Journal of Mathematics Research; Vol. 13, No. 2; April 2021
ISSN 1916-9795  E-ISSN 1916-9809
Published by Canadian Center of Science and Education

The Damped Harmonic Oscillator at the Classical Limit of the
Snyder-de Sitter Space

Latévi M. Lawson', Ibrahim Nonkané? & Komi Sodoga®

! African Institute for Mathematical Sciences (AIMS), Summerhill Estates, East Legon Hills, Santoe, Accra, Ghana P.O.
Box LG DTD 20046, Legon, Accra, Ghana

2 Département d’économie et de mathématiques appliquées, IUFIC, Université Ouaga II, Ouagadougou, Burkina Faso

3 Laboratoire de Physique des Matériaux et des Composants 2 Semi-Conducteurs, Département de Physique, Faculté des
Sciences, Université de Lomé, Lomé, Togo.

Correspondence: Ibrahim Nonkané, Departement d’économie et de mathématiques appliquées, IUFIC, Université Ouaga
II, Ouagadougou, Burkina faso 12 BP 417 Ouagadougou 12. Tel: +226 25 36 99 60. E-mail: inonkane @univ-ouaga2.bf

Received: January 4, 2021  Accepted: February 1,2021  Online Published: February 2, 2021
doi:10.5539/jmr.v13n2p1 URL: https://doi.org/10.5539/jmr.v13n2pl

Abstract

Valtancoli in his paper entitled (P. Valtancoli, Canonical transformations and minimal length, J. Math. Phys. 56, 122107
2015) has shown how the deformation of the canonical transformations can be made compatible with the deformed
Poisson brackets. Based on this work and through an appropriate canonical transformation, we solve the problem of one
dimensional (1D) damped harmonic oscillator at the classical limit of the Snyder-de Sitter (SdS) space. We show that
the equations of the motion can be described by trigonometric functions with frequency and period depending on the
deformed and the damped parameters. We eventually discuss the influences of these parameters on the motion of the
system.
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1. Introduction

The search of quantum gravity is one the active field of research that has attracted much attention in the last decades.
Among all the candidate theories (Amati, Ciafaloni, & Veneziano, 1989; Scardigli,1999; Rovelli, & Smolin, 1995) to
address this problem, the non-commutative geometry seems to be the promising approach to quantum gravity. In this
sense, more recently, Lawson has proposed a model of quantum non-commutative geometry (Lawson, 2020; Lawson
2021) that may describe the space-time at Planck scale. The interesting physical result obtained in this theory which
differs from similar theories ( Fring, Gouba,& Scholz, 2010; Lawson, Gouba, & Avossevou, 2017) is that, this non-
commutative space-time leads to minimal and maximal lengths of graviton for simultaneous measurement. The existence
of this maximal length which is the basic difference from the one of the minimal length scenario, brings a lot of new
features in the representation of this space and could be the approach candidate to the measurement of quantum gravity
with energies currently accessible in a laboratory.

However, more general models of non-commutative spaces exist and describe the structure of spacetime at short distance
and preserve the Lorentz invariance. The best known is the Snyder model (Snyder, 1947 ), which is the first attempt of
introducing a fundamental length scale and is invariant under the Lorentz group. This model is generalized to a spacetime
background of constant curvature namely the Snyder-de Sitter (SdS) model (Kowalski-Glikman,& Smolin, 2004). It
is an example of non-commutative spacetime admitting three fundamental parameters and is also called Triply Special
Relativity (TSR) and is invariant under the action of the de Sitter group ( Kowalski-Glikman,& Smolin, 2004). Some
applications of this work have been done in ( Mignemi, 2009) and the model of a free particle and of an oscillator have
been solved in this framework.

A characteristic of non-commutative spaces is that the corresponding classical phase space is not canonical i.e. the
Poisson brackets do not have the usual form. Thus, at the classical limit of the SdS space the solutions of free particle
and harmonic oscillator systems had been also obtained by substituting the generalized commutations with the deformed
Poisson brackets ( Mignemi, 2012). Hence, in this paper we are interesting in the study of a one dimensional (1D) damped
harmonic oscillator (Kanai, 1948; Caldirola, 1914), in the deformed Poisson brackets. Since this system is explicitly time-
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dependent, to determine its solutions of motion, we first make the Hamiltonian simpler by means of a suitable canonical
transformation. Then we solve the equations of motion for the new canonical variables in the deformed Poisson brackets.
We provide the solutions of the motion in terms of trigonometric functions where the frequency and the period of the
motion depend on the deformed and the damped parameters. We show that when the damped parameter is less than a
certain value of the deformed parameter, the gravity induces faster motion of system but when it is greater than this value
the dissipation slows down the motion of the system.

This paper is organized as follows. In section (2), we review some properties of quantum SdS model and classical limit of
SdS model in 1D. We extend in section (3), the classical procedure on the canonical transformation. Based on this study,
we explicitly solve in section (4) the 1D damped harmonic oscillator in the classical limit of SdS model. We provide the
solutions of the motion in terms of trigonometric functions where we discuss the influence of the deformed parameters
and the friction parameters on the motion of the system. We present our conclusion in section (5).

2. Classical Snyder-de Sitter Space

The non relativistic quantum SdS model i.e the Snyder model restricted to a three-dimensional sphere is generated by the
positions operators %, the momentum operators p, and the Lorentz generators J,,,, such as

28] = B [P p] =ic’ S, wv=0,.3
[ D] = i (M + P 5uRy + B2 Dby + QBRuby + Py = Jy)) - (1)

where n = diag(—1, 1, 1, 1) is the flat metric and the coupling constants 3, @ (¢8 < 1) have dimension of inverse length and
inverse mass, respectively. They are usually identified with the square root of the cosmological constant & = 10~>*cm™!
and with the inverse of the Planck mass, 8 = 10°g~" (Mignemi, 2009) . The Lorentz generator with their standard action
on the position and momentum operators £, nd p, satisfy the usual commutation relations such as

[ijpp] = i(nvﬂéy - leﬁv), [jyv’,\pu] = i(nv/l)?y - nuﬂ)%v)s
[]ﬂw ]p(T] = i(nvaVO' - nowjpv - n(TVJpﬂ)’ h=1. 2

The limit @ — 0 the SdS space (1) gives the flats Snyder space (Snyder, 1947)

[ 8] = iy [ 1 =0, [ o1 = i (i + B Puuby) - 3)

while the limit 8 — 0 yields the Heisenberg algebra of quantum mechanics in a de Sitter background endowed with
projective coordinates (Mignemi, 2012).

In one-dimensional case, the algebra (1) is reduced into
[, p] = i(1+a?% + B2p7 + af(ip + p3)).  [%.%]=0=[p.p]. 4)

and for the simple case (%) = 0 = (p), the uncertainty relation is given by

AxAp > — 5
A R ®)
If @, 8 > 0, they imply the existence of both minimal position and momentum uncertainties, given by
o
Av=—P  _pi-ap). Ap=—" = a(l-ap) (6)
1+ 2ap 1+ 2ap
For a, 8 < 0, no minimal uncertainties emerge (Mignemi, 2012).
In one dimensional classical limit, the commutator (4) is replaced by the deformed Poisson bracket
(.p)=1+(@x+pp)’, {xx}=0=(pp} (7
The equations of motion governed by the classical Hamiltonian H(x, p) are given by
OH OH
i o= (nH)=——(x.p}=——(1+(ax+pp)), (8)
ap ap
OH oH
p o= p.Hi=———{xp}= = — (I + (ax +fp)’). ©)
Ox ox
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3. Deformed Canonical Transformation

It is well known in the formulation of classical mechanics that, the transition from the canonical variables x and p to new
arbitrary canonical variables X and P which is called canonical transformation lets the physics of the system invariant.
Therefore, the canonical transformation of the variables x and p into the variables X and P defines a new Hamiltonian
K(X, P). 1t is defined by the map

x,p, H(p, x) — X, P, K(X, P), (10)
and the fundamental Poisson brackets read
X, Plxp = {X,Plp={x,plxp=1, (11)
X, X}xp = {PPlxpr=0. (12)
The equations of motion are given by
X ={X,K}, P={PK). (13)

Moreover, under this transformation the old Hamiltonian H(P, X) is transformed into the new Hamiltonian as follows

oF
K=H+ —, 14
a (14)
where F is the generating function. Now, if we are convinced that the Poisson brackets are invariant under the canonical
transformation, then the deformation of the Poisson brackets must be also invariant under this transformation (Valtancoli,
2015),i.e
{x,p} = 1 + (ax + Bp)* — (X, P} = 1 + (aX + BP)*. 15)

The time evolution of the coordinate X and the momentum P are given by

X

0K
{0.K) = a—P(1+(aX+ﬁP)2), (16)

P

oK
{PK} = _a_x<1 +(aX +BP)). (17)

We are now in position to apply all of these aspects on the damped harmonic oscillator in order to study its equations of
motion.

4. Damped Harmonic Oscillator in SdS Space

The damped harmonic oscillator is one of the most fascinating systems that have remained over years a constant source
of inspiration in quantum physics ( Kanai, 1948; Caldirola, 1941). It has attracted much attention in the literature (
Pal, Nandi, & Chakraborty, 2018; Um, Yeon, & George, 2002; Pedrosa,& de Lima, 2014; Jannussis, & Bartzis, 1988;
Pedrosa,1987; Lawson, & Avossevou, 2018; Lawson, Sodoga,& Avossevou, 2021; Shang, 2009), since the problem
related to this system is far from having a satisfactory solution. In fact the quantization of dissipative systems well known
in the literature as Caldirola and Kanai system ( Kanai, 1948; Caldirola, 1941) has been criticized for violating certain laws
of quantum theory. Recently, a simple and complete solution has been provided (Lawson, Avossevou, & Gouba, 2018)
to this problem using the Lewis-Riesenfeld procedure (Lewis, & Riesenfeld 1969). Therefore, in the present situation we
are interested in the classical motion of this system in the minimal length scenario. In one dimension, its Hamiltonian is
given by

2 W2
H(p,x) = e‘”% + Toxzew, (18)

where we set m = 1, v is the constant coefficient of friction and wy is the time-independent harmonic frequency. Since
this Hamiltonian is explicitly time-dependent, it does not represent a conserved quantity. So, we achieve its energy
conservation through the time-dependent canonical transformation given by the generating function of the second kind
(Pedrosa, & de Lima 2014)

F()C,p,t) =XP677I — %xze'yl. (19)
Perfoming the following transformation equations

oF oF
X=—, P=—, 20
ap 0x (20)
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we obtain new canonical variables

The relations between old (p, x) and new (P, X) coordinates can be written as

p _ e%t _%eyz P P _ e—%t ,ye%z p
x o e )\x) \x 0 et )\x)

Their Poisson brakets are canonical

~

{X,P}=1={x,p}.

The transformed Hamiltonian is given by
2 2

w
K(X,P,t) = — + —X°,
( ) Tt
where 5
2_ 2 7
W = w, 1

is the modified frequency. Since the new Hamiltonian is time independent, its conserved energy is

P2 (1)2 ,
E=—+—/X".
2 2

The deformed Poisson brackets between the transformed canonical variables are
{X,P} =1+ (@X+BP)Y, (X,X}=0=(P,P)

The equations of motion read as

(1+ (X +pP)?) P,

P o= -0 (1+ (X +BP7)X.

After some computations, the solutions of the above equations are given by

X = A(t)(zsinzm—/;’\ll+2KEcoszm)
w
P = B@ (Bsinwt + il V1 + 2kE cos wt)
w
where
2
kK = B+, w=wVl+2uE,
w
2E
A(t) = B(@) = .
wA) ® \/K(1+2/<Ecoszwt)

21

(22)

(23)

(24)

(25)

(26)

27)

(28)
(29)

(30)

€29

(32)

The solutions are periodic, but not sinusoidal, and the frequency now depends on the energy of the oscillator. In the limit

a — 0, one recovers the flat Snyder oscillator (Snyder, 1947).

Returning to the original variables x(¢) and p(¢) of the Hamiltonian (18) and with the help of the relation (21) we have:

x(1) Co| —EY 5 T 2kE @) cos

Wi =724
a1 + 2«E(t) cos Qt
,/w% —y2/4

inQ
—Gy| X2 g T4 2kE @) cos

1/w% —y2/4

p() D(?) | B sin Qf +

(33)

(34)
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where
Q1) = \/(w% —y2/4)(1 + 2kE(1)) 35)
I 2E(1)
o = ¢2A0= (a)(z) —y2/4) \/K(l + 2kE(f) cos? Qf) (36)
_ z _ 1 2E(1)
D = e2B@=e \/K(l T 2KE(1) cos Q) G7
G(r) = 7;” c(. (38)

In first-order of the deformed parameter « and the damped parameter 7, the frequency Q and the period T of the motion
are given by

,y2
Q = wo(l -+ KE(I)), 39)
8wy
2
r - X (1 r L KE(;)), (40)
wop Swo

where we neglected the term of order 8y?. To zero-order in k and y i.e for k = 0 = 7, we recover the ordinary solutions
of harmonic oscillator with frequency wq and period Ty = 37’(: If ¥ < 2wy V2kE(t), the period of the motion is shorter
than the ordinary one 7' < T, i.e the deformation of Poisson bracket which is the manifestation of an effect of gravity
induces a faster motion of the oscillator. But for y > 2wy V2«E(?), the period of the motion increase which means that the
dissipation of the system slows down the motion of the oscillator.

5. Conclusion

In this article, we first studied the properties of the 1D deformed Poisson brackets which are regarded as the classical
limit of the generalized Heisenberg commutators. Then, we reviewed the innovative concept of S-canonical transforma-
tion introduced by Valtancoli (Valtancoli; 2015) appointed in this work as the deformed canonical transformation. This
concept allowed us to maintain the invariance of the deformation of the Poisson brackets in the reparametrization of the
phase space variables. We applied all these theories to the well-known one dimensional damped harmonic oscillator.
With an appropriate canonical transformation, we transformed the time-dependent Hamiltonian into the time-independent
Hamiltonian. Based on (Valtancoli; 2015) we have shown that the solutions of the equations of motion can be expressed in
terms of trigonometric functions with the frequency and period depending on the deformed and the damped parameters of
the system. Finally, we discussed the influences these parameters on the motion. We have shown that when the deformed
parameter is greater than the damped parameter the period of the motion is shorter, conversely the period increases when
the damped parameter is greater than the deformed parameter.

Acknowledgements
The first author acknowledges support from AIMS-Ghana under the Postdoctoral fellow/teaching assistance (Tutor) grant.
References

Amati, D., Ciafaloni, M., & Veneziano, G. (1989). Can Space-Time Be Probed Below the String Size?. Phys. Lett. B,
216, 41-47. https://doi.org/10.1016/0370-2693(89)91366-X

Caldirola, P. (1941). Forze non conservative nella meccanica quantistica. Il Nuovo Cimento (1924-1942), 18(9), 393-400.
https://doi.org/10.1007/BF02960144

Fring, A., Gouba, L., & Scholtz, F. G. (2010). Strings from position-dependent noncommutativity. Journal of Physics A:
Mathematical and Theoretical, 43(34), 345401. https://doi.org/10.1088/1751-8113/43/34/345401

Kanai, E. (1948). On the quantization of the dissipative systems. Progress of Theoretical Physics, 3(4), 440-442.
https://doi.org/10.1143/ptp/3.4.440

Kowalski-Glikman, J., & Smolin, L. (2004). Triply special relativity. Physical Review D, 70(6), 065020.
https://doi.org/10.1103/PhysRevD.70.065020

Jannussis, A. D., & Bartzis, B. S. (1988). Coherent states for the harmonic oscillator with time-dependent mass and
frequency. Physics Letters A, 129(5-6), 263-266. https://doi.org/10.1016/0375-9601(88)90328-3



http://jmr.ccsenet.org Journal of Mathematics Research Vol. 13, No. 2; 2021

Lawson, L. M. (2020). Minimal and maximal lengths from position-dependent non-commutativity. Journal of Physics A:
Mathematical and Theoretical, 53(11), 115303. https://doi.org/10.1088/1751-8121/ab7497

Lawson, L. M. (2020). Coherent states of position-dependent mass in strong quantum gravitational background fields.
arXiv preprint arXiv:2012.10551.

Lawson, L., & Avossevou, G. (2018). Landau problem with time dependent mass in time dependent electric and harmonic
background fields. J. Math. Phys., 59, 042109. https://doi.org/10.1063/1.5001174

Lawson, L. M., Avossevou, G. Y., & Gouba, L. (2018). Lewis-Riesenfeld quantization and SU (1, 1) coherent states for 2D
damped harmonic oscillator. Journal of Mathematical Physics, 59(11), 112101. https://doi.org/10.1063/1.5045621

Lawson, L., Gouba, L., & Avossevou, G. Y. (2017). Two-dimensional noncommutative gravitational quantum well.
Journal of Physics A: Mathematical and Theoretical, 50(47), 475202. https://doi.org/10.1088/1751-8121/aa86c4

Lewis Jr, H. R., & Riesenfeld, W. B. (1969). An exact quantum theory of the time-dependent harmonic oscillator and of
a charged particle in a time-dependent electromagnetic field. Journal of mathematical physics, 10(8), 1458-1473.

Lawson, L. M., Sodoga, K., & Avossevou, G. Y. (2021). Photon-added BarutGirardello like coherent states of time-
dependent Landau problem. arXiv preprint arXiv:2101.02462.

Mignemi, S. (2012). Classical and quantum mechanics of the nonrelativistic Snyder model in curved space. Classical
and Quantum Gravity, 29(21), 215019. https://doi.org/10.1088/1742-6596/343/1/012074

Mignemi, S. (2010). Extended uncertainty principle and the geometry of (anti)-de Sitter space. Modern Physics Letters
A, 25(20), 1697-1703. https://doi.org/10.1142/S0217732310033426

Pal, S. K., Nandi, P., & Chakraborty, B. (2018). Connecting dissipation and noncommutativity: A Bateman system case
study. Physical Review A, 97(6), 062110. https://doi.org/10.1103/PhysRevA.97.062110

Pedrosa, I. A. (1987). Canonical transformations and exact invariants for dissipative systems. Journal of mathematical
physics, 28(11), 2662-2664. https://doi.org/10.1063/1.527707

Pedrosa, I. A., & de Lima, D. A. P. (2014). Coherent states and geometric phases of a generalized damped harmonic
oscillator with time-dependent mass and frequency. International Journal of Modern Physics B, 28(26), 1450177.

Rovelli, C., & Smolin, L. (1995). Discreteness of area and volume in quantum gravity. Nuclear Physics B, 442(3),
593-619. https://doi.org/10.1016/0550-3213(95)00150-Q

Scardigli, F. (1999). Generalized uncertainty principle in quantum gravity from micro-black hole gedanken experiment.
Physics Letters B, 452(1-2), 39-44. https://doi.org/10.1016/S0370-2693(99)00167-7

Seiberg, N., & Witten, E. (1999). String theory and noncommutative geometry. Journal of High Energy Physics, 1999(09),
032.

Shang, Y. (2009). Synchronization in networks of coupled harmonic oscillators with stochastic perturbation and time
delays. arXiv preprint arXiv:0909.4987.

Snyder, H. S. (1947). Quantized space-time. Physical Review, 71(1), 38. https://doi.org/10.1103/PhysRev.71.38

Um, C. L, Yeon, K. H., & George, T. F. (2002). The quantum damped harmonic oscillator. Physics Reports, 362(2-3),
63-192. https://doi.org/10.1016/S0370-1573(01)00077-1

Valtancoli, P. (2015). Canonical transformations and minimal length. J. Math. Phys., 56, 122107.
https://doi.org/10.1063/1.4936955

Copyrights
Copyright for this article is retained by the author(s), with first publication rights granted to the journal.

This is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



