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Hamilton functions of classical deformed oscillators (c-deformed oscillators) are derived
from Hamiltonians of ¢-deformed oscillators of the Macfarlane and Dubna types. A new
scale parameter, l,, with the dimension of length, is introduced to relate a dimensionless
parameter characterizing the deformation with the natural length of the harmonic oscillator.
Contraction from g-deformed oscillators to c-deformed oscillators is accomplished by keeping
lq finite while taking the limit A — 0. The c-deformed Hamilton functions for both types
of oscillators are found to be invariant under discrete translations: the step of the transla-
tion for the Dubna oscillator is half of that for the Macfarlane oscillator. The c-deformed
oscillator of the Macfarlane type has propagating solutions in addition to localized ones.
Reinvestigation of the ¢-deformed oscillator carried out in the light of these findings for
the c-deformed systems proves that the g-deformed systems are invariant under the same
translation symmetries as the c-deformed systems and have propagating waves of the Bloch

type.

§1. Introduction

Macfarlane first formulated a coordinate representation of quantum deformed os-
cillators (g-deformed oscillators) in terms of difference operator.) Around the same
time, the Dubna group derived a coordinate representation of ¢-deformed oscillators
as an exactly solvable model?) for the difference Schrédinger equation in the rela-
tivistic configurational space.?) Detailed analyses of the Macfarlane type oscillators
were carried out by Shabanov and Rajagopal.¥ ) In particular, Shabanov obtained
the Hamilton function of a classical deformed oscillator (c-deformed oscillator) on a
unit circle from the ¢g-deformed oscillator using path integral formalism.

In a previous paper,”) we investigated g-deformed oscillators of the Macfarlane
typel)’4)’5) and the Dubna type?’)’g)’w) in a unified way. The aims of this paper are
to derive c-deformed oscillators from ¢-deformed oscillators of the Macfarlane and
Dubna types using the WKB method™) and to reinvestigate the g-deformed systems
using knowledge obtained here regarding the c-deformed systems. Henceforth, we
call oscillators of the Macfarlane type “M-oscillators” and oscillators of the Dubna
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820 1. §. Sogami, K. Koizumi and R. M. Mir-Kasimov

type “D-oscillators”.

In §2 we outline the unified theory of M- and D-oscillators.”) The distinction be-
tween these two types of oscillators originates in the structure of difference operators
[see Eq. (2-7)]. With the aid of basic formulas concerning the difference operators of
M- and D-oscillators, we derive explicit forms of the ladder operators of the harmonic
oscillators and examine the symmetry structures of the ¢-deformed systems in §3.

In §4, a new scale parameter, [;, with the dimension of length? is introduced
to relate a deformation parameter g with the natural length [ = \/h/mw, where m
and w are mass and angular frequency of the oscillator. The Hamilton functions
of c-deformed harmonic oscillators are derived from the Hamiltonian of g-deformed
harmonic oscillators by keeping [, finite while taking the limit 7 — 0. In c-deformed
oscillators, the deformation causes the state of the system to be repeated infinitely
many times along the coordinate axis. The period of the Hamilton function of the D-
oscillator is half of that of the M-oscillator. Both circulation and libration behavior
appear in the c-deformed M-system.

The results obtained for the c-deformed systems lead us to reinvestigate the
g-deformed systems studied previously.”) In §5, the Hamiltonians of ¢-deformed
oscillators are proved to be invariant under symmetries of discrete translations with
steps that are identical to the periods of the c-deformed oscillators. Propagating
waves of the Bloch type are shown to exist in §6 and Appendix A.

§2. Unified description of g-deformed oscillators

The lowering operator A and the raising operator At of g-deformed harmonic
oscillators are postulated to satisfy the so-called g-mutator relation”) 9

(A, Af), = qAAT — ¢ YATA =1, (2:1)
where ¢ is the deformation parameter expressed by
q = exp(s® +t* + 3st) (2-2)

in terms of the real parameters s and ¢.”) The Hamiltonian of the system given by

) 1 . . 1 .. o
H, = 5{A,AT}q = 5(qAAT + ¢ LATA) (2-3)
possesses the energy eigenvalues
—1 _ 9,-2n-1
=1t 1 (2-4)
2(q—q7")

corresponding to the localized eigenstates (Af)"|0), where |0) is the lowest energy
state characterized by the condition A|0) = 0. As shown in Fig. 1, while the energy
spectrum is bounded and there exists the upper bound E = (¢ + ¢~ 1)/2(¢ — ¢ %)
in the case of the M-oscillator (¢ > 1), the spectrum is unbounded and increases
exponentially in the case of the D-oscillator (g < 1).?)
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Fig. 1. The energy spectra of the M-oscillator (¢ = e’ > 1) and the D-oscillator (¢ = e < 1).

The energy spectrum is bounded for the M-oscillator and unbounded for the D-oscillator. The
dotted line represents the upper bound of the energy for the M-oscillator. Here we use s = 0.2.

The lowering and raising operators in the coordinate representation, A(z) and
Af(z), are postulated to have the separable forms

Alz) = g 8 exp[—ih(z)] D(%ﬁ) m 9
and

Ta::—# 1d f<w)exi x '

A0 =~ (722) 3 ool Y

where D (%%) is the difference operator defined by

D)=t fon(ciet) e ()] e

and f(x), g(z) and h(z) are functions that take real values for x € R. We call these
functions “part-functions””) and assume that all of them are continued analytically
in the complex x plane. These functions are determined by the conditions that the
ladder operators satisfy the g-mutator relation in Eq. (2-1) and reduce to those of
the ordinary (non-deformed) harmonic oscillator in the limit ¢ — 1 [see Egs. (7-1)
and (7-2)]. By definition, the function f(z) is intrinsically uncertain by an arbitrary
quantity that commutes with the difference operator D, and the sign of the function
g(z) also is indeterminate. With the operators A(x) and Af(z), the z-representation
of the Hamiltonian fIq is given by

Hy(w) = 5aA)A1(2) + g7 AT (@) A(@)] (28)

For the g-mutation relation given in Eq. (2-1) to hold, the parameters s and ¢
must satisfy either the conditions

s#0andt=0 (s=0andt#0) (2-9)
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or
s+t=0. (210)

The former and latter conditions correspond, respectively, to the M- and D-oscillators.

The part-function f(z) is represented as a superposition or a smooth connection of

the Gaussian functions”
1 2kt 2
filr) = exp [—5 ( - —) ] | (2-11)

which are centered at the positions z = (7/s) x (even integers).*)

Different global structures of the system are realized with different choices of the
superposition and connection. As shown in Appendix B, the ladder operators are
independent of the global structure of the part-function f(z). Therefore, for brevity,
we use the single peak Gaussian factor fy(x) for the part-function in the arguments
given in §§3 and 4.

The part-functions g(x) and h(x) of the M- and D-oscillators are expressed in a
unified way by using parametric representations as

(@) = (qin(z_l)i cos (;ftta:) (2-12)

h(z) = —2(s + t)x + ay, (2-13)
where ag is an arbitrary constant.
The eigenfunction belonging to the eigenvalue E,, of the Hamiltonian H,(x) is
given by

and

() = Kos™ § ()9 ) exp{inlh(z) + (s + t)a]}
A1 e ] | S A N CA P
=0

<

where

Hy(z;e7) = (é)nzn:(_l)k [ Z L_Sz

k=0
1

X exXp {(214: —n) [iw - 5(5 + t)ﬂ } , (2-15)

n—1

H [1 e—2(k+1)s2]

n k=0

|: k :| 2 = hem—1 m—1 (216)
€ H [1— e—2(k+1)52] H = e—2(k+1)32]
k=0 k=0

*) In §5 and Appendix A, additional Gaussian functions centered at the positions x = (7/s) X
(odd integers) are proved to exist for the part-function f(z) in the case of D-oscillator.
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and Ky is a normalization constant. For the D-oscillator, our ¢g-Hermite function
H,(z;e7") defined by Egs. (2-15) and (2-16) is related to the g-Hermite function
H,(sin sz | e725”), which was studied by Atakishyeva et al.,'® as follows:

_ 92
er)

Our ¢-Hermite function reduces to the ordinary Hermite function in the limit s — 0.
While the M-oscillator is not invariant under spatial reflection, the D-oscillator is,
and the g-Hermite function of the D-oscillator has definite parity defined by

H,(z;e7%) = s "H, (Sin [sm + é(s + t)Q} (2-17)

s#0,t=0 or t=—s

2 2

Hy(—5e™) = (<1)" Hy (). (218)
§3. Common symmetry of g-deformed M- and D-oscillators

In order to examine the symmetry structure of g-deformed systems, it is con-
venient to use the following formulas concerning the difference operators of the M-
and D-oscillators:

exp (%x) :exp (—z’s%) . 1] — [(—1)” exp <—z’s%) - 1] exp (%x) (3-1)

and

exp (n%x) :exp (—B%) —exp (m%)]
= (-1)" [exp (—is%) — exp <zs%>} exp (%Q , (3-2)

where n is an arbitrary integer. These formulas are readily proved by noting the
action of the difference operator on an arbitrary function F(x) of the C™ class:
exp(tisd/dx)F(z) = F(xz £1is).

With these formulas, we are able to considerably simplify the ladder operators.
Let us separate the Gaussian factor centered at the origin from the factor fi(x)
centered at z = 2k7/s as

) = fle) =exp (- 322 1. (o) 33)
e fulz) = exp (%T”x - 2’“822”2) | (3:4)

The formulas given in Egs. (3-1) and (3-2) enable us to prove that the function f(x)
commutes with the difference operator D, i.e.,

[D (%%) , f*(x)] —0, (35)
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for both the M- and D-oscillators.

Due to this property expressed by Eq. (3-5), the function f.(x) does not affect
the local structure of the ladder operators A(z) and Af(z). The Gaussian factor
centered at the origin alone determines the ladder operators as follows:

Alx) = Ing exp [—32? + 2i(s + t)z — iao] D 1d exp (32?) (3:6)
q—q7! 251 i dz 25t
cos [ )x] cos [ :c}

(s—t (s—t)

] lnq exp % ( ) exp [—32% — 2i(s + t)x + iag] (37)
- ,/cos 2“ id cos [ 2st :E:|

(s—1)
At this stage, we define an operator imparting a discrete translation by
T;x—>x+§. (3-8)
Equations (3-1) and (3-2) prove that the ladder operators are invariant under 72:
T2 A(z) = A <x + 2?”) — A(z), T?Al(z) = Al <$ 2”) Al@).  (39)

Therefore, the Hamiltonians of the M- and D-oscillators are both invariant under
translations by 27r/3:*)

T?H,(v) = H, <x + 2%) = H,(z). (3-10)

§4. Contraction of g-deformed oscillators

For the sake of mathematical simplicity, all variables and parameters were treated
as dimensionless quantities for both the M- and D-oscillators in the preceding sec-
tions. Here, we restore the physical dimensions to all such quantities. With the
natural units [ and hw, we rewrite the coordinate and Hamiltonian of the g-deformed
oscillator as

y=lo, H(y)=hwH, (4) (41)

in dimensional forms. We mainly use the dimensional variable y in this section.
Following Shabanov,?) we introduce a new dimensional scale I, = m;l to relate
the dimensionless parameter ¢ with the unit of length [. By using the two scales [

*) An additional symmetry is hidden in the D-oscillator. In §5, the ladder operators of the
D-oscillator are proved to be invariant under a single operation of 7. This additional symmetry,
which was not found in the previous investigation,7> was discovered only after the analysis of the
c-deformed oscillator was carried out.
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and l,, we express s and ¢ appearing in the definition of the deformation parameter
q as

l

5= =58, =lKgSx, t=—t,=IRgty, (4-2)

lq ly
in terms of the new dimensionless real parameters s, and t,. The limiting pro-
cedure ¢ — 1 has two physical meanings, viz, the classical limit [ — 0 and the
non-deformation limit x4 — 0.

It is essential to recognize that the factors sl/h = s.l?k,/h and tl/h = t, 1%k, /h
in the difference operator (2:7) and sz = sy/l = s,kqy in the lattice factor cos(sx)
are independent of A, because s, t and [ are proportional to vA. These factors
survive in the classical limit & — 0 if x4 is kept finite. Therefore, the deformation
persists in classical systems, and the parameter rg = [ Lin ¢ represents the degree
of deformation.

4.1. Contraction to non-deformed quantum oscillators: kg — 0 with h fixed

To reduce the Hamiltonians of g-deformed oscillators to those of ordinary oscilla-
tors at the quantum level, we express the ladder operators in terms of the dimensional
variable y and then take the limit kg = [ L' — 0, keeping h finite.

e M-oscillator
The product of the raising and lowering operators is explicitly given by

1 2 d 18 1
T - = s _9sa %) _ L5 1.2
Al (y)A(y) pr— {e exp ( ZZsldy> [exp ( 7Y + 58 )

+exp| ——y — =5 exp| —isl— | +1;. (4-3
D ( Y3 p a (4:3)

A coordinate representation of the Hamiltonian H(y) is obtained by using the
g-mutator defined in Eq. (2-1) and substituting Eq. (4-3) into Eq. (2-3). Ex-
panding it around x4 = 0, we obtain

/\2 1
H(y) = p— + mw y°
ho 1 [mwd |
(\/ — 24/ b + 3 T{p, y2}> Isckg + O(/@g)7 (4-4)
where p = —ihdily. The lowest terms on the right-hand side of this equation

reproduce the Hamiltonian of the ordinary harmonic oscillator. The first-order
terms that are not invariant under the parity transformation represent a non-
trivial anharmonic interaction.

e D-oscillator
The product of the raising and lowering operators takes the form

A A@) = !

s2 _ ,—s2
de e

cos (%y)
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2
eS

X exp <—2isli>
cos (8y —is?) y/cos ($y — is?) dy

exp (s> + 32y)

cos ($y —is?) y/cos (3y)  cos (3y+is?)/cos (3y)

exp (s — %%y)

_ 2
68

+ exp (2isl—> . (4-5)
cos ($y +is?) y/cos (3y + 2is?) dy

Expansion of the coordinate representation of the Hamiltonian around x4 = 0,
which is obtained using the g-mutator in Eq. (2-1) and substituting Eq. (4-5)
into Eq. (2-3), results in

p

1
H(y) = om + §mw2y2

2,3

~4 2
P P W 9 o mw® 4, 3 9
+ —— 4 — + —y"+ -hw ) (I

<6m2hw m 4hp,y} 3n Y T} >(S*/{q)

+ O(ry). (4-6)

The lowest-order terms on the right-hand side of this equation are identical to
the Hamiltonian of an ordinary harmonic oscillator. The terms second order
in rg are invariant under the parity transformation and represent anharmonic
effects.

4.2. Contraction to deformed classical oscillators: h — 0 with kg fived

In the WKB method,'")>™) the normalized wave function v (y) is expressed as

¥(y) = exp [%S(y)] ) (4-7)

where S(y) reduces to Hamilton’s principle function in the limit 7 — 0. Hence, the
classical momentum p is derived from S(y) as follows:

d
p= @}1135 S(y). (4-8)

Operating with —ih% on the wave function ¢(y) and taking the limit & — 0, we
obtain the formulas

ing |4 ot = Jim {50 iy ) = p i w00, (49

2 2 2
i |5 | vt = i { B ?%ﬁy)} lim 4(y) = p* lim (y), (410)
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_KgSxp
mw

Fig. 2. Orbits of constant energy for the M-oscillator in phase space (s, > 0). The arrows represent
the direction of flow of the vector field. The period of an orbit with respect to kqs,y is 2. The
threshold energy E. distinguishing closed orbits for libration from open orbits for circulation is
E. = mw?/(2k2s2).

and so on. These results imply that the operator —ih% in front of the wave function
can be replaced by the ordinary momentum p in the limit 7 — 0.

Substituting Eqgs. (4-3) and (4-5) into the Hamiltonian (2-8) and keeping &,
finite, we take the limit &~ — 0 to obtain new Hamilton functions of the c-deformed
harmonic oscillators H.(y, p).

e M-oscillator
The above procedure of the WKB method readily leads to the Hamilton function
of the c-deformed oscillator

2

mw 2KgS%p KgS«P
H =—=|€ : — 2cos(kgs«y) € (q—)—l—l . (411
(Y, p) g [Xp< p— ) (rgs<y) exp (= (4-11)
This Hamilton function is identical to that obtained by Shabanov in the path
integral formalism.*) It has no singularity, except in the limit p — oo, and
it tends to infinity in the limit w — 0. It is not invariant under the parity
transformation. From Hamilton’s equation of motion, we have the relation

- mw | { cos(KqSxy) N \/[COS(KqS*y):| 2 . KqS+y } (4-12)
KqSx 2 2 v

The condition that the momentum is real restricts the motion to the region in
which s, > —w cos?(kys«y)/(4k,). Evidently, the Hamilton function and the
momentum have periodic structure of period 27l,/s, = 2wl/s:

2ml,

Sx

T%H.(y,p) = H. (y + , p> = H.(y, p) (4-13)

and
27l

*

) = p(d) y). (4-14)

As shown in Fig. 2, there are closed and open orbits representing libration
and circulation, respectively, in the phase space. This is, to our knowledge, the

Tp(9,y) = p (?J, y+
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first time that this interesting phenomenon has been observed. It is possible
for open orbits to appear in a region characterized by large energy, because the
height of the potential barrier of the Hamilton function is finite. The threshold
energy discriminating closed and open orbits, E, = mw?/ (25333), is identical
to the maximum value of the energy eigenvalues in Eq. (2-4) in the limit & — 0:

. q+ q_1 mw?
lim Aw = . 4-15
B0 2(q—q7')  2r2s2 (415)

Applying the inverse Legendre transformation, we obtain the c-deformed La-
grange function

Ly, y) = m—w2)2{ COS(HqS*y)\/[COS(quS*y):r | sy

2(KgSx 2 w

_ KgSxY I cos® (Kgs+y) 1
w 2

n mw y.ln{COS(’;qS*y) i \/{COS(K;S*?J)T i KqS«Y } (4-16)

KqSx w

D-oscillator
The Hamilton function of the c-deformed harmonic oscillator is found to be

mw2

2(Kq84)? LOSQ(nqS*y)

It is invariant under the parity transformation and has singularities at all points
satisfying the relation cos(kgs«y) = 0, which are related to zero points of the
eigenfunction of the D-oscillator given in Eq. (2-14). In the limit w — 0, the
Hamilton function diverges. From Hamilton’s equation of motion, the momen-
tum is given by

He(y,p) = sinh? (Rqs*p) +tan2(f€qs*y)] . (417

mw

mw KqS«l

w

p= sinh ! [ 0082(/@15*3/)] . (4-18)

KqSx

Evidently, the Hamilton function and the momentum have periodic structures
of period 7l,/s, = ml/s:

ml
TH.(y,p) = H. <y + S—Q,p> = H.(y,p) (4-19)
and
. ) ml )
Tp(y,y)=p (y7 y+ 8—‘1) =¥, y). (4-20)
*

As shown in Fig. 3, all the orbits in the phase space are closed and periodic
with respect to the coordinate y. No classical motion is allowed in the regions
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6 RgSxY

Fig. 3. Orbits of constant energy for the D-oscillator in phase space (s« > 0). The arrows represent
the direction of flow of the vector field. The orbits centered at kqs.y = 7x(even integers) and
kqS+y = X (odd integers) are represented, respectively, by solid and dotted curves.

around y = (ml;/2s,)x (odd integers), at which the Hamilton function is diver-
gent. Accordingly, all orbits become isolated and closed for the D-oscillator, in
contrast to the M-oscillator whose Hamilton function has no potential singu-
larity. The c-deformed Lagrange function is found to be

2 : 2
) mw KqS+l
Ly, y) = — 1 q 2
() 2(FigSx)? cosz(/{qs*y)\/ * { b P (Fqs+y)
. . 2
mwy . 41| FeaSxY 2 mw 2
h —= -t . 4-21
+ oSt sin [ cos (mqs*y)] egsr)? an(kqs«y). (4-21)

The orbits plotted in Figs. 2 and 3 show explicitly that the deformation has
the effects of creating infinite duplications in the coordinate space. The M- and D-
oscillators have closed orbits centered at y = (ml;/s,) % (even integers). In addition,
there exists another sequence of closed orbits centered at y = (ml,/s.)x (odd integers)
for the D-oscillator, which is represented by dotted curves in Fig. 3. Henceforth, we
call the former an even sequence and the latter an odd sequence.

We obtain an ordinary harmonic oscillator in the limit x4 — 0 of a c-deformed
oscillator. In the k; — 0 limit, all orbits, except for the closed orbits centered at the
origin and depicted by thick solid curves move off to infinity.

§5. Additional symmetry of the g-deformed D-oscillator

For classical oscillators, the effect of deformation causes the appearance of in-
finite repetitions of orbits in the phase space. In Figs. 2 and 3, the closed orbit
centered at the origin y = 0 is accompanied by infinitely many duplications. The
c-deformed M- and D-oscillators both have an even sequence of closed orbits, and
the D-oscillator has an additional odd sequence.

It is natural to interpret even sequences of orbits of the M- and D-oscillators
as classical manifestations of the invariance of the g-deformed Hamiltonian H, in
Eq. (3-10) under the group action generated by the operator 72. Then, what sort of
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symmetry for the g-deformed oscillator is that which appears as the additional odd
sequence only for the c-deformed oscillator of the Dubna type?

Using the formula in Eq. (3-2) with n = 1 and accounting for the sign change of
the factor cos(sz), we find the relation

TA@) = Ao+ g) — A(x), (5:1)

which results in .
TH,(x) = Hy (2 + =) = H,(x) (52)

for the D-oscillator. In contrast, considering the formula in Eq. (3-1) with n = 1, we
see that a similar relation does not hold for the M-oscillator. Therefore, while the
D-oscillator is invariant under the group action generated by 7, the M-oscillator is
invariant under 72 only. These results enable us to interpret the odd sequence in
the c-deformed D-oscillator as a reflection of the higher symmetry represented by 7°
of the g-deformed D-oscillator.

Now, we must examine effects of the discrete translation 7 on the wave function.
An increase in symmetry leads inevitably to an increase in the degeneracy of quantum
states. Here we look for eigenfunctions that are independent of ¥, (x) in Eq. (2-14).
Invariance under the translation 7 in Eq. (5-1) requires introduction of a new series
of Gaussian functions,

frryjale) = fi (2= ) =exp{—§ [w— Mr} (5:3)

S

In parallel to the arguments made in §§2 and 3, here we introduce the part-function
consisting of fj1/2(z) as

(@) = fissale) = oxp (- 50°) £1(0), (5:4)

where the Gaussian factor centered at the origin is separated, and

[(% + 1)7T$ (2K ;;)%2] '

filz) = exp (5-5)
The formula in Eq. (3-2) allows us to prove that the factor f.(x) anti-commutes with
the difference operator of the D-oscillator, i.e.,

{DG%) | fi(:v)} 0. (5:6)

Replacing the part-function f(z) by the new part-function f/(z) in Egs. (2-5)
and (2-6), we define new ladder operators. Then, as seen from the anti-commutation
relation in Eq. (5-6), the factor f[(z) is eliminated in these ladder operators. In
fact, we obtain the expressions in Egs. (3-6) and (3-7), with reversed signs for the
operators A(z) and Af(x). The sign of the ladder operators can be adjusted by
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appropriately choosing the constant ag in the part-function h(z). The g-mutator
and the Hamiltonian H,(x) in Eq. (2-8) take exactly the same forms for both of the
part-functions f(x) and f’(x). Therefore, all results in §4 hold for the D-oscillators
whether f(x) or f/(x) is used as the part-function.

With the new part-function f’(z), we obtain the additional eigenfunctions

U () = Kos" f'(2)g(x) exp{in[h(x)]}
n 20iiqy] —1/2 2
<1 [1 ~ e 2G| g (e, (5:7)
=0

where K{) is a normalization constant. The eigenfunctions ], (z) and ¢, (x) have
the same eigenvalue F, and are orthogonal with each other. To clarify this unique
characteristic of the D-oscillator, let us examine the effect of the factor exp(mx/s)
that results from the translation fx(x) — fi(x + 7/s).

Application of the relation in Eq. (3-2) to the Hamiltonian H,(x) shows that the
factor exp(mx/s) commutes with H(x):

[exp (%) : Hq(x)} —0. (5-8)

This implies that eigenstates of the Hamiltonian are necessarily degenerate for the
D-oscillator, since an eigenfunction multiplied by the factor exp(mz/s) is also an
eigenfunction of Hy(x).

To examine this degeneracy further, it is effectual to introduce the operator®

1 d 1
T = —— cosh (zs—) — (5-9)
g9(x) dz ) g(z)
which can be expressed by a linear combination of ladder operators as
1
T = 5 Sifl po- {% explih(z)]A + \/qexp [—ih(z)] AT} . (5-10)
The operator T2 and the Hamiltonian satisfy the linear relation
11442
2 _ .2
Therefore, the operator T2 and the Hamiltonian have the same eigenfunctions, with
2 5 q " 2 0 "
/ /
T2n(@) = 5 fgtia(@). T () = *{0n (o). (512)

As can be shown using the relation in Eq. (3-2), the operator T' anti-commutes

with the factor exp(mx/s):
{exp (%x) , T} —0. (5-13)

Equation (5-3) shows that the two functions fj,1/2(z) and exp(7z/s)fi(x) are lin-
early dependent. Therefore, the wave function ], (x) can be obtained by multiplying
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Yy () by the factor exp(mz/s) and adjusting a multiplicative constant. Therefore,
the eigenvalue problem for the operator T is solved as follows:

—2n

zwm@>=s(1{q2)%wa> 511

and

=

1) = s (1 ) o) (515)

1— g2

The wave functions 1, (z) and v/, (z), which possess the same energy eigenvalue F,,
and different eigenvalues of T, are orthogonal with each other.

For the M-oscillator, whose Hamiltonian is not invariant under the translation
T, no localized states appear other than the eigenfunctions v,,. Note that the part-
function f'(z) with the Gaussian factor fi1/2(x) fails to reproduce the representa-
tions in Egs. (3-6) and (3-7) for the ladder operators.

§6. Propagating wave functions of the Bloch type

Discovery of the open orbits for the M-oscillator, which is one of important
outcomes of our numerical investigation of the c-deformed oscillator, implies the ex-
istence of propagating wave functions of the Bloch type'® in the g-deformed system.
We use the Fourier series analysis to find such solutions of the energy eigenvalue
problem that correspond to classical motion of the open orbits.

6.1. g-Deformed M-oscillator (¢ = es” > 1)

Let us consider the stationary state solution ¥ (x, t) of the Schrédinger equation
with energy £ = hf2. Because the Hamiltonian of the g-deformed M-oscillator is
invariant under the translations generated by 72, the Bloch theorem!® tells us that
the wave function satisfies the relation

72¢Q(x, t) =g <x + 2;) = 62]”/81#9(:5, t). (6-1)

Therefore, it is possible to represent the stationary wave function using a modulatory
plane wave as ,
bo(r,t) = ug(z)e' k=2, (6-2)

with the 72-invariant amplitude
) .
un(z) = Z ane'™”. (6-3)
n=-—oo

The energy eigenvalue F and the Fourier coefficients ¢, are determined by solving
the stationary state Schrédinger equation

Hyug(x)et® = Bug(z)e, (6-4)
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which is reduced to the recursion formula

_ _1 1 _ _
m=22ksy g2k a1 + Q(q +4q 1)an =(q—q 1)Ean (6-5)

for three successive coefficients a,41 and a,. By setting

_3
q any1 — ¢ " 2e

an = q ", (6-6)
and
1 “1y (=N 2 _ C 12 _
>\—2(q+q )—(¢—¢q " )E = coshs® — 2FE sinh 57, (6:7)
we can simplify the above recursion formula into the form
bn+1 +bp—1 = —dybp, (68)
where
d, = _eskqn—l _ )\e—sk‘q—n—i-l. (6'9)

An investigation of the recursive relation in Eq. (6-8) is carried out in Appendix
A. The condition that Eq. (6-8) has a non-trivial solution leads to the following
secular equation in continued fraction form:

1 1
do — - = 0. (6-10)

dy —

d ds — - - d—2 dg—---

Solutions of this equation determine dispersion relations that relate the wave number
k and the energy FF = h{2. For each energy eigenvalue, the Bloch wave function is
determined by solving the recursion relations in Eq. (6-8) for the Fourier coefficients
by,

In general, it is not simple to solve the secular equation analytically. Here we
describe only the solution of Egs. (6-10) in the region of sufficiently large ¢, where
|dp| > 1 for n > 2 and n < —1. In such a case the secular equation can be
approximated as

1
dy ~ — 11
ORI (6-11)
which yields the physically admissible solution
A2k L oek (6-12)

4q

Then, we obtain the dispersion relation (energy band) of one of the Bloch waves for
the M-oscillator as

1 1 1 2
N~ = th 2 2sk —s5°—2sk ) 6-13

2% (CO o sinh 52 * Asinh 52" (6-13)
The corresponding energy eigenvalue, £ = hf2, is larger than the maximal value

of the spectrum given Eq. (2-4) for a localized state with eigenfunction given in
Eq. (2-14).
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6.2. gq-Deformed D-oscillator (¢ = s < 1)

In contrast to the M-oscillator, the Hamilton function of the c-deformed D-
oscillator is infinite at * = (7/2s)x(odd integers). These singularities cause all
classical orbits to be closed and forbid the existence of open orbits. In quantum
theory, however, there is the possibility for the D-oscillator to have propagating or
stationary waves of the Bloch type as a result of tunneling effects.

The Schrédinger equation is assumed to have a stationary state solution of the
form given in Eq. (6-2). In place of Eq. (6-4), it is sufficient to solve the eigenvalue
problem of the 7" operator in Eq. (5-10) as follows:

Tug(z)e™™® = rug(z)ee. (6-14)

The eigenvalue 7 here is related to the energy eigenvalue E = hf2 as

11+ ¢?
2 2
2= <E+§1_q2>. (6-15)

Here, it is natural to postulate that the modulatory amplitude of the Bloch wave
function has the form

[o¢]
un(x) = \/cos(sx) Z e, (6-16)
n=-—o0o
Then, the eigenvalue problem in Eq. (6-14) is reduced to
1 52
2\ gt —q

oo oo
(qnefsk_i_qfnesk) Z cnei”smeikx:Tcos(sx) Z cneinsxeikx? (617)

n=—oo n=—oo

which results directly in the recursion formula

Cntl + o1 = —dpcn, (6-18)
where
Iy = 2|5 (e 1 e (6-19)
= T, q :

This recursion formula for the coefficients ¢, is the same as Eq. (6-8). Therefore,
the condition that this formula has a non-trivial solution implies a secular equation
identical to Eq. (6-10). The Bloch wave functions wg(m, t) = ug (z) exp(kxz — 2t) are
determined by solving the recursion formula in Eq. (6-18), into which the eigenvalues
47 obtained from the secular equation are substituted.

In the case of sufficiently large ¢, for which |d,| > 1 for n > 2 and n < —2, we
approximate the secular equation as

do ~ — + — (6-20)

which leads to

-2 2 2sk —2sk
72%52<q re & e ) (6-21)
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Then, substituting this result into Eq. (6-15), we obtain the dispersion relation

1
2~ v (tanh s% 4 cosh 2skz> (6-22)

sinh 252
for the Bloch wave of the D-oscillator. Note that by substituting the eigenvalues +7
into the recursion formula in Eq. (6-18), we obtain two independent eigenstates of
the Bloch type.

§7. Discussion

It is natural and appropriate in physics to formulate one-dimensional harmonic
oscillators, with or without deformation, on the straight x-axis. It turns out that
such a deformation creates rich structure of discrete translational symmetry both in
the quantum and classical systems for the M- and D-oscillators. In the following, we
summarize the results of our analyses of the ¢- and ¢-deformed oscillators.

x c-Deformed oscillators
Each of the infinitely repeated closed orbits in Figs. 2 and 3 is isolated and equivalent.
Note that there is no principle to select one specific orbit among them.
e M-oscillator
The Hamilton function and the momentum are periodic functions with period
27ly/s. = 2ml/s. In Fig. 2, which depicts orbits of constant energy of the
oscillator, localized oscillation is represented by one of the isolated closed orbits
in the even sequence selected spontaneously in the low energy region (E < E.)
and non-localized motion of circulation is represented by one of the open orbits
in the high energy region (F > E.).
e D-oscillator
The Hamilton function and the momentum is periodic functions with period
mly/s«. All classical states are oscillatory and described by one of the closed
orbits in the even and odd sequences selected spontaneously for all energies.

x q-Deformed oscillators
The Hamiltonians and Hamilton functions for the M- and D-oscillators have the
same discrete translational symmetries. Owing to these symmetries, the g-deformed
systems have propagating waves of the Bloch type in addition to localized states.
e M-oscillator
In this case, the Hamiltonian is invariant under the discrete group generated
by the translation operator 72. The localized eigenstate and the propagating
state are given, respectively, by ¢, and the Bloch wave function ¢ (z,t).
e D-oscillator
Here, the Hamiltonian possesses the discrete symmetry group generated by
the operator 7. Both the localized eigenstates and the propagating states are
doubly degenerate and given, respectively, by ¢, and 1], and the Bloch wave
functions 13 (x, t).

Mathematically it is appealing to consider the mapping from the entire interval
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I = (—00,00) onto the unit circle S* = R/(27Z). Description of the ¢- and c-
deformed oscillators on the unit circle is economical in the sense that the duplicated
states appearing along the coordinate axis are all represented by a single state.
However, we must be careful to formulate such a mapping consistently even in the
case that there is no deformation, because a fictitious force must be included in order
to constrain the motion of oscillators on this curved space.

The limit of zero deformation, xk;, — 0, reduces the ladder operators A(z) and
A(z)" of the g-deformed oscillators in Eqgs. (3-6) and (3-7) to

Az) — j:e_iaf’% (% + m) (7-1)

and
1

T a0 _— i _ .
Al(z) — Fe ﬁ(d:}: x>, (7-2)
where the upper and lower signs, respectively, correspond to the part-functions f(z)
and f'(z). Accordingly, we are able to obtain Dirac-Hall-Infeld representations for
both of the ladder operators by choosing ag = 1 and ag = 7, respectively, for the
part-functions f(z) and f'(z).

Finally, we point out that the Dubna group carried out a dimensional analysis
with the unit of length defined by

w
kq = lq t= e’ (7-3)

which was derived through analysis of a g-deformed oscillator in one-dimensional
momentum space with constant curvature.'®) With this choice of the unit lg, it is
possible to take the limit w — 0, i.e., the free particle limit, of Eqs. (4-11) and (4-17).

We have found that the ¢- and c-deformations lead naturally to the appearance
of periodic structures and cause peculiar energy spectra in oscillator systems. An
interesting application of the g-deformation is presented in a recent work by Naka et
al.,'? in which the mass structure of a particle in a 5-dimensional spacetime of the
Randall-Sundrum type'” with a g-deformed extra dimension is investigated, and the
propagator of particle are shown to acquire a natural ultraviolet-cutoff effect.
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Appendix A
—— Secular Equation for Propagating Wave Functions of Bloch Type

The recursion formulas in Eqs. (6-8) and (6-18) for the Fourier coefficients of
the Bloch wave functions correspond to continued fractions of the same form. Ac-
cordingly, the condition'®) that each of these recursion formulas has a non-trivial
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solution leads to a secular equation of the following form

AE)=|-- 0 0 1 dy 1 0 0 - [=0 (A1)

where the quantities d,, in the diagonal entries are the functions given in Eqgs. (6-9)
and (6-19).

To solve this equation without ambiguity, we introduce the following three kinds
of finite determinants:

dn 1 o --- 0 0 o --- 0 0 0
1 dy-n 1 -~ 0 0 0 - 0 0 0
A"(E)=| 0 0 0 1 do 1 0 0 0 |, (A2
. - 0
0 0 0 0 0 O 1 depyr 1
0 0 0 0 0 O 0 1 d_p
dp, 1 0 0 0
1 dp-1 1 0 0
Ap(E)=| + o .o e (A-3)
0 0 1 dyyr 1
0 0 1 dy
and
d_, 1 0 0 0
1 depy—1 1 0 0
AL (E) = : - 0 | (A-4)
0 0 1 depyr 1
0 0 0 1 d_p

where n and v are non-negative integers with n > v.
The Laplace expansion of the (2n+1) x (2n+1) determinant A™(E) with respect
to the row including dy gives rise to the identity

_Ay(B)  ATy(E)
AW(E) A7, (B)

AMNE) = do(E) (A-5)
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Using similar expansions, the determinants A}'(E) and A" (F) are proved to satisfy
the recursion formulas

AV(E) = du(E)A) 1 (E) = Ao (E) (A-6)

and
A" (B) = d-(E)A",_,(E) — A", _,(E). (AT)

Here, we postulate that the limit n — oo of the finite determinant is equal to
the infinite-dimensional determinant A(FE),

lim A™(E) = A(E), (A-8)

and that the finite determinants A’} (E) have the limits

lim A%, (E) = A, (E), (A-9)
where
S dy, 1 0 0 0
AJE)=| 1 dp—1 1 0 0 (A-10)
0 0 1 dyyr 1
0 0 0 1 4,
and
d_y, 1 0 0 0
1 d_,1 1 0 0
: - .. . 0
A(E)=| o 0 1 dopy 1 (A-11)

Then, the secular equation is cast in the form

do(E) — 2?%; - ijgg = 0. (A-12)

Therefore, using the limiting forms of the recursion formulas
Ay(E) = dy(E)Av41(E) — Avga(E) (A-13)

and
A—I/(E) - d—I/(E)A—V—l(E) - A—V—Z(E)a (A'14)

we finally obtain the secular equation given in Eq. (6-10).
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Appendix B
—— General Forms of the Part-Function f(x)

The compact representations of the ladder operators given in Egs. (3:6) and
(3-7) were derived using the part-function f(x) consisting solely of either fi(z) or
fra1 /2(3:). It is possible to obtain the same representations from more general forms
of the part-function f(z).

Let us construct the part-functions f(x) and f’(z) by superposing fi(x) and

fr+1/2(), respectively, as

fl@)= > efulx) (B-1)
k=—o00
and -
Fa)=3 dfesala), (B-2)
k=—0o0

with arbitrary coefficients ¢, and ¢). We separate the Gaussian factor centered at
the origin from f(x) and f'(x) as

) =exp (-5 1) (B:3)
and )
i) =exp (32 ) 16o), (B4
where - )
R = Y oo | 2T, BT (B5)
k=—00
and - )
R = 3 oy | BTN, L BT (B6)

k=—o0

The formulas in Egs. (3-1) and (3-2) with n = 2k prove that the function fi(z)
commutes with the difference operator D for both the M- and D-oscillators. Simi-
larly, the formula in Eq. (3-2) with n = 2k 4 1 enables us to prove that the factor
fi(y) anti-commutes with the difference operator of the D-oscillator. Hence, the
commutation relation in Eq. (3-5) and the anticommutation relation in Eq. (5-6)
hold, respectively, for the general functions f.(z) and f,(z) in this section.

Here, it should be noted that the part-functions f(z) and f’(x) consist exclu-
sively of either fi(x) or fii1/2(z). It can be shown that any mixed superposition
including both fi.(z) and f;11/2(x) cannot be decomposed into a product of a Gaus-
sian function centered at the origin and a factor that commutes or anti-commutes
with the difference operator D.

The energy eigenstates v, given in Eq. (2-14) [¢)], in Eq. (5-7)] were assumed to
have only one non-vanishing Gaussian factor centered at the point 2kw /s [(2k+1)7/s]
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for a certain fixed integer k. It is natural to interpret such a state as corresponding
to the closed orbit of the c-oscillator centered at 2k7/s [(2k + 1)7/s].

In quantum theory, general eigenstates of the 1, and ], types, including the
general part-functions in Eqgs. (B-1) and (B-2), are not forbidden. Note, however,
that there is no principle that determines the coefficients of superpositions other
than the normalization condition of the eigenfunctions. Therefore, the coefficients
ci and ¢j, must be interpreted as being spontaneously selected.

The arguments made here are also applicable to a system with globally periodic
structure,” where the functions fi(z) defined and normalized on the finite interval
I = [(2k — 1)7/s,(2k + 1)7/s] are smoothly connected over the entire interval

> _Ix. The expressions for the ladder operators given in Egs. (3-6) and (3:7) are

k=—o00
valid also in such a system.
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