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ARTICLE INFO ABSTRACT
Keywords: We introduce the Dunkl-Darboux III oscillator Hamiltonian in N dimensions as a A—deformation
Darboux IIT oscillator of the Dunkl oscillator. This deformation is interpreted as the introduction of a non-constant

Dunkl derivative curvature on the underlying space or, equivalently, as a quadratic position-dependent mass

for the Dunkl oscillator. This new ND quantum model is shown to be exactly solvable, and
its eigenvalues and eigenfunctions are explicitly presented. It is shown that in the 2D case
both Darboux III and Dunkl oscillators can be coupled with a constant magnetic field, thus
giving rise to two new quantum integrable systems in which the effect of the 1—deformation
and of the Dunkl derivatives on the Landau levels can be studied. Finally, the full 2D Dunkl-
Darboux III oscillator is coupled with the magnetic field and shown to define an exactly
solvable Hamiltonian, where the interplay between the i—deformation and the magnetic field
is explicitly illustrated.

Curvature

Integrable deformation
Exact solutions

Landau levels

1. Introduction

The isotropic harmonic oscillator on the N-dimensional Euclidean space constitutes the paradigm of maximally superintegrable
(classical and quantum) Hamiltonian systems, whose superintegrability is deeply connected with the existence of a maximal set of
symmetries for the Hamiltonian. As it is well-known, when the oscillator potential (including also centrifugal terms) is suitably
defined on N-dimensional spaces with constant curvature, the superintegrability of the system is preserved, together with the
dimensionality of the algebra of symmetries (see for instance [1-8] and references therein).

Interestingly enough, a superintegrable version of the isotropic oscillator on a N-dimensional (ND) space with nonconstant
curvature was found in [9,10] (see also [11-19] and references therein). This space is the so-called ND Darboux III space, a
conformally flat space with metric

ds? = (1 + Ax%)dx?, (@b}
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which in the case 4 > 0 has a (negative) nonconstant scalar curvature given by

(N = 1D@2N +3(N - 2)ix?)

R=-2 2
(1 + Ax2)3 @

As it was shown in [9], the Hamiltonian for the maximally superintegrable oscillator on this space is
Hop) = ———— (" + ™), ®)

2(1 + Ax2)
with real parameters A > 0 and w > 0 and where (x, p) are canonically conjugated coordinates and momenta. The curved space (1) is
just the ND spherically symmetric generalization of the Darboux surface of type III [20,21]. Indeed, the Hamiltonian (3) is a genuine
A—deformation of the well-known flat ND isotropic harmonic oscillator with frequency w, which is straightforwardly obtained in
the limit 4 - 0:

Ho = %(p2 +w’x?), ds?=dx}, R=0. 4

Note that the generators of translations (i.e. momenta operators) on the Darboux III space will not commute, since they are defined
on a curved space. However, since this space has non-constant curvature the commutation rules between such translation operators
will not be defined by a Lie algebra, opposedly to what happens in spaces with constant curvature (see, for instance, [22] and
references therein). It is also worth stressing that the Darboux III oscillator can be also interpreted as a nonlinear oscillator (yet
defined on the ND Euclidean space) but whose mass M is position-dependent in the form M(x) = 1 + Ax?. The quantum version of
the ND Darboux III oscillator is an exactly solvable quantum system that has been studied in detail in [10,14].

A further type of symmetry-preserving generalization of the quantum version of the ND isotropic oscillator is given by the
so-called Dunkl oscillator, where usual derivatives are replaced by the Dunkl ones. The Dunkl operator introduced by Yang allows
the definition of a type of deformed oscillator [23], which includes of reflection symmetries [24], which allow the definition of
new quantum integrable models [25-27]. Several authors have generalized different integrable Hamiltonians by making use of the
Dunkl operator, including Dunkl-Dirac [28,29], Dunkl-Klein-Gordon [30,31], Dunkl-pseudo harmonic oscillators [32], and Dunkl-
Duffin—-Kemmer—Petiau oscillators [33]. Recently, some of the authors have studied the symmetries defining the Schwinger-Dunkl
algebra involving the Dunkl derivatives related to the —1 orthogonal polynomials of the Bannai-Ito algebra [34-37]. Moreover, in
Refs. [38-40] the two and three-dimensional curved Dunkl oscillators (associated to the so-called Jordan-Schwinger—Dunkl algebra)
were studied, and the superintegrability of all these models was demonstrated.

The aim of this paper is the introduction of the Dunkl-Darboux III oscillator Hamiltonian, in which the nonlinear deformation
arising in the Darboux III oscillator is supplemented by the additional reflection symmetries associated to Dunkl operators. By making
use of all the abovementioned techniques, this new quantum model will be shown to be exactly solvable in the generic ND case, and
its associated wavefunctions and energy eigenvalues will be explicitly presented. In particular, special attention will be payed to the
N = 2 case, since for that dimensionality we will show that a constant perpendicular magnetic field can be also introduced, thus
giving rise to a biparametric family of exactly solvable models which provide the Dunkl-Darboux III generalization of the Landau
levels.

It is worth mentioning that the study of the two-dimensional Darboux III system under a constant magnetic field could
be physically interesting since we recall that position-dependent mass functions of the type M(x) = 1 + Ax? are relevant in
semiconductor heterostructures, for which their scattering properties [41] as well as wave-packet revivals of the associated
Schrodinger equation [42] have been studied (also, see [43] and references therein for finite gap Hamiltonians with position-
dependent mass and their connection with supersymmetry). On the other hand, Shannon information entropy for the eigenstates
of the Darboux III oscillator in arbitrary dimensions has been recently analysed [44], and provides an excellent benchmark for the
study the interplay between entropy and non-constant curvature (or position-dependent mass).

This paper is organized as follows. In Section 2, the Darboux III oscillator is reviewed in order to provide the necessary
background needed for the rest of the paper. Also, the new quantum Hamiltonian for the 2D Darboux III oscillator in the presence
of a constant magnetic field is introduced and fully solved. In particular, the modifications introduced in the Landau levels by the
nonlinear deformation A and by the magnetic field B ara analysed in detail. The well-known ND Dunkl oscillator is revisited in
Section 3, and the new quantum model defining the 2D Dunkl oscillator in the presence of a magnetic field is also introduced
and completely solved. Finally in Section 4 the ND Dunkl-Darboux III oscillator is defined and solved by making use of all the
algebraic machinery presented in the two previous sections. Again, for the 2D case a constant magnetic field can be also included
in the model, where it is worth noticing that the Dunkl analogue of the angular momentum operator allows for the separation of
variables in terms of polar coordinates, and therefore leads to the explicit solution of the system. Finally, in Section 5, we give some
concluding remarks.

2. The Darboux III oscillator
2.1. The one-dimensional Darboux III oscillator

In order to study the quantum systems associated to the one-dimensional version of the classical Hamiltonian (3), let us consider
the standard definitions for quantum position % and momentum p, operators, with Lie brackets and differential representation given
by

d
Fy(x) = xy (x), Py (x) = —ih lg(X),
X

[%, p,] = in. (5)
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Hence, the well-known quantum version of the Hamiltonian (3) is given by [10,14]

B = —1 [lﬁ2+lw222] L [Pl ©
DT+ axy 125 T 2 G+ | 2772 ’

which is formally self-adjoint provided the Hilbert space L?*(R,dx) is replaced by L?(R?,(1 + 1x?)dx) where (1 4+ Ax?) is the weight
function within the scalar product

(wld), = / w(@)p)(1 + Ax?)dx. o

In the Hilbert space endowed with (7), the Hamiltonian (6) becomes Hermitian (we recall that real spectra can be also obtained
from non-Hermitian Hamiltonians endowed with PT symmetry [45-49]). The corresponding Schrédinger equation # py (x) = Ew(x)
can be written as

% [-7%02 + (0* = 24E) ¥*| w(x) = Ey(x), (8)
which is just a quantum oscillator with an energy-dependent frequency given by

QE)=Va? —21E  whenever o* > 2AE, )
and whose eigenvalues can be obtained by solving the equation

E:h.@(n+%>. (10)
Therefore, we have an exactly solvable one-dimensional quantum model whose explicit eigenvalues come from solving Eq. (10), and

whose eigenfunctions v, (x) are given in analogy with the harmonic oscillator wavefunctions. In this way we obtain that [10,14]

E, = %2 <n+ %)2+h<n+ %) 2n2 <n+ %)2+w2, n=0,1,2,... an

N
v, (x) = A, <ﬁ;> 3 exp [=42x2/2] H,(px), p= \/% (12)

where H,(fx) is the nth Hermite polynomial and A, is a normalization constant. Note that the real parameter 4 can be interpreted as
a ‘deformation’ parameter governing the nonlinear behaviour of #,,, and this parameter is deeply related to the variable curvature
of the underling Darboux space (see (2)). The case 4 = 0 leads to the well-known results for the harmonic oscillator Hamiltonian

H= —hz—zafc + %cozxz with frequency o, which indeed does not depend on the energy E.
2.2. The N-dimensional Darboux III oscillator

In the ND generalization of the Darboux III system [9,10,14], the quantum position and momentum operators (X, p) are defined
by
R =X h. = _,-hi (&, p;] = iRé;; (13)
i i pi = axi’ i»Pil = ij*

Thus one can use the standard notation

2 2
V= i7'”’i , A=V2=0—+---+0—, 14)
ox,” " oxy ox? ox3%,

and from the point of view of the so-called ‘Schrédinger’ quantization [14], the quantum Hamiltonian is given by

1 Lo 1 5.0 1 2, 202
i =—[- yo x]:———V+ x| . 15
aireurol CLIE A (1+/1x2)[ v te (15

This quantization prescription preserves the maximal superintegrability of the system in a straightforward way due to the immediate
quantum transcription of the (2N — 1) classical integrals of the motion, which are given by the operators

Ii=p-20¢ 0y +0?*§?,  i=1,...,N, (1e6)
N | <N &
and therefore Hpy = 5 3.0, 1;.
By taking into account a factorized wave function together with the eigenvalue equations for the quantum integrals /;
N

v = [[wied,  3LPE =y, 17)

i=1

in which w(x,) € L*(R, dx,), the eigenvalues v, are shown to be [10,14]

v,-Ev,-(E,n,-):h.Q(ni+%>, n=012,... (18)
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Fig. 1. Schematic representation of the energy levels (20) for the parameters 7 = w = I, N =2 and 4 = {0,0.02,0.04,0.04,0.06} with quantum numbers n =0, 1, ..., 5.
When 1 =0 the energies of the isotropic harmonic oscillator are recovered.

and the one-particle wave functions y(x;) are

1
2\ 3
wi(x) =y, (E,x) = A, <ﬁ;) exp [-47x} /2] H,, (Bx)) . (19)

From these expressions and by taking into account that Hp, = % 21111 I,, the discrete spectrum of the Hamiltonian (15) can be shown
to be

2 2
5n=—h2,1(n+%) +h(n+%>\/ﬂ2h2(n+%) +w?,  n=

Note that the spectrum of the Darboux III oscillator has the very same degeneracy as the ND quantum isotropic oscillator, but its
eigenvalues are deformed in terms of the curvature parameter A, thus giving rise to a nonlinear spacing among them. This discrete
spectrum for the first six levels of the N = 2 model is depicted in Fig. 1 for several values of 1. As we can observe, by increasing
the deformation parameter A, higher eigenvalues become more compressed, albeit the maximal degeneracy of the full spectrum is
preserved with respect to the ND harmonic oscillator case.

n, n=0,1,2... (20)

™=

i=1

2.3. The 2D Darboux III oscillator coupled to a constant magnetic field

As it is well-known [50-53], the isotropic oscillator on the flat 2D Euclidean space under the action of a constant perpendicular
magnetic field in the z direction is also an exactly solvable quantum model. In fact, if we consider the symmetric gauge

_(_By Bx
A-( 2,2>, @1)

the classical Hamiltonian reads
2 2
1 eA eA 1
A =3 [<px—7*> +<py—7y> ] +§co2(x2+y2), (22)

which can be written as
_1[ 2, 2 20:2 4 2 1L 5 2,
jf—i[(px+py)+coc(x +y)—2wcLz]+§w " +y), (23)

where o, = % is the Larmor frequency and L, = xp, — yp, is the angular momentum in the z direction. Therefore, by introducing
a modulation frequency given by @ = w? + ?, the Hamiltonian reads

1 -
=1 [(pi + P+ P63+ ) - 2o, Lz] . (24)
The quantum counterpart of this Hamiltonian can be written as

H = Syt A = 3|+ )+ P+ P)] - oL, (25)
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and since both terms commute [f%f”m, jizL] = 0, the problem can be solved in terms of simultaneous eigenfunctions of both operators,
where the first one is just the 2D isotropic oscillator with frequency @. Such eigenfunctions v, ,, depend on two quantum numbers
which can take values n =0,1,2,... and m =0, +1,+2, ..., and their eigenvalues E, , are given by [50-53]

E,y=h&dQ2n+|ml+1)-ho, m. (26)

In the following we will show that if we consider that the initial oscillator has a position-dependent mass of the type M(x) =
1+x2 = 1+ A(x2+)?), a new exactly solvable quantum model arises, which can be called the 2D Darboux III oscillator on a constant
magnetic field.

In the presence of an external uniform magnetic field B, this system would be defined as

_ 1 [ eAy : ed, P 2, .2
ijl—m <px— B > +<py—T +7(X +y9)|, 27)

where e is the charge of the particle, and A is the magnetic vector potential in the symmetric gauge. When substituting Eq. (21)
into Eq. (27), the Hamiltonian can be written as
1

2
5 2, 2 202, 2 [P )
Hy = —2(1 D) (P +py)+coc(x +y)-2w.L, + > x“+y )] . (28)

Therefore, with the same modulation frequency as above @ = w? + ?, the Hamiltonian reads

1
T2(1+ Ax?)

Hpr [(pi + pi) + @ (x2 + %) — Za)cLz] . 29)
In the following we show that the quantum version .7, of this model can be also exactly solved by following the same steps
described in Section 2.2 for the Darboux oscillator. In particular, we will have that %Dr, is an integrable A-deformation of the
quantum 2D harmonic oscillator Hamiltonian under the presence of a constant magnetic field.
If we use polar coordinates (see Appendix), then the Laplacian operator takes the form

1 1

2 _ 52 2 _ 32 2
\ _ax+ay_a,+;a,+r—2Lz, (30)

and under the usual quantization prescription we have L, = —ihd,. Therefore, the quantum Hamiltonian reads

5 1 2(2, 1 1 » . ~22
‘%OD’ = m [—h <0r + ;ar + r—209> +21hw669 + o°r ] . (31)
The wavefunction in polar coordinates y(r, §) may be factorized as
v(r.0) = L\[u(r)e”"", (32)
r
with m € Z, and then the eigenvalue equation for the radial function u(r) arising from Eq. (31) becomes
W25 R, 1\, 1, _
7@ + W (m Z) + EQ ro| u(r) = &,,,u(r), (33)

where @ = \/@? - 26, 1, and we will denote &,,, = &,,, + hmo,. Thus, the eigenspectrum in terms of different quantum numbers
(n,m) is obtained by solving the equation

& m = hOQn+ |m| + 1), (34)

which leads to the following explicit expression for the eigenvalues:

Epm = —hmaw, — W A2n + |m| + 1)* + h\/[hmn +|ml+1)2 + mwc]z +@2Qn+ |m| + 12 — m2e? (35)

where the quantum numbers are again n = 0,1,2,... and m = 0,+1,+2,.... Eq. (35) shows the eigenvalues of the i-deformed 2D
quantum oscillator in a constant magnetic field. When we examine these eigenvalues, we observe that in the absence of a magnetic
field and when the deformation is zero, E, ,, = E,/ s in all cases where 2n + |m| = 21" + |m’|. Moreover, when there is no magnetic
field (w, — 0) but the deformation A is non-zero, we find that E,’,lfno < E=0, thus resulting in identical degenerate states. This means
that for a given state, when 1 increases the related energy decreases. On the other hand, for all values of A, when the magnetic
field is non zero, the degeneracy will be removed and E,, |, < E,_;,,- When the magnetic field vanishes, so that when w. — 0, this
expression leads to the eigenvalues obtained in (20) for the Darboux III Hamiltonian H p in two-dimensions. On the other hand, in
the limit 4 — 0 of constant mass we recover the eigenvalues (26) of the 2D oscillator within a constant magnetic field. Therefore,
this model can be interpreted as a two-parametric (w,, 1)-deformation of the 2D isotropic oscillator. The solutions of Eq. (31) can
be written in terms of the corresponding normalized eigenfunctions, namely

I'(n+ |m|)

T+ |ml+ Drx (36)

2 ~l+|m| ﬁa 2 . ~ Q
V(. 0) = [ ] PRI LI (22) e, =

where Ll,ml(u) are generalized Laguerre polynomials.
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Fig. 2. The Landau levels are shown in terms of their quantum numbers (n,m) for the usual case (null magnetic field) and for B = 0.1,0.2,0.5 (where some of
the splittings induced by m arise) by following (26), with # = w = 1. Note that here 1 =0.

The lowest energy levels of these exactly solvable quantum systems are plotted in Figs. 2 and 3. The first one presents the 1 =0
case, i.e., the Landau levels for a quantum oscillator under in a uniform magnetic field. The second one shows the influence of the
A-deformation on such Landau levels for the cases with both null and non-vanishing magnetic field. Note that when B = 0 there is
a change of energies for the Landau levels, but they do not split in terms of m since they correspond to the expression (20) for the
Darboux III oscillator where n — 2n+ |m| and N — 1, and thus the level structure shown in Fig. 1 is reproduced. On the other hand,
when B # 0 the combined effect of the magnetic field and the position-dependent mass governed by A can be appreciated.

3. The Dunkl oscillator
3.1. The one-dimensional Dunkl oscillator

We recall that the Dunkl oscillator is another exactly solvable quantum system constructed in terms of Dunkl operators. In the
Dunkl quantum mechanics the momentum operator is expressed in terms of the Dunkl derivative instead of the ordinary derivative.
These operators satisfy the following commutation rules [34,54-56]

5 n

P.==-Df,  i=x, [%, P =ih(1 +2u,R)), 37)

i
where the Dunkl derivative is defined as

D' =0, + %(1 - R, (38)
where yu, is real parameter such that y, > —1/2, and R, denotes the reflection operator with respect to the plane x = 0 which acts
in the form R, f(x) = f(—x). The Hamiltonian for the one-dimensional Dunkl oscillator is defined by

by L ®

Since [Hp, R,] = 0, the eigenfunctions f(x) may be chosen to have a well-defined parity R, f(x) = e, f(x) with e, = +1. We can also
say that ¢, =0, 1 for e, = +1 provided that g, = (1 —e,)/2. Hence, the eigenfunctions of the Dunkl oscillator are given by

UJZXZ

o= W HY(2x),  n =0,12,... 40)

where H:;(”;’x) are the generalized Hermite polynomials [57]
)
1 xT4x—
HY (@0 = (1) | —— s, (%), (41)
ar [n+/4x+qx+ 5]

and the energies of the model are given by the eigenvalues

K,f’: =k(E',n,,e,) = ho (nx +u, + %) . (42)
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We recall that the eigenfunctions of the one-dimensional Dunkl oscillator are normalized and orthogonal on the weighted L? space
endowed with the scalar product [58]

(6lf) = [ T s (43)
3.2. The ND Dunkl oscillator

The Dunkl oscillator can be generalized to N dimensions [24,34-36,59]. In doing so, the Dunkl momentum operator P associated
with the reflection group Z1 is defined by

P=(B,....Py) =_ih( D Dgg,...,pgg). (44)
In fact, we can write

Vp= (DI, DY) Za +—(]I R) (45)

where I is the identity operator, y; > —1/2 are real numbers and the operator R; is the reflection operator with respect to the plane
x; = 0, namely
R, f(x) = f(=x). (46)

The Dunkl-Laplacian operator for Zg’ is therefore defined by

N
Ap = V3= (DI P+ (DN = N 02 + 2500, = 5= R). (47)
i=1 i i
This is a second-order differential-difference operator which reduces to the usual Laplacian V = 6)2(1 + 6}2(2 + o+ 0)2(N, when
M) = Hp = - = uy = 0. The Hamiltonian of the corresponding N-dimensional Dunkl oscillator problem is given by
R 2
Hp =—%V%+%w2x2, (48)

and since this system is separable, the related eigenfunctions and energy spectrum are given in the form

F G 00 = Hf G, “
J N
B = D = ho (ny i+ ). 50

in which n, = Z{il n, and p, = Zi]il 7
3.3. The 2D Dunkl oscillator coupled to a constant magnetic field

In this section we will describe the 2D Dunkl oscillator in a constant magnetic field aligned along the z-axis, which will give rise
to the Dunkl generalization of the Landau levels. The model Hamiltonian will be defined as

2 h2 . ’ . a~)2
Ay = =V + i, (xD = yDlr ) + -2+, (51)
where V% = (Dﬁ*‘ )2 +(D;‘y )2, and the Dunkl derivatives D,, are substituted instead of the standard partial derivatives oy, By making

use of polar coordinates, the Dunkl-Laplacian operator can be written as
1
Vi=0*+ (1 + 24, +2p,) 0, — = (P =2pmy(1 - R.R)), (52)

where the angular momentum operator is J = ih(xD - yD” *) so that /2 = Hy+2ppuy(1 - R.R)), and H, is given in Eq. (A.6) of
Appendix. By substituting Eq. (52) and the definition of the operator 7 into the Hamiltonian (51), the following operator arises in
polar coordinates:

2 \or?

In the following we present the solutions of the two-dimensional Dunkl oscillator in the presence of the magnetic field. Our
results are based on the fact that the operators R,, R, commute with the one-dimensional Hamiltonians A, Jf;, respectively. Since
reflection symmetry is understood as an element of a finite group Z,, having two irreducible representations for modes with even
and odd parity, then the full Hilbert space of the system is splitted into even and odd sectors. Therefore, the resulting eigenfunctions
for the two-dimensional Dunkl oscillator can be chosen in such a way that they have a definite parity, as it is the case by considering
the following two possibilities:

2 n? 02 d n? »?
ij=__< (1+2;4x+2,4y) 0r> +55 (Jz—2yxyy(l—Rny))+%r2+ha)c] (53)
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Fig. 3. Schematic representation of the Landau levels (35) for the i—deformed Darboux oscillator with quantum numbers (n,m) for the i—deformed Darboux
oscillator, and also in conjunction with different magnetic fields of B =0.1,0.2,0.5. Again, we take h=w = 1.

3.3.1. Case R, =R,

If both sectors are of the same type, e, = e, = 1 or e, = ¢, = —1, this leads to ¢ = e,e, = 1, where e, and e, are
the eigenvalues of R, and R,, respectively. By using the results of Appendix, JF, = o,F, where F, = X;,’f(O) +iX 7(0) and

= £24/m' (m’ + p, + ), m' € N, where X+Jr and X" are explicitly given in Egs. (A.11) and (A.12).

For e, =e, =1, we have y**(r,0) = R**(r)F ). In order to find the radial solutions, we set R**(r) in the following eigenvalue
equation

2 o2 _
% [—h (;2 +—-(1+2u,+ Zﬂy)— + —> + 032,-2] RY**(r) = &TRYH(r), (54)

where &+ = &+ — ho.o, . Therefore, the radial solutions for the coupled Hamiltonian (53) are

2
—px—py+y/ FI Y (T
RIH(r) = r it Vit 4L g2 g VISTOTE0 012y (55)

and the energy spectrum is given by the explicit expression

é”:m, = ho <2n+\/(ﬂx+ﬂy)2+0'3_+l> + hw,o,. (56)

In the same manner, for e, = e, =—1, the wave function is y~~(r,0) = R~ (r)F,(9) with the same JF, = o, F,. Consequently, the
radial eigensolutions of (53) are again given by
5 2
R() = st Vg ol =3z | VOt e L), (57)

and also the eigenvalues are the same as in (56).

3.3.2. Case R, =—R,

Here, we shall consider ¢ = e.e, = —1, and there are two possibilities: either e, = —1,e, =1 or e, = 1,=¢, = —1. As the previous
case, from Appendix, we have that JF_ = o_F_, where F_ = X;,‘ (9)11‘X,;,+(9) in which X;,‘(H) and X;f“(e) are given by Egs. (A.14)
and (A.15) of Appendix, so that we have o_ = +2./(m’ + u,)(m" + p,), m € {%, %, ot

For the case e, = —1 and e, =1, we find that the Hamiltonian (53) leads to the equation

1 P o (02 —=duem)\ _ o
3 [—hz(a S+ = (1+2,4X+2,4y)— ,—zy +@ | R7 () =& R (1) (58)

where we have defined &~ = &~ — hw.o_. As in the previous case, Eq. (58) has admissible solutions y*~(r,8) = R*~(r)F_() where
the radial solutions R*~(r) are obtained by solving Eq. (58), and read

2
— iy~ a2 —20 2 A f(ue—py,)2 462 2
Ry™(r) = Vil thom T T g VIRTRTET (a2 (59)
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Fig. 4. Schematic representation of the first few Landau levels (56) and (60) with quantum numbers (n, m’) for the null magnetic field (the usual Dunkl oscillator)
and for B =0.1,0.2,0.5. Note that here 1 =0, 7 = w = 1 and the parameter values yu, = u, = 0.02. The left figure of the levels are those with the even sector
e.e, =+1 and the right figure of the levels are those with the odd sector e,e, = —1.

together with their eigenvalues

&, =hd <2n +4/(y — )2+ 02 + 1) + ho.o_. (60)

Similarly, for case e, = 1 and e, = —1 from Eq. (58), we obtain R*~(r) = R™*(r) with the same eigenvalues éan:",. The first
few energy levels of the Dunkl oscillator systems are drawn in Fig. 4. It provides the Landau levels for the Dunkl oscillator under a
uniform magnetic field, for which the deformed parameter is set as 4 = 0. These levels are the cases with both null and non-vanishing
magnetic fields. Moreover, under the parity, e.e, = ¢, we present the numerical results to the energies given in (56) and (60) in
Fig. 4, which separates the spectrum of the system into two-level forms, even and odd. For both, it is seen the states with the same
energy N — 2(n+ |m'|), which these degeneracies can be broken to the different values in presence of the magnetic field.

4. The Dunkl-Darboux III oscillator
4.1. The one-dimensional model

At this point it seems natural to introduce a model called Dunkl-Darboux III oscillator (%) through the Hamiltonian

- 1 n? »? 1 4

Hpp = ) —7(0’;*)+ sz = mHD, (61)
which we will show to be a new exactly solvable quantum model. This model describes a nonlinear oscillator with a momentum
operator given in (37), and can be interpreted as a new i—deformation of the one-dimensional Dunkl oscillator. We recall that this
deformation can be interpreted either as the motion on a space with nonconstant curvature or as the introduction of a position-
dependent mass. Note that when p, = 0, the Hamiltonian (61) corresponds to the Darboux III quantum oscillator (6), and when
2 — 0, the Hamiltonian 7 pp turns out to be the Dunkl oscillator given in (39). Indeed, when both y, and A vanish, the Hamiltonian
(61) is just the isotropic harmonic oscillator.

As a first relevant fact, it turns out that #,,, is formally self-adjoint on the Hilbert space L*(R?, (1 + Ax?) |x|*x) defined by the

scalar product

(olz) = / P + 1) x]dx, (62)

In the following we obtain the spectrum and eigenfunctions of the Dunkl-Darboux III quantum oscillator by solving the Schrédinger
equation coming from the Hamiltonian (61), namely

i _ 1 i —
Hpp @(x) = RS Hp o(x) = E"p(x), (63)
Hpo(x) =1+ Ax?) E” p(x). (64)

Similarly to what we had for the Darboux III oscillator (8), we are led to consider the following equation

3 [FRDEP + @ = 2B 03] 0) = E (), (65)
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and we can define the new energy-dependent frequency

QE"y=Vw? -2E"1 where w®>2E"A. (66)

Hence, eigenfunctions of #{p, can be expressed as

2,2

ey S Hx (!
n(X)=e 2 H,*(fx), n,=0,1,2,... (67)
in which
12 01 (ll +q 1)
xTdx ™ /
@ = 1 | e, g, =2 ©68)
' I’[n+/4x+qx+%]
And the energy spectrum is explicitly obtained by solving the equation
Er = E(E" nye,) = heY (nx I %) . (69)

in terms of E”, which gives an expression identical to (11) with n - n, + u,.
4.2. The ND Dunkl-Darboux III oscillator

This section is devoted to the N-dimensional generalization of the Dunkl-Darboux III oscillator Hamiltonian, which is defined

as
~ 2 2 ~
Hpp =m [—%AD+%X2] :(1+—1/1X2)HD. 70)
By following the same approach as in the previous subsection, the eigenvalue problem can be written as
N
R § (O GRS )
i=1 !

By taking into account the wave functions of Eq. (67), eigenvalues turn out to be

i . i N
& =e () =2 (ng + i+ ). (72)
where once again Q'(E"”) = Vw? —2E" ). In this way we obtain the following explicit expression for the energies of the ND
Dunkl-Darboux III oscillator ¥ &' = &1>"*N ~in the form

Py Mgy 5o XN

B 2 2
Ze1een .= ey (nx + uy + %) +h (nx + py + %) \//12712 <nx + uy + %) + w?. (73)

Mgy sy seeesli s

4.3. The Dunkl-Darboux III oscillator coupled to a constant magnetic field

In two dimensions, the Hamiltonian representing the Dunkl-Darboux III oscillator under a constant magnetic field aligned along
the z-axis would be given by

A 1

292 2.2 2
Hpp = ) [-7*V} + 270, T+ @*(x* + y7)] . 74)
By making use of Eq. (52), the radial Hamiltonian takes the form
5 1 n (o 1 ) n o, @? 5
%DDI—m |:—7 <m+;(l+2ﬂx+2ﬂy) ;)‘Fﬁ(j —Zyny(l—Rny))+ha)£j+ 7" . (75)

It can be easily checked that [R,,. %) ] = [Ry, 2] = 0, and [Rny,jizD p’]1 =0, and the operator R, R, also commutes with the
operator J. Therefore we can make use of the results obtained in Section 3.3. It what follows, we divide the radial solutions of
Eq. (75) separately in two cases, namely e,e, = 1.

4.3.1. Case R, =R,
In this case, ece, = 1, by substituting the eigenvalue of the operator 7 equal to o, in Eq. (75), we can solve the radial
Dunkl-Darboux III equation, which is

Dl 2, Lasou +2u)2 + ﬁ + 2| B = E () (76)
2 oz r R P - ’

where @ = V@2 — 216+ and & = £ — ho 1o, Hence, the energy spectrum of the Dunkl-Darboux III Hamiltonian given in (75) can
be obtained by solving the equation

57:=h!§<21~c+\/(ﬂx+ﬂy)2+oﬁ+l>‘ (77)

10



A. Ballesteros et al. Annals of Physics 460 (2024) 169543

We immediately show that the energy spectrum is

2
& = hoo, — 12 (212+\/(;4x+;4y)2+0'3_+1> (78)

2

2
2
+h <h/1<2/}+\/(;4x+yy)2+ai+1> —wca+> +a@? (2/E+\/(Mx+yy)2+ai+1> - w2o?2,

with the eigenfunctions of the Dunkl-Darboux III oscillator given as
() = TV Ut g [‘ﬂ?zrz] LYo gy o [2) 79

In order to obtain the explicit form (plz,‘(r, 0) = %{,‘(r)F +(0) and its energy spectrum with two odd indexes, we should use Egs. (77)

and (79) with the different quantum number %'.

4.3.2. Case R, =R,
Finally, we consider the second possibility given by ¢ = e,e, = —1. Thus, from Eq. (75) we find that the radial part of the
eigenfunctions y/;’ r,0) = %’;(’)F— (6) are given by the equation

2 2 -4 .
= [—rﬂ <— SV 2,4y)i + w) + fﬂﬂ] R (r) = E; R (), (80)
r or r? 4 ‘

where now Q; = V@? — 2/15;; and £; = & — hwpo_. Therefore, in this case the energy spectrum & is

& =nQ <2i+\/(yx—;4y)2+<r%+l>, @1

Substituting the expression for Q, the eigenvalues are found to be

2
& = hweo_ —n%A <2i+ Ve — )2 +02 + 1) (82)
2

) 2
+h (h/1<2i+\/(;4x—;4y)2+02+1> —a)ca_> + @2 <2;f7+\/(;4x—;4y)2+a§+1> - wlo?.

The explicit expression of eigenfunctions in terms of generalized Laguerre polynomials is
) 2 N PRI
B (r) = TV o ['ﬂ?fz] LY 22, (83)

Under the condition e, = 1 and e, = 1, we find that the solutions of the eigenfunctions q/f?f(r, 0) = Q%’;’(r)F_(Q) are the same given
in Eq. (83) with the eigenvalues of £ given in terms of the quantum number #’. In Fig. 5, we have drawn numerical values for the
first energy in the new model of the Dunkl-Darboux III, which is a combination of the two previous models. Plots of the Landau
levels indicate the influence of the 1—deformation parameter for the Dunkl-Darboux III oscillator in the presence and absence of
the magnetic field. It is enough for one of the parameters y;, B;, and 4 to go to zero, in this case, we will gain one of the modes
discussed in the previous sections.

5. Conclusions

Summarizing, in this paper we have introduced a new family of exactly solvable quantum models in N-dimensions that are
constructed as integrable deformations of the isotropic oscillator Hamiltonian in two different, albeit compatible, directions. In the
first one, a conformally flat space with nonconstant curvature is introduced as the background space for the model. On the other, the
discrete symmetries provided by Dunkl operators can be also incorporated. The deformed symmetries allowed by both approaches
turn out to be fully compatible, and provide all the tools needed in order to solve the Dunkl-Darboux III model explicitly. Finally, in
the 2D case a constant magnetic field can be also included by preserving the exact solvability of the Dunkl-Darboux III Hamiltonian.
Moreover, the role played by the curvature parameter, the Dunkl eigenvalues and the magnetic field in the energies and degeneracies
of the corresponding Landau levels can be explicitly shown.
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Fig. 5. Schematic representation of the first few Landau levels (78) and (82) with quantum numbers (n, m’) for the i—deformed Dunkl-Darboux oscillator with
the different magnetic fields B = 0.1,0.2,0.5, where the parameters are set with 4 = w = 1 and u, = u, = 0.02. The left figure of the levels are those with the
even sector e.e, = +1 and the right figure of the levels are those with the odd sector e e, = —1.
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Appendix. N-dimensional hyperspherical coordinates and Dunkl derivatives

In analysing the Darboux systems generalized with Dunkl derivatives on spaces of nonconstant curvature, the generalization
to N-dimensional spaces of the hyperspherical coordinates r,6; is needed (see [13] for details). They are formed by a radial type
coordinate r = |x| € R* and N — 1 angles 0; such that 6, € [0,27) for k < N — 1 and 0y_, € [0, 7). The coordinates are defined in
correspondence with the Cartesian coordinates:

-1

N-1
%;=rcosh [[sind,, 1<j<N  zy=7]]siné, (A1)
1 k=1

-

~
Il

Hence the metric (1) takes the form

N-1 -l
2 _ 2y i 1 12402 2 _ 2T gin2
ds? = (1+ a2 + 742D, dQ* = Y do? [ sin 6. (A.2)
j=1 k=1
Now, by considering the introduction of the quantum operators p, = —io,, Py, = ~idy,, the corresponding Dunkl derivatives are
defined as
Jo1 cosf, I=L [IZ) sind, sinf, Hj
D; = || sind;cos;0, + — ! Z k[zllﬂ — c0s 6,05, — — L0, + — —— (=R, (A.3)
k=l i3 I,z sinb, PITZ sin@, 7 #cosd; T, sin0y

12
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N-1 Nt Y- sind, u
Dy = H sin6,.0, + — % cos 0,0y, + %(1 — Ry). (A4)
k=1 r 1=1 Hm:I sm6‘m 'A‘szl sm&k

Then the explicit expression for the N-dimensional generalization of the Dunkl operators (A.3) allows to write the Dunkl-Laplacian
operator as
2 2u;+N-1
A D= 0_ + - i + i
or? r or 2
where the operator H, is given in the two-dimensional case by

u(1—R,) . uy(1-Ry)

Hy, (A.5)

2

Hy = —;? + (u, tan—p,, cot 0) % + Y 7y (A.6)
so that H, is related to the square of the Dunkl operator .7 in the following way

= Hy+2u.u,(1 - R.R), (A7)
where in polar coordinates the operator 7 takes the form

J=i(0p+mu,cot0(1 —R)— u, tan6(1-R,)). (A.8)

From the results presented in Refs. [29,32,34], we summarize the results for the eigenvalues of the angular momentum. In this way,
we have the eigenvalue equation in the following form

JF, =o,F, (A.9)

eter

in which e = e e, = +1, and e,, e, are the eigenvalues of the reflection operators R, and R,, respectively. Since e = +1, eigenvalues
and eigenfunctions of 7 can be obtained for R, = €R,. When R, = Ry, that is € = 1, the solutions of Eq. (A.9) of 7 are given by

F, = X;;ff(e) +iX-7(6) (A.10)

with

Qm' + pu, + pu,) LM + p, + p,)m'! _ _
X+H0) = \/ x Ty x T plst /2l ) (A.11)

20(m + py + 1/2)0(m" + iy, +1/2) "

(x), (A.12)

Qm' + p, + p,) LM + p, + p)(m —1)!
X (0= — Y sin 6 cos HP(’,‘XH/z’”yH/z)
m 20 (m' + py + 1/2)T(m’ + py +1/2) m'=1

where m' is a non-negative integer, o, = +2/m’(m" + u, + Hy)s and P;”,”ﬂ )(x) are the Jacobi polynomials with x = — cos 2. While for

R, = —=R,(e = —1), the solutions of J leads to the expression
Fo=X_HO)FiX}(0) (A.13)
with
@m' + u, + p )T + i + p, + 1/2)(m’ = 1/2)! _
Xt (0) = i T / 2 U 22 o, (A.14)
m 2I(m + p )L + py + 1) m'—1/
Cm' + p, +u )M + p, +pu, +1/2)(m" —1/2)! _
XH0) = x T Hy iyt 1/ 2! s gpUeT 2D ) (A.15)
m 2 (m' + py + DM + p)) m'=1/2

where m' is a positive half-integer, and o_ = +2/(m’ + pu)(m’ + Hy)-
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