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Abstract

®
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The Darboux method is commonly used in the coordinate variable to produce new exactly
solvable (stationary) potentials in quantum mechanics. In this work we follow a variation
introduced by Bagrov, Samsonov, and Shekoyan (BSS) to include the time-variable as a

parameter of the transformation. The new potentials are nonstationary and define Hamiltonians
which are not integrals of motion for the system under study. We take the stationary oscillator of
constant frequency to produce nonstationary oscillators, and provide an invariant that serves to
define uniquely the state of the system. In this sense our approach completes the program of the
BSS method since the eigenfunctions of the invariant form an orthonormal basis for the space of
solutions of the related Schrodinger equation. The orthonormality holds when the involved
functions are evaluated at the same time. The dynamical algebra of the nonstationary oscillators
is generated by properly chosen ladder operators and coincides with the Heisenberg algebra. The
related coherent states are constructed and it is shown that they form an overcomplete set that
minimizes the quadratures defined by the ladder operators. The time-dependence of these states
relies on the basis of states and not on the complex eigenvalue that labels them. Some concrete
examples are provided.

Keywords: coherent states, nonstationary oscillator, Darboux transformation, quantum invariants
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1. Introduction

The method introduced by Darboux in 1882 [1] (already
45 years before quantum mechanics was formally structured
by Heisenberg, Dirac and Schrodinger) was addressed to
apply infinitesimal calculus in the study of surfaces [2].
Darboux accomplished a transformation which leaves key
geometric properties of certain classes of surfaces unchanged
[1, 2]. The development of such a method shows chron-
ological gaps [3, 4], but the ideas that underlain the Darboux
transformation find a diversity of applications in con-
temporary physics and mathematics [3—14]. For a long time
the Darboux method (and its generalization developed by
Bécklund) was applied in the study of solitons to construct
nonlinear superposition algorithms for the solutions of the

0031-8949,/20,/044009+14$33.00

related equations [10, 11]. Unexpectedly, the models pro-
posed in the mid-eighties of last century to pair bosons and
fermions in the same picture were also associated with the
Darboux transformation [4]. As a result, the term super-
symmetric quantum mechanics came to denote the simplest of
such models and labeled a new branch of quantum physics,
which has grown stronger over the years [4, 12—-14].
Remarkably, most of the works dealing with the super-
symmetric construction of exactly solvable potentials use the
Darboux transformation in the spatial variable only. A notable
exception is offered in the papers of Bagrov, Samsonov and
Shekoyan (BSS) [15-18], where a variation of the Darboux
transformation is introduced to include the time-variable as a
parameter. Thus, exactly solvable (nonstationary) time-depen-
dent potentials can be also constructed as Darboux-deformations
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of a given (stationary or nonstationary) potential, the solutions of
which are very well known.

The capability of solving nonstationary systems opens a
diversity of applications in the trapping of particles by
electromagnetic fields (see, e.g. [19-24]). However, such
systems are usually affected by external forces that either take
energy from them or supply energy to them. The corresp-
onding Hamiltonian is therefore not an integral of motion. In
this case no orthonormality of the basic solutions is expected
a priori, so the determination of the observables that define
uniquely the state of the system is an open problem in general.
The first clue to find the appropriate invariant for this class of
systems was provided by Ermakov in 1880 [25] (yes, a
contemporary of Darboux!). In connection with the New-
tonian law of motion of the parametric oscillator, Ermakov
introduced a nonlinear differential equation and showed that a
first integral is achieved by eliminating the frequency of
oscillation from both equations (a similar quantity can be
found in the position-dependent version of the Ermakov
equation [26, 27]).

The invariant problem for time-dependent oscillators has
been faced in different approaches [7, 20, 28—41]. Quite
recently, it has been used point transformations to obtain such
invariant as a natural consequence of getting nonstationary
oscillators as deformations of the stationary case [7, 41]. In
the present work the BSS method [15-18] is applied to
generate time-dependent oscillators that have a well defined
invariant and orthonormal basis of solutions.

Our interest is twofold:

(1) We complete the program started in [15-18] by
providing a mechanism to obtain invariants for the
time-dependent Hamiltonians constructed through the
BSS method. The orthonormality of the corresponding
bases of solutions is formally justified within our
approach.

(2) We show that the construction of generalized coherent
states is feasible for non- stationary oscillators. Indeed,
applied to the harmonic oscillator, our approach permits
to construct the ladder operators for the new time-
dependent oscillators in easy form. As these operators
close the Heisenberg algebra and factorize the invariant
of the nonstationary oscillators, the coherent states are
obtained as linear superpositions of the eigenstates of
the corresponding invariant.

Preliminary results were already reported by two of us in
[42], where the time-dependent solutions of the stationary
oscillator are used to construct a family of nonstationary
oscillators as well as their quantum states (an independent
model is developed in [43], some other similar results can be
consulted in [44, 45]).

In this work we first follow [46—48] to obtain time-
dependent wave-packets that have the profile of the Hermite—
Gauss modes of classical optics. These packets are then used
to produce the time-dependent Darboux transformations of
the stationary oscillator we are interested in. One of our main
results is the derivation of invariants for the time-dependent
oscillators that are obtained via the BSS method. The

invariant and the Hamiltonian of any of these nonstationary
oscillators are in general dissimilar, they coincide only when
the time-dependence is turned off (i.e. in the stationary case).
We also show that the intertwining operator used in the BSS
method is connected with the width of the wave-packets
generated for the new oscillators, a result so far unnoticed in
the literature on the matter. On the other hand, the coherent
states of the nonstationary oscillators reported here do not
preserve their form under time-evolution because they are
constructed with the eigenstates of the invariant, which are
time-dependent by themselves.

The paper is organized as follows. For the sake of
completeness, in section 2 we revisit the BSS method. The
construction and study of our nonstationary oscillators is
developed in section 3. We start by obtaining time-dependent
Gaussian wave-packets for the stationary oscillator
(section 3.1). Then, we generalize the above results by
deriving time-dependent wave-packets having the profile of
the Hermite—Gauss modes of classical optics (section 3.1.1).
Using the conventional ladder operators of the boson algebra
we construct the time-dependent ladder operators for such
wave-packets and provide a time-dependent invariant for the
stationary oscillator. In section 3.2 we use the time-dependent
wave-packets of the previous sections to explicitly derive the
nonstationary oscillators introduced in this work. We also
provide the corresponding invariant and show that an addi-
tional pair of ladder operators can be introduced to act on the
space of states of the new system (section 3.2.1). The con-
struction of the coherent states is developed in section 3.3.
Section 4 contains some concrete examples to show the
applicability of our approach. Some conclusions are given in
section 5. We provide the explicit construction of the invar-
iants reported throughout the paper in the appendix.

2. Time-dependent Darboux transformation

Based on the Darboux method [10], the BBS approach
[15, 16] considers a time-dependent differential operator

L=t10: + Bx, D], 0, = 0/0x, )
to pair the properties of two different Schrodinger operators

%0, — Hy(x, 1), 8, =d/0t, k=0, 1, (2a)

N 2
A, 1) = —f—mai Vi D), =00, k=0, 1,

(2b)
by means of the intertwining relationship
L{i%10; — Ho(x, ] = [i40, — Ay(x, D]L. 3)

In the previous equations it is assumed that one of the
Schrodinger operators is exactly solvable, with very well
known solutions, so the solutions of the other operator are
determined via the intertwining procedure. The latter means
that the subject of interest is the kernel of both Schrodinger
operators:
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[i720, — Ho(x, H]$(x, 1) = 0,
[i%20, — Hi(x, H]Y(x, 1) = 0. (4)

Clearly, the functions #(f) and ((x, f) introduced in (1) are
determined such that the Schrodinger equations (4) admit
normalizable solutions. Hereafter we assume that the solu-
tions of the equation associated to Vj (x, 7) are already known.
The introduction of (1), (2a), and (2b) in (3), after some
simplifications, produces the set of equations

., d 72
Vitx, t) — W(x, t) = iZ—1Int(t) + —0:B(x, 1),  (Sa)
dr m

52
i70,8(x, 1) + —[9*B(x, 1)
2m

- 0,82(x, D] + 0, Vo(x, ) = 0. (5b)

The conventional (not time-dependent) Darboux transforma-
tion is immediately recovered from the above equations if
Vo(x, £) = Vy(x), for which we should make #(f) = const and
B(x, 1) = B(x). The first property that distinguishes the BBS
approach from the conventional Darboux method is that a
time-dependent potential V,(x, f) can be achieved even if the
initial potential is a function of the position only Vy = Vj(x),
with the time-dependent functions ¢(¢) and G(x, t) accordingly
determined (see section 3).

Similarly to the conventional case, we may introduce the
additional transformation

B(x, 1) = —0OcInu(x, 1), 6)

with u(x, f) a new function to be determined. Introducing (6)
in (5b) yields

[i20; — Ho(x, 1) + a(D]u(x, t) = 0, (7

where the time-dependent function c;(f) stems from the
integration with respect to x. Thus, u(x, 7) is solution of the
initial Schrodinger equation for which the zero point energy,
represented by c(?), is time-dependent in general. With no
loss of generality we now set ¢(f) = 0.

Providing a solution of (7) with no =zeros in
DomVy(x, t) C R x [tp, 00), according to (5a), the new
potential V| (x, t) might be a complex-valued function. In the
present work we are interested in real-valued potentials, so we
impose the condition

[. d 72 ]
Im|iZz—1Inf(t) + —O0,0(x, 1) | = 0, ®)
dr m

which is easily simplified to %lnw P = %Imai Inu(x, t).
Assuming that £(¢) is real-valued we have

t
£(t) = Lyexp {z f drIm[&2 Inu(x, 7)] } ©)
m
as well as the definition of the new potential

2
Vitr, 1) = Vor. 1) — 2= nfu(x, )P, (10)
2m

where Im[&‘i Inu(x, t)] is a constant with respect to x. That is,
one arrives at the additional equation

31n ux 1) | 0

T\ wtx, 1) ’

with z* denoting the complex conjugation of z € C. The
latter result is a condition that grants a real-valued potential
Vi(x, ?) in equation (10). As usual in the Darboux transfor-

mations, the solutions (x, f) of the new potential (10) can be
obtained from the action of the intertwining operator

(1)

Pix, 1) = Lo(x, 1). (12)
Additionally, the missing state
Yu(x, 1) (13)

“ —_—
L(Hu*(x, 1)

must be considered since it is also a solution of equation (4)
as well as orthogonal to all the states (x, f) constructed
through equation (12). Indeed, it may be shown that v, (x, f)
satisfies the equation I:TwM =0, from which it follows

W, Lo) = (L'u, ¢) = 0.

3. Nonstationary oscillators via the BSS approach

Consider a stationary oscillator with constant frequency wy
that is defined by the potential

Vo, 1) = Yo(x) = i (14)
To obtain the intertwining operator (1) we have to solve the
Schrodinger equation (7) by finding a function u(x, ) which is
free of zeros in DomV;(x, 1) = R X [fy, 00). Our option is to
construct a wave-packet of the oscillator (14) with the
appropriate profile. Keeping this in mind, we first obtain the
basic solutions ¢(x, t) of the Schrodinger equation associated
to potential (14). Then, using such a basis, we get the trans-
formation function u(x, 1).

3.1. Time-dependent wave-packets for the stationary oscillator

Following [37], let us assume that the wave-packet
Owplx, 1) = N(t)exp{iS(t) [x — (&) ()P

FLEO - DO+ KO} as)
is a solution of the Schrodinger equation (7) for the time-
independent potential (14), recall that we have made
c1(f) = 0. The purely time-dependent functions S(¢), K(¥), and
the normalization factor N(¢), are determined in the sequel. In
turn, the mean value of position is given by

&) (@) = (@ Rlu@) = f]R du*(x, Hxu(x, ). (16)

Hereafter we shall write (£)(z) := n(¢) and (p)(t) = mn(¢),
with 2(1) = $2(0).
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Comparing (15) with a conventional (normalized) wave-
packet of the stationary oscillator [49]
.
[2m (AR

LGP L AP ()
exp[ e +i p ], (17)

Dwp(x) =

one realizes that the time-dependent function S(7) is in general
complex-valued S(f) = Sg(f) + 1S, (), where the imaginary
part Si(t) should be related to the time-dependent position var-
iance (A£)2(r) = (£2) (1) — (£)2(r) through (1) = m
Besides, the maximum of the wave-packet is located at
n(t) = (x)(#) and thus, must follow a classical trajectory.
Indeed, after substituting (15) in (7), one gets the condition for
normalization

N@® _ _zg(t), (18)
N () m
the nonlinear Riccati equation
255+(25) +wi=0, (19)
m m
the expression for the K-function
1
K@) = —(p) ()£ @), (20)

27%

as well as the classical equation of motion obeyed by the max-
imum of the wave-packet

@) + win(@) = 0.

It is a matter of substitution to show that (19) decouples into the
system

21

27 a(r)

—Sg(t) = —=, , A = const,
m a(t)

Si(t) =

A
pm (22)

where «(f) satisfies the Ermakov equation (see [37] for details):

2
() + wpar) = (@) 31 :
m ) a’(t)
Notice that A = 0 produces the coincidence of equation (23) with
the Newtonian law of motion (21). Besides, it also yields S; = 0
in (22), so the function ¢wp(x, £) introduced in (15) is reduced to
the real-valued function N(¢) times a phase, which depends on x
and 7. Thus, our approach considers A = 0 in order to ensure a
nontrivial function S(r) as well as a Gaussian-like wave-packet
dwplx, D).
To solve the Ermakov equation (23) one may use a pair
of linearly independent solutions of (21), namely ay(t) =
coswy(t — 1) and ap () = sinwy(t — 1), to write [26]:

(23)

a(t) = {a cos?> wy(t — to) + bsin2wo(t — to)

+ csin?wo(t — to) /2. (24)
The nonnegative parameters a, b, and c, are such that
2
b= - (@) . (25)
mwyo

Let us simplify the notation by making, without loss of
generality, A = % Hence b = Jac — 4. On the other hand,
using (22) in (18) we obtain the normalization factor

Lefée(”,
Vo)

with Ny an integration constant which is fixed by normal-
ization, and

0 =200 [ et

= arctan {%[(ac — 2 4 ctanwy(t — )] }

N@) = (26)

27

Therefore, the normalized wave-packet we are looking for
acquires the Gaussian form

I \L/4 o000 gié ()
Owplx, 1) = ( 0)
v/ Jal(t)

Cmwy(x = (R)OY
xexpl P (—a(t) )], (28)

where
ma . ey
Ex, 1) = 7 ()[ (£) (]
. 1
+E<p>(t)[x—< 2] + §< p) (@) (%) ().

(29)

As indicated above, the imaginary part of S(¢) defines the
time- evolution of the width of the wave-packet. Namely,

S;(t) = roduces the variance
I( ) 4(Ax)2(f) z() p

(AR (1) =

[a cos® wy(t — to)
mwo

+ bsin2wo(t — ty) + ¢ sin? wo(t — t9)].  (30)

Then, the width oscillates with period 7 = —, and is such that
wo

7
a, t,=n7T + 1y
dmwy

7 (2n + 1) ’
c, t, = T+ 1y
4mw 2
3D

If @ = ¢ then (A%)?(¢) oscillates (up to the constant defining

the units) between a + b and a — b with period 7 = Wl
0
The expectation values (£) and (p) are obtained from the
solutions of the Newtonian equation (21). In short notation, it

may be shown that they obey the rule

(AR (1) =

n=0,1,2,...

I (<)€>(t))
X(@) = R@®)X(t0), x(@) =|,. , (32a)
(P)®
where the rotation matrix
R(1) = coswy(t — tp) meosinwo(t — tp) (32b)

—mwg sinwy(t — ty) coswy(t — tg)
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has the classical period 7o, = i—’r That is, in the phase-space,
wo

the point X (¢) describes a circumference that passes through
X (to) over and over as the time reaches any integer multiple of
the period T [49].

3.1.1. Hermite—Gauss packets and their dynamical algebra.
Introducing the variable

2mwy )]/z[x — (%) (t)]
7 a(t)

one may rewrite the Gaussian wave-packet (28) as follows

X, 1) = ( (33)

—wn,

2mwy )1/4 e—ig0f(® gié(x.1) .

G0l 1) :( s NETO)

€0 = (34)

1
>
It is immediate to recognize the resemblance with the ground
state wave-function of the quantum harmonic oscillator. This
wave-packet can be also compared to the fundamental, one-
dimensional, off-axis Hermite—Gauss mode associated to
parabolic refractive index optical media, see e.g. [47]. In this
context, the variance (A£)? represents the oscillating beam
width that encodes all the information of the propagation
properties of the light beam along the optical axis. With this
in mind we follow [46] and propose the set of Hermite—Gauss
modes

efis,,()(t)eif(x,t)
Jal(t)

as the basic solutions of the Schrodinger equation (4) for the
potential Vj(x) given in equation (14). The constants ¢, must
be fixed by normalization. The straightforward calculation
shows that the new functions ,(x) satisfy the (free of units)
eigenvalue problem of the quantum stationary oscillator of
mass and frequency both equal to 1,

G (x, 1) = Cn (35)

. (X (x, 1))

2 2
[_%ﬁ - fn]m) =0, n=0,1,2,.. (36)

For ¢, =n + % the normalized solutions of (36) are well
known

[ |-
700 = =" 00. @00 = e (D)
n:
where
A d
a* = %(:Fa - x), (38)

are the boson ladder operators [a—, at] = I, with I the
identity operator, and

ate, (0 =+vn + 1g, (), a¢,(x) = vny,_ (X)),
n=0,1,2,..
(39)

From (37) and (35) we now introduce the operators (see
details in [46]):

AT = e i0(Di€ (D) g+e—it ()

A" = ef0eitwngeiten  f, — ATA”, (40)
which satisfy the oscillator algebra
A, A" =1, [, A7) = +4%. (41)

Note that A™ are ladder operators for the eigenfunctions of iy,
which in turn can be rewritten as 7, = e!¢®fe €@ with
A = ata- the conventional boson-number operator. The
action of the above operators on the Hermite—Gauss modes
(35) is given by

A+¢n(x, [) =n + 1¢n+1(-x9 t)v

A, 1) = Vi, (x, 1), (42a)

and
fag,(x, t) = neg,(x, t). (42b)
That is, the time-dependent wave-packets (35) are

eigenfunctions of the modified number operator 74. In
coordinate representation, it may be shown that the time-
dependent ladder operators (42a) are written as follows

AT =—ie 000 [
mwy

‘ (%[ﬁ — (YO — SHOLE — () <t>]), “30)

AL 7
A =ieDa(t) |—
muwy

% (%[ﬁ — ()] — SO[F — <)?>(t)]). (43b)

Therefore, the functions ¢,,(x, f) in (35) can be rewritten in the
familiar (short) form

¢, (x, 1) = LA*”%(X, N, n=0,1,2,...

N (44a)

Equivalently

1/4 it 1o aicen _ meoo (3= DOY
2mwo) e 2)0Delelen) 2

— a(t)
@ % 1) ( /i J2"a@)n!
an( [2mag [x - (J?)(t)]]’
7 a(t)

with H,(z) the Hermite Polynomials [50]. In the case
(£Y(r) = 0 the functions ¢,(x, f) coincide with the well
known Hermite—-Gauss modes [46]. For (£)(r) = 0 this

(44b)
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expression describes off-axis, tilted beams for which the wave
vector follows a trajectory given by (32a)—(32b).
On the other hand, the dynamical invariant operator

. ,
Lo - (yor — 224, p)
Iy m m
2
+ (oﬂ + 4L20][x — @B OP
(6]

* 2%[(;3)(:);2 + ®)Op — (PYOE) D], (45)

can be obtained by eliminating the frequency w, from the
Newton equation of motion (21) and the Ermakov
equation (23), just as it was shown by Ermakov for the
parametric oscillator [25] (see the discussion on the matter
and further details in [37]). The constant I = 4%0 has been

introduced to provide the invariant / with dimensions of
action. One may show that the Hermite—Gauss wave-packetg
@,(x, 1) defined in (35) are eigenfunctions of the invariant /
with eigenvalue /7 (n + % . The latter is due to the fact that
the operator introduced in (45) can be rewritten in the form
=7 (ﬁA + %) =hATA + %). Thus, the operators (40)

factorize also the invariant [ since it commutes with the
modified number operator 7iy.

The invariant problem for time-dependent oscillators has
been faced in different approaches [7, 20, 28—41], including
its presence for the x-dependent Ermakov equation [26, 27]. A
more general treatment considers point transformations for
which the related invariant arises as a natural consequence of
deforming the stationary oscillator to get nonstationary
oscillators [7, 41]. In appendix we offer an alternative
derivation of the invariant (45). The relevant point here is that
the functions (35) satisfy the orthonormality condition

[ 6,0 e 1) = S (46)
R

which holds when the involved functions are evaluated at the
same time (otherwise the orthogonality is not granted). Thus,
the set ¢,(x, ¢) forms a complete basis for the normalizable
solutions of the Schrédinger equation (4) defined by the
potential Vy(x, 1) we are dealing with.

3.2. Nonstationary oscillators
Following [42], for the transformation function we write
e—ief(1) it (x.1)

Ja(t)

We look for a real-valued function e >X’F (x), with no zeros
in R x [fy, co), satisfying the eigenvalue equation of the
stationary oscillator for a given eigenvalue <. Using (36) one
may verify that F()) satisfies the confluent hypergeometric
equation associated to the harmonic oscillator, the general

u(x, t) = e XD F (x (x, 1)) (47)

solution of which is written in the form
FOx@ 0) = ka tFi(5(1 = 29), 3, )

+ oy R(F3 - 20, 2,0%), (49)

where Fi(a, c; z) stands for the confluent hypergeometric
function [50], and the constants &, k;, , are to be determined.
Indeed, assuming that F() fulfills our requirements, it is a
matter of substitution to show that condition (11) is satisfied,
so the potential (10), now written

27w
a2 (1)

is real-valued. Remark that the frequency of V(x, 7) is exactly
the same as the constant frequency wg of the stationary
oscillator (14). That is, the time-dependence of the new
potential (49) arises from the additive term included by the
Darboux transformation. In this respect, the nonstationary
oscillators represented by such a potential increase the num-
ber of exactly solvable time-dependent oscillators already
reported in the literature, where it is usual to find oscillators
with time-dependent frequency that are acted by a driving
force which also depends on time. The time-dependent term
included by the Darboux transformation in (49) would
represent external forces that either take energy from the
oscillator or supply energy to it. That is, depending on the
functions «a(f) and F(x(x, 1)), we are facing a nonconservative
system which has no solutions with the property of being
orthogonal if they are evaluated at different times, similarly to
the inner product of the Hermite—Gauss modes (46). We give
full details of the related solutions and their properties in
section 3.2.1. Notice also that the term containing the function
a in (49) would represent a time-dependent zero point energy
which may be omitted (at the cost of producing just the dif-
ference of a global phase in the solutions, see e.g. [41]).
In turn, the G-function (6) acquires the form

2
Vit 1) = %mw%xz (e x 0)] + 220 (49)
m

Bx, 1) = —%<13>(t) — 28 [x — (£)(1)]
— Ok[InF(x(x, )],

while the £-function (9) is simply £(f) = a(f). Recalling the
expression that connects the width (variance) of the wave-
packet (28) with the a-function (30), we immediately realize
that the function £(¢) is associated to the standard deviation

VADA() of dwplx, 1) = Po(x, 1) as follows

B0 (A2 ().
7

The derivation of the intertwining operator (1) is immediate

using (50) and (51). However, it is profitable to rewrite L in

terms of the annihilation operator A introduced in (40). The

straightforward calculation gives

L = —a()d[InF (x(x, )] + 2e710® /%Ai (52)

(50)

(@) = a@) = (51

where we have used (43b).
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3.2.1. Solutions and dynamical algebra for the time-dependent
oscillators. The construction of the solutions to the
Schrddinger equation defined by the nonstationary potential
(49) is given by the transformation

Yni1(x, 1) = Lo, (x, 1)
= —a() O,[InF (x (x, D)1, (x, 1)
mwon

_ x, 1), n=0,1,2,...
% Gy—1(x, 1)

+2e7100

(53)

On the other hand, the appropriate transformation function u
(x, 1) defines a square-integrable missing state (13), which
must be added to the solutions. We may consider ¢ < % to
write Y(x, 1) = Yo(x, ).

To get more insights about the new set of functions (53)
we have to emphasize that they are not eigenfunctions of the
Hamiltonian defined by the time-dependent potential (49).
The reason is that such a Hamiltonian is not an integral of
motion. Thereby, it is necessary to determine the first integral
(s) that may serve as observable(s) to define uniquely the new
oscillators. As indicated above, the existence of an invariant
for the time-dependent oscillators was mathematically shown
by Ermakov in 1880 [25]. In the present case, the
straightforward calculation shows that the functions (x, f)
introduced in (53) are eigenfunctions of the invariant operator

4ﬁw0

Ic = 10[i - G(#, t)], (54)
with [ and I, given in (45). The operator G@&, 1) corresponds
to the additive time-dependent term of V/(x, f), it is defined in
equation (A.4) of the appendix, where the derivation of I; is
developed in detail. Notice that turning off the operator
G (%, 1) both invariants coincide Ig_o =1, as expected.

Let us complete our program by following [15, 16] to
introduce an additional operator M , which is assumed to act
on the space of states of the potential V,(x, ), as follows

My (x, 1) = d(x, 1). (55)

Using (53) one gets M (Lp) = ¢. Then ML = I, which
means that M reverts the action of L. The latter is significative
since we can construct a new pair of operators

At Ant oA

B =[A"M, (56)
such that
B, (x, ) =n + Thpii(x, 1),
B, (x, 1) = Jith,_1(x, 1). (57)

That is, B are the ladder operators in the space of states of
the new potential. Indeed, the straightforward calculation
yields the oscillator algebra

+

>

(58)

Therefore, we can write

Unl, 1) = ——B "o, 1), n =0, 1,2,...

N (59)

3.3. Coherent states

The bare essentials of coherent states can be expressed as a
linear superposition

IZCS> = Zf;l (Z)I’Yn>, ZE Ca

nel

(60)

where the vectors |7,) generate a (separable) Hilbert space H,
7 C Z is an appropriate set of indices, and f,(z) is a set of
analytical functions permitting normalization [49]. The super-
positions (60) satisfy some specific properties that are requested
on demand. For instance, in the harmonic oscillator case it is
well known that the coherent states (i) are eigenvectors of the
annihilation operator with complex eigenvalue (ii) are displaced
versions of the vacuum state (iii) minimize the Heisenberg
uncertainty and (iv) are time-invariant. Any of the above prop-
erties can be used as a definition, then the other ones are
recovered as a consequence of the former. The simplest form of
obtaining a harmonic oscillator state with all the above proper-
ties is by using a linear superposition (60) where the vectors |, )
are the number states |n); such states are named after Glauber
[51] and are usually called coherent states. For systems other
than the harmonic oscillator not all the above properties can be
satisfied simultaneously. It is then common to use one of such
properties as a definition and to analyze how many of the other
properties are fulfilled (for a detailed classification and discus-
sion on the matter see the review paper [49]). The states so
constructed are known as ‘generalized coherent states’ (coherent
states for short if there is not ambiguity).

The relevance of the Hermite—Gauss modes introduced in
section 3.1.1 for the stationary oscillator (3), and the solutions
introduced in section 3.2.1 for the time-dependent oscillators
(49), is that both of them form an orthogonal basis for their
respective spaces of states. The latter, we insist, since they are
eigenfunctions of the invariant operators / and I, respec-
tively. Therefore, we are able to construct time-dependent
‘coherent’ superpositions (60) for either the stationary or the
nonstationary oscillators discussed in the previous sections.
Additionally, for both systems we have obtained a set of
operators that satisfy the oscillator algebra, so we have at
hand either the algebraic (Barut-Girardello) or the group
(Perelomov—Gilmore) approaches to define the coefficients f,
of the superposition (60). In the former picture one looks for
states satisfying the property (i) described above. The latter
picture uses property (ii) as definition of coherent state.

Let us start with the Hermite—Gauss modes, it is simple to
show that the superposition

¢, (x, 1) = e~3IF i 24, z€C, 61)

n=0 n!
is eigenvector of the operator A~ with eigenvalue z. The
probabilities |¢, (x, 1) [ follow the Poisson distribution and are
not time-dependent (see [52] and compare with [53]). By
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construction, the state ¢.(x, f) minimizes the uncertainty
associated to the quadratures

[ EPPI
qA=ﬁ<A*+A),

i

py=——@A" —A), [, py] =i 62

Pa \/E( ) qa> Pa (62)
Besides, from (44a) it can be verified that
6, (x, ) = e HlFeA g (x, 1)

= Da(2) (v, 1), (63)

where we have used the fact that ¢g(x, ) is annihilated by A
as well as the conventional disentangling formula for the
Heisenberg—Weyl group [49]. Thus, the coherent sates (61)
are also displaced versions (in the complex z-plane) of the
fiducial state ¢g(x, f), which is time-dependent through the
function x(x, #) defined in equation (33). Moreover, using (46)
it can be verified that the set ¢.(x, f) is overcomplete, just as
this occurs for the Glauber states.

To construct a first class of coherent states for the non-
stationary oscillators (49) we can use the action of the
operator L introduced in (52). We immediately obtain

Y (x, 1) = Lo, (x, 1) = —¢,(x, Na(t) 0,
X [IF (x (x, )] + 22¢770 [0 (x, 1), (64)

As we can see, in contrast with the conventional coherent
states, neither ¢,(x, f) nor ¢, (x, ) preserve their form when
they evolve in time. This is because their time-dependence is
not focused on the complex eigenvalue z, but in the basis of
states that are used to construct the superpositions.

Additionally, we can obtain the eigenfunctions of the
operator B, which yields

P (x, 1) = Dp(2) o (x, 1)

o0 n

— e3P 2y

=€ 2 n(-x9t)9 ZEC,
n=0 Vn!

(65)

where we have used, again, the conventional disentangling
formulae for the Heisenberg—Weyl group. The latter states
minimize the uncertainty of their respective quadratures

e
ds=—75 8"+ 5.
N 1 4+ A A .

= _(B - B )’ [ s ] =1, (66)
Pp \/5 4p> P

and their probabilities are given out according with the (not
time-dependent) Poisson distribution. It is clear that the
coherent states @Z (x, t) are not invariant under time evolution
(the time-dependence is not defined by the complex eigen-
value z, as in the previous cases). Nevertheless, they form an
overcomplete set in the space of states of the nonstationary
oscillators V;(x, f) defined in (49).

|
o o o o o o

Figure 1. Nonstationary oscillators V,(x, 7) defined in equation (68b)
at two different times (arbitrary units). The gray filling is a reference
of the stationary oscillator (14). In all cases tp = 0, m = 1, wy = 0.5
(also in arbitrary units), and k, = 0.89k;. The curves in red, dashed-
blue, and dotted-purple correspond to oscillators that departured
from the initial point ((£)9, (p)o) defined by (0,0), (3,0), and (3,1),
respectively. We have used a(f) with @ = 1 and ¢ = 4.

4. Examples and discussion of results

Next we provide some specific examples to show the applic-
ability of our method. We have selected representative cases for
the nonstationary oscillators V(x, f) as well as for the related
solutions ,,(x, ) and coherent states 1/.(x, f). As indicated above,
we shall take ¢ < % in order to get well defined missing states
Uulx, 1) = Yo(x, 1), however such a selection does not limit our
approach since the oscillation theorems that apply for stationary
Hamiltonians are not directly valid in the present case. Addi-
tionally, recall that ,,(x, f) is orthogonal to any state (x, f)
constructed through equation (53), no matter the value of €. So
that any ¢ > % producing normalizable states 1(x, ) may be
included in the set of solutions. Results in this direction will be
reported elsewhere.

4.1. Casec = —}
For ¢ = —% the function (48) becomes
F() = exz[ka + Tk, Erf(x)], ©7)

so that the operator L and potential V; are respectively given
by

R 1/2 —X2(e,0)
L=— (2mw0) kpe + x(x, 1)
7 2k, + ~Tky Brf(x (x, 1)
42100 @ff
(68a)
and
2 172
Vi, ) = Smwde? — 22 (M)
2 ma(t)\ 7
[ kbe—xz(x,t) :| _ ZfZLUO
| 2k, + Tk Erf(x (x, ¢ 2(1)
+ ~7mky Erf(x (x, 1)) a(1) (68b)

To avoid singularities in Vj(x, ) we take |k, > g|kb|.
Figure 1 shows the behavior of these potentials at two dif-
ferent times (measured in arbitrary units). We can identify a
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(a) (0,0)

(b) (3,0)

(©) (3,1)

Figure 2. Time-evolution of the nonstationary oscillators V;(x, 7) shown in figure 1 for the indicated values of the initial points ({X)y, {5 )o).

8

-8
0

2n

N\ \/

(e) (37 0)’ |’(/11(:U,t)|2

61t 81t

t

(g) (37 1)7 |1/)O(x7t)|2

(h) (3’ 1)7 |77b1('r7t)|2

(i) (37 1)7 |¢2(J},t)|2

Figure 3. Probability densities of the three first Darboux deformed wave-packets v,(x, f) associated with the potentials shown in figures 1

and 2.

local ‘deformation’ of these potentials with respect to the
stationary oscillator V(x) defined in (14). Such a perturbation
oscillates around its initial position by following the parabola
that represents the stationary oscillator. The latter is better
appreciated in figure 2, where the time-evolution of the
nonstationary oscillators Vi(x, ) is depicted.

The behavior of the three first states ,(x, 1) of the
nonstationary oscillators (68b) is exhibited in figure 3 for the
same parameters as those used in figures 1 and 2. The
value € = —% permitted the construction of the missing state
o(x, 1). Notice that such a packet concentrates its maximum
by following the time-dependent perturbation of the related

potential, as expected. The same global behavior is appre-
ciated for the wave-packets ¥(x, 1) and ¥, (x, 1), where their
local maxima follow the potential perturbation as the time
goes on.

The coherent states v, (x, t) of the potential (68b) are
shown in figure 4 for two different values of the complex
eigenvalue z and the same parameters as in the previous
figures. The case z = i (upper row in the figure) exhibits the
propagation of two maxima that obey their presence to the
logarithmic derivative of F(x) in the first term of ¥.(x, f), see
equation (64). Such an effect becomes negligible for other
values of z, as it can be noted in the plots of the lower row.
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8

10

o

87t

() (0,0, 2 =3 — 3i

Figure 4. Probability density of the coherent states 1); (x, ¢) for the indicated values of the initial point ((£),

other parameters are the same as those of figure 1.

' 4
] \/ \/
-10
0 2n 41 6t

(e) (3,0), z=3—3i

(f) (3,1), 2 =3 — 3i

(P)o) and the eigenvalue z. The

(a) (0,0)

(b) (3,0)

Figure 5. Nonstationary oscillators V;(x, f) defined in equation (70b) for the indicated values of the the initial point ({X)o,

(c) (3,1)

(p)o)- In all cases

to=0,m=1, wy = 0.5, and k, = 1.7k;. We have used a(f) witha = 1 and ¢ = 5.

4.2 Casee= —3
In this case, the relevant results are the F-function
F(X) = ko + xe¥'lky + ~VTka Erf ()], (69)

as well as the operator

P _(2mw0)1/2 2kaxe ™ + ky(1 + 2x2) + STk, Erf(y)
7 ko€ + xlky + Tk Erf(y)]
e 0 [meo A
7
(70a)
and the potential
2.2 2 1/2
Vi) = mwox= A (meo)
2 ma(t) 7
) 2k xe X + kp(1 + 2x2) + Tk, Erf(y) n 2/
T ke + Xlky + VThLEE()] ()
(70b)

The time-evolution of the nonstationary potential (70b) is
shown in figure 5 with similar values to those used in the
previous case. Notice that the global behavior of an

10

oscillating perturbation is also presented in this case. Similar
conclusions are obtained from figures 6 and 7, where we
show the time-evolution of the probability densities of the
wave-packets 1,(x, ) and coherent states .(x, 1),
respectively.

5. Conclusions

We have obtained time-dependent wave-packets with the
Hermite—Gauss profile for the stationary oscillator of constant
frequency wy. These states are not eigenfunctions of the
related Hamiltonian and are not orthonormal if the elements
in the product are evaluated at different times. Nevertheless,
we have shown that there exists an invariant operator I (1)
which admits the Hermite—Gauss modes as eigenfunctions.
Then, such functions form an orthonormal basis for the space
of states of the stationary oscillator and differ from the
solutions of the related Schrodinger equation just by a time-
dependent phase.

The above described Hermite—Gauss wave-packets have
been used to construct time-dependent Darboux deformations
of the stationary oscillator via the method introduced in
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8

(8) (3,1), [vo(z,t)[? (h) (3,1), [1(, 1) (i) (3,1), |ypo(z,t)?

Figure 6. Probability densities of the three first Darboux deformed wave-packets v,(x, f) associated with the potentials shown in figure 5.

(d) (0,0), z=3—3i (e) (3,0), z=3—3i (f) (3,1), 2 =3 — 3

Figure 7. Probability density of the coherent states 1),(x, f) for the indicated values of the initial point ((£)y, (p)o) and the eigenvalue z. The
other parameters are the same as those of figure 5.

[15-18]. We have shown that the new nonstationary oscilla- We have provided the invariant f; for the nonstationary
tors exhibit a local ‘deformation’ that oscillates along the oscillators, so that the solutions reported here are eigenfunc-
parabola that represents the potential of the stationary case. In  tions of f; since the corresponding Hamiltonian is not an
turn, the local maxima of the solutions also oscillate by fol- integral of motion of the system. The invariant operator [
lowing the deformation of the potential as the time goes on.  coincides with the invariant / of the Hermite—Gauss modes

11
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when the time-dependence of the nonstationary oscillators
(represented by an additive operator G in the new Hamilto-
nian) is turned off.

We also provided the dynamical algebras for both sets of
functions, the Hermite—Gauss modes and the solutions to the
nonstationary oscillators, and show that they close the Heisen-
berg algebra. Then we have constructed the corresponding
coherent states, which form an overcomplete set while they
minimize the quadratures associated with the ladder operators.
Remarkably, the time-dependence of these states does not yields
on the complex eigenvalue z, but on the basis of solutions itself.

It is expected that our approach can be applied to study
either trapping of particles by electromagnetic fields [19-24],
or the propagation of electromagnetic signals [46—48]. Our model
can be extended to the case of non-Hermitian Hamiltonians
[26, 27], for which some interesting results have been reported
quite recently [45]. Immediate applications are available in
supersymmetric quantum mechanics [4, 12-14], which can be
used to model photonic systems with complex refractive index
[8, 54-57].
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Appendix. Invariant operator

Any invariant operator (first integral) [ (r) must satisfy the
Heisenberg equation

d s 1A 0 5

dtl(t) 5[H(t)’ I1(1)] + 8tI(t) 0. (A1)
For time-dependent oscillators the operator [ (1) was achieved
in mathematical form by Ermakov [25]. Fundamental results
addressed to face nonstationary systems in quantum
mechanics were then reported by Lewis and Riesenfeld
[28, 29], and formalized by Dodonov and Man’ko [30, 31],
and by Glauber [20]. Over the time, some approaches have
been developed to study a wide diversity of quantum
mechanical problems (see, e.g. [32—40]), including the
application of the Ermakov equation in coordinate repre-
sentation (rather than using the time parameter) to construct
stationary non-Hermitian exactly solvable Hamiltonians
[26, 27]. Recent results show that the invariant 7(¢) is a
natural consequence of point transformations when nonsta-
tionary oscillators are produced as deformations of the sta-
tionary case [7, 41]. The relevance of [ (¢) is that one can find
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a set of its eigenfunctions

[ p,(x, 1) = NP, (x, 1),

A= A1), n €L CZ, (A2)

which satisfy an orthonormality condition when the involved
functions are evaluated at the same time. Thus, the product
between 3, (x, 1) and @, (x, ¢’) is not necessarily 6,,,, if r = .
The latter is relevant since nonstationary Hamiltonians H (7)
are not integrals of motion for the related system, so that the
spectral problem defined by H () is either cumbersome or
even intractable. In general, the eigenfunctions @, (x, t) of
the invariant [ (¢) are connected with the solutions of the
Schrodinger equation 70, (x, t) = H() @, (x, 1) through a
time-dependent complex phase [29]. Namely, ¢, (x, 1) =
e (x, 1), with 0,(7) to be determined.

To construct the invariant operator I; reported in
equation (54) we pay attention to the Hamiltonian defined by
the time-dependent potential (49):

1 2 250.)0 2 Zﬁﬁdo
Vilx, 1) = —mwix? — Z=—L9%[InF (x (x, 1))] + .
(. 1) = Ol (e )] + 258
That is, we use the Hamiltonian
p? 1 270 A 2w
B =2 4 —mwds? - G, 1)+ , (A3
(0 = G i = RGN + e (A3)
where the operator G &, 1) is defined such that
(G (&, Dl): = [O3InF (x (x, NP (x, 1). (A4)

From the well known structure of the Ermakov-Lewis—Rie-
senfeld invariant we now propose

Ict) =10 + (G, 1),

where the coefficient f(¢) is to be determined. Equation (A.1)
is easily achieved by considering the relationships

(A5)

[£2, p*1= —[p*, £2] = 2i% (%, p},
(22, {%, pY1 = 4i/82, [P, (%, p}] = —4i7p*,  (A.6)
along with the identity
[{£, ), FOI = 2815, F R, (A7)

with f(X) a smooth function of %. Besides, it is straightfor-
ward to show that

Qé(;e, 1(_%_ (p >(t)
ot 2\ « m

x [p, G&, D], &=

1= < >(t))

Oa

o (A.8)

Therefore

d ~

dt

i ol
—[H, I i €4
/7[ 1 1] + 5
—fG(x 1) + (f+

_(@

4 7awg

){ﬁ[ﬁz, G ]

+ a—(f - <f>))[ﬁ, G, t)]} =
« (A.9)
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where we have used that / (¢) is the dynamical invariant of H,.

By simple inspection one finds that f () = —

42 .
“0 provides

m

the root of equation (A.9).

After introducing the above parameters into equation (A.5)
we recover the expression (54) for the invariant fg. Clearly, if

the operator G (%, 1) is turned off, then I;_o = I, with [ the
invariant reported in equation (45). The latter is quite natural by
considering that the operator G (R, 1) corresponds to the time-
dependent term that results from the difference V(x, £) — V().
Thus, if G()E, t) = 0 one has Vi(x, ) = Vy(x).
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