0, has a polynomial solution of degree n subject
to

ﬁ (o +k((k—1Dag+51)=0

’“;(L (98)

co=-nn—1as—np, n=0,1,2---.
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In particular, the differential equation
P (agr+a2) y'(r) + r(Bar+ 51) y'(r) — ((n(n—1) g +n Ba)r4n(n—1) as+n fy) y(r) =0,  (99)
has the polynomial solutions

yn(r)=1", n=0,1,2,.... (100)

Proof. Follows immediately from Theorem 4.7 with a; = 5y = 0.

5. MATHEMATICAL PROPERTIES OF THE ORTHOGONAL POLYNOMIALS {Px(c0)}7,

As pointed out by Theorem 4.1, in the neighbourhood of the singular point » = 0 with an indicial exponent root
zero, the series solution of the differential equation with four singular points, see (65),

r (a1 +asr+azr?)y’ + (Bo+Bir+Ber?)y + (co+e1r)y=0.

can be written as

=3 (s —PrE) e 101
(6751 k

where the infinite sequence of polynomials {P(0)}72, in the real variable ¢( satisfies the three-term recurrence
relation

Pr+1(g0) = (g0 — Ak)Pr(€0) — Bk Pr-1(c0), (102)

initiated with
P—l(g()):(), 7)0(80):1, k:].,?,?),"' .

where

4, = —k(k — V)ag — kB,
B, = k((kj — 1)041 + ﬁo) ((k‘ — 1)((k‘ —2)ag + 82) —|—€1).

For 4, B, € R and if B, > 0, then according to Favard Theorem [25], see also [26, Theorem 2.14], there exists
a positive Borel measure p such that {Py}72, is orthogonal with respect to the inner product

(P Py) = / Pe(20) Py (20) (103)

such that
/ Pi(20) P (20)dpt = prpie e, / dp=1, (104)
R R

where dy is the Kronecker symbol. In particular,
/ ekPu(e0)du =0 forall0<k <Kk. (105)
R

The norm py can be found using the recurrence relations (102) by multiplying with 5’5‘1 and taking the integral
over €p with respect to pu that yields

/&?gpk(é‘o)d,u = @k/z?g_lpk—l(fo)d# = %%-1/
R R

k
b Peateodu == ([ ) [du (00
R i R
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and

/ Pr(c0)Pr (e0) dp = k! (o ag)® (50> % <—a3 + B2 — /(a3 — B2)% — 4a351>
R A )

Boe1 aq 203

8 <a3 + B2+ +/(az — B2)? — 40‘351> S (107)
k

20&3

Using the recurrence relation (102), it also follows that

/ eo[Pr(€0)dp = _ (k= Daa + fu)k! (en as)” (60> (‘043 + B2 — /(a3 = B2)? — 4a3€1>
R Boe1 a1/, 203 )
% <013+[‘32+\/(a3ﬂ2)2 404361) ' (108)
20&3 .
Further, for k =0,1,2,---,
k+1
/ £6Prs1(20)Pr(eo)dp = (k+ 1) aq as)
R Boe1
X (5O> e \/(ag = 02)* — daser —ag + P2 + \/(0‘3 — (2)? — dasey (109)
s 209 k1 203 "

Other integrals can be evaluated similarly, for example [ [e0Pk(g0)]?dp can be evaluated by multiplying (102)
by e0Pk(e0) and integrate with respect to the measure p using (107), (108), and (109) and we continue similarly
for

/ ES’L[Pk(EO)]Qd/’[H m = 071727"' .
R
The recurrence relations (102) for z = ¢ and y = ¢, read

Prii(z) = (2 — ax) P (x) — B (2),
Pri1(y) = (v — ) Pi(y) — BePi_1(y),

respectively. By multiplying the first by P (y) and the second by Pk (x) and subtracting, the resulting equation
becomes

( = Y)Pr(y)Pr(v) = Qrt1 (2, y) — B Qr(w,y) (110)

where Qpy1(2,y) = Pry1(2)Pr(y) — Pe(2)Pry1(y). Thus, recursively over k, we have

(= y)Pr(x)Pr(y) = Qrr1(x,y) — B Qr(x,y)
(x = y)Pr—1(2)Pr-1(y) = Qr(x,y) — Br—1 Qr—1(z,y)

(z —y)Py (x)Py (y) = Q1(x,y),
from which it is straightforward to obtain
(z —y) [Pk(:v)Pk(y) + BuPr—1(2)Pr—1(y) + BuBr—1Pr—2(x)Pr—2(y)
+ BrBr—1Be—2Pr—3(2)Pr—3(y) + - + Aep1 A —1Ak—2 ... APo(2)Po(y) | = Qr+1(c0,y) -

Dividing both sides by (z — y)BiBr—1Bk—2 - . . B2 and summing over k results in

Ek: PAOPI) (g m o a1 x Pt @PR) = PE@Pe(y)

gjﬂgj_lﬂ;j_g...ﬂg r—Y

=0
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(101) then follows using

By Br_1Br—2...B = H B;

k(o ag)” <50> « (—a3+62—\/(a3—62)2—4a351> y (—a3+ﬁz+\/(a3—ﬁ2)2—404361>
k k k

Boe1 ay 203 2a3

and finally, we have, for k > 0, Christoffel-Darboux identities:

i Py (@)Ps(y) _ Pen@Puly) = Pel@)Prsa(y) a1
St asy (2) (€06, Mlaran) (2), (€ (€)@ —)
where
£y = —az + B2+ /(as — B2)? — daze;
=7 20(3
and by evaluating the limit of both sides as y — x, its confluent form
k
[Pj(=)]? Pry1 (@) Pr(z) — Pp(2)Prya (z)
= (112)
j;) JHenes) (€40);(62); ki (ag ag)k (g)k (€4, (€2),

follows. Here, the prime refers to the derivative with respect to the variable z. As a direct consequence of the
Christoffel-Darboux formula (112), all the zeros of the n-degree polynomial P, (g) are simple. To prove that
they are also real, we note that the recurrence relation (102) can be written in a matrix form as

Po(x) 2 1 0 -~ 0 0 Po(x) 0
Pl (l‘) Bl }711 1 e 0 0 7)1 (I’) 0

x PQ(ZL') = 0 B8 4, --- 0 0 PQ(SL’) + Pk(x) 0 (113)
Pk_l(x) 0 0 0 - B_1 A Pk_l(x) 1

Thus, if x; is a zero of Pi(x), it is an eigenvalue of the given tridiagonal matrix. Since, by the hypothesis
of (102), B, > 0 for all k& > 1, the results of Arscott [24] confirm that (i) the zeros of Py_1(x) and Py (z) interlace
— that is, between two consecutive zeros of either polynomial lies precisely one zero of the other (ii) at the zeros
of Py (z) the values of Py_1(x) are alternately positive and negative, (iii) all the zeros of Py (z) — i.e. all the
eigenvalues of tridiagonal matrix are real and different.

6. MATHEMATICAL PROPERTIES OF THE FINITE ORTHOGONAL POLYNOMIALS
{Pr: (e0) iz

In this section, we shall study some of the mathematical properties of the orthogonal polynomials {P} (€0:n) }ry-
First, the zeros of the polynomial generated by the aforementioned determinant are all simple. This fact can be
confirmed by establishing the Christoffel-Darboux formula. Denote & = €¢,;, and y = €o,17, where k # k&’ and
k,k'=0,1,2,--- ,n—1: Forxz £y

: Py ()P} (y) _ Piy1 (0)PE(y) — PR ()Pl ()
Jgoj' (aras)? (=n); (%)J (% +n—1>j Elaras)f(—n)g (gti)k(%—f—n—l)k(x_y) ’ (114)
while, for the limit y — =z,
. (7% (x)* PR @) PE@) - [PR@) P )
]goj' (iaz)i(—n); («T?) (ﬁQ —|—n—1)j kl(aqas)k(—n)k (a—‘i)k (%—&—n—l)k . "
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Here, the prime refers to the derivative with respect to the variable z. If x = zj is a zero of the polynomial
P} (x) with multiplicity > 1, then P}’ (x)) = 0 and (115) yields the contradiction

2

(P} (x:))

" i, (&), (o)

—0, (116)

J

and the zeros of the polynomial P]'(z), k = 1,2, ---n are distinct.
6.1. NORMS OF THE ORTHOGONAL POLYNOMIALS
Denote ¢¢., = x, the general theory of orthogonal polynomials [27] guarantees that the finite sequence of

polynomials {Pr(z)}}_, form a set of orthogonal polynomials for each n. This implies the existence of a certain
weight function, W(x), which can be normalized as

/ dw =1, (117)
for which
/ Pr(x) Py (x)dW = pprs Oprr . 0 <k, k' <, (118)

where pj denotes the norms of polynomials Py (z). These norms can be found from the recurrence relations (36)
by multiplying with z¥~1(x) and taking the integral over x yields the recurrence formula

/mk Pi () W(z) do = —k(n — k+1)((k — D)a1 + Bo) x (B2 + as(k +n — 2)) /mkflpg_l(m)w(x)d% (119)

and thus
/73,?(33) "W (x) dz = k! (a1as)® (—n)g (ﬁo) <ﬁ2 +n— 1) . (120)
a1 /) \a3 k
From which it follows
/[P,?(x)?W(m)dx =pi =kl (a1a3)k (—n)g (ﬁo) (62 +n— 1) (121)
a1 /. \ @3 k

forall 0 < k <n.

Because of the Pochhammer identity (—n); = 0 for k > n, it follows from (71) that the norms of all
polynomials P} (x) with k£ > n + 1 vanish. Thus

pe=0, k>n+1. (122)

We may also note, using the recurrence relation, that

/z[’Pk(x)]QW(x)dz = —k((k = 1Daz + B1) k! (ara3)” (—n)y (50>k <52 +n— 1>k : (123)

851 (O%:]

6.2. THE ZEROS OF THE POLYNOMIALS {P} (e0.n) }1—g

One of the important properties of the polynomials P}, (¢0.,) concerns their zeros. An argument provided
by Arscott [24] proves that if the product (yx - Tx) > 0 for all K = 1, 2, ..., n, then the polynomials that
satisfy the tri-diagonal determinant (67) are real and simple. Let us denote that the roots of the polynomials
Pryi(com) =0 by ef,,, £=0, 1, ..., n such that

n

rﬂLIJrl (Eg;n) =0 ’ (124)

where
sg;n < Eém << Egp -
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In particular, since Py, | (g0;n) is of degree n 4 1 and all the roots are simple and different, it follows that

Prii(eom) = H(50;n - Eé;n)' (125)
=0
The ‘discrete’ weight function W can be computed numerically [28] using (118) (119) and (125) for the
given n. Denote Py(eg) = Py'(€0), and let the roots of P} (c0;n) = 0 be &, arranged in ascending order
for j =0,1,2,--- ,n. The weights W;,j = 0,1,--- ,n, for the orthogonal polynomlals {P}(0:n)} iy can be
computed by solving the linear system

> W PP(ed,) =0 (126)
=0

for {=0,1,---,n

6.3. FACTORIZATION PROPERTY

Another interesting property of the polynomials {P}’(x)}}_,, aside from being an orthogonal sequence, is that
when the parameter n takes positive integer values, the polynomials exhibit a factorization property. Clearly,
the factorization occurs because the third term in the recursion relation (36) vanishes when k& = n+ 1, so that all
subsequent polynomials have a common factor Py, (¢) called a critical polynomial. Indeed, all the polynomials
Pr. n41(x), beyond the critical polynomial P}, (x) are factored into the product

Pllinis(2) = QL) Py (a), k=0,1, ..., (127)
where the sequence {Q}(x)} are polynomials of degree k =0, 1, ... . Interestingly, the quotient polynomials

{QF(x)}72, form an infinite sequence of orthogonal polynomials. To prove this claim, we substitute (128)
into (36) and re-index the polynomials to eliminate the common factor P, ;(¢) from both sides. The recurrence
relation (36) then reduces to a three-term recurrence relation for the polynomials {QF({)}x>0 that reads

Qr(x) = ((k+n)(k +n—ag + (k+n)b1 +2) Qi1 () — (k+n)(k —1)((k+n — a1 + Fo)
x (B2 + az(k +2n — 2)) QF_y(x), (128)

where Q",(¢) = 0, and QF(¢) = 1. Hence, the quotient polynomials Q}(({) also form a new sequence of
orthogonal polynomials for each value of n. For example, if n = 2, the critical polynomial is

P3(z) = 2% + (202 + 3B1)7% + 2((3as + 2B2) Bo + Bi(aa + B1) + a1 (2a3 + Ba))x
+ 480 (a2 + B1)(az + B2) . (129)

and
Pi(z) = (z+ 602+ 381) Pi(x),
P3(z) = (2% + (18az + 7B1)z — 4((30n + Bo)(4as + B2) — 3(202 + 1) (Baz + B1)) ) P3(z) ,
P (z) = (f‘ + (3802 + 1281)a” + (43203 + 2900281 + 4757 — 2(1240n a3 + 33asBo + 2601 82 + TBof2)) =
—10(B1 (84103 + 233 B0 — 657 + 1801 B2 + 5B0B2) + 2002 (3Las o — 2767 + TBofB2 + 1201 (9as + 22))

— 144a3 — 1560@&))7{% (2),

from which we have

Qo(z) =

Qi(z) =z + 6a2 + 361,

Qs(z) = 2” + (18az + 7B1)z — 4((3c1 + Bo) (4ess + Ba) — 3(2a2 + B1)(Baa + B1))

Qs(z) = 2” + (38aa + 1261)2” + (43205 + 2900281 + 4767 — 2(124c1 003 + 333 B0 + 260182 + TBof2)) «

— 10(B1 (84 cvs + 23asBo — 6537 + 1801 B2 + 5B0f2) + 22 (BlasBo — 2767 + TPofB2 + 1201 (903 + 262))
— 14405 — 156a3p1) ,
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and so on. The Christoffel-Darboux formula for this infinite sequence of orthogonal polynomials reads

zk: Qj (x)Qj (v) _ Qrt1(2) Qi (v) — Qi (2) Qi1 (v) (130)

M (nas)i(n+2); (82 +n+1) (52+2n)  Kl(oas)*(n+2)k (52 +n+1), (2 +20), (@-y)
and as y —

5 (% (@)’ _ [QRa@)'Q@) ~ [Qp@)] Qs () )

=0 j!(arag)i(n+2); (%‘1’ +n+ l)j (% + Qn)j k! (cq )k (n + 2) (%’ +n+ l)k (5—2 + Qn)k
Theorem 6.1. The norms of all polynomials QF (§) are given by

G2 =K (aqaz)*(n +2)y (ﬁ"+n+1) (62+2n) . (132)
a1 E \O3 k
k-2

Proof. The proof follows by multiplying the recurrence relation (128) by 2"~?p(x), with the normalized weight
function [ p(x)dz =1, and integrating over . This procedure yields a two-term recurrence relation

G2 =k (k+n+1)((k+n)as + Bo) (B2 + as(k +2n - 1)) G2 |,

where G2 = [ |QF(2)|?p(2)dz = [ 2*Q}(x)p(x)dx with a solution given by (132). We see that, in general, the
norm of the polynomials Q7 (z) does not vanish. n

ACKNOWLEDGEMENTS

Partial financial support of this work under grant number GP249507 from the Natural Sciences and Engineering Research
Council of Canada is gratefully acknowledged.

REFERENCES

[1] A. F. Nikiforov, V. B. Uvarov. Special functions of mathematical physics. Birkhduser Verlag, Basel, 1988.
https://doi.org/10.1007/978-1-4757-1595-8

[2] E. J. Routh. On some properties of certain solutions of a differential equation of the second order. Proceedings of
the London Mathematical Society 16:245-262, 1884/85. https://doi.org/10.1112/plms/s1-16.1.245.

[3] N. Saad, R. L. Hall, H. Ciftci. Criterion for polynomial solutions to a class of linear differential equations of second
order. Journal of Physics A: Mathematical and General 39(43):13445-13454, 2006.
https://doi.org/10.1088/0305-4470/39/43/004.

[4] N. Saad, R. L. Hall, V. A. Trenton. Polynomial solutions for a class of second-order linear differential equations.
Applied Mathematics and Computation 226:615-634, 2014. https://doi.org/10.1016/j.amc.2013.10.056.

[5] A. Ronveaux (ed.). Heun’s differential equations. Oxford University Press, New York, 1995.

[6] S. Y. Slavyanov, W. Lay. Special functions: a unified theory based on singularities. Oxford University Press, Oxford,
2000. ISBN 0-19-850573-6.

[7] A. Decarreau, M.-C. Dumont-Lepage, P. Maroni, et al. Formes canoniques des équations confluentes de I’équation
de Heun. Annales de la Societé Scientifique de Bruzxelles Série I Sciences Mathématiques, Astronomiques et
Physiques 92(1-2):53-78, 1978.

[8] A. Decarreau, P. Maroni, A. Robert. Sur les équations confluentes de I’équation de Heun. Annales de la Societé
Scientifique de Bruzelles Série I Sciences Mathématiques, Astronomiques et Physiques 92(3):151-189, 1978.

[9] K. Heun. Zur Theorie der Riemann’schen Functionen zweiter Ordnung mit vier Verzweigungspunkten.
Mathematische Annalen 33(2):161-179, 1888. https://doi.org/10.1007/BF01443849.

[10] F. Beukers, A. van der Waall. Lamé equations with algebraic solutions. Journal of Differential Equations
197(1):1-25, 2004. https://doi.org/10.1016/j.jde.2003.10.017.

[11] A. Turbiner. On polynomial solutions of differential equations. Journal of Mathematical Physics 33(12):3989-3993,
1992. https://doi.org/10.1063/1.529848.

[12] R. V. Craster, V. H. Hoang. Applications of Fuchsian differential equations to free boundary problems. Proceedings
of the Royal Society A Mathematical, Physical and Engineering Sciences 454(1972):1241-1252, 1998.
https://doi.org/10.1098/rspa.1998.0204.

188



VOL. 62 NO. 1/2022 On Generalized Heun equation with some mathematical ...

[13] P. P. Fiziev. The Heun functions as a modern powerful tool for research in different scientific domains, 2015.
arXiv:1512.04025v1.

[14] Mathematical physics. In U. Camci, 1. Semiz (eds.), Proceedings of the 13th Regional Conference held in Antalya,
October 27-81, 2010, pp. 23-39. World Scientific Publishing Co. Pte. Ltd., Hackensack, NJ, 2013.
https://doi.org/10.1142/8566.

[15] H. Ciftci, R. L. Hall, N. Saad, E. Dogu. Physical applications of second-order linear differential equations that
admit polynomial solutions. Journal of Physics A: Mathematical and Theoretical 43(41):415206, 14, 2010.
https://doi.org/10.1088/1751-8113/43/41/415206.

[16] Y.-Z. Zhang. Exact polynomial solutions of second order differential equations and their applications. Journal of
Physics A: Mathematical and Theoretical 45(6):065206, 2012. https://doi.org/10.1088/1751-8113/45/6/065206.

[17] B.-H. Chen, Y. Wu, Q.-T. Xie. Heun functions and quasi-exactly solvable double-well potentials. Journal of Physics
A: Mathematical and Theoretical 46(3):035301, 2013. https://doi.org/10.1088/1751-8113/46/3/035301.

[18] F. Caruso, J. Martins, V. Oguri. Solving a two-electron quantum dot model in terms of polynomial solutions of
a Biconfluent Heun equation. Annals of Physics 347:130-140, 2014. https://doi.org/10.1016/j.aop.2014.04.023.

[19] A. V. Turbiner. One-dimensional quasi-exactly solvable Schrédinger equations. Physics Reports A Review Section
of Physics Letters 642:1-71, 2016. https://doi.org/10.1016/j.physrep.2016.06.002.

[20] H. Karayer, D. Demirhan, F. Biiylikkilig. Solution of Schrodinger equation for two different potentials using
extended Nikiforov-Uvarov method and polynomial solutions of biconfluent Heun equation. Journal of
Mathematical Physics 59(5):053501, 2018. https://doi.org/10.1063/1.5022008.

[21] H. Ciftci, R. L. Hall, N. Saad. Asymptotic iteration method for eigenvalue problems. Journal of Physics A:
Mathematical and General 36(47):11807-11816, 2003. https://doi.org/10.1088/0305-4470/36/47/008.

[22] H. Scheffé. Linear differential equations with two-term recurrence formulas. Journal of Mathematics and Physics
21(1-4):240-249, 1942. https://doi.org/10.1002/sapm1942211240.

[23] R. S. Irving. Integers, polynomials, and rings. Springer-Verlag, New York, 2004. https://doi.org/10.1007/b97633.

[24] F. M. Arscott. Latent roots of tri-diagonal matrices. Edinburgh Mathematical Notes 44:5-7, 1961.
https://doi.org/10.1017/3095018430000330X.

[25] J. Favard. Sur les polynomes de Tchebicheff. Comptes Rendus Hebdomadaires des Séances de I’Académie des
Sciences, Paris 200:2052-2053, 1935.

[26] F. Marcellan, R. Alvarez Nodarse. On the “Favard theorem” and its extensions. Journal of Computational and
Applied Mathematics 127(1-2):231-254, 2001. https://doi.org/10.1016/S0377-0427(00)00497-0.

[27] M. E. H. Ismail. Classical and quantum orthogonal polynomials in one variable. Cambridge University Press,
Cambridge, 2009.

[28] A. Krajewska, A. Ushveridze, Z. Walczak. Bender-Dunne orthogonal polynomials general theory. Modern Physics
Letters A 12(16):1131-1144, 1997. https://doi.org/10.1142/S0217732397001163.

189



AcTA POLYTECHNICA

MODIFIED KORTEWEG-DE VRIES EQUATION AS A SYSTEM
WITH BENIGN GHOSTS

ANDREI SMILGA

University of Nantes, SUBATECH, 4 rue Alfred Kastler, BP 20722, Nantes 44307, France

correspondence: smilga@subatech.in2p3.fr

ABSTRACT.

We consider the modified Korteweg-de Vries equation, tyq, + 6u’u, +u; = 0, and

explore its dynamics in spatial direction. Higher = derivatives bring about the ghosts. We argue that
these ghosts are benign, i.e., the classical dynamics of this system does not involve a blow-up. This
probably means that the associated quantum problem is also well defined.

KEYWORDS: Benign ghosts, KdV equation, integrability.

1. INTRODUCTION

A system with ghosts is, by definition, a system where
the quantum Hamiltonian has no ground state so
its spectrum involves the states with arbitrarily low
and arbitrarily high energies. In particular, all non-
degenerate theories with higher derivatives in the La-
grangian (but not only them!) involve ghosts. The
ghosts show up there already at the classical level:
the Ostrogradsky Hamiltonians of higher derivative
systems [1] include the linear in momenta terms and
are thus not positive definite [2]. This brings about
the ghosts in the quantum problem [3, 4].

In many cases, ghost-ridden systems are sick — the
Schrédinger problem is not well posed and unitarity
is violated. Probably, the simplest example of such
a system is a system with the Hamiltonian describing
the 3-dimensional motion of a particle in an attractive
T% potential:

=2
P K
= (1)

For certain initial conditions, the particle falls to the
center in a finite time, as is shown in Figure 1.

The quantum dynamics of this system depends on
the value of k. If mk < 1/8, the ground state exists
and unitarity is preserved. If mk > 1/8, the spectrum
is not bounded from below and, what is worse, the
quantum problem cannot be well posed until the sin-
gularity at the origin is smoothed out [5-7]. One can
say that for mk < 1/8, the quantum fluctuations cope
successfully with the attractive force of the potential
and prevent the system from collapsing.

The latter example suggests that quantum fluctua-
tions can only make a ghost-ridden system better, not
worse. We, therefore, conjecture that, if the classical
dynamics of the system is benign, i.e., the system does
not run into singularity in finite time,! its quantum

1We still call a system benign if it runs into a singularity
at t = co. Such systems have well-defined quantum dynamics.
This refers, for example, to the problem of motion in a uniform
electric field (see e.g. [8], $24) and also to the inversed oscillator

190

F1GUure 1. Falling on the center for the Hamiltonian
(1) with m = 1 and k = .05. The energy is slightly
negative. The particles with positive energies escape
to infinity.

dynamics will also be benign, irrespectively of whether
the spectrum has, or does not have, a bottom.

This all refers to ordinary mechanical or field theory
systems, where energy is conserved and the notion of
Hamiltonian exists. The ghosts in gravity (especially,
in higher-derivative gravity) are special issue that we
are not discussing here.

Besides malignant ghost-ridden systems, of which
the system (1) with ms > 1/8 represents an exam-
ple, there are also many systems with ghosts, which
are benign — unitarity is preserved and the quantum
Hamiltonian is self-adjoint with a well-defined real
spectrum. To begin with, such is the famous Pais-
Uhlenbeck oscillator [10] — a higher derivative system

with the Hamiltonian H = (p? — 22)/2. In the latter problem,
the classical trajectories z(t) grow exponentially with time,
but the quantum problem is still benign (see e.g. [9], Ch. 3,
corollary 13). The spectrum in this case is continuous, as it is
for the uniform field problem.
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Modified KdV equation as a system with benign ghosts

with the Lagrangian

L = % (8% — (w] + w3)d? + wiwiz?] . (2)
This system is free, its canonical Hamiltonian can be
reduced to the difference of the two oscillator Hamil-
tonians by a canonical transformation [11]. The first
example of a nontrivial benign ghost system involving
nonlinear interactions was built up in [12]. For other
such examples, see Refs. [13-17].

In recent [18], we outlined two wide classes of benign
ghost systems: (7) the systems obtained by a varia-
tion of ordinary systems and involving, compared to
them, a double set of dynamic variables and (7i) the
systems describing geodesic motion over Lorenzian
manifolds. In addition, we noticed that the evolution
of the modified Korteweg-de Vries (MKdV) system
(9) in the spatial direction also exhibits a benign ghost
dynamics. This report is mostly based on section 4
of [18] that deals with MKdV dynamics.

2. SPATIAL DYNAMICS OF KDV AND
MKDV EQUATIONS
First, consider the ordinary KdV equation,

where u, = 0u/0x, us = Ou/0t etc. It has an infinite
number of integrals of motion and is exactly soluble.?
The KdV equation is derived from the field Lagrangian

L)) = 593, — ¥ - St ()

if one denotes u(t,z) = 1, after having varied over
¥ (t,x). This Lagrangian involves higher spatial deriva-
tives, but not higher time derivatives and does not
involve ghosts in the ordinary sense. We can, however,
simply rename

t— X, x—T, (5)

in which case the equation acquires the form
urrr + 6uur +ux =0 (6)

and higher time derivatives appear. According to our
conjecture, to study the question of whether the quan-
tum Hamiltonian corresponding to the thus rotated
Lagrangian (4) is Hermitian and unitarity is preserved,
it is sufficient to study its classical dynamics: if it does
not involve a blow-up and all classical trajectories ex-
ist at all times T', one can be sure that the quantum
system is also benign.

Note that the question whether or not blowing up
trajectories are present is far from being trivial. The
ordinary Cauchy problem for the equation (4) consists

2Exact solvability always makes the behaviour of a system
more handy. In particular, many mechanical models includ-
ing benign ghosts, which were mentioned above, are exactly
solvable.

in setting the initial value of u(to,x) at a given time
moment, say, to = 0. And we are now interested [stay-
ing with Eq. (4) and not changing the name of the vari-
ables according to (5)] in the Cauchy problem in z di-
rection. The presence of third spatial derivatives in (4)
makes it necessary to define, at the line x = xq, three
different functions: u(t, o), us(t, zo) and ug. (¢, o).
The presence of three arbitrary functions makes the
space of solutions to the spatial Cauchy problem much
larger than for the ordinary Cauchy problem. The
solutions to the latter represent a subset of measure
zero in the set of the solutions in the former, and
the fact that the solutions to the ordinary Cauchy
problem are all benign does not mean that it is also
the case for the rotated x-directed problem.

And, indeed, for the ordinary KdV equation (4),
the problem is not benign. It is best seen if we choose
a t-independent Ansatz u(t,z) — u(z) and plug it
into (3). The equation is reduced to

Dp(tpe +3u%) =0 = wup +3u>=C. (7)

This equation describes the motion in the cubic po-
tential V (u) = u® — Cu. It has blow-up solutions. If
C =0, they read

u(@) = —— . (8)

(iE — (E())2

However, the situation is completely different for the
modified KAV equation,?

Upwa + 6UPuy +up = 0. (9)

This equation admits an infinite number of integrals
of motion, as the ordinary KdV equation does. The
first three local conservation laws are

Opu = =0y (Ugy + 2u3) , (10)

3 1
8tu2 = —289[; |:2u4 + Uy — 2ui:| s (1].)

1 1
8${um(2u2um + §umw) — 5“230 — 23Uy — QuG] (12)

For the time-independent Ansatz, we obtain, instead

of (7),

Op(Ugz +2u*) =0 =  wp, +2u®>=C. (13)

This describes the motion in a quartic potential
V(u) = u*/2 — Cu. This motion is bounded, the
solutions being elliptic functions.

3In Ref. [18], we wrote this equation as
Ugpzrr + 125u2uz +ut =0

and kept « in all subsequent formulas. But here, we have chosen,
for simplicity, to fix k = 1/2.
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This observation presents an argument that the
rotated Cauchy problem for the equation (9) with
arbitrary initial conditions on the line x = const
might be benign.

Note that this behaviour is specific for the equation
(9) with the positive sign of the middle term (the so-
called focusing case). Plugging the time-independent
Ansatz in the defocusing MKdV equation,?

Uppe — 6UUy +up =0, (14)

the problem would be reduced to the motion in the
potential V (u) = —u*/2— Cu characterized by a blow-
up. This conforms to the well-known fact that any
solution u(t, z) of the ordinary KdV equation is related
to a solution v(t, x) of the defocusing MKdV equation
by the Miura transformation,

u = —(v*+v,). (15)

A different (though related) analytic argument in-
dicating the absence of real blow-up solutions for the
focusing MKdV equation comes from the analysis of
its scaling properties. It is easily seen that Eq. (9)
is invariant under the rescalings v = A\ u, © = AT,
t = M\t if

Ao = A3, A =M1 (16)

The quantities zu and x/t'/3 are invariant under these
rescalings. Using also the space and time translational
invariance of the MKdV equation, we can look for
scaling solutions of the type

1
u(t,x) = WW(Z% (17)
where
g = TP (18)
[3(t —to)]*/?

Inserting the ansatz (17) in Eq. (9), one easily verifies
that the function w(z) satisfies the equation

0=w" + (6w’ — 2)w —w = di [w” + 2w® — zw] (19)
2

Denoting the constant value of the bracket in the last
right-hand side as C, we conclude that w(z) satisfies
a second-order equation,

w' = =20 + 2w+ C. (20)

For the equation (14), the same analysis would give
the equation

w’ = 2w + 2w+ C. (21)

These are Painlevé II equations [19]. In general,
Painlevé equations have pole singularities. And in-
deed, a local analysis of Eq. (21) (keeping the leading-
order terms w” & 2w?) shows that (21) admits sim-
ple poles, w(z) ~ +1/(z — z9). The existence of

4The coefficient 6 is a convention. It can be changed by
rescaling t and x. But the sign stays invariant under rescaling.
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FIGURE 2. u(t,z = 2.26) for the defocusing MKdV.

a real simple pole at z = zg would then correspond to
a singular (blow-up) behavior of u(¢,x) of the form
u(t,z) oc [z —zo — 20[3(t — to)]'/?] ~'. But for the
equation (20) [and hence for (9)], the singularities are
absent.

The third argument in favor of the conjecture that
the = evolution of sufficiently smooth Cauchy data on
the line x = const for the MKdV equation (9) does
not bring about singularities in u(t,z) comes from
numerical simulations. To simplify the numerical
analysis, we considered the problem on the band 0 <
t < 27, where we imposed [as is allowed by Eq. (9)]
periodic boundary conditions:

u(t +2m,z) = u(t,z). (22)
We have chosen the Cauchy data
u(t,0) = sint, u,(¢t,0) = uz(¢,0) = 0. (23)

We first checked that the use of such Cauchy data
for the defocusing MKdV equation (14) was leading
to a blow-up rather fast (at z = 2.2630...). This
is illustrated in Figure 2, where the function u(t, x) is
plotted just before the blow-up, at x = 2.26.

By contrast, our numerical simulations of the =
evolution of the focusing MKdV equation showed
that u(t,z) stayed bounded for all the values of x
that we explored. We met, however, another problem
associated with the instability of Eq. (9) under high-
frequency (HF) perturbations.

Suppressing the nonlinear term in the KdV or
MKdV equations, we obtain

Uppw + U = 0. (24)

This equation describes the fluctuations around the
solution u(t, z) = 0. Its analysis gives us an idea about
the behaviour of fluctuations around other solutions.
Decomposing u(t,x) as a Fourier integral, in plane
waves e(WiTk) we obtain the dispersion law

w=k>. (25)
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If one poses the conventional Cauchy problem with
some Fourier-transformable initial data

u(0,2) = v(x) = / dk v(k)er” (26)

2r
the time evolution of the initial data v(z) yields the
solution

dk E
u(t,z) = / %v(k)el(k'*t-&-km). (27)

The important point here is that u(t, z) is obtained
from wv(k) by a purely oscillatory complex kernel
ei(F*t+k) of unit modulus. It has been shown that
this oscillatory kernel has smoothing properties (see,
e.g., [20]). This allows one to take the initial data
in low-s Sobolev spaces H® (describing pretty rough
initial data).

However, if one considers the z-evolution Cauchy
problem, one starts from three independent functions
of t along the x = 0 axis: u(¢,0) = ug(t), u,(¢,0) =
up(t) and wug,(t,0) = wuz(t), as in (23). Assuming
that the three Cauchy data wu.(t), a = 0,1,2, are
Fourier-transformable, we can represent them as

ug(t) = /g—:ua(a})eiwt. (28)

The three Cauchy data determine a unique solution
which, when decomposed in plane waves, satisfies
the same dispersion law (25) as before. However, the
dispersion law (25) must now be solved for k in terms
of w. As it is a cubic equation in k, it has three
different roots:

ko(w) = w3e2mie/3 a=0,1,2. (29)

This yields a solution for u(t, z) of the form

> / dfwvaw)ei(“f*k”% (30)

u(t,x) =

where the three coefficients v,(w) are uniquely de-
termined by the three initial conditions at z = 0.
The point of this exercise was to exhibit the fact
that, when considering the x evolution with arbitrary
Cauchy data wug(t), u1(t), uz(t), the solution involves
exponentially growing modes in the x direction, linked
to the imaginary parts of ki (w) and ke (w).

This can be avoided if the initial data are sufficiently
smooth, not involving HF modes. As a minimum
condition for a local existence theorem, one should
require the Fourier transforms v, (w) to decrease like

1
—olwl® for some positive constant a.”

However, it is difficult to respect these essential
smoothness constraints on the behavour of u(t, z) in
the numerical calculations. The standard Mathemat-
ica algorithms do not do so, and that is why we,
starting from some values of z, observe the HF noise
in our results.

e

5See Ref. [18] for more detailed discussion.

FIGURE 3. u(t,z = 3) for the focusing MKdV.

FIGURE 4. ug(t,z = 3) for the focusing MKdV.

In Figures 3, 4, we present the results of numerical
calculations of u(t, x) and wu,(t,z) for x = 3. There
is no trace of a blow-up. For the plot of u(t, z), one
also does not see a HF noise, but it is seen in the
plot for w, (¢, x). For larger values of x, the noise also
shows up in the plot of u(t,z). At x 2 3.8, the noise
overwhelms the signal.

The observed noise is a numerical effect associated
with a finite computer accuracy. To confirm this, we
performed a different calculation choosing the initial
conditions which correspond to the exact solitonic
solution to Eq. (9).

The soliton is a travelling wave, u(t, x) = u(z—ct) =
u(z). Plugging this Ansatz into (9), we obtain an
ordinary differential equation

% [uﬁ +2u3 — cu} =0. (31)

Denoting the constant quantity within the bracket as

C’, we then get the following second-order equation
for the function u(Z):
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with a potential function V(u) now given by

U4 — CU2

2

As was also the case for the time-independent Ansatz,
the problem is reduced to the dynamics of a particle
moving in the confining quartic potential V(u). The
trajectory of the particle depends on three parameters:
the celerity ¢, the constant C’, and the particle energy,

V(u) = —C'u. (33)

E= %u% +V(u). (34)

The usually considered solitonic solutions (such that
u(Z) tends to zero when & — +00) are obtained by
taking ¢ > 0, C" = 0 (so that the potential represents
a symmetric double-well potential) and F = 0. The
zero-energy trajectory describes a particle starting at
“time" T = —oo0, at u = 0 with zero “velocity" ugz,
gliding down, say, to the right, reflecting on the right
wall of the double well and then turning back to end
up, again, at w = 0 when & = 400. The explicit form
of the corresponding solution defined on the infinite
(t,x) plane is

Ve

cosh[\/c(x —ct)]

However, to make contact with our numerical cal-
culations, we need a periodic soliton solution. Such
solutions can be easily constructed by considering
bounded mechanical motions in the potential V(u)
having a mon-zero energy. Periodic solutions exist
both for positive and negative c. The trajectories are
the elliptic functions. It was more convenient for us
to assume ¢ = —|c¢|, in which case we could make
contact with Ref. [12], where the expressions for the
trajectories of motion in the same quartic potential
were explicitly written, one only had to rename the
parameters. Choosing £ =1 and ¢ = —1, we obtain
the following solution:

u(t,x) =

(35)

u(t,z) = cn {\/g(x—&—t),m} , (36)

where cn(z) is the Jacobi elliptic cosine function with
the elliptic modulus m = 1/3. The function (36) is
periodic both in ¢t and x with the period

4 1
T L \/§K (3) ~4. (37)
We fixed the initial conditions for z = 0 and peri-
odic conditions in time as is dictated by (36), and
then numerically solved (9). The numerical solution
should reproduce the exact one, and it does for z < 4.
However, at larger values of x, the HF noise appears.
The result of the calculation for x = 4.5 is given in
Figure 5.

One can suppress the HF noise by increasing the
step size, but then the form of the soliton is distorted.
To find a numerical procedure that suppresses the
noise and gives correct results for large values of x
remains a challenge for future studies.
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F1GuRrE 5. HF noise for the periodic soliton evolution.
T =4.5.

3. DISCRETE MODELS WITH BENIGN
GHOSTS

One of the possible solutions to this numerical prob-
lem could consist in discretizing the model in time
direction and assuming that the variable ¢ takes only
the discrete values t = h,2h,--- , Nh, for some in-
teger N > 3 and by replacing the continuous time
derivative ; by a discrete (symmetric) time derivative
[¢(t+ h,z) —1(t —h,z)]/(2h). Then the Lagrangian®

29: — 1/{% — ¢z¢t

L (1, 2)] = : (3)
acquires the form
N
wzz khax 2 — Q;Z)m ]{Ih,ZL’ 4
LN;{[ ( )]2[ (kh, )]"

where we impose the periodicity: (0,x) = ¢(Nh,x)
and Y[(N + 1)h, 2] = ¢ (h,x).7

The Lagrangian (39) includes a finite number of
degrees of freedom and represents a mechanical system.
This system involves higher derivatives in z (playing
the role of time) and hence involves ghosts. Defining
the new dynamical variables a*(z) = v, (kh, z), the
equations of motion derived from the Lagrangian (39)
read

k kN2 Kk
—_— = . 4
iy + 6(aah + 0. (40)

There are two integrals of motion: the energy

N 2
E — Z |:(0,];) 73(ak)4 _ akak (41)

2 T
k=1

61t is quite analogous to (4). After variation with respect to
Y(t, z), one gets Eq. (9) after posing u(t,z) = ¥z (t, x).

"It is also possible to impose the Dirichlet-type boundary
conditions, ¥ (0h,z) = [(N + 1)h,x] = 0. For N = 2, period-
icity cannot be imposed and Dirichlet conditions are the only
option.



VOL. 62 NO. 1/2022

Modified KdV equation as a system with benign ghosts

aN

2f

N AL LA

A N A T V\I/\/

FIGURE 6. The solution of the system (40) for a™ (z)
(N =350, h =T/N).

and

N
a, +2(a*)*] . (42)
Ic:l

The expression (41) is the discretized version of the

integral
2 _ a4
/ gt {W)Z?’u _ uu} (43)

in the continuous MKdV system, which is conserved
during the x evolution, as follows from the local con-
servation law (11). The second integral of motion
is related to the conservation law (10). By contrast,
the currents in the higher conservation laws of the
MKdAV equation, starting with Eq.(12), do not trans-
late into integrals of motion of the discrete systems.
We have only two integrals of motion and many vari-
ables, which means that the equation system (40) is
not integrable and exhibits a chaotic behaviour.

We fed these equations to Mathematica and found
out that their solution stays bounded up to z = 10000
and more — the ghosts are benign! This represents
a further argument in favour of the conjecture that in
the continuous theory the evolution in spatial direction
is also benign. Indeed, one may expect that taking
larger and larger values of N would allow one to simu-
late better and better the continuous theory (though
the presence of chaos might make such a convergence
non uniform in z).

Anyway, we tried the solitonic initial conditions
and found out that the discrete system for large NV =
350 (the limit of Mathematica skills) behaves better
than the PDE. As is seen from Figure 6, the discrete
solution stays close to the exact soliton solution up
to & =~ 10, to be compared to x = 4.5, which was the
horizon of the numerical procedure of the previous
section. Hopefully, a clever mathematician, an expert
in numerical calculations, would be able to increase
the horizon even more...

Lastly, we note that, irrespectively to the relation-
ship of the systems (39) to the MKdV equation, these
systems represent an interest by their own because
they provide a set of nontrivial interacting higher
derivative systems with benign ghosts. Such systems
were not known before.
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ABSTRACT. We summarise the procedure used to find the classical masses of Higgs particle, massive
gauge boson and t’Hooft-Polyakov monopole in non-Hermitian gauge field theory. Their physical
regions are explored, and the mechanism of the real value of the monopole solution is analysed in

different physical regions.

KEYWORDS: t'Hooft-Polyakov monopole, quantum field theory, non-Hermitian quantum field theory.

1. INTRODUCTION

Quantum field theory is a key tool to analyse particle
physics. The most modern physical description of
the fundamental particle interaction is described by
the model called the Standard Model. However, the
model possesses several problems such as incompatibil-
ity with the general relativity, hierarchy problem, etc.
Therefore, it is an active area to extend the standard
model.

Recently a growing number of research papers
started exploring the non-Hermitian extension of the
Standard Model [1-14]. We have contributed to
this development by analysing the Goldstone theo-
rem [8, 10], The Higgs mechanism [9] and t’Hooft-
Polyakov monopoles [11]. The classical masses of
Higgs particles, massive gauge boson and monopoles
were analysed. However, a detailed analysis of their
intersecting physical regions and the mechanism of the
real value of the energy of monopole was not explored.
The main aim of this contribution is to fill this gap.

There are two separate mechanisms that guarantee
the real value of the particle masses in question. First,
the masses of Higgs particles are given by a non-
Hermitian mass matrix M. Assume that the matrix
possess anti-linear symmetry, which we refer to as
PT symmetry, that satisfies [PT,M] = 0, Mv =
v, PTv = ev, where {v,\} are eigenvectors and
eigenvalues of the mass matrix. From this, it is trivial
to show that the eigenvalues are real

,PTMUi
,PTM’UZ

PTAv; = A\ PTv; = Afe'io;,
MPTuv; = Meiv; = \je'iv;.

It was shown in [8] that this P7 symmetry is related
to the CPT symmetry of the field-theoretic action.

On the other hand, the classical energy of the soli-
ton solution is found by inserting the solution into
the Hamiltonian F = H[¢] = [ d3zH(¢). Therefore,
the techniques from P7 symmetric quantum mechan-
ics shown above can not be applied.

We will show below that the energy of the soliton
solutions are real when the three conditions stated

below holds. Therefore they are sufficient conditions
to guarantee the real value of particles in the model.
However, we do not claim that these are necessary
conditions.

Let {¢1,¢02} be a set of distinct (or identi-
cal) solutions to the equations of motion 0L/d¢ —
0,(0L£/60,,¢) = 0, where L(¢) is the field-theoretic
Lagrangian density. The classical energies of the so-
lution are given by inserting the solution into the
Hamiltonian, E; = H[¢;] = [ d®zH(¢;), for i € {1,2}.
The classical mass of the solution ¢; and ¢ are real
if there exist some anti-linear symmetry CPT (note
that is it not the standard CP7T symmetry in quantum
field theory) such that three conditions are satisfied:

(1.) CPT : H[p(z)] — H[CPT ¢(x)] = H[p(—2)].
(2.) CPT ¢1(.”L‘) — ¢2(—$(}).
(3.) H[¢1] = H|p2].

If two solutions are identical ¢1 = ¢2, then the above
condition reduces to the reality condition of the soliton
solution already derived in [15]. Using the above three
conditions, the real value of the classical mass can
easily be shown by the following argument

)

/ BrH[CPTo(z)] = / e [p(—x)] = M],

© / M [ba(~)] = Mo,

:>M]T:M2 g

M = M,
where numbers above the equal signs indicate the
condition number.

The above analysis can be performed directly on
the complex model. However, the non-Hermitian
theory is only well-defined once the inner-product
is identified. The modern way of the well-defined
non-Hermitian quantum mechanics was first realised
by Frederik Scholtz, Hendrik Geyer, and Fritz Hahne
in 1992, [16]. The authors used the mathematical
condition on the operator called the quasi-Hermiticity
(the term was first coined in [17], but the metric was
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not given) to define the positive definite inner prod-
uct. The quasi-Hermiticity is defined as a condition
on the bounded linear operator of the Hilbert space
A :H — H, which satisfies

(i){v|pv) > 0 for all |v) € H and |v) # 0.

(ii)pA = Afp .

Where the bounded Hermitian linear operator p :
H — H is often called the metric operator because the
inner product is defined by the operator (-|-) , := (-|p-)

restores the Hermiticity of the operator. This result
can be shown by using the condition(ii)

(o] Aw), = (v]pAw) = (o] AT p) = (Av]pw) = (Av|w), |

for all |v), |w) € H. Note that the quasi-Hermiticity
alone does not guarantee the real energy spectrum
of the Hamiltonian. In fact, one requires two extra
conditions.

(iii)The metric operator is invertible.

(iv)p = n'n.

The operator which satisfies only conditions (ii) and
(iv) is referred to as the pseudo-Hermitian operator,
which was first introduced in [18]. These extra con-
ditions were considered in [16] to prove that, given
a set of pseudo-Hermitian operators A = {4;}, the
metric operator p4 which satisfies conditions (i), (ii),
(iii) and (iv) for all operators of set A is uniquely
determined if and only if all operators of the set A are
irreducible on the Hilbert space H. This procedure
is analogous to the Dyson mapping first introduced
by Freeman Dyson [19] used in the study of nuclear
reaction [20-22], which maps the non-Hermitian oper-
ator A to Hermitian operator = An via Dyson map
1. The relation between the metric operator and the
Dyson map is found by utilising the Hermiticity of
the expression 7' An in the following way

ntAn=(ntAn" = Ap'p=n'nA" — np= p(~ |
1

We will utilise this mapping to transform the non-
Hermitian field-theoretic Hamiltonian to a Hermitian
Hamiltonian. This procedure will resolve the issue of
complex vacuum solution and Derrick’s scaling argu-
ment, as we will see below. However, we note that the
Dyson map used here introduces a negative kinetic
sign in the kinetic term of one of the fields, indicat-
ing the ghost field problem. This issue is removed if
one further diagonalise the Hamiltonian. Such diago-
nalisation can be realised via field-redefinition or via
another Dyson map. A more detailed discussion of
this is found in [23], and a Dyson map which diago-
nalise the free part of the non-Hermitian Hamiltonian
is found in [12].

2. METHODS

In this section, we will summarise the method used
in [8-11] to find the masses of the Higgs particles, mas-
sive gauge particles and t’Hooft-Polyakov monopoles
in non-Hermitian gauge field theory. We note that
the explicit forms of the similarity transformation
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will not be discussed in this paper as non-Hermitian
and Hermitian theories are isospectral as long as the
CPT symmetry is preserved for Hamiltonian, Higgs
particles and monopole solution.

We begin with the non-Hermitian local SU(2) gauge
theory with matter fields in the adjoint representation

2
cad = iTr (Dé1)* + = Tx(6}) (2)
2
i Te(orn) = 2 [Tr(e})]’
2
P (Do) + "2 Te(6) — T (F?).

Here we take g,u € R, m; € R and discrete values
¢; € {-1,1}. The two fields {¢;}i=1,2 are Hermi-
tian matrices ¢;(t, %) = ¢¢(t, )T, where ¢¢(t, T) is
a real-valued field. The three generators {T%},=1,2,3
of SU(2) in the adjoint representation are defined by
three Hermitian matrices of the form (7%)y. = —i€qpe,
satisfying the commutation relation [T%, T?] = je?beTe,
One can check that Tr(T°T®) = 25?. The field
strength tensor is defined as F,, = 9,4, — 0, A, —
ie[Ay, Ay, where the gauge fields are A, = AT
The partial derivative is replaced with the covariant
derivative (D, ¢;)* = 0,07 + esabcAZqu to compen-
sate for the local symmetry group SU(2).

This action is invariant under the local
SU(2) transformation of the matter fields
¢ — e @T gm0 @T"  and  gauge fields
A, — e @TQ om0 @T" 4 19 qo(z)Te. Tt is
also symmetric under modified CPT symmetry, which
transforms two fields, ¢, and ¢ as

CPT :¢1(t, %) — ¢1(—t,—2) (3)
: (bz(t,f) — —¢2(—t, —f)
11— —1.

The equations of motion for the fields ¢; and A, of
the Lagrangian (2) are

(DD )" + 33z =0, (4)

DVFaV“ - eeabc(bl])(Duqb)c + eeabc¢g(Du¢)c = 07

where repeated indices are summed over. We per-
form the similarity transformation of the complex
Lagrangian (2) by momentary resorting to a quantum
theory where we assume an equal time commutation
relation between the fields ¢ and their canonical
momenta II¢ = Jy¢¢, satisfying the commutation re-
lation [¢¢ (t, &), 11%(t, )] = 6(& — §)8i;0ap. Using this
relation, we can transform the corresponding complex
Hamiltonian of the Lagrangian (2) by

H — e"=He %, (5)
ne =[1_, exp (£2 [ d®aT1364)

where H is the field-theoretic Hamiltonian of our
model (2), obtained via Legendre transformation.
This non-uniqueness of the metric is analogous to
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the non-uniqueness of the metric and its connection
to the observables in the quantum mechanical set-
ting discussed in [16, 24]. The adjoint action of 74
maps the complex action in the equation (2) into the
following real action

/ d*z iTr (Dpy)? — iTr (Deps)? (6)
2 2

o1 T Tr(8}) — o 2 Tr(93)
2

—03%Tr(¢1¢2) — T (Tr(¢?)? - éTT(Fg)

64
/d% %Tr (D¢y)? — %Tr (Dgs)?

-V - éTr(F2).

The parameter c3 indicates the different similarity
transformations by taking the values +1 for n4, re-
spectively.

For convenience, let us rewrite the above real action
in terms of each component of the fields ¢ as

, 1 !
R
(d)a U¢) 4FSuFa'uV

where the matrices H,Z and E are defined as
2 2
o my T (1 0
H.(_lﬂ _mg) ,z.(o 0 ) ®)

2.1. HIGGS AND GAUGE MASSES

Next, we define the trivial solution of the equa-
tions of motion by solving 6V = 0 and D,¢; =
0. Such vacuum is often referred to as Higgs vac-
uum. The first equation can be simplified by choos-
ing an Ansatz (¢0)(t,Z) = hYP%(Z) where 7 =
(z,y,2)/\/22 +y? + 22 and {hV} are some constants
to be determined. Note that the vacuum solution has
a rotational symmetry SO(3) since #%#* = 1. Insert-
ing this Ansatz into the equation (7), we find

1 4
V = —ZhiHh; + SChi. (9)

Then the vacuum equation 6V = 0 is reduced to
simple coupled third order algebraic equations

%(h(l])‘r3 —cym3hY + e3p?hy = 0, (10)
comahy + czp®h) = 0,
D,u¢oz =

The resulting vacuum solutions are

gearitenming . p2 (1)

gm3

2
By = et h0, ()2
(A9)* = —Leieifd 47 Ay, (A)* =0,

The A; are arbitrary functions of space-time. The
Higgs particle can be identified with the fundamen-
tal fields of the theory after spontaneous symmetry
breaking of the continuous symmetry SU(2) by Taylor
expanding around the vacuum solution. Performing
a Taylor expansion around the Higgs vacuum and
keeping a focus on the second-order terms with only
matter fields ¢¢, the real Lagrangian (7) contains the
following term

1 a 7 ab rrab b
/d4$ §¢Z (—6N8‘ Iijé — Hij ) (bj + ...,

where H is a 6 x 6 block diagonal Hermitian matrix.
After diagonalising the above term by redefining the
fields with the eigenvectors of the non-Hermitian mass
matrix Mi“jb = iké“ﬁg} we find that the masses of
the fundamental fields after the symmetry breaking
to be equal to the eigenvalues of M{’jb given as

4 4
mi=c "2 mi=K+K2+2L, (12)
ma
where K = cym? *CQmQ + 2c m2 and L = p* +

cicom3m3. Notice that we only ﬁnd three non-zero
eigenvalues. The redefined fields with zero masses
(eigenvalues) are called Goldstone fields, which can
be absorbed into gauge fields Aj; by defining the new
massive gauge fields. This process of giving mass to
the previously massless fields is called the Higgs mech-
anism. The mass of the gauge fields can be found
by expanding the kinetic term of ¢ around the Higgs
vacuum @9 = hY7%. Without loss of generality, we can
choose a particular direction of the vacuum by taking
7 = (0,0,1)T. This is possible due to the symmetry
of the SO(3) vacuum as discussed above. Keeping the
term only quadratic in the gauge field, we find

ij(Dui + Dyudy)" (13)
i (A x 09)" +
- —ezhOLJh? (apa + AiAz“) +

1

1 41H 2 p2M
= g (A A2A) 4

(Dpoi + Dud?)T,

\)—ll\)\»—l

= (eA x ¢9)" T,

where the mass of the gauge field is identified to be
4_ .4
my = h?Iijh? L VAL Tl V:z%”

2.2. T"THOOFT-POLYAKOV MONOPOLE

To find the monopole solutions, let us consider the
following Ansatz

(6)9(2) = hi(r)i® , (AS)® = €99 A(r) , (14)
(Ag)e =

where the subscript ¢l denotes the classical solutions
to the equations of motion (4). The difference be-
tween this Ansatz (14) and the Higgs vacuum (11)
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is that the quantity h; now depends on the spatial
radius h; = h;(r). Here we are only considering the
static Ansatz to simplify our calculation, but one may,
of course, also consider the time-dependent solution
by utilising the Lorentz symmetry of the model and
performing a Lorentz boost. According to Derrick’s
scaling argument [25], for the monopole solution to
have finite energy, we require the two matter fields of
the equation (14) to approach the vacuum solutions
in the equation (11) at spatial infinity

lim hy(r) = h*t =+R, (15)
212
lim hy(r) = h9* = 20 R,

7—00 ms

Also, notice that at some fixed value of the radius r,
the vacuum solutions ¢% and monopole solutions ¢<
both belongs to the 2-sphere in the field configuration
space. For example, ¢{ belongs to the 2-sphere with
radius R because (¢9)? = R2. Therefore, solutions ¢¢!
can be seen as a mapping between 2-sphere in space-
time (where the radius is given by the profile function
h;) to 2-sphere in field configuration space. Such
mapping has a topological number called the winding
number n € Z, which can be explicitly realised by
redefining the unit vector 7#* as

sin(#) cos(nep)
7o =1 sin(f)sin(ny) | . (16)
cos(6)

Therefore different n represent topologically inequiva-
lent solutions.

Since we require the monopole and vacuum solu-
tions to smoothly deformed into each other at spacial
infinity, both solutions need to share the same wind-
ing number. It is important to note that winding
numbers of ¢; and ¢2 need to be equal to satisfy
D¢1 = D¢s = 0, and therefore we will denote the
winding numbers of ¢ and ¢o as n collectively. If
they are not equal, we would have D¢; = 0 but
D¢ # 0. Next, let us insert our Ansatz equation
(14) into the equations of motion equation (4). We
will also redefine the Ansatz for the gauge fields to be

Ag = eaibpb (17%7(”) , A% = 0, which are more in line
with the original Ansatz given in [26, 27], compared

to equation (14). Inserting these expressions into the
equations of motion equation (4), we find

" u(r) [1 —u?(r)]

W)+ = (17)
e2u(r)
210 G0y - 1) =0
h/ll (’I“) + ZILL(T) _ 2h1(;)2u2(r) (18)

g {—er Zhha (1) + ¢5 o ha(r) + 3h3(r) } =0,
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2hy (1) _ 2hy (r)u?(r)

hy (r) + (19)

2
—l—Cng {hg(r) + c;;%hl (r)} =0.
2

Notice that these differential equations are similar
to the ones discussed in [26, 27], but with the extra
field hy and extra differential equation (19). In the
Hermitian model, the exact solutions to the differential
equations were found by taking the parameter limit
called the BPS limit [26, 27], where parameters in
the Hermitian model are taken to zero while keeping
the vacuum solution finite. Here we will follow the
same procedure and take the parameter limit where
quantities in the curly brackets of equations (18) and
(19) vanish but keep the vacuum solutions equation
(11) finite. We will see in section 2.4 that we also find
the approximate solutions in this limit.

2.3. THE ENERGY BOUND

Surprisingly, by utilising Derrick’s scaling argument,
one can find the lower bound of the monopole energy
without the explicit form of the solution.

The energy of the monopole can be found by in-
serting the monopole solution into the corresponding
Hamiltonian of equation (6).

h = /d% Tr (E®) +Tr (B?) (20)
+T7 {(Do¢1)*} + Tr{(Di¢1)*}
—Tr{(Dog2)*} — Tr{(Di¢2)*} +V,

where E,B are E', = FaOi , B, = —%eiijgk,

1,5,k € {1,2,3}. The gauge is fixed to be the ra-
diation gauge (i.e 4,° = 0,0;4," = 0). Notice that
our monopole Ansatz equation (10) is static with
no electric charge Ef = 0 and therefore, the above
Hamiltonian reduces to

E = /d% Tr(B®) +Tr{(Di¢1)*} (21

—Tr{(Dig2)*} +V
= 2/d33;‘ BiaBia-i-(Di(bl)a(Di(bl)a

—(Dig2)*(Dip2)* + %V-

Here, we simplified our expression by dropping the
superscripts A — A; | ¢ — ¢o. We also keep in
mind that these fields depend on the winding numbers
n € Z. In the Hermitian model (i.e. when ¢2 = 0),
one can rewrite the kinetic term as B? 4+ D¢? =
(B — D¢)? 4+ 2BD¢ and find the lower bound to be
[ 2BD¢. Here we will follow a similar procedure but
introduce some arbitrary constant «, 5 € R such that
B? = o?B — 2B where o? — 82 = 1. This will allow
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us to rewrite the above energy as

2
FE = Q/dSIL' a2 {Bia+;(Di¢1)a} (22)

1 2
-3 {Bi“ + ﬂ(Dﬂbz)a}
+2{—aB;*(D;¢1)"* + BB;"(Dip2)" } + %V-

To proceed from here, we need to assume extra con-
straints on « and £ such that the following inequalities
are true

2
/dsx a? {Bia + ;(Di(bl)a} (23)
1 2
—p? {Bia + ﬁ(Di@)a} > 0,
/d%v > 0.

With these constraints we can now write down the
lower bound of the monopole as

E

Y

9 / &z {~aB(Didr)" + BB (Dida)"}  (24)

= 2/d3a: —a{Bi"0:¢1 + eB; """ A," 5 }
+B{Bi"0:¢5 + eBi" " A" ¢5 }

= 2/d3x —a{Bi"9;¢% + (—ee” A"Bi%) ¢ }
+B{Bi"0:¢5 + (—ee" A" Bi%) 195 }

= 2/d3x — a{B;"0;¢7 + 0;B;" 7}
+B8{Bi"0ip3 + 0iBi" ¢1}

= 2/d3m —ad; (Bi"¢1*) + BO; (Bi"$2")

= lim (—204/ dSiBia¢1a+26/ dSiBia¢2a>,
r—00 s, s,

where in the fourth line, we used D; B{* = 0, which can
be shown from the Bianchi identity D,e"*?F7 = 0.
The last line is obtained by using the Gauss theorem
at some fixed value of the radius r. Since the ¢{ in
the integrand is only defined over the 2-sphere with
a large radius, we can use the asymptotic conditions
(15) and replace the monopole solutions {¢%, B#} with
the Higgs vacuum {(¢2)%, (BY)*}

E

\Y]

(—201" +28¢5") lim / ds;(BY)* (25)

Sr

2
(:ansz 7225k Rfﬁ) lim / ds:(BY),
my r—00 s
where the upper and lower signs of the above energy
correspond to the upper and lower signs of the vacuum
solutions in equation (11). The explicit value of B
can be obtained by inserting the Higgs vacuum (11)
into the definition of the magnetic field
1 .
BY = —ieijk (0;Ax — O A; +eAj x Ap)®.  (26)

K2

After a lengthy calculation, this expression can be
~a ~a
simplified to B, = ¢0 b; = #%b;, where ¢° is a nor-
~Aa A~ a
malised solution ) ¢° ¢° = 1. The b; is defined
as

bi = —%eijk {aﬂ‘A’f — A+ érn (0 % a’%n)}

(27)
Where A was defined in equation (11). Notice that
integrating the first term over the 2-sphere gives zero
by Stoke’s theorem [(0 x A = [,o A = 0, where
one can show that Stoke’s theorem on the closed
surface gives zero by dividing the sphere into two
open surfaces. The second term is a topological term
which can be evaluated as

[asp.= 1 )
The explicit calculation is in [28]. This is the magnetic
charge of the monopole solutions. Therefore integer
n, which corresponds to the winding number of the
solution, comes from the Ansatz B = (bAOabi. In
our case, there is an ambiguity of whether to choose
B¢ = gzg(fabi or B = (ﬁAgabi. Now we see explicitly the
reason why we choose to keep the same integer values
for solutions ¢} and ¢9. If the integer values of #¢
in solutions ¢Y, ¢9 are different, then the integration
s, dSi(B)* will be different, leading to inconsistent
energy.

Finally, we find our lower bound of the monopole
energy

2 —4
E > 2R (a +ﬁc203§‘> pape ( ””) (29)
m3 e
+8mnR cocsi?
= (O{ + 6 2 32‘u ) .
e m3

Notice that we have some freedom to choose «, § € R
as long as our initial assumptions (23) are satisfied.
We will see in the next section that we can take a pa-
rameter limit of our model, which saturates the above
inequality and gives exact values to o and .

2.4. THE FOURFOLD BPS SCALING LIMIT

Our main goal is now to solve the coupled differential
equations (17)-(19). Prasad, Sommerfield, and Bo-
gomolny [26, 27] managed to find the exact solution
by taking the parameter limit, which simplifies the
differential equations. The multiple scaling limit is
taken so that all the parameters of the model tend
to zero with some combinations of the parameter re-
maining finite. The combinations are taken so that
the vacuum solutions stay finite in this limit. Inspired
by this, we will take here a fourfold scaling limit

2 2 2
Mo B B
g m
(30)
This will ensure that the vacuum solutions equation
(11) stays finite, but crucially the curly bracket parts

gam1;m2aljl4>07
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in equations (18) and (19) vanish. There is a physical
motivation for this limit in which the mass ratio of
the Higgs and gauge mass are taken to be zero (i.e.
Miiges << Mg) as described in [29]. We will see
in the next section that the same type of behaviour
is present in our model, hence justifying equation
(30). The resulting set of differential equations, after
taking the BPS limit, is similar to the ones considered
in [26, 27] with the slightly different quadratic term
in equation (17). It is natural to consider a similar
Ansatz as given in [26, 27|

ur) = sinh (evr)’ (31)
hi(r) = —af(r), (32)
ha(r) = —=Bf(r), (33)

where «, 8 € R were introduced in section 2.3 and
f(r) = {vcoth (evr) — L}. One can check that this
Ansatz indeed satisfies differential equations equation
(17)-(19) in the BPS limit. We have decided to put
a prefactor o and S in front of equations (32) and (33)
to satisfy the differential equation (17). Note that
if we take a = 1, we get exactly the same as given
n [26, 27], which is known to satisfy the first-order
differential equation called the Bogomolny equation
B; — D;¢ = 0. The Ansatz (31)-(33) only differs
from the ones given in [26, 27] by the prefactors «
and 8, and therefore our Ansatz should satisfy the
Bogomolny equation with the appropriate scaling to
cancel the prefactor in equations (32) and (33)

Bf‘Fé(DiQﬁ)b = 0, (34)
Bf+%<Di¢2>b _— (35)

where ¢o = ho(r)?,. If we compare these equations
to the terms appearing in the energy of the monopole
equation (22), then we can saturate the inequality in
equation (29) by

2
Elp1, ¢o] = iSZnR (04 + 30225 ) ; (36)
2

where upper and lower signs correspond to the vacuum
solutions equation (11), when taking the square root.
We can calculate the explicit forms of a and £ by
comparing the asymptotic conditions in equation (15)

lim hi = hY* =4R, (37)
2

lim hi = pot=F28L p

700 2 2 m%

with the asymptotic values of equations (31)-(33)

lim, oo w(r) =0, lim, s hli(r) = —av, (38)
lim, o0 hQi(T) = —fw.

By Derrick’s scaling argument, the two asymptotic
values (37) and (38) should match, resulting in al-
gebraic equations for & and #. Using o? — %2 =1

202

and assuming m3 > u*, we find the four set of real
solutions

2 2
=TT, o= (g B kDY
(39)

where | = \/mj3 — p*. The plus-minus signs in the
brackets correspond to the two possible solutions to
the algebraic equation a?> — 32 = 1. These need to be
distinguished from the upper and lower signs of o and
B, which correspond to the vacuums solutions (11).
Inserting the explicit values of o and 8 to the energy
equation (36) we find

E[¢1, 2]

8mnR [ —m3 + pt

+ 4

@ (TS o
—8mnR

= (i) D) l

€ms

with corresponding solutions

2
4 B ms | Rl eRl \ 1
hi(r) = i(i)—l [m%coth (m%r - , (41)
2
cocsi” | Rl eRl 1
hE(r) = FF) 2; [m%COth<m§T Cer]”

It is crucial to note that although it seems like
there are two monopole solutions {hif,hi}, the
two solutions are related non-trivially in their
asymptotic limit by the constraint lim, . h;t =
(—cgezp®/m3) lim, o hi given in equation (10). For
example, one can not choose {h],h; } as a solution
as this will break the asymptotic constraint.

The solution (41) can be constrained further by
imposing that the energy (40) is real and positive.

8mnR

2
ems

E[(bhd)ﬂ >0 = 7(:‘:)

| = —(£)n>0. (42)

Therefore we can ensure positive energy if (+£) =
sign(n). The final form of the monopole solution with
positive energy are

. m3 | R eRl 1
h;ﬁ (7’) = iSIgn(n)TQ |:'rn§COth mig'r — g 5 (43)
2
Sy = ezttt [BL L (eRLY 1
hy (r) = Fsign(n) ; [m§ coth ( = T p

with energy E = 8|n|rlR/em%. We conclude this
subsection by observing that the above solution de-
pends on the parameter cs, which takes value {—1,1}
depending on the choice of the similarity transforma-
tion. Choosing a different values of c3 also result in
a different asymptotic values (37), meaning solutions
for c3 = 1 and ¢3 = —1 are topologically different.
Since the energy is independent of c3, two distinct
solutions share the same energy. Respecting one of the
main features of similarity transformation, which is to
preserve the energy of the transformed Hamiltonian.

In the next section, we will investigate in detail
how the solution changes and a new CP7T symmetry
emerges by changing the parameter values.
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Energies

1L

FIGURE 1. Monopole, gauge and Higgs masses plotted for m3/g = —0.44, u/g = —0.14,e = 2,¢1 = —ca = —1. The
solid line represents the real part, and the dotted line represents the imaginary part of the masses. The dotted
vertical lines indicate the boundaries of the physical regions where all the masses acquire real positive values.

3. RESULTS AND DISCUSSION

This section will investigate the behaviour of solution
(43) in different regimes of the parameter spaces. We
will compare the physical regions of gauge particles,
Higgs particles and monopoles found in the previous
section. We will see that the two regions coincide,
but the solutions in different regions possess different
CPT symmetries. Different symmetries of solutions
in different regions are not coincident, but the conse-
quence of the three reality conditions stated in the
introduction. In fact, it is deeply related to the real
value of energy, which will be discussed extensively
in [30].

3.1. HIGGS MASS AND EXCEPTIONAL POINTS

Let us recall the masses of the particles and monopole

mi =t md = K+ VEZ 2L, (44)

_ ,RI _ 8|n|wlR
Mg = €53, Minono = “emZ
WhereK:cmz—cm—g—}— 3 and L = uf +
17747 279 2ch§ H

cicam3m3. Notice that the masses do not depend
on c3, meaning they do not depend on the similarity
transformation as expected. We also comment that
in the BPS limit, we have my = m+ = 0, but m,
and M stays finite, such that the ratios miggs/mg
vanish in the BPS limit. This is in line with the Her-
mitian case [29], providing the physical interpretation
with mpiggs << mgy for the BPS limit.

One may notice that when ¢y = 1, requiring positive
mass m2 > 0, implies that y* —m3 > 0. This means
the quantity [ = y/mj3 — u?* is purely imaginary. One
may then discard this region as unphysical. However,
we will see in the next section that there is a discon-
nected region beyond u* —m3 > 0, which admit real
energy because R also becomes purely complex. This
is not coincident, and in fact, we will see an emerging
new CP7T symmetry for the monopoles.

In the rest of the section, we will exclusively fo-
cus on the monopole and gauge masses. The main

message of this section is the emerging symmetry re-
sponsible for the real value of the monopole masses.
The requirement to make the whole theory physical de-
mands also to consider the intersection of the physical
regions between monopole masses and Higgs masses.
As an example, we plot all the masses of the theory
in Figure 1.

As one can see, intersection points of the physical re-
gions of Higgs masses and monopole/gauge masses are
non-trivial. In fact, they are bounded by two types of
exceptional points. The first type is when two masses
of Higgs particles coincide and form a complex con-
jugate pair. Such a point is known as an exceptional
point where the mass matrix is non-diagonalisable,
and the corresponding eigenvectors coincide. The sec-
ond type is when the gauge and the monopole masses
vanishes. Interestingly, this is where one of the Higgs
masses also vanish. Since the mass matrix already
has a zero eigenvalue, as the result of the spontaneous
symmetry breaking, it seems the number of massless
fields is increased. However, at this point, the mass
matrix is also non-diagonalisable. Therefore one can
not diagonalise the Hamiltonian to identify the field
which corresponds to the extra massless fundamen-
tal field. Therefore this point is also an exceptional
point. However, the eigenvalues do not become com-
plex conjugate pairs beyond this point, and as one
can see from Figure 1 that one of the mass square
m3 become negative, and gauge and monopole masses
become complex but with no conjugate pair. We dub
such a point as zero exceptional point to distinguish
from the standard exceptional point.

3.2. CHANGE IN CPT SYMMETRY AND
COMPLEX MONOPOLE SOLUTION

We begin by introducing the useful quantities m?/g =

X,pu?/g =Y, u?/m2 = Z. The gauge mass, monopole

mass and monopole solutions can be rewritten in terms

of these quantities

8 R
mg = eR\1—Z2, Mmono = [nfm
e

1— 22, (45)
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FIGURE 2. Monopole and gauge masses plotted for X = 1,Y = 0.8,e = 2,¢1 = —c2 = 1. The solid line represents the
real part, and the dotted line represents the imaginary part of the masses.

(a), X>Y, e=2, cy=—ca=1

Plot of h4(r) in different regions with cq=-c=1
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F1GURE 3. Both panels are plotted for X =1,Y = 0.8,n = 1,e = 2. The solid line represents the real part, and the
dotted line represents the imaginary part of the masses. Panel (a) shows the monopole and gauge masses against
Z > 0, with vertical lines indicating the location of the boundaries of three regions. Panel (b) shows three profile

function hq(r) defined on each region indicated in panel (a).

h?:(r) _ 4 sign(n)

i [R\/1— Z2coth(#) — 5]7 (46)
hi(r) = :Fiﬁg“(l”zc?;;z [R 1 — Z%coth(#) — é] , (47)

where R? = 4(coZY + 1 X) and # = eRV1 — Z2r.
The monopole masses are plotted against the gauge
mass for fixed parameters with n € {1,2,3,4} in
Figure 2 with weak and strong couplings e = 2, e = 10.
Notice that the gauge mass is smaller than any of
the monopole masses for weak coupling, but when
e is large enough, some of the monopole masses can
become smaller than the gauge mass. This is clear by
inspecting the monopole, and gauge mass in equation
(45) and two masses coincide when e = \/8|n|r. Note
that n = 0 is not a monopole mass as it corresponds
to the solution with zero winding number, which is
topologically equivalent to the trivial solution.

From Figure 2, we also observe disconnected regions
where both monopole and gauge masses become real
to purely complex. A more detailed plot of this is
shown in Figure 3. Region 2 is bounded by two points
with lower bound p?/m3 = 1 corresponding to the
zero exceptional point where the vacuum manifolds
stay finite (i.e. spontaneous symmetry breaking oc-
cur). However, the Higgs mechanism fails because
the Hamiltonian is non-diagonalisable, as discussed in
the previous section. The upper bounds correspond to
the point where the vacuum manifold vanishes. There-
fore, the spontaneous symmetry breaking does not
occur, implying that the gauge fields do not acquire
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a mass through the Higgs mechanism, resulting in
a massless gauge field. Most crucially, an interesting
region (denoted by region 3 in Figure 4) reappears
as one increases the value of Z. The profile function
in region 3 is purely complex, which signals that this
may lead to complex energies. However, as one can
see from Figure 3, the energy is real. The reason for
the real energy is that the conditions stated in the
introduction hold. We will specify below the CPT
symmetry responsible for the real value of the energy.
Note that the profile function hy only differ from h,
by some factor in front. Therefore we omitted it from
the plot.

Another physical region is when ¢; = —cy = —1.
The monopole and gauge masses for this case is plotted
in Figure 4. We observe almost an identical plot
from the Figure 3 but with real and imaginary parts
swapped. The profile functions also respect these
changes as regions 1 and 3 no longer have a definite
asymptotic value. The boundaries are unchanged, as
one can see from the Figure 4.

Finally, there is an interesting parameter point X =
Y where region 2 vanishes (see Figure 5). The two
boundaries Z2 = 1 and ¢3ZY + ¢; X = 0 coincide
when X =Y and the zero exceptional point no longer
exists because the spontaneous symmetry breaking
does not occur in this case.

Next, let us explain the real value of the energies in
different regions. First, to realise the conditions 1-3,
stated in the introduction, we require the following
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(b), X>Y,e=2, ¢cy=-co=—1

Plot of hy(r) in different regions with cq=—c,=1
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FIGURE 4. Both panels are plotted for X = 1,Y = 1,n = 1,e = 2. The solid line represents the real part, and the

dotted line represents the imaginary part of the masses.

(b),X>Y,e=2, ci=-C=-1

Plot of hy(r) in different regions with ¢1=-c,=1
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FIGURE 5. Both panels are plotted for X = 1,Y = 1,n = 1,e = 2. The solid line represents the real part, and the

dotted line represents the imaginary part of the masses.

transformations

hy (r) = —hy (r) , R¥(r) = hi(r)
No S}immetry .
hy (r) = = (hy(r)" . hi(r) = (hi'(r))

in region 1
in region 2 .
in region 3

By using the explicit forms of the solutions (46) and
(47). We can show that the above transformations sat-
isfy condition 2 stated in the introduction, in regions
1

hy (r) = —hy (r) = h3 (r) . hy(r) = hi(r), (48)
and in region 3
hy (r) = — (hy (r))" = hy (49)

WE(r) = (R (r))" = hi.

Notice that in regions 1 and 3, the CPT relates two
distinct solutions in two different ways. For example,
hgt is mapped to hj in region 1, but it is mapped to
itself in region 3.

Finally, the condition 3 stated in the introduction is
satisfied because the energy does not depend on the +
signs of the solutions. This explains the real energies of
complex monopoles in region 3 and complex energy in
region 2. Indeed, we observe the predicted behaviour
in Figure 3. Region 2 is a hard barrier between two
CPT symmetric regions where solutions are either real
or purely imaginary. The same analysis can be carried
out in the other physical region ¢; = —cy = —1 where

the symmetry is now

No symmetry  in region 1
hy (N==(hy ()"

Em (b)) D region 2 . (50)
No symmetry  in region 3

We have observed that one can find a well-defined
monopole solution in two disconnected regions. How-
ever, in the full theory where we include the Higgs
particles, it is only one of the regions which are con-
sidered physical. This is because the Higgs mass m3
is either positive or negative depending on which side
of Z? =1 it is defined. Because two disconnected re-
gions are defined on either side of the zero exceptional
point Z2? = 1, the full physical region restricts one
from moving region 1 to region 3 by changing Z. This
is most clearly seen in Figure 1 where the plot of m3
(green line) becomes negative beyond the zero excep-
tional point. This may imply that the purely complex
monopole solution we observed is not a possible so-
lution of the theory. However, the purely complex
solution can exist in the full physical region. An exam-
ple of this is shown in the Figure 6 where we observe
that the profile function hy (therefore hs) is purely
complex, and the Higgs masses, gauge mass are all
real and positive.

4. CONCLUSIONS

We have found the t’Hooft-Polyakov monopole solu-
tion (43) in the non-Hermitian theory by drawing an
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X=-2, Y=-0.6, c1=—C2=1

10

h4(r) defined on the dotted line

FIGURE 6. Both panels are plotted for X = —2Y = —0.6,¢c1 = —c2 = 1,n = 1,e = 2. The solid line represents the
real part, and the dotted line represents the imaginary part of the masses.

analogue from the standard procedure in the Hermi-
tian theory. The monopole masses were plotted with
the massive gauge and Higgs masses, where the physi-
cal region of the monopole masses coincided with that
of the gauge mass. It was also observed that there
are two distinct physical regions bounded by the zero
exceptional point and the parameter limit where the
vacuum manifold becomes trivial. The profile function
(radial part of the monopole solution) is plotted in
Figures 3, 4, 5, where it is real and purely complex
in regions 1 and 3, respectively. Incidentally, the CPT
symmetries of the solution are different in regions
1 and 3.
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ABSTRACT. Quantum quartic single-well anharmonic oscillator Vo, (z) = 22 + g?z* and double-well
anharmonic oscillator Vg, () = 2%(1—gx)? are essentially one-parametric, they depend on a combination

(g%h). Hence, these problems are reduced to study the potentials V,,, = u? + u* and Vg, = u?(1 — u)?,

2

respectively. It is shown that by taking uniformly-accurate approximation for anharmonic oscillator
eigenfunction ¥,,(u), obtained recently, see JPA 54 (2021) 295204 [1] and arXiv 2102.04623 [2], and
then forming the function W 4, (u) = VUao(u) £ V4, (u—1) allows to get the highly accurate approximation
for both the eigenfunctions of the double-well potential and its eigenvalues.

KEYWORDS: Anharmonic oscillator, double-well potential, perturbation theory, semiclassical expansion.

1. INTRODUCTION

It is already known that for the one-dimensional
quantum quartic single-well anharmonic oscillator
Vio(z) = 22 + g?2* and double-well anharmonic
oscillator with potential Vg, (z) = 22(1 — gz)? the
(trans)series in g (which is the Perturbation Theory in
powers of g (the Taylor expansion) in the former case
Vao(x) supplemented by exponentially-small terms
in g in the latter case Vg, (x)) and the semiclassical
expansion in A (the Taylor expansion for V,,(z) sup-
plemented by the exponentially small terms in # for
Vaw(x)) for energies coincide [3]. This property plays
crucially important role in our consideration.
Both the quartic anharmonic oscillator

V= ot gt M)

with a single harmonic well at x = 0 and the double-
well potential

Vo= 2?(1-g2)?, (2)

with two symmetric harmonic wells at * = 0 and
x = 1/g, respectively, are two particular cases of the
quartic polynomial potential

V = 2% +agad + g%zt (3)

where g is the coupling constant and a is a parameter.
Interestingly, the potential (3) is symmetric for three
particular values of the parameter a: a = 0 and
a = £2. All three potentials (1), (2), (3) belong to
the family of potentials of the form

p V(gz) ,

for which there exists a remarkable property: the
Schrédinger equation becomes one-parametric, both
the Planck constant i and the coupling constant g
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appear in the combination (hg?), see [2]. It can be
immediately seen if instead of the coordinate x the
so-called classical coordinate u = (g z) is introduced.
This property implies that the action .S in the path
integral formalism becomes g-independent and the fac-
tor % in the exponent becomes hl? [4]. Formally, the
potentials (1)-(2), which enter to the action, appear
at g = 1, hence, in the form

Vo= u?+ut, (4)

Vo= u?(1—-u)?, (5)

respectively. Both potentials (4), (5) are symmetric
with respect to uw = 0 and u = 1/2, respectively.

Namely, this form of the potentials will be used in
this short Note. This Note is the extended version of
a part of presentation in AAMP-18 given by the first
author [5].

2. SINGLE-WELL POTENTIAL

In [1] for the potential (4) matching the small distances
u — 0 expansion and the large distances u — oo
expansion (in the form of semiclassical expansion) for
the phase ¢ in the representation

U = P(u) e ?® |

of the wave function, where P is a polynomial, it
was constructed the following function for the (2n +
p)-excited state with quantum numbers (n,p), n =
0,1,2,... , p=0,1:

(n,p)
(approzimation)

uP Py p (v?)

n 1
(B2 + w?)® (B + VB + )"
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V(u)
1.5¢
1 L
F——_ o \IJ(O’O)
0.5
g (0.1)
: U
-2 -1 1 2
<0.5
-1t
__ g0
g 01)

F1GURE 1. Two lowest, normalized to one eigenfunc-
tions of positive/negative parity: for single-well poten-
tial (4), see (6) (top) and for double-well potential (5),
see (9)(bottom). Potentials shown by black lines.

2 2 4
Xexp<A+ (B2 43)u?/6 + u'/3 A> |

vB?2 4+ y? B

(6)

where P, , is some polynomial of degree n in u? with

positive roots. Here A = A,, ,, B = B,, , are two pa-

rameters of interpolation. These parameters (—A), B

are slow-growing with quantum number n at fixed p
taking, in particular, the values

Apo = —0.6244 ,Byo = 2.3667 , (7)

)

Agy = —1.9280 ,By; = 2.5598 , (8)

for the ground state and the first excited state, re-
spectively. This remarkably simple function (6), see
Figure 1 (top), provides 10-11 exact figures in energies
for the first 100 eigenstates. Furthermore, the func-
tion (6) deviates uniformly for u € (—oo, +00) from
the exact function in ~ 1076,

3. DOUBLE-WELL POTENTIAL:
WAVEFUNCTIONS

Following the prescription, usually assigned in folklore
to E. M. Lifschitz — one of the authors of the famous
Course on Theoretical Physics by L.D. Landau and
E. M. Lifschitz — when a wavefunction for single well
potential with minimum at v = 0 is known, ¥(u),
the wavefunction for double well potential with min-
ima at w = 0,1 can be written as ¥(u) £ ¥(u — 1).
This prescription was already checked successfully for
the double-well potential (2) in [6] for somehow sim-
plified version of (6), based on matching the small
distances u — 0 expansion and the large distances

u — oo expansion for the phase ¢ but ignoring sub-
tleties emerging in semiclassical expansion. Taking
the wavefunction (6) one can construct

(n,p) _
(approxzimation)

P p (@)
(B2 + @)% (aB + VB? + @)"""?

~ ~4
exp (- A+ (B%2+3)a%/6 + ut/3 N A D
VB2 + @2 ’

where p = 0,1 and

Here 1
U= u — = 10
a u 5 (10)
a = 1 and A, B,ap1,bp,1 are variational param-
eters. If a = 0 as well as bgp; = 0 the func-

tion (9) is reduced to ones which were explored in [6],
see Egs.(10)-(11) therein. The polynomial P, , is
found unambiguously after imposing the orthogonal-

ity conditions of \IIEZ’p) o gopleR)
pproximation) (approzimation)

at k=0,1,2,...,(n — 1), here it is assumed that the
polynomials Py, at £ =0,1,2,...,(n — 1) are found
beforehand.

4. DOUBLE-WELL POTENTIAL: RESULTS

In this section we present concrete results for energies
of the ground state (0,0) and of the first excited state
(0,1) obtained with the function (9) at p = 0,1, re-
spectively, see Figure 1 (bottom). The results are com-
pared with the Lagrange-Mesh Method (LMM) [7].

4.1. GROUND STATE (0,0)

The ground state energy for (5) obtained variationally
using the function (9) at p = 0 and compared with
LMM results [7], where all printed digits (in the second
line) are correct,

E®0 = 0.932517518401 ,
B9 — 0.932517518372 .

Note that ten decimal digits in qu?{ro) coincide with

ones in Efr?;g)h (after rounding). Variational parame-

ters in (9) take values,

A = 23237,
B = 3.2734,
ap = 2.3839 ,
bo = 0.0605 ,

cf. (7). Note that by takes a very small value.
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4.2. FIrRST EXCITED STATE (0,1)

The first excited state energy for (5) obtained varia-
tionally using the function (9) at p = 1 and compared
with LMM results [7], where all printed digits (in the
second line) are correct,

EOD = 3396279329936 ,

EOY — 3306279329887 .

mesh

Note that ten decimal digits in qu?l’rl) coincide with

)

ones in E”Y " Variational parameters in (9) take

mesh
values,
A = —2.2957,
B = 3.6991 ,
a; = 4.7096 ,
b = 0.0590 ,

cf. (8). Note that by takes a very small value similar
to bo.

5. CONCLUSIONS

It is presented the approximate expression (9) for the
eigenfunctions in the double-well potential (5). In Non-
Linearization procedure [8] it can be calculated the
first correction (the first order deviation) to the func-
tion (9). It can be shown that for any u € (—o0, +00)
the functions (9) deviate uniformly from the exact
eigenfunctions, beyond the sixth significant figure sim-
ilarly to the function (6) for the single-well case. It
increases the accuracy of the simplified function, pro-
posed in [5] with @ = 0 and bp; = 0, in the domain
under the barrier v € (0.25,0.75) from 4 to 6 sig-
nificant figures leaving the accuracy outside of this
domain practically unchanged.
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ABSTRACT. This work reports the construction of constants of motion for a family of time-dependent
mass oscillators, achieved by implementing the formalism of form-preserving point transformations.
The latter allows obtaining a spectral problem for each constant of motion, one of which leads to
a non-orthogonal set of eigensolutions that are, in turn, coherent states. That is, eigensolutions
whose wavepacket follows a classical trajectory and saturate, in this case, the Schréodinger-Robertson
uncertainty relationship. Results obtained in this form are relatively general, and some particular
examples are considered to illustrate the results further. Notably, a regularized Caldirola-Kanai mass
term is introduced in an attempt to amend some of the unusual features found in the conventional

Caldirola-Kanai case.

KEYWORDS: Time-dependent mass oscillators, Caldirola-Kanai oscillator, quantum invariants, coherent

states, semiclassical dynamics.

1. INTRODUCTION

The search for exact solutions for time-dependent
(nonstationary) quantum models is challenging task as
compared to the stationary (time-independent) coun-
terpart. In the stationary case, the dynamical law
(Schrédinger equation) reduces to an eigenvalue equa-
tion associated with the energy observable, the Hamil-
tonian, for which several methods can be implemented
to obtain exact solutions. Particularly, new exactly
solvable models can be constructed from previously
known ones through Darboux transformations [1] (also
known as SUSY-QM). In the nonstationary case, it
is still possible to recover an eigenvalue problem for
the Hamiltonian if one restricts to the adiabatic ap-
prozimation [2, 3]. However, in general, the latter is
not feasible, and other workarounds should be imple-
mented. Despite all these challenges, time-dependent
phenomena find exciting applications in physical sys-
tems such as electromagnetic traps of charged particles
and plasma physics [4-8].

The parametric oscillator is perhaps the most well-
known exactly solvable nonstationary model in quan-
tum mechanics. A straightforward method to solve
such a problem was introduced by Lews and Riesen-
feld [9] by noticing that the appropriate constant of
motion (quantum invariant) admits a nonstationary
eigenvalue equation with time-dependent solutions
and constant eigenvalues. In this form, nonstationary
models can be addressed similarly to their station-
ary counterparts. This paved the way to solve other
time-dependent problems [10-14].

Recently, the Darboux transformation has been
adapted into the quantum invariant scheme to con-
struct new time-dependent Hamiltonians, together
with the corresponding quantum invariant and the
set of solutions [15-17]. Alternatively, other meth-

ods exist to build new time-dependent models, such
as the modified Darboux transfomation introduced
by Bagrov et al. [18], which relies on a differential
operator that intertwines a known Schrédinger equa-
tion with an unknown one. This has led to new re-
sults in the nonstationary Hermitian regime [19-21].
A non-Hermitian PT-symmetric extension has been
discussed in [22], and some further models were re-
ported in [23, 24].

On the other hand, the point transformations for-
malism [25] has been proved useful to construct and
solve time-dependent oscillators. This was achieved by
implementing a geometrical deformation that trans-
forms the stationary oscillator Schrédinger equa-
tion into one with time-dependent frequency and
mass [26, 27]. This allows obtaining further infor-
mation such as the constants of motion, which are
preserved throughout the point transformation [25],
leading to a straightforward way to get such constants
of motion without imposing any ansatz. A further
extension for non-Hermitian systems was introduced
in [28], whereas a non-Hermitian extension of the
generalized Caldirola-Kanai oscillator was discussed
in [29].

In this work, the point transformation formalism
is exploited to construct and study the dynamics of
semiclassical states associated with time-dependent
mass oscillators. This is achieved by using the afore-
mentioned preservation of constants of motion and
identifying their corresponding spectral problem. No-
tably, it is shown that one constant of motion leads
to an orthogonal set of solutions, whereas a differ-
ent one leads to nonorthogonal solutions that behave
like semiclassical states. That is, Gaussian wavepack-
ets whose maximum point follows the corresponding
classical trajectory and minimize, in this case, the
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Schrédinger-Robertson uncertainty principle. Two
particular examples are considered to illustrate the
usefulness of the approach further.

2. MATERIALS AND METHODS

Throughout this manuscript, the time-dependent mass
m(t) and frequency Q2%(t) oscillator subjected to an
external driving force F'(¢) is considered. Such a model
is characterized by the time-dependent Hamiltonian

A p* L mOL() .,

He(t) = (D) + 5 & +F@)z, (1)

with Z and p, the canonical position and momentum
operators, respectively, with [, p,] = hl. Henceforth,
the identity operator I is omitted each time it mul-
tiplies a constant or a function. The corresponding
Schrodinger equation

0%y m(t)Q2(t)x?

ot~ 2m() 022 g vHEOey, (2)

w___"

ih

is recovered by using the coordinate representation
pxz—ih% and & =x € R.

The solutions of Eq. (2) have been discussed by
several authors, see [27, 30-32]. Here, a brief sum-
mary of the point transformation approach discussed
in [26, 27] is provided. This eases the discussion of
semiclassical states and dynamics to be presented later
in Section 3.

2.1. POINT TRANSFORMATIONS

In general, the method of form-preserving point trans-
formations relies on a geometrical deformation that
maps an initial differential equation with variable
coefficients into another one of the same form but
with different coefficients. To illustrate this, be the
stationary oscillator Hamiltonian

with ¢ and p, another couple of canonical position
and momentum observables, respectively. The corre-
sponding Schrédinger equation

ov n? 9*w mowng\IJ

m@ -  2mg Oy? 2 @

admits the well-known solutions [2]

U, (y,7) = e o (3)7a, (y), (5)

where
00t = T ()
(6)

with H,,(z) the Hermite polynomials [33], fulfills the
stationary eigenvalue problem

Heose®n(y) = ESO®,(y),  EL* = hwo (n + %) , (7)
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with Hos. the coordinate representation of ffosc,
i.e., a second-order differential operator that admits
a Sturm-Liouville problem.

To implement the point transformation, one im-
poses a set of relationships between the coordinates,
time paramaters, and solutions of both systems in
consideration [25]. In general one has

y(z, 1), U(y(x, 1), 7(x, 1)) = Gz, ;4), (8)

where G(z,t;1) is a reparametrization of ¥ as an
explicit function of x, ¢, and .

In the case under consideration, some further con-
ditions are required to preserve the linearity and the
Hermiticity of Hyee and Hy(t). A detailed discussion
on the matter can be found in [27]. Here, the final
form of the point transformation is used, leading to

plz o) [
0= [ e o

7(x,t),

y(w,t) =
and

U(y(z,1),7(t) = Gz, ;) = Az, t)¢(x, 1), (10)

with m(t) = p?(t), together with o(t) and ~(t) some
real-valued functions to be determined.

By substituting (9) into the Schrédinger equa-
tion (4), and after some calculations, one arrives to
a new partial differential equation for ¢(x,t) that
takes the exact form in (2). The latter allows obtain-
ing

Az, t) = \/?exp Az, t),
0
W (1)
MoWw ,
Az, t) == (z (;i Og (2”302 + va> —|—m) ,

where A(z,t) is a local time-dependent complex-phase
and [27]

ey (OWL() 1 [t ()
0= S .
W, (t) = o(£)ji(t) — 6(t)u(t), (12)
W, () = o (0)3(t) — 6()(2),

with f(t) = dfd—(tt) a short-hand notation for the time
derivative. In the latter, o(t) and ~(t) fulfill the
nonlinear Ermakov equation

. 20y M o(t) — wh

s+ (920 - B0 ) o0 = S0 (19
and non-homogeneous equation

. o, Hi(t) _ F(t)

o)+ (920 - 53 )20 = 05

The solutions of the Ermakov equation are well-
known [34-36] and computed from two linearly inde-
pendent solutions of the associated linear equation

%@+<W®—58>%m=a j=12 (15
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through the nonlinear combination

o(t) = [ag?() + bar (Dga(t) + ci(H)] 2, (16)
with b2 —4ac = —4;"\}—% and Wy = Wr(q1(t),q2(t)) #0

the Wronskian of two linearly independent solutions
of (15), which is in general a time-independent com-
plex constant. The previous constraint on a, b, and
¢ guarantees that o(t) is different from zero [26] for
teR

In this form, one obtains a set of solutions
{n(x,t)}52, to the Schrodinger equation (2), where

_ 'u(t) —1 —iwo(n+3)7(¢
Y, t) = @[A(x,t)] e~iwo(nt3)7(t)

oo (%)QH mowo p(t)z + v(t)
" h o(t) '

(17)

From (10)-(11) it follows that
(men) 1= [ o (oo, )
R

:/@w@nmmﬂ:%m<m
R

with z* the complex conjugate of z. That is, the inner
product is preserved and thus the set {1, (x,t)}52,
is orthonormal in L?(R, dz).

The expressions presented so far are general,
and specific result may be obtained once the time-
dependent mass and frequency terms are specified.
This is discussed in the following sections.

Before concluding, an explicit expression for 7(t)
can be determined in terms of the two linearly inde-
pendent solutions ¢; (f) and gz2(¢) as well. One gets

7(t) = wy ! arctan B/VO <b+ 2cq2(t)>} . (19)

wo q1(t)

3. RESULTS: CONSTANTS OF MOTION
AND SEMICLASSICAL STATES

Additional information can be extracted from the sta-
tionary oscillator into the time-dependent model. Par-
ticularly, point transformations preserve first-integrals
of the initial equation [25]. In the context of the
Schrédinger equation, such first-integrals correspond
to constants of motion, also known as quantum in-
variant, associated with the physical models under
consideration. From the stationary oscillator, it is
straightforward to realize that the Hamiltonian f[osc
is a constant of motion that characterize the energy
observable. In the time-dependent case, ﬁck(t) is no

. dHac(t -
longer a constant of motion, as TIZ() # 0. This

implies that an eigenvalue problem associated with
H,y is not possible!.

10ne can still link an eigenvalue problem with ﬁck(t) under
the adiabatic approximation [3]. This work focuses on exact
solutions and such an approach will be disregarded.

On the other hand, an orthonormal set of solutions
{tn(x, 1)}, has been already identified, and it is still
unclear the eigenvalue problem that such a set solves.
This problem was addressed by Lewis-Riesenfeld [9]
while solving the dynamics of the parametric oscillator.
They notice that even in the time-dependent regime,
there may be a constant of motion fo(t) that admits
a spectral problem

jO(t)¢(xat) = )\QS(I’,t), (20)

where the eigenvalues A\ are time-independent. The
existence and uniqueness of such a quantum invariant
is not necessarily ensured. Still, for the parametric
oscillator, Lewis and Riesenfeld managed to find the
quantum invariant and solve the related spectral prob-
lem.

Here, some quantum invariants associated with He,
can be found through point transformations. First,
notice that the point transformation was implemented
in the Schrodinger equation to get the time-dependent
counterpart. The same transformation can be applied
to a constant of motion of the harmonic oscillator
to get the corresponding one on the time-dependent
model. Particularly, by consider the eigenvalue prob-
lem (7), and after some calculations, one gets a first
quantum invariant of the form

i) = 277:0;?@) R (Wj(t) +ul 528) #?
oW,(t)
2p(t)

+mg (Wv(t)WH(t) + w%W) &

R A oW.
(zpm +pz1') +

It is straightforward to show that I;(¢) is indeed
a quantum invariant,

TP oI (t)
—[Hex, [1(t

o (o) + 208
Moreover, I;(t), the coordinate representation of
I1(t), defines a Sturm-Liouville problem with time-
dependent coefficients,

= 0. (22)

I ()b (2, ) = havg (n + ;) Yn(z,t),  (23)

which justifies the existence of the orthogonal set of
solutions found in Section 2. Note that orthogonal-
ity has been alternatively proved in (18) using the
preservation of the inner product.

Remarkably, there are still more quantum invari-
ants to be exploited. To see this, let us consider the

operators
[mow . D
_ 0 og +i Dy 7
2h vV 2m0 h’LUO

to Mmoo, Py
2h \/27710?%1107

>

(24)

>
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which factorize the stationary oscillator Hamiltonian
as Hyse = huwy (&T& + %) and fulfill the commutation
relationship [a,a] = 1. Although @ and a' are not
constants of motion of ﬁosc, one can introduce a new
pair of operators

G:=e7q, Gl = e 0Tql, (25)

where the straightforward calculations show that
%[ﬁosmﬁ} + g—i = 0, and similarly for af. That is,
a and a' are quantum invariants of Hg.

The latter can now be mapped into the time-
dependent model, leading straightforwardly to new

quantum invariants of Hy(t) of the form

—— @ﬁ
V2mohwo p(t)"

! (@ sugs QZEOWu(t))@
i (\/@ZEE;JF ‘ 2220%(0)], (26)

and its adjoint ] (¢).
Before proceeding, it is worth to recalling that two

- 1

Ia(t) — ei’wUT(t) |:

arbitrary quantum invariants I(t) and I(t) of a given
Hamiltonian H(t) can be used to construct further
invariants. This follows from the fact that the linear
combination £1(t) 4 ¢I(t) and the product ¢1(t)I(t)
of quantum invariants are also quantum invariants
of the same Hamiltonian H(t), for ¢, ¢, and 7 time-
independent coefficients.

In this form, Io(¢) and I{(t) generate I1(t) through

I, (t) = hawg (fg(t)fu(t) + ;) , (27)

which is analogous to the factorization of the station-
ary oscillator. Similarly, the commutation relationship
[a,a'] = 1 of the stationary oscillator is preserved.

~

One thus get [I,(t), I1(t)] = 1 together with
[11(8), La(t)] = —hwola(t), [11(2), 11(8)] = hwoll(t), (28)
which means that I,(t) and I{(t) are annihilation and

creation operators, respectively, for the eigensolutions
of I (t). The latter leads to

fa(t)wn-i-l(x?t) = \/mwn(xvt)a
f;(t)wn(x’t) =V hwo(n + 1)¢n+1($7t),

forn=0,....

On the other hand, the orthonormal set
{tn(2,t)}52, can be used as a basis to expand any
arbitrary solution ¥ (x,t) of (2) through

(29)

V(@ t) = Catbu(@,t),  Coi= (Wa(,1),9(,1)). (30)

Now, from the above results, one may investigate
the spectral problem related to the remaining quan-
tum invariants I,(t) and If(t). By considering the
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annihilation operator I, «(t), one obtains the eigenvalue
problem

fﬂ(t)ga(x7 t) = aba(z,1), (31)
where the eigensolution &, (z,t) can be expanded as
the linear combination

€alz,t) =Y Cola)n(z,t), a€C. (32)
n=0

This corresponds to the construction of coherent states
using the Barut-Girardelo approach [37]. The com-
plex coefficients C,,(«) are determined by using the
action of the ladder operators (29) and exploiting
the orthonormality of the set {u,(x,t)}52,. After
substituting the linear combination &, (z,t) into the
corresponding eigenvalue problem in (31), one obtains
the one-parameter normalized eigensolutions

€a(x,t) = exp <— 2'21]0) Z (7?100) Ln\ﬁ%t). (33)

Henceforth, the latter are called time-dependent co-
herent states or semiclassical states interchangeably.

Similar to Glauber coherent states [38], the eigenso-
lutions of the annihilation operator I, are not orthog-
onal among themselves. This follows from the overlap
between two solutions with different eigenvalues, let
say « and f3, leading to

_ |Oé|2 + |ﬁ|2 — 2Re(a*ﬁ)) , (34)

h’LUQ

(€52 €)= oxp (

which is different from zero for every «, 8 € C, with
the inner product defined in (18). Interestingly, the
eigensolution &, (x,t) can be brought into an alterna-
tive and handy expression by using the explicit form of
Yp(x,t) given in (17), together with the well-known
summation rules for the Hermite polynomials. By
doing so one gets

_ /pu)  fmowo
§O<(xvt): @ h

X exp [i“ thowo <'u(t)j(;7(t)> Im &(t)}

mowo [ p(t)z + y(t) 2h ~ ’
X exp [— o < o) “\ mows Rea(t)) 1 ,

(35)

,i"m;(t)

[Adz, t)] e

with a(t) = ae™™0™®) Thus, £, (z,t) is a normal-
ized Gaussian wavepacket with time-dependent width.
The complex constants « plays the role of the initial
conditions of the wavepacket at a given time 3. See
the discussion in the following section.

Despite the lack of orthogonality in the elements of
the set {€.(z,t)}acc, they can be still used as a non-
orthogonal basis so that any arbitrary solution of (2)
can be constructed through the appropriate linear
superposition. That is, a given solution ¢ (z,t) of (2)
expands as

veo = [ De@n@n. 69
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where €(a) = (§a(x,t), ¥(x,t)).

So far, the spectral problem related to the quantum
invariants 1) (t) and I,(t) has led to a discrete and
a continuous representation, respectively, in which any
solution of (2) can be expanded.

Although the eigenvalue problem related to the
quantum invariant I](t) can be established, it leads
to non-finite norm solutions and is thus discarded.

3.1. SEMICLASSICAL DYNAMICS

With the time-dependent coherent states already con-
structed, one can now study the evolution on time of
such state and its relation with physical observables
such as position and momentum Z and p,, respec-
tively. To this end, note that the quantum invariants
obtained through point transformations preserve the
commutation relation (28) of the corresponding op-
erators of the stationary oscillator. That is, the set
{Ia(t), I3 (t), I3 ()14 (t)} fulfill the Weyl-Heisenberg al-
gebra [39]. This allows the construction of a unitary
displacement operator of the form [39]

D(ast) = ecld-a"la(®) _ =15 pall g=a’la, (37)
a € C,
so that
D, ) la(t)D (e, t) = La(t) + a, (38)
D (as )LD (a31) = Fj(1) + ™

It follows that the action of the first relationship
acted on to(z,t) leads to Io(t)D(a,t)vo(x,t) =
aD(a, t)po(x,t), from which one recovers the eigen-
value equation previously analyzed in (31) by identi-
fying &, (x,t) = D(a, t)1hg(x,t). This corresponds to
the coherent states construction of Perelomov [39].

So far, two different and equivalent ways to con-
struct the solutions &,(z,t) have been identified,
a property akin to Glauber coherent states. To further
explore the time-dependent coherent states, one can
take the unitary transformations (38) and combine
them with the relationship between the ladder opera-
tors and the physical position & and momentum p,
observables presented in (26). After some calculations
one obtains

t =4/ 2h ﬂrcosz — —ﬂ
<I>0¢(t) - mowo u(t) ( 0 (t) 0) u(t)7 (39)

19

where o = re’. By using (19) and some elemen-
tary trlgonometrlc identities, one recovers an explicit
expression in terms of ¢;(t) and ¢a(t) as

(1) = 10
@at) =~ 20
[2hwo v (0 Wo o) 0®)
i moc Wo [( o+ 2wo 9) w(t)
%csin a2(!)
+ " eu(t) . (40)

Similarly, the calculations for the momentum observ-
able leads to

(bz)a(t) = —mo 3 (Wu(t)(Z)a(t) + Wy (1)

— v/ 2mohwg Zggr sin (wor(t) — 6)). (41)
In the latter, (O)o(t) = (£a(z,t), Os(x,t)) stands
for the average value of the observable O computed
through the time-dependent coherent state &, (z,t).
The expectation value of the momentum (41) can
be further simplified so that it simply rewrites as

(Be)alt) = m(t) 3 (D)alt), m()

which is an analogous relation to that obtained from
the canonical equations of motion of the corresponding
classical Hamiltonian. This is also consequence of the
quadratic nature of the time-dependent Hamiltonian
H(t) and the Ehrenfest theorem.

From the expectation values obtained in (39)-(42),
a relationship between the complex parameter o =

0 and the expectation values at a given initial time
t =ty can be established. The straightforward calcu-
lations lead to

. /MoWo Yto
<Re ()ét()) _ 2h oy
~ = Mg
Im ay, o= W,

mowo Mtg 0 R
2R
+ < oy %) <<<f“">>t°), (43)
\/ 2huog Wit \/mmo Pz /to

with ay, = ae ™07 = rel(0—wotey) Tto = T(to),
Oty = o(to), Vo = 7(to), W’)’to = W’Y(to)’ W/Lto =

Wiu(to), (£, = (£)a(to), and (Pu)i, = (Pa)a(to)-
On the other hand, one can write the probability

density associated with the time-dependent coherent
state in terms of (%), (t) through

Polz,t) = |fa(x’t)|2 - \/@Zg;

mowg p2(t)

X exp {— 2 o0 (x—(a?;)a(t))ﬂ, (44)

= 7”0;“2 (t)v (42)

which is a Gaussian wavepacket whose maximum
follows the classical trajectory. That is, the time-
dependent coherent state is considered as a semiclas-
sical state.

Before concluding this section, it is worth explor-
ing the corresponding uncertainty relations associ-
ated with the canonical observables, which can be
computed by using (26), (31), and (38). After some
calculations one gets

h o2t

(Ai‘)a = 2m0w0 MQ(t)’ (45)
2 mohwo p2(t) a2 (t)W2(t)
(Bbe)o = 02 OJQ(t) (H wip(t) ) 7
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from which the uncertainty relation reduces to

RCPPRCEN o (HWE(?)

mw¢mma—4<u-w@%)>, (46)
where it is clear that, in general, &, (z,t) does not min-
imize the Heisenberg uncertainty relationship, except
for those times t' at which W, (t') = 0. The latter
follows from the fact that o # 0 for ¢t € R. Still, there
are two special cases for which Eq. (46) minimizes at
all times.

o For p(t) = po and Q(t) = wy, one can always find
a constant solution o (t) = wi/w} so that W, = 0.
The uncertainty relationship (46) is minimized, and
the time-dependent Hamiltonian becomes

]:Ick(t) _ ﬁ% 5 molu‘%w% j?Z
2mo g 2

Y F(t)2,  (47)

which is nothing but a stationary oscillator with an
external time-dependent driving force F(t)2. Thus,
the uncertainty relation gets minimized in the sta-
tionary limit, as expected.

e For Q%(t) = wau=%(t), there is a solution o(t) =
p(t) for which W, = 0. This leads to a Hamiltonian
of the form

Ha(t) =
1 ]32 mowg .9 9 R
z F . (4
Mﬂ@m+ SUE P (OF (07 ). (48)

Although the solutions £, (z,t) minimize the Heisen-
berg uncertainty relation only on some restricted cases,
one can still explore the Schrédinger-Robertson in-
equality [40, 41]. This is defined for a pair of observ-
ables A and B through

(84) (aB)" 2 WALDE | oz (ag)

4
where 04 p 1= %(flé + BA) — (A)(B) stands for the
correlation function.
For the canonical position & and momentum p,
observables one gets

h? a*()W2(t)
prt)
when computed through &, (2, t). Thus, the semiclassi-

cal states &, (x, t) minimize the Schrodinger-Robertson
relationship for ¢ € R.

2 —

Oxp, = 4] (50)

4. D1scUSSION: CONVENTIONAL AND
REGULARIZED CALDIROLA-KANAI
OSCILLATORS

So far, the most general setup has been addressed
for a time-dependent mass oscillator. Two particular

2The Hamiltonian (47) is essentially stationary, for the term
F(t) can be absorbed through an appropriate reparametrization
of the canonical coordinate.
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examples are considered in this section to further illus-
trate the usefulness and behavior of the so-constructed
solutions and coherent states. Henceforth, all calcula-
tions are carried on by working in units of 4 =1 to
simplify the ongoing discussion. Throughout the rest
of this manuscript, the following two time-dependent
masses are considered:

per(t) = e, k>0,
K, o > 0.

(51a)

ek (t) = e "+ Ho, (51b)

The first one corresponds to the well-known
Caldirola-Kanai oscillator [42, 43], which contains
a mass-term that asymptotically approaches to zero.
This is a rather unrealistic scenario in the context of
the Schrodinger equation. Still, one can study the
dynamics on a given time range, let say ¢ € [0,7],
where T' denotes the time spent by the mass to re-
duce its initial value in a factor e~!. In other words,
T = k! is equivalent to the lifetime of a decay-
ing system. One thus may disregard the dynamics
for t > T. To amend such issue, the second mass
term i,k (t) has been introduced, which transits from
trer(0) = 1 to per(t — 00) = po. Thus, there is
no need to introduce any artificial truncation on the
time domain. The Hamiltonian associated with this
mass-term will be called regularized Caldirola-Kanai
oscillator. Despite the apparent advantages of the
regularized system, analytic expressions for o(t) are
significantly more complicated with respect to those
obtained from g (t). Still, exact result can be ob-
tained. The discussion is thus divided for each case
separately.

4.1. CALDIROLA-KANAI CASE

The so-called Caldirola-Kanai system is another well-
known nonstationary problem, characterized by time-
dependent mass decaying exponentially on time. It
was independently introduced by Caldirola [42] and
Kanai [43] in an attempt to describe the quantum
counterpart of a damped oscillator. This model
has been addressed by different means, such using
a Fourier transform to map the map it into a para-
metric oscillator [32], and using the quantum Arnold
transformation [30].

For this particular case, a constant frequency
w?(t) = w? and a driven force F(t) = Agcos(vt),
for v, Ay € R, are considered. This leads to a forced
Caldirola-Kanai oscillator Hamiltonian [10, 44] of the
form

. 2Kt
Hy () =

2
A2 2t TOWT .9 A
+e ——&“+ Ag cos(vt)z. (52
St 2142 4 Ay cos(t)i. (52)
From the results obtained in previous sections,
one gets the solutions to the Ermakov and non-
homogeneous equations as

N

o) = (agd () + barDaatt) +30) g
Y(t) = 71q1(t) + 72q2(t) + (1),
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(A) - Wu(t)

FIGURE 1. (A) W, (t) = o(t)(t) — 5(t)u(t) for the Caldirola-Kanai mass term p.x(t). (B) Variances (A#)2 (solid-
blue), (Ap,)2 (dashed-red), the Schrédinger-Robertson uncertainty minimum (dotted-green), and the Heisenberg
uncertainty minimum (thick-solid-black) associated with the coherent states &4 (z,t) and the mass term pick(t). The
parameters have been fixed as a = ¢ = wp = 1, w1 = 2, and k = 0.5.

FIGURE 2. Probability density P, = |[tpn(,t)|* for n =0 (A), n =1 (B), and Pa = |¢bn(z,1)|* (C) associated with
the Caldirola-Kanai mass term p.x(t). For simplicity, the external force F(t) and ~(¢) have been fixed to zero. The
rest of parameters have been fixed as wo =a =b =1, w1 = 2, and x = 0.5.

respectively, with v and 7, arbitrary real constants,
2
b? — dac = —16#“1_?, and
1

q1(t) = cos(Vw? — k2t), ¢o(t) =sin(vw? — k21t),
22 t) — 2k sin(vt)
o= g (W3 — v*) cos(v '
To(t) = Aoe (w? + 12)? — 42 (w? — K2)
(54)
In the sequel, x = 0.5 is consider so that the

Caldirola-Kanai oscillator is constrained to the time
interval ¢t € [0,2]. Further discussions concerning the
dynamics will be restricted to such a time interval.
It is worth recalling that the zeros of W,,(t) corre-
spond to the times for which the Heisenberg uncer-
tainty relationship saturates. Although the expression
for W), (t) is rather simple in this case, determining
the zeros consist of solving a transcendental equation.
Thus, to get further insight, one may analyze Fig-
ure la, which depicts the behavior of such a function
for per(t) (solid-blue). From the latter, one can see
that zeroes do exist indeed, and thus one should expect

points in time for which the Heisenberg inequality sat-
urates. Despite the latter, the Schrodinger-Robertson
inequality saturates at all times.

In Figure 1b, one can see the behavior of the vari-
ances, from which it is clear that the variance in the
position blows up at time pass by, whereas the mo-
mentum variance squeezes indefinitely, approaching
asymptotically to zero. This odd behavior results
from a mass term that quickly decays, approaching
zero but never converging to it. For those reasons,
a truncation on the time interval was previously in-
troduced in the form of a mean lifetime, which in this
case becomes T = k' = 2. In this form, one still has
a realistic behavior for ¢ € (0, 2).

The previous results can be verified by looking at
the probability density associated with the solutions
¥n(x,t) and the coherent state &, (x,t), which is de-
picted in Figure 2. From those probability densities,
one may see the increase on the position variance
(A%)2, for the wavepacket spreads rapidly on time,
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FIGURE 3. (A) W, (t) = o(t)i(t) — 6(t)u(t) for the regularized Caldirola-Kanai mass term prck(t). (B) Variances
(Az)2 (solid-blue), (Ap,)2 (dashed-red), the Schrédinger-Robertson uncertainty minimum (dotted-green), and the
Heisenberg uncertainty minimum (thick-solid-black) associated with the coherent states &4 (z,t) and the mass term
trek (t). The parameters have been fixed as a = ¢ = wo = 1, w1 = 2, po = 0.3, and x = 0.5.

to the point that, for times ¢ > 4 is almost indistin-
guishable. For completeness, the classical trajectory is
depicted as a dashed-black curve in Figure 2c, where
the initial conditions ()¢, = 2 and ()¢, = 0 have
been used.

4.2. REGULARIZED CALDIROLA-KANAI

In this section, the regularized Caldirola-Kanai os-
cillator is introduced so that it amends the diffi-
culties found in the Caldirola-Kanai for ¢ >> T.
This model is characterized by a constant frequency
0%(t) = w? and a mass term i,k (t) = poe "t + 1,
with w1, po, g1, £ > 0. The mass term will converge at
a constant value (different from zero) and the anoma-
lies found in the conventional Caldirola-Kanai case
will be fixed. The main consequence of the mass reg-
ularization is that the classical equation of motion is
not as trivial as in Section 4. In turn one has

a0+ (vt - 5 Yat) =0

e (55)

Two linearly independent solutions to the correspond-
ing linear equation (15) can be found as

(56)

where z(t) = poe™, Ay = —i%—iy/ Z}—; —1,and Ay =

—i + z\/% On the other hand, 2 F}(a,b;c; Z)
stands for the hypergeometric function [33], which
converges in the complex unit-disk |Z| < 1. Given
that z(t) : R — (1,00), the solutions g 5() in (56)
converge for t € R.

Since both solutions in (56) are complex-valued,
with g, = @7, one can construct a real-valued solution
to the Ermakov equation by taking ¢; =Re(g;) and
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g2 =Im(q,). To simplify the ongoing discussion, the
external force is considered null, F(t) = 0. One thus
obtains

o*(t) = a Relqi ()] + b Relg: ()] Imlqy (1)
+eImlgs (O], (57)

7(t) =7 Relgi(t)] + 72 Im[q2 (¥))], (58)
where the Wronskian of the two linearly independent
solutions Re ¢; and Im ¢; becomes Wy = w1, leading
to the constraint b? — 4ac = 74%;

Similarly to the Caldirola—Kanlai case, the Heisen-
berg uncertainty relation saturates for times t,, such
that W, (t,,) = 0. In this case, an analytic expression
for such points is fairly complicated. Instead, one may
look at the behavior of W,,(t) depicted in Figure 3a,
from which it is clear that such points exist. On the
other hand, Figure 3b reveals that, in contradistinc-
tion to the Caldirola-Kanai case, the position variance
does not grow indefinitely in time. This is rather ex-
pected as, for asymptotic times ¢ >> 1, the mass term
converges to a finite value different from zero. That is,
the Hamiltonian becomes stationary for asymptotic
values.

Before conclude, the probability density for v, (x, t)
and &, (z,t) are shown in Figure 4. In the latter, it
can be verified that the width of the wavepackets
oscillates in a bounded way for times ¢ > 2. Partic-
ularly, for the coherent state case of Figure 4c, the
dynamics of the wavepacket can be identified clearly,
where the maximum point follows the corresponding
classical trajectory (dashed-black). Therefore, there
is no need to introduce a truncation time 7', for the
mass converges to a constant value different from zero,
remaining physically reasonable at all times.

5. CONCLUSIONS

In this work, the class of form-preserving point trans-
formations has been used to construct the constants of
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(A) .mn=0

FIGURE 4. Probability density P, = |¢n(z,t)|? for n =0 (A), n =1 (B), and Po = |[¢n(z,t)]* (C) associated with
the regularized Caldirola-Kanai mass term pi,cr(t). The rest of parameters have been fixed as wo =a=b=1, w1 = 2,

o = 0.3, and kK = 0.5.

motion for the family of time-dependent mass oscilla-
tors. This was achieved by exploiting the preservation
of first-integrals on the initial stationary oscillator
model. Since several constants of motion are already
known for the initial system, the corresponding coun-
terparts for the time-dependent model are straightfor-
wardly constructed by implementing the appropriate
mappings. Notably, three different constants of mo-
tion were identified, one that admits an orthogonal set
of eigensolutions, another that permits non-orthogonal
eigensolutions, and the third one that does not admit
finite-norm solutions.

Interestingly, the non-orthogonal eigensolutions are
actually coherent states, for they are constructed from
the annihilation operator of the time-dependent os-
cillator. Furthermore, by exploiting the underlying
Weyl-Heisenberg algebra fulfilled by the quantum in-
variants, it was possible to find exact expressions for
the expectation values of the position and momentum
observables. The latter revealed the coherent states
are represented by Gaussian wavepacket whose maxi-
mum follows the corresponding classical trajectory.

Besides the latter properties, it was also found that,
in general, the Schrodinger-Robertson uncertainty re-
lation saturates for all times, whereas the Heisenberg
one gets minimized only for some times. Still, two
special time-dependent Hamiltonians exist so that the
Heisenberg inequality saturates at all times, one of
which is the stationary limit case, as expected.

Remarkably, the newly introduced regularized
Caldirola-Kanai mass term admits exact solutions that
regularize the unusual behavior observed in the con-
ventional Caldirola-Kanai case. More precisely, the
variances become bounded as well as the expectation
values. This allows obtaining localization of particles,
which is desired in physical implementations such as
traps of charged particles.
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ABSTRACT.

We study the classification of entanglement in tripartite systems by using Bell-type

inequalities and principal basis. By using Bell functions and the generalized three dimensional Pauli
operators, we present a set of Bell inequalities which classifies the entanglement of triqutrit fully
separable and bi-separable mixed states. By using the correlation tensors in the principal basis
representation of density matrices, we obtain separability criteria for fully separable and bi-separable
2 ® 2 ® 3 quantum mixed states. Detailed example is given to illustrate our criteria in classifying the

tripartite entanglement.

KEYWORDS: Bell inequalities, separability, principal basis.

1. INTRODUCTION

One of the most remarkable features that distinguishes
quantum mechanics from classical mechanics is the
quantum entanglement. Entanglement was first rec-
ognized by EPR [1], with significant progress made
by Bell [2] toward the resolution of the EPR problem.
Since Bell’s work, derivation of new Bell-like inequali-
ties has been one of the important and challenging sub-
jects. CHSH generalized the original Bell inequalities
to a more general case for two observers [3]. In [4] the
authors proposed an estimation of quantum entangle-
ment by measuring the maximum violation of the Bell
inequality without information of the reduced density
matrices. In [5] series of Bell inequalities for multi-
partite states have been presented with sufficient and
necessary conditions to detect certain entanglement.
There have been many important generalizations and
interesting applications of Bell inequalities [6-8]. By
calculating the measures of entanglement and the
quantum violation of the Bell-type inequality, a rela-
tionship between the entanglement measure and the
amount of quantum violation was derived in [9]. How-
ever, for high-dimensional multiple quantum systems
the results for such relationships between the entan-
glement and the nonlocal violation are still far from
being satisfied. In [10], an upper bound on fully entan-
gled fraction for arbitrary dimensional states has been
derived by using the principal basis representation of
density matrices. Based on the norms of correlation
vectors, the authors in [11] presented an approach to
detect entanglement in arbitrary dimensional quan-
tum systems. Separability criteria for both bipartite
and multipartite quantum states was also derived in
terms of the correlation matrices [12].

In this paper by using the Bell function and the
generalized three dimensional Pauli operators, we de-
rive a quantum upper bound for 3 ® 3 ® 3 quantum
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systems. We present a classification of entanglement
for triqutrit mixed states by a set of Bell inequalities.
These inequalities can distinguish fully separable and
bi-separable states. Moreover, we propose criteria
to detect classification of entanglement for 2 ® 2 ® 3
mixed states with correlation tensor matrices in the
principal basis representation of density matrices.

2. ENTANGLEMENT IDENTIFICATION
WITH BELL INEQUALITIES

We first consider relations between entanglement and
non-locality for 3 ® 3 ® 3 quantum systems. Consider
three observers who may choose independently be-
tween two dichotomic observables denoted by A; and
B; for the i-th observer, i = 1,2,3. Let V; denote the
measurement operator associated with the variable
V; € {A;, B;} of i-th observer. We choose a complete
set of orthonormal basis vectors |k) to describe an
orthogonal measurement of a given variable V;. The
measurement outcomes are indicated by a set of eigen-
values 1, A, A2, where \ = exp(i%") is a primitive third
root of unity. Therefore the measurement operator
can be represented by V; = Zi:o Ne|k)(k|. Inspired
by the Bell function (the expected value of Bell oper-
ator) constructed in [13], we introduce the following
Bell operator,

2
B=Y" Z(Alj @Ay @Ay +NA, ® By ® By
j=1
+NB © 4 @B +NB 0B, ©43),
(1)
where A;’ (E]) denotes the j-th power of A; (/B:)
Next we construct three Bell operators in terms
of Eq. (1). Consider three dimensional Pauli opera-
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tors [14] X and Z which satisfy

Xk) = [k +1), ZIk) = M|k), X3 =1, 2° =1,

where I denotes the identity operator. Therefore,
if we replace A ~and B with the following unitary

operators, Ay = Z, Ay = N’XZ, A3 = XZ*, B, = Z,
BQ XZ and Bg

A2 XZ we obtain
2y
BlZZZ[ZJ(g

j=1
()\ 2XZY + N7 @ (\*XZ)!
1770 (X2 @ (XZ?Y).

(NXZ) @ (XZ?Y + N7 @ (XZ%)

® (A2XZ)
(2)

If we choose unitary operators as follows, A1 =\2X Z
A2 XZ Ag—Z Bl—XZ2 BQ—)\2XZ and
Bg Z we have

Bo =Y <[WXZY & (XZ% @ Z) + N (N2 XZ)

]
> =

® (NXZ)Y @ Z7)+ N (XZ?) @ (XZ?)
ZY + N(XZ% @ (N’ XZ) @ (Z)).

Il
,-,_H

(3)

Takmg‘ Alf)\ XZ A2 Z A\g )?227 Eli)?z\z,

B2 7 and Bg =\? XZ we have

(VXZ)Y @77 @ (XZ2) + N (\2XZ)

e
] =

Bs =
J

7Y @ (N2XZ)) + N (XZ%) @ 77
A%?E) L N(XZ2Y @ 27 @ (XZ%)).

Il
/\/—\ =

(4)

Concerning the bounds on the mean values [(5;)| of
the operators B;, i = 1,2,3, we have the following
conclusions.

Theorem 1. For 3 ® 3 ® 3 mixed states, we have

the inequality, |(B;)| < 2, i=1,2,3.

Proof Due to the linear property of the average values,
it is sufficient to consider pure states. Any triqutrit
pure state can be written as,

|1) =¢1|000) + ¢2]|011) 4 ¢3]012) + c4|021) + ¢5]|022)
+ ¢6|101) + ¢7]102) + ¢s110) + co|111)
+ ¢10]120) + €11]122) + ¢12]201) + ¢135]202)
+ ¢14|210) + ¢15]212) + ¢16|220) + ¢17]221)
+ c15]222),
(5)

where cs, c11, €13, €15, C16, €17 and c1g are real and non-
negative, |c1| > |¢;| for i = 1,2,...,18, |co| > |c1s]

and Zgil le;|? = 1. Therefore,

1
|<Bl>| :|Z(76162 + 50165 — C2C5 — CgC10 —+ 20768

+ 2cgci1 + 2c12¢15 + Sc12c16 — €13C14 — C13C17

—4dcy4c17 + Berseg)|

(6)

Similarly one can prove that |(B;)| < 2 for i =2,3. O

Theorem 2. If a triqutrit mixed state p is fully
separable, then [(B;)| =0, =1,2,3.

The proof is straightforward. Due to the linear
property of the average values, it is sufficient to
consider pure states again. A fully separable pure

state can be written as under suitable bases, [¢)) =
[0) ® |0) ® |0) ® |0). Therefore |(B;}| = |tr(pB;)| = 0.

Theorem 3. For bi-separable states p; ;;, under bi-
partition ¢ and jk, i # j # k € {1,2, 3}, we have

[(Bi)l < 3, [(B2)] =0, [(Bs)] =0,
[(Bi)l =0, [(B2)] <%, [Bs)l =0,
[(B1)] =0, [(B2)] =0, [(Bs)| <3,

for p1)23, p3j12 and pgj13, respectively.
Proof It is sufficient to consider pure states only. Every
bi-separable pure state pjj23 can be written as via
a suitable choice of bases [15],

1) = 10) ® (c0|00) + ¢1[11) + c2[22)),

where |co| > |e1] > |eo] and 327 |e;|? = 1. Therefore,
we have by direct calculation,

1
|<Bl>‘ :|*(5C2CO — CoC1 — 0102)|

<2 (5 x (B +c) + (e +cf) x (cf +¢3))

IN
»Mc,ooo\r—'

It is straightforward to prove similarly, [(Bs2)| = 0 and
|(Bs)| = 0. For bi-separable states p3j12 and py|13, the
results can be proved in a similar way. O

The above relations given in Theorem 1-3 give rise
to characterization of quantum entanglement based
on the Bell-type violations. If we consider [(B;)], i =
1,2, 3, to be three coordinates, then all the triqutrit
states are confined in a cube with size Z X Z >< 2. The
bi-separable states are confined in a cube Wlth size

3 x 3 x 3 see Figure 1.

4 4 47
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Ficure 1. All states lie in the yellow cube, while in
the green cube are bi-separable states.

3. ENTANGLEMENT CLASSIFICATION
UNDER PRINCIPAL BASIS

Consider the principal basis on d-dimensional Hilbert
space H with computational basis |i), i = 1,2, ...,d.
Let E;; be the d x d unit matrix with the only nonzero
entry 1 at the position (7,7). Let w be a fixed d-th
primitive root of unity, the principal basis is given by

Aij = Z WimEm,m+j7 (7)

meZg

where w? =1, 4,j € Z4 and Z, is Z modulo d. The
set {A;;} spans the principal Cartan subalgebra of
gl(d). Under the stand inner product (z|y) = tr(zy)
of matrices x and y, the dual basis of the principal
basis {A;;} is {(w%/d)A_; _;}, which follows also
from the algebraic property of the principal matrices,
AijA = w*Aiik . Namely, Al = wA_
and thus tr(AijALl) = 0;,05;d [10].

Next we consider the entanglement of 2 ® 2 ® 3
systems. Let {A4;;} and {B;;} be the principal bases
of 2-dimensional and 3-dimensional Hilbert space, re-
spectively. For any quantum state p € HY ® H3 ® H3,
p has the principal basis representation:

i,—7

1
P ZE(IQ ® I ® I3+ Z UijAij @ Io ® I3
(i,5)

#(0,0)
+ Z Vi lo @ Ap @ Iz + Z Wstla @ I2 @ Bt
(k,0) (s,t)#(0,0)
#(0,0)
+ Z TijriAij ® Ap @ Iz + Z Yij st Aij
(,5),(k,1) (i,5),(s,t)
#(0,0) #(0,0)

® 1> ® Bst + Z 2il,stl2 @ Api ® Bat

(k,1),(s,t)
LY

#(0,0)
Tij kst Aij @ Art @ Bat),
(i,5),(k,1),(s,t)
#(0,0)

(8)
where Iy (I3) denotes the two (three) dimensional
identity matrix, u;; = tr(pAT ®@ I ®I3), vg =

224

tT(pIQ (24 Akl (24 13), Wet = tT(pIQ X I2 X Blt)’ Tij.kl =
tr (pAT QAL ®L3), Yij o0 = tv‘(,oAT RL®BL,), 20,5 =
tr(pla® Al Z®Bst) and 7 k15t = tr(pAT ®ATZ®BL).
Denote Tl‘23 T21‘23, le‘l?’, T22|13, T13|12 nd T23I12
the matrices Wlth entries given by 701 ki,st, 711,ki,st
Tij,01,sts Tij11,st> Tijki,10 and 735 k120 (4,7,k,1 € Z,
s,t € Zs), respectively. Let ||Ally = > 0y = trvV AAT
be the trace norm of a matrix A € R™*™ where o;
are the singular values of the matrix A.

First we note that ||T1|23 1‘23||t,4 is invariant
under local unitary transformations. Denote U AU
by AV. Suppose p/ = pU®V20Us) with U, € U(2)
and U;z € [](3)7 Agz = Z m,‘j’i/j/Ai/j/ and BZS =

@)
#(0,0)

> ny;uy By for some coefficients m;; v and

@i,3")
#(0,0)

n;;i5- The orthogonality of {AUQ} and {B 31 re-
quires that

tr AUzAUz) = tr(UyAij AL UY)

tr BU3BU3) = tr(UsBy; B, UY)

(
=tr(Ay;Al) = 200,13
(
=tr(By;B,) = 36:x0;1.

Hence, we have M = (m;; ;) € SU(3) and N =
(nij,iv;) € SU(8) since any two orthogonal bases are
transformed by an unitary matrix. One sees that

U U.

E Tijt,stAi; @ A @ By
(3,5),(k,1),
(s,t)#(0,0)

> >

(4,3), (1), (K/,07),(s7,t7)
(s,t)#(0,0) #(0,0)

® Bgryr

= 2 >

(i,3),(k,1), (K1), (s ,t))
(s,t)#(0,0) #(0,0)

® Bst-

Tig,kl,st Mkl k1 Mt 57t/ Aig @ Agrys

M1 1T k15"t st st) Aig @ Ap

We have T}1%(p') = M!T}*(p)N and T4 () =

M'T}1*(p)N. Therefore,
1|23

7320 o =

1Ty () — 5% (p)

1772 (0) = 15" (0) o

(9)
due to that the singular values of a matrix are the
same as those of M!TN when M and N are unitary
matrices.

Theorem 4. If a mixed state p is fully separable,
then |72 — 7012, < /3.

Proof If p = |¢){(p| is fully separable, we have
[p1j213) = lp1) ® |p2s) € HY ® HP, where
lp2s) = |p2) ® |@3) € H22 & H33 Then by Schmidt
decomposition, |@1)2;3) = tol0a) + t1]15), where
t3 +t2 = 1. Taking into account the local unitary
equivalence in H3 ® H3 and using (9), we only
need to consider that {|a>, |6)} = {]|00), |01)}. Then
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11213) = to|000) + ¢1|101). TH% and 7% are given
#1)2| 1 2
by

tol1
lol1
0
tot1
t0t1w2
0
toty
totlw

7% = (10)

SO OO oo oo
SO OO oo oo

1|23
7,17 =

()
OO O O OO OO
—~
—_
—_
~—

N
(o> en e Jien e B e e e]

with w?® = 1. Therefore, we have

1]23 1123
T3 — 1%,

1)23 1123\ ,1[23 1]23
:tr\/(T1‘ _T2| )(Tll _T2| )

=4\/12t33 < V3.

For a fully separable mixed state p = > p;|wi){vil,
we get

17122 (o) = T3 () o

=T pilen) (i) = T2 pili) (@il e
<STpl TP (i) i) — T3 (i) (@il ler
<V3,

which proves the theorem. [

Theorem 5. For any mixed state p =
Ypilei)(pil € HY @ Hf @ Hy, 3opi =1,0 <pi <1,
we have:

(1) If p is 1|23 separable, then ||T11|23 —T21‘23||tr < V6;
(2) If p is 2|13 separable, then ||T12|13 7T22‘13||tr < 6;
(3) If p is 3|12 separable, then ||T13|12 —TQ‘O’HQHW <V3.

Proof (1) If p = |¢){(p| is 1|23 separable, we have
[p1123) = lp1) @ |23) € Hf ® His, where Hfy =
HZ ® H3. Then by Schmidt decomposition, one has
l¢1123) = to|0c) + t1]|18), where t3 + t3 = 1. Taking
into account the local unitary equivalence in H @ H3
and using (9), we only need to consider two cases (i)

{le),[6)} = {]00),101)} and (ii) {|00),[11)}.
For the first case we have ||T11|23 - T21|23||tr <3
by Theorem 4. For the second case, we have [p1)23) =

to|000) + ¢1|111), where Tlll23 and T21|23 are given by

tot1r 0 tots
totr 0 —toty
0 0 0
1/23 tot1 0 toty
Tl | - t0t1w2 0 —t0t1w2 ’ (12)
0 0 0
totr 0 toty
L totlw 0 —totlw i
tot1 0 tot; ]°
—tot1 0 toty
0 0 0
1/23 tot1 0 tot1
T2 | - —t0t1w2 0 t0t1w2 (13)
0 0 0
tot1 0 tots
—totlw 0 totlw i

Then we have

1|23 1|23
1717 =1y,

1]23 1123\ /1|23 1]23
:tr\/(Tl 12 _ T2| T4 128 _ TQ‘ )t
=4/24t2t3 < V6.

Now consider mixed state p = Y p;lpi)(pi|. We
obtain

1T (0) — Ty () | or
=TI pilea i) = T O pilen) (il ler
< pl TP (i eil) — T (19a) (@il ler

namely, [T} (p) = 7% (p) 1 < V6.

(2) If p = |0) (| is 2|13 separable, we have [pq)13) =
[p2) @ |p13) € H3 @ Hys, where HYy = Hf ® H3.
Then by Schmidt decomposition, one has |@;13) =
to|0a) +t1|13), where t2 +t3 = 1. Taking into account
the local unitary equivalence in H? ® H3, we obtain
a similar equation of (9). Thus we only need to con-
sider again the two cases (i) {|a),|8)} = {|00), |01)}
and (ii) {|00),]11)}.

In the first case, [p213) = t0/000) + #1|101), and
T 12 3 and T22 '3 are zero matrices. In the second case,
|Paj15) = t0]000) +¢1[111), with 71" and T35 given
by

tot1 0 tot1

tot1 0 —toty
0 0 0

2[13 tothn 0 tota

Tl | - t0t1w2 0 —t0t1w2 ’ (14)

0 0 0

tot1 0 tot1

L totlw 0 —totlw i
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qt

totq 0 oty

—tot1 0 tot1
0 0 0

2|13 tot1 0 tot1

T2 | - 7t0t1w2 0 t0t1w2 (15)

0 0 0

tot1 0 tot1

—totlw 0 totlw i

Then we have

2(13 2(13
T — 1

213 2[13y ,2[13
:tr\/(T1‘ - T2| )(T1|

=1\/24t3t3 < V6.

For the mixed state p = > p;|¢i) (@i, we have

tr

2(13
—T2| )i

||T2\13( )_ 2\13< )

=T pilen) (i) = T3 O pile) (il ler

<§)M|”3wm%n T3 (10i) (i)l er
<V6.

”tr

(3) If p = [p) (] is 3|12 separable, we have |@3)12) =
lp3) @ |p12) € H3 ® HYy, where Hiy = H? @ H3. Then
by Schmidt decomposition, we have |@3)12) = to|Oco)+
t1]lay) + ta]2a2), where t3 + t2 4 t3 = 1. Taking into
account the local unitary equivalence in HZ @ H3,
we obtain similar equation of (9). We only need to
consider the case |¢3)12) = t0]000) + £1[101) + #2]210).
We have

0

3 — wt? + w3
0
0

3 — w2 + wt3
0

3[12
T

3[12
T

1
OO O O OO
OO O O OO

1L

—

—

[=2)

=

Using 1+ w + w? = 0, we have

T — 1312,

3]12 312y /3]12 3]12
:tT\/(Tl‘ *T2| )(T1| *Tzl )t

=/3(t3 + 1) < V3.

For the mixed state p = > p;|wi) (@i, we get

1T (p) — “%nm
3112 312
”T‘ § pz|901 ‘Pz ! E p1|301 SOz ||tr

<Y nll T (i) eil) — T “%wm%mm
<V3.

As an example, let us consider the 2 ® 2 ® 3 state,

p=z|GHZ'Y(GHZ'|+ (1 —x)l12, 0<z <1,

226

where |GHZ') = 1(]000) + [101) +[011) +|112)). By
123 T1|23H _
123

Theorem 4, we have that when |7}

2\/5+ Dz > /3, ie., 0.5021 < z < 1, p is not fully

separable. By Theorem 5, when ||T1‘23 21|23H =

7218 723 = 2\@+ Da > /6, ie, 0.7101 <
x < 1, p is not separable under bipartition 1|23 or 2|13.
When [T — T3 = D85 > V3, ie., 05714 <
x <1, p is not separable under bipartition 3|12.

4. CONCLUSIONS

We have presented quantum upper bounds for triqutrit
mixed states by using the generalized Bell functions
and the generalized three dimensional Pauli opera-
tors, from which the triqutrit entanglement has been
identified. Our inequalities distinguish fully separa-
ble states and three types of bi-separable states for
triqutrit states. Moreover, any triqutrits states are
5

confined in a cube with size 7 X g X % and the bi-
3.3 3

separable states are in a cube with the size § X 3 x 3
We have also studied the classification of quantum
entanglement for 2 ® 2 ® 3 systems by using the cor-
relation tensors in the principal basis representation
of density matrices. By considering the upper bounds
on some the trace norms, we have obtained the cri-
teria which detect fully separable and bi-separable
2 ® 2 ® 3 quantum mixed states. Detailed example
has been given to show the classification of tripartite
entanglement by using our criteria.
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