IT City Research Online
UNIVEREIST; ]OggLfNDON

City, University of London Institutional Repository

Citation: Fring, A. & Dey, S. (2014). Noncommutative quantum mechanics in a time-

dependent background. Physical Review D - Particles, Fields, Gravitation and Cosmology,
90(8), 084005-. doi: 10.1103/physrevd.90.084005

This is the accepted version of the paper.

This version of the publication may differ from the final published version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/4150/

Link to published version: https://doi.org/10.1103/physrevd.90.084005

Copyright: City Research Online aims to make research outputs of City,
University of London available to a wider audience. Copyright and Moral Rights
remain with the author(s) and/or copyright holders. URLs from City Research
Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge.
Provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is
not changed in any way.




City Research Online: http://openaccess.city.ac.uk/ publications@city.ac.uk



http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk

4.
G2y CITY UNIVERSITY
_-'.Qj.é. LONDON Quantum mechanics in time-dependent backgrounds

Noncommutative quantum mechanics in a
time-dependent background

Sanjib Dey and Andreas Fring

Department of Mathematics, City University London,
Northampton Square, London EC1V 0HB, UK
E-mail: sanjib.dey.1@city.ac.uk, a.fring@city.ac.uk

ABSTRACT: We investigate a quantum mechanical system on a noncommutative space
for which the structure constant is explicitly time-dependent. Any autonomous Hamil-
tonian on such a space acquires a time-dependent form in terms of the conventional
canonical variables. We employ the Lewis-Riesenfeld method of invariants to construct
explicit analytical solutions for the corresponding time-dependent Schrodinger equation.
The eigenfunctions are expressed in terms of the solutions of variants of the nonlinear
Ermakov-Pinney equation and discussed in detail for various types of background fields.
We utilize the solutions to verify a generalized version of Heisenberg’s uncertainty rela-
tions for which the lower bound becomes a time-dependent function of the background
fields. We study the variance for various states including standard Glauber coherent
states with their squeezed versions and Gaussian Klauder coherent states resembling a
quasi-classical behaviour. No type of coherent states appears to be optimal in general with
regard to achieving minimal uncertainties, as this feature turns out to be background field
dependent.

1. Introduction

The study of quantum mechanics and quantum field theories on noncommutative space-
time structures is motivated by the fact that it achieves gravitational stability [1] in almost
all currently known approaches to quantum gravity, such as string theory [2, 3, 4] or loop
quantum gravity [5, 6]. In a quantum mechanical setting the most commonly studied
version of these space-time structures consists of replacing the standard set of commu-
tation relations for the canonical coordinates x* by noncommutative versions, such as
[x#, z¥] = 16", where 6" is taken to be a constant antisymmetric tensor. More interesting
structures, leading for instance to minimal length and generalized versions of Heisenberg’s
uncertainty relations, are obtained when 6" is taken to be a function of the momenta
and coordinates, e.g. [7, 8, 9, 10, 11]. In addition, one may of course also introduce an
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explicit time-dependence in 6*¥. Although various effective Lagrangians for such type of
noncommutative field theories have been derived, e.g. [12], little is known about explicit
quantum theories on such type of spaces, one of the reasons being that they are far more
difficult to solve.

Here our aim is to find explicit solutions for a simple prototype quantum mechanical
model on a time-dependent background and study the physical consequences such a space
will imply. We focus here on the particular two-dimensional space with nonvanishing
commutators for the coordinates X, Y and momenta P, P,

[X,Y] =1i0(t), [Py, Py = i€(t), (X, Pyl =[Y, P =ih+ i%g(t), (1.1)
where the noncommutative structure constants 6(t) and (t) are taken to be real valued
functions of time ¢. Of course a multitude of other possibilities exists. The specific form
presented here allows for an elegant representation, as we shall see in detail below. When
considering representations for these phase-space variables one is inevitably lead to time-
dependent Hamiltonians H(X,Y, P,, P,) — H(t).

We will employ here the method of invariants, introduced originally by Lewis and
Riesenfeld [13], to solve the time-dependent Schrédinger equation

iho[,) = H(t) [¢y,) (1.2)

for the time-dependent or dressed states |1),,) associated to the Hamiltonian H ().

Let us briefly describe the key steps of the method for future reference. The initial
step in that approach consists of constructing a Hermitian time-dependent invariant I(t)
from the evolution equation

dI(t) 1
——= =0JI(t)+ =[L(t),H(t)] = 0. 1.3
= 0ur(w) + = (1), 1) (13)
In the next step one needs to solve the corresponding eigenvalue system involving the
invariant

1(8) [n) = Aldp) 5 (1.4)

for real and time-independent eigenvalues A\ and for time-dependent states |¢,,). It was
shown in [13] that the states

¥,) =@ |g,) (1.5)

satisfy the time-dependent Schrodinger equation (1.2) provided that the real function «(t)
in (1.5) obeys
do(t)
Cdt

For more details on the derivation of these key equations we refer the reader to [13].

= 2 (0,00, — H(1) 16, (1.6)

Having obtained the explicit solutions for the wavefunctions one is in the position to
compute expectation values for any desired observable. Of special interest is to investigate
the modified version of Heisenberg’s uncertainty relations resulting from non-vanishing
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commutation relations (1.1). Following standard arguments, the uncertainty for the simul-
taneous measurement of the observables A and B has to obey the inequality

AAAB|, > = [l A, B][4)], (L.7)

N | =

with AA@ = (Y| A2 |¢) — (| A|)? and similarly for B for any state |¢). Evidently,
for instance the first relation in (1.1) implies that the uncertainty for the simultaneous
measurement of X and Y is greater than the function of time |6(t)| /2 rather than simply
being greater than a constant. Of special interest is to see whether the time-dependent
bound can be saturated by the use of various types of coherent states in (1.7).

Our manuscript is organized as follows: In section 2 we construct the time-dependent
invariant I(¢) for the two dimensional harmonic oscillator on the background described
by (1.1). We compute its time-dependent eigenfunctions |¢,,), determine the phase «(t)
thereafter and hence the eigenstates |1,,) of H(t). As all solutions are dependent on the
solutions of the nonlinear Ermakov-Pinney equation we devote section 3 to a discussion of
its solutions. In section 4 we assemble the solutions from section 2 and 3 to investigate the
validity and quality of a generalized version of Heisenberg’s uncertainty relations. Partic-
ular focus is placed on the study of the uncertainty relations when computed with regard
to standard Glauber coherent states, including their squeezed versions and also Gaussian
Klauder coherent states. In section 5 we state our conclusions.

2. The 2D harmonic oscillator in a time-dependent background

The main features of models on time-dependent backgrounds can be explained by consid-
ering simple two dimensional models. Therefore we will examine here as prototype two
dimensional model the harmonic oscillator of the form

1

H(X,Y,P,,P)) = 5

2
(P2 +P2) + %(W +Y?), (2.1)

on the noncommutative space (1.1). From the many possibly representations, we choose
here a Hermitian one obtained from standard Bopp-shifts in the conventional canonical
variables z, y, p; and p,, with nonvanishing commutators [z, p;| = [y, p,] = iR, as

B 0(t) B 0(t) B Q(t) B Q(t)
X=zx- 2hpy, Y=y+ 2hpx, P, =p,+ o y, Py=py,— o z. (2.2)

As anticipated, when converting the Hamiltonian in (2.1) to the standard variables it
becomes explicitly time-dependent

H(t) = 50(0) (52 +52) + 350 (2% +92) + e(t) (b — 2) (23)

with coefficients

alt) = % + ), b() = m + fm(ég oft) = m“’zg ® ;_52 (2.4)
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We notice that for §(¢) = 0 we can view this Hamiltonian with an appropriate identification
of the remaining functions as describing a particle with mass m moving in an axially
symmetric electromagnetic field, see section IV in [13]. It should also be noted that with
a re-definition of the time-dependent coefficient attempts to solve the eigenvalue problem
related to (2.3) can be found in the literature [14, 15]. Unfortunately the solutions provided
are partly incorrect or not useful for our purposes as we shall be commenting on below in
more detail.

The quantum equations of motion for the canonical variables associated to the Hamil-
tonian (2.3) are simply

b=l H =aOp ey =gl H = oy, e, (25)
Dz = %[ z:H] = —b(t){E + C(t)pyy Py = %[pva] = _b(t>y - c(t>px7 (26)

where we adopt the usual convention for the time derivative 0, f =: f .

2.1 Construction of time-dependent invariants

A non-Hermitian invariant is constructed right away, by following the argumentation al-
ready provided in [13]. Defining the non-canonical variables

Q — (.T + iy)eift c(s)ds and P .= (p:r + ipy)ei ft C(S)ds7 (27)

satisfying [@, P] = 0, we find with (2.5) and (2.6) the same equations of motion for these
variables
Q=a(t)P and P =-bt)Q. (2.8)

as for the harmonic oscillator with a time-dependent mass term [16]. This is all that
matters for the identification of a formal invariant I(¢) in terms of the variables @) and P

i) = 5 | 5@ + 0P~ 22| #11(), (2.9)

2
since we may simply take the expression from the literature and adapt the relevant quan-
tities appropriately. Here o is a new auxiliary quantity that has to satisfy a nonlinear
Ermakov-Pinney (EP) [17, 18] equations including a dissipative term

. . a®
O’—EJ—FabU:T;, (2.10)
with integration constant 7. It is well-known that variations of this equation are ubiquitous
in this context of solving time-dependent Hamiltonian systems, see for instance equation
(5) in [19], which reduces exactly to (2.10) for A — a, B — 0 and C' — 7 and [21, 22, 23, 24|
for variations of this equation. Note that ¢ = 0 implies that ¢ = 0, which is impossible
according to (2.4), such that we can devide by o without any further concern.
In principle the fact that I in (2.9) is an invariant means IT" or I'T constitute Her-
mitian invariants. However, since they will be quartic in the canonical variables and not
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directly suitable to an operator approach to find the corresponding eigensystems we seek
an additional one of lower order in the canonical variables, having however equation (2.10)
in common.

The symmetry of the Hamiltonian suggest to carry out a quantum canonical transfor-
mation using polar coordinates x = rcosf, y = rsin, which indeed turns out to be very
suitable. The canonical coordinates and momenta are then r = /22 + y2, 6 = arctan(y/x)
and p, = (xpy + ypy) /T —ih/(2r), po = TPy — Ype, such that the canonical commutation
relations are [r,p,] = [0,pp] = ih. The last term in p, is not essential for the canonical
commutation relations, but its inclusion ensures the Hermiticity of p, and leads to the
convenient identity p2 + p2 = p? + pj/r® — h?/(4r?) allowing to convert the Hamiltonian
(2.3) into the form

2 2
H(O) = 5000 (12 + 2 - 17 ) + 3000° ~ O (2.11)

Applying now the Lewis-Riesenfeld method of invariants and construct a Hermitian
time-dependent invariant I(t) by using (1.3), we commence with the standard assumption
that the invariant is of the same order and form in the canonical variables as the original
Hamiltonian. Similarly as the Hamiltonian, we assume here that also the invariant does
not depend explicitly on 8 and take it to be of the general form

10) = a0 + BOF + 1O} + 605 + 0B + 005, 12

with unknown time-dependent coefficients «(t), 5(t), 7v(t) etc. The substitution of (2.12)
into (1.3) then yields the following constraints on these coefficients

a=—2ay, B=2by, 4=ba—af, (2.13)

. ) . ah?

opg + épg + ¢ = hPary — 2aryp3, (6 —a)ps +epg+ ¢+ 4 = 0. (2.14)
We observe that the equations in (2.13) take on the same form as the equations underlying
the explicit construction for the time-dependent harmonic oscillator [16]. They can be
solved by parameterizing a(t) = o2(t) and after one integration we are led exactly to the
nonlinear Ermakov-Pinney equations (2.10) underlying the solution for our non-Hermitian
invariant I(t). The remaining equations (2.14) are consistently solved by

ah?

0= (R g = O, and gb = *T. (215)

Assembling everything, the Hermitian invariant I(¢) for the time-dependent Hamiltonian
(2.3) then acquires the form

. 2 2,2 232
T o] o°py o°h
I(t) = —5r +(apr—gr> 5 (2.16)

with o(t) determined by the Ermakov-Pinney equation (2.10). As argued already in [13]
the arbitrary constant 7 may be scaled away, thus that from now on we simply set it to 1
for convenience without introducing a new quantity.
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Next we solve the eigenvalue equation (1.4) by expressing the invariant I(¢) in terms
of time-dependent creation and annihilation operators

alt) = zi\/ﬁ [(Jpr - %«) iy <§ + 2o + ))] e, (2.17)
at(t) = — it [(apT - %r> +i <g + %(pe + g)ﬂ : (2.18)

2v/h
satisfying [a,a'] = 1, by means of the identity
1 1 1 A
i+ =) —po==I(t) — =pg =: 1(t). 2.1
e+ 3) —m =10~ gm = 10 (219)
Clearly I(t) is also an invariant, where the factor 1/4 simply amounts to a new value for
the integration constant 7 and pp may be added to I(t) since [H (), pg] = 0.

2.2 Eigensystem for the time-dependent invariant

We can now employ the standard argumentation from [13] to construct the eigenstates and
eigenfunctions for the invariant I(t). Noting first that [I(¢),pp] = 0, one concludes that
I(t) and py possess simultaneous eigenvectors, say |n, £}, with

In,t)=h (n + %) In, f), po In, ) = hl|n,0), (n,€|n,l) =1. (2.20)

Computing therefore (n,¢|afa|n,¢) = n + ¢ > 0 implies that for given n we have ¢ €
{—n,...,0,1,2,...}. The eigenstates of this sequence therefore obey

1 m
aln,—n) =0, n,m—n) =—— (dT) In,—n),  with n,m € Ny. (2.21)

Vm!

For all observables that can be expressed in terms of the time-dependent creation and
annihilation operators &' and @, we can simply use operator techniques to compute their
expectation values. However, the former is not possible for our observables X, Y, P, and
P,. We therefore use the explicit representations in coordinate space pg = —ihdy and
pr = —ih[0, +1/(2r)] to compute the eigenstates. Assuming now (r,0 [n,£) = 9, ,(r,0) =
@, (r)e? we have the desired property PoYn (T, 0) = Rlap,, ,(r,0). For given n, the lowest

states are then found from solving the differential equation ai,, _,(r,0) = 0, that is
ie—i@—i@n

2ar0\/ﬁ [
The solution to (2.22) is then easily found to be

(ahno® — ar® +ir’o&) (r) — ahrad,¢(r)] = 0. (2.22)

r2(afio'c'r) . 1
_ n_— 2 —ifn 2 _ -
Vn—n(r0) = Aure ez e T, An mnl(ho?)(+n)”

We have fixed here the constant of integration by demanding the ground state to be nor-

(2.23)

malized. Subsequently we construct the normalized excited states from the second relation
in (2.21) to
a—ioco .2 2

nem i0(m-n)—4=igdy o [ S 2.24
r e 2ah ( m, m+n7 h0'2 ) ( . )

(in/20)™

wn,m—n(’r? 0) =M \/777
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with U(a,b, z) denoting the confluent hypergeometric function. The orthonormality rela-
tion 027r do [o° dr s (1,0) U i (7,0) = Gps Oy s verified by using the standard
properties of the latter function.

It should be noted here that our solution differs from those found in the literature
[14, 15]. As was pointed out in [15] the solutions provided in [14] are incorrect as they
lead to time-dependent eigenvalues and thus contradict the basic foundations of the Lewis-
Riesenfeld theory, i.e. equation (1.4). Our solution differs also slightly from those in [15].
Moreover, in [15] the normalization constant was left undetermined, which is, however,
crucial in concrete computations following below.

2.3 Eigensystem for the Hamiltonian

The last step in the Lewis-Riesenfeld procedure consists of computing the phase «(t) in
(1.5) by solving the equation

Gont = % (n, 0| ihdy — H |n, 0) (2.25)

As already argued in [13], this may be achieved by constructing a recursive equation for the
right hand side of (2.25), computing some explicit expectation values, using the freedom
to choose the phase for the vacuum state and a subsequent integration.

We commence by simply replacing |n, £) = a/v/n + £ |n,£ — 1) in (2.25), obtaining

1
(n,l|ihoy—H |n,l) = (n,l — 1|ihdy—H |n,l — 1>+n——|—€ (n,0 —1|[a,iho, — H] af |n, ¢ —1).
(2.26)
Using next the expression (2.17) for the annihilation operator and the Hamiltonian in polar
coordinates (2.11), we compute

. a(t) \ .
[a,ih0y — H) = h (c(t) - 02(75)) a, (2.27)
upon replacing & by means of the EP-equation in the form (2.10). Substitution of (2.27)
into (2.26) allows for the computation of the expectation value, thus leading to the recursive
equation

t
(n,l|ithoy — H |n,l) = (n, £ — 1|ihdy — H [n,f — 1) + h <c(t) - a2((t))> . (2.28)
o
We may now iterate this equation until we reach the expectation values for vacuum
state (n,—n|ihd; — H |n,—n). As argued in [13], the matrix element (n, —n|d;|n, —n)
involves an arbitrary constant, which we conveniently choose to set to (n, —n|0; |n, —n) =
(n, —n| H |n, —n). Therefore we obtain the expectation value

(n, 0| ihd;, — H |n,0) = (n+ O)h (c(t) - ;2(2)) , (2.29)

allowing us to compute the phase to

ans(t) = (n+0) / t (c(s) - “—5’3) ds. (2.30)

o?(s
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Our result for o, ¢(¢) differs from the phase computed in [15], where the ¢(s)-term is absent.

We have now obtained explicit eigenfunctions for the Hamiltonian (2.1) for any time-
dependent background field in terms of the solutions of the EP-equation. Mostly in the
literature the analysis is abandoned at this stage and the invariants and wavefunctions are
simply expressed in terms of the yet to be determined solution to the EP-equation. How-
ever, for concrete computations of measurable quantities one needs to address the auxiliary
problem and solve the equations explicitly for the time-dependent functions appearing in
the Hamiltonian. Surprisingly little attention has been paid to this problem in the context
of solving time-dependent Hamiltonian systems and therefore we will discuss the solutions
of our auxiliary equation (2.10) in the next subsection.

3. The Ermakov-Pinney equation

The simplest special solution arises when taking 0(t) = const, such that ¢ = 0 and conse-
quently the dissipative term vanishes. For this case particular solutions were already found

by Pinney [18]
— 12 2 U3
o=\|uj+Ta 2 (3.1)

where w1, us are the two linearly independent solutions of the equation
i+ ab(t)u =0, (3.2)

and W = ujte — tyug is the corresponding Wronskian.

When a # 0 no general solution to (2.10) is known, although one can construct a
variety of explicit solutions following the procedure proposed in [25, 26]. We briefly outline
the method and use it to construct some new solutions, which we employ later on. We
start by considering the ordinary differential equation of the general form

d’o do

—3 +9(0) 7 +h(o) =0, (3:3)

for which the EP-equation can be seen as a special case with the appropriate choices for
g(0) and h(c). Introducing the new quantity 7(o) := do/dt, the equation (3.3) is easily
converted into the first order differential equation

77% +g(o)n+ h(c) =0. (3.4)

This implies that when having solved (3.4), a solution to the original equation (3.3) can
be obtained simply from inverting [ ?n~1(s)ds = t. It can be shown by direct substitution
that (3.4) admits the solution

—-1++v1—-4k

h(o) 1oy
— A9 ieh A = ,
"7(0) 1 K 2%

9(o)
if the Chiellini integrability condition [27]

i <ﬁ) — (o), (3.6)

(3.5)

~—

g(o)
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with k¥ € R holds. Based on this we may then find exact analytical solutions for instance
by starting with a given g(o) and subsequently compute

n(o) = kKA /U g(s)ds and h(o) = kg(o) /J g(s)ds, (3.7)

or by starting with a given h(o) and subsequently evaluate

/ 7 h(o)
n(o) = £ 2/4;/ h(s)ds and 9(0) = —/————. (3.8)
\/26 [7 h(s)ds

Following this solution procedure means of course that we are not pre-selecting our back-
ground fields 0(t) and Q(t), but instead we determine them by primarily insisting on the
integrability of the EP-equation. Comparing (3.4) with the EP-equation (2.10) we identify

a 2m2w260
2 4h2 2 292 2, 2 4h2 4 92 —4h2 4Q2
h(U)Zaba—Ta—gz( ) [mhw” (40" — 77) — AT 4 o ].(3.10)
o

16h*m203
The virtue of this method is that it leads to exact solutions. Nonetheless, one might also

be interested in concrete types of background fields for which the integrability condition
(3.6) does not hold, in which case we will resort to a numerical analysis.

3.1 Non-dissipative solutions

For the special case 6(t) = const, i.e. @ = 0 we can simply pre-select any explicit form
for §(t), and thereby b(t), to construct the solutions from the general formula (3.1). For
instance for a(t) = a and b(t) = Be, a,B,7 € R, ie. 0(t) = £2h/mwy/ma —1 and
Q(t) = £2h/mpPer* — m2w?, we solve (3.2) in terms of Bessel functions and subsequently
obtain the particular solution by means of (3.1)

o(t) = \/ Ty (wwew) 3 (M) , (3.11)

Vet g

with integration constant ¢; € R and Jy, Yy denoting the Bessel functions of first and
second kind, respectively. Similarly different solutions are easily constructed for any other
explicit choice of b(t) for which (3.2) admits a solution.

3.2 Exponentially decaying solutions

Let us now switch on the dissipative term and take @ # 0 by making the additional
assumption g(o) = v € R. Then the second equation in (3.7) together with the explicit
form of h(o) from (2.10) yields the consistency equation

2

kY20 = abo — Ta—3, (3.12)
o

from which we deduce that ab = const and a ~ o2. Since we may find a(t) simply

from —a/a = =, all other functions follow from the proportionality relations. We find



Quantum mechanics in time-dependent backgrounds

exponentially decaying and increasing background fields 0(t) = £2h/mwv/mae=7 — 1 and
Q(t) = £2hy/mpPBer — m2w? corresponding to exponentially decaying solutions of the EP-
equation

a(t) = ae™, b(t) =B, and o(t) = pe 2, (3.13)

with a, 3, v € R, together with the constraint u* = 7a?/(a3 — k7?) resulting from (3.12).
The Chiellini constant x is not fixed at this point, but simply determined by substituting
the expressions from (3.13) into (2.10), leading to k = 1/4. A special case of our solution
corresponds to the one reported in [19] where the EP-equation of the type (2.10) appears
as an auxiliary equation in the solution procedure for the Caldirola-Kanai Hamiltonian
[28, 29)].

Notice that for our background fields the requirement that 6(t),€2(¢) € R implies that
this solution leads to cutoff times ¢, after which the background field needs to be vanishing,
that is ¢t < t, = In(ma)/y for a,y > 0. It should also be noted that the constraint on
the constants is quite severe and one might change the overall qualitative behaviour of the
solution from a decaying solution to an oscillatory behaviour when relaxing the integrability
condition.

1.4 T T T T T T T T T 12 T T T T T T T T T T

() (b)

5 0.20.40.t60.80.100

Figure 1: (a) Exactly integrable solution (3.13) (red, dashed) versus a non-Chiellini integrable
solution for pre-selected exponential backgrounds 6(t) = ae™ 7 and Q(t) = Be?t (black, solid).
(b) Non-Chiellini integrable solution for pre-selected sinusoidal background 6(t) = asin(yt) and

Q(t) = Bsin(vt/2). In both panels the constants are « =5, =2,y =2, m=h=7 =w = 1,
k=1/4and p=/5/3.

3.3 Rationally decaying solutions
Next we assume g(o) = yo™ with n € N. The consistency equation then reads

(3.14)

which implies that ab ~ 02" and a ~ 0" 2. Determining a(t) simply from —a/a = yo™, we
compute all other functions from the proportionality relations. We find rational solutions

— 10 —
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to the background fields and the EP-equation

2 %_1 1
e o 8() _ ()
(Z(t) = m, b(t) = m, and O'(t) = W’ (315)

with constraint 42 = (n + 1)(a8 — 7a?)/k. The Chiellini constant is subsequently fixed to
k = (n+1)/(n + 2)%. To maintain real solutions requires here a cutoff time ¢ < t. = /vy
for v, pu > 0.

3.4 Non-Chiellini integrable solutions with pre-selected background

As pointed out, the solutions constructed in the previous subsections are special in the
sense that the Chiellini integrability has been superimposed onto them. Nonetheless, given
a specific background we may always find numerical solutions. In figure 1 we depict some
solutions for exponential and sinusoidal background fields which we shall employ below in
our solutions for the time-dependent wavefunctions.

4. The generalized uncertainty relations

4.1 The generalized uncertainty relations for eigenstates

We have assembled now all the necessary ingredients for the explicit computation of ex-
pectation values. We are therefore in the position to test the generalized uncertainty
relations (1.7). Having obtained explicit expressions for the wavefunctions in coordinate
space, we simply use the representation in polar coordinates © = rcosf, y = rsiné,
pz = —thcos 00, + ih/rsin00y, py, = —ihsin00, — ih/r cos 00y and the corresponding re-
lations for the operators in (2.2) to compute the relevant matrix elements. We comence
with the verification of the standard uncertainty relations for the auxiliary variables x,y,
Pz, Dy. By evaluating the explicit integrals we obtain their matrix elements

h 4 4
(n,m —n|z ‘n, m —n) = iga (\/ m'e" 1 my1 — \/meﬂao’lfsm,mfﬂ) ) (4.1)

7 . :
(n,m —nly ‘n, m — n> = go‘ ( m'e" 6 i1 + \/ﬁeﬂao'lfsmm%l) ;o (4.2)

Vh

n,m’—n> ==

(nm — nl s X VI8 8 1 XA 008 ] (43)

7 A A
(n,m —n|py |n,m — n> = 2% [X+V m/ e 0, iyl — X_me_za0’15m7m/+1:| , (4.4)

— 11 —
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and
(nm—n|sc2 2 I _E 1 25 L‘Q ! i040,25
) Y |TZ,7TL n> - 2(n+m+ )U m,m/ + 2\/§M(mvm)€ m' m+2
hio? 4
T m)e 028, o, (4.5)

2V2

2

h hx 4
(n,m — n| pi,pz !n, m' —n) = §(n +m 4+ 1)x X Oy £ Wgﬂ(m’ m)e 028, o
hx? 4
i%\/ﬁﬂ(m/v m)6*100,25m7m,+2’ (46)
! h FLO’X+ I\ iog 2
(n,m —n|zp, !n,m —n) = §(m — 1) Opm! — o p(m, m')e' 28, 1o
h
et )0 (47
h hox ,
(n,m —n|ypy '—n) = §(n — M) — 2\/_+ p(m,m’)er 28, o
h
20\;: wu(m/, m)6_1a0’25m7m/+2, (4.8)
where we abbreviated x4 := 2 +4 and p(z,y) == /(£ +1) (y — 1).
Using the above expressions the relevant variances are computed to
h
ey, = Bl = 50+ m+1)o% (4.9)
h 1 62
2 2
Apan’"hn = Apy|wn’m7n = 5(’!1 +m + 1) <§ + §> . (410)

It is then easy to verify that the standard uncertainty relations indeed hold

h / h
AmApzwn’min = AyApywn’min = §(n +m+1)4/1 +27 5 (4.11)
h
AmAy|wn’min = §(n +m+1)0? >0, (4.12)
h 1 &
Aprpyh/)n’min = 5(77, +m+ 1) (; + E) > 0. (413)

However, for our model (2.1) these quantities are mere auxiliary objects. Therefore, we need
to compute the corresponding relations for the noncommutative quantities in our original
system (2.1) on the time-dependent background. In the light of (1.1) and (1.7) they should
produce a generalized version of the uncertainty relations with a time-dependent lower
bound. We find (n,m —n|O|n,m —n) =0 for O = X,Y, P,, P,, not reported here, and
afterwards

_ 1 1 =2
AXE = AVE, = el T + R (G T ) e )

) + T 0,

APx‘z}n,m—n - APy|"2z”n,m—n - Apz‘?/"n,m—n + (415)
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from which we deduce the generalized version of the uncertainty relations

n—m n+m+1 1 ('72 o(t
axavl, —=""Tow+ [zm + < . )92( )] > % (4.16)
h a2 (t Q(t
APAP|, = ontmt1) [ - ® < “—2)} O(t) > % (4.17)
AXAP|, = AYAB|, > 7—; + ‘)(’“LT (4.18)

To prove the validity of these inequalities we note for instance that the smallest value for
the left hand side of (4.16) results from AXAY|, . Therefore demonstrating that the
quantity f[0(t)] := AXAY| Yo.s —6(t)/2 is always nonnegatlve will establish (4.16). Noting
for this purpose that f[0] = ho?/2, limg() o0 f0(t)] — oo and that the local minimum
at Omin(t) = 2h0%a?/(a? + 0%6?) acquires the value f[0min(t)] = ho*6?/(2a% + 20%62) > 0
guarantees that f[0(¢)] > 0 and therefore the validity of (4.16). One may argue similarly
for (4.17) and (4.18), which we will not present here.

In order to display the deviation from the lower bound we depict in figure 2-4 the
uncertainty for backgrounds corresponding to the solutions of the EP-equation displayed
in figure 1. As expected from our analytical expressions in (4.16) and previous results, the
smallest uncertainties are observed for the smaller quantum numbers.

8§(a) — Jot)2 150_(b) — le(t)li2
_'e‘ ,;% - CD=WO‘0 ceenssene (I)—WO‘O
>" "‘ T 0=y, — %7,
46_ ; _-_d):w!u T R : (D_WH)
ﬁ ‘- R CD:W‘ l . — D=y
% 11 100 + \ L1
_% A
>-‘ ‘
4 A
><<50 ‘ ‘ Lo ) ) ’
W L AL [
o..................

0.0 0.5 10 ¢ 15 2.0 25 0 5 0 ¢ 15 20 25

Figure 2: Uncertainties AX AY|% . versus the generalized lower bound (a) for background
fields 0(t) = ae™ 7 and Q(t) = ﬁe'yt‘ and (b) for background fields 0(¢t) = asin(~t) and Q(t) =
Bsin(vt/2). In both panels the constants are a =5, =2, y=2 m=h=7=w=1, k=1/4
and g =+/5/3.

4.2 The generalized uncertainty relation for coherent states

As is well known coherent states are convenient to use in a number of fields of quantum the-
ory, especially in quantum optics, because of the fact that by definition they constitute the
transition from a classical to a quantum mechanical formulation of a given system. Starting
with Schrédinger’s investigations [30], the first systematic and formal way was developed by
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9ol (b) — |t

o v (D =
;% ®=y,,
4, e
m - Wl.()
<160 - 2=y,

0.0 0.2 0.4 06 ¢ 08 1.0 1.2 1.4 0 5 0 ¢ 15 20 25

Figure 3: Uncertainties AP,AP,| y, _ Versus the generalized lower bound (a) for background
fields 0(t) = ae~* and Q(t) = Be’ and (b) for background fields 0(t) = asin(yt) and Q(t) =
Bsin(yt/2). In both panels the constants are a =5, 8 =2,y =2, m=h=7=w=1, k= 1/4
and 1= /5/3.

120 ' - -
(b) — J112+0()(t)/8)
6 100 [ esesssene (D : WOVO
— 12+ot)(tys | — o=y,
_ed s =y, R
»® X e- v
% - °= wU.l 1,1
<4
<
3

0.0 0.5 1.0 ¢ 15 2.0 2.5 t 25

Figure 4: Uncertainties AX API|¢H __ versus the generalized lower bound (a) for background
fields 0(t) = ae™* and Q(t) = ,Be“*t’and (b) for background fields 6(¢) = asin(yt) and Q(t) =
Bsin(yt/2). In both panels the constants are a =5, 8 =2,y =2, m=h=7=w=1,k = 1/4
and p = +/5/3.

Glauber [31], who also coined the term coherent states. Since some of properties are very
specific to the harmonic oscillator several types and generalizations of coherent states have
been proposed thereafter to accommodate different types of situations, see for instance [32]
for a review on the developments up to 2001. Fo instance, so-called Klauder [33, 34] and
Gazeau-Klauder [35] cherent states, for which the quantum classical correspondence was
recently investigated in [36, 37], are extremely useful.

Even though the model under consideration here is of course not the harmonic oscil-
lator, we still have the invariant I(¢) expressed in terms of the time-dependent creation
and annihilation operators. This enables us to employ techniques used for the construction
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of Glauber coherent states [31]. Defining therefore the coherent states by means of the
time-dependent displacement operator D(«,t) as

la, t) := D(a, ) [0,0), with D(a,t) := ed! (t)—ara(t), (4.19)

it is immediately verified that they constitute eigenstates of the annihilation operator a(t),
ie. a(t) |a,t) = ala,t). Using the matrix elements for the expectation values with respect
to the eigenfunction (4.1)-(4.8), we compute the expectation values with respect to the
Glauber coherent states

1
(a,t|z]a,t) = —VhoIma, (a,t|2?|o,t) = ho? (§ + Im? a) , (4.20)
1
(a,t|y|out) = —VhoRea, (o, t|4? |, t) = ho? <§ + Re? oz) , (4.21)
R I h
(i, t] pg |y t) = \/ﬁ< e ama>’ (o, t| p2 |, t) = —< 0—2 +ozt|px\ozt
a 2 \ o2
I R h(1 72
(a,t|py | t) = \/?_L(ma i ea>’ <at|py|at —§<— 0—2>+ oz,t\py\a,t>2,
a o2
such that
ho? Al &2
2 2 2 2
Am‘\a,t) = Ay“a,t) = T’ ApI||oz,t) = Apy‘\a,t) = § (; + ﬁ) : (422)

Notice that the uncertainties are the same as those computed with respect to the ground
state 1 o. Likewise we compute

AX&@:AH@w:AM%W A&&@:A%&@:Agﬁw, (4.23)

such that the uncertainty relations are identical to those in (4.16)-(4.18) with v, replaced
by |a,t). The crucial difference is of course that 1) is annihilated by a(t), whereas |a, t)
constitutes an eigenstate for a(t).

Having creation and annihilation operators at our disposal we can use standard tech-
niques from quantum optics to construct squeezed states [38] and improve on the uncer-
tainties obtained so far. Employing for this purpose the so-called squeezing operator S(3, t)
by defining

la, B, 1) := S(B,£)D(a, 1) [0,0),  with S(B,t) = eZl#O=a"0] (4.24)

we may compute the relevant matrix elements for these states, not reported here. Using
those we may subsequently deduce the uncertainties for the auxiliary variables to

h
Al gy = Al = 50265 cosh 3, (4.25)
hof1 52
2 2 _
Apzha,ﬁ,t) = Apy||a,_g,t> = 5 <§e by §65> cosh 3, (4.26)
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and for our noncommutative variables to

h 0*(t) (1 o2 o(t
AX‘\Qaﬂ,ﬂ - AY|\2047—B,t> =35 [0265 + ) <;e’8 + ol ﬁ)] cosh 3 + %(1 —e29),

2 4h?
W1 5 & 5, Q) Q)
2 2 . B
APxMaﬂ,t> = APy‘\a7—67t> = 5 [—26 B + ﬁeﬁ + — 172 0'26 5} COShB + T(l o 62'8).

As expected these expressions reduce to (4.22) and (4.23) when 5 — 0.
We can now use the freedom to choose the function 3(t) to minimize the uncertainties
further. For instance, it is easily found that the uncertainty Ax Apmh a3, 18 minimal

for B(t) = Boin(t) = 1/21n {(a\/ a2 + 80252 — a2) /(40262)}. Thus taking this value we
should find Ax Apmh ap ) < Az Apx|| a,¢y» Which is indeed confirmed in figure 5, where
we observe that squeezing leads to a considerable reduction in the uncertainties.

0.%5 T T T e5 : T T
% (a) Py, = la,t> T O=y, = o, t> (b)
Q-q A Q‘ 0.0
< * ©=000,11,01> 4] * ©=[001.1,0.1> ]
2 ¢ ®=10,0,1.1,05> é ¢ ®=0,0,1.1,05>
b= |0,0,1.1,0.75> O = |o,0,1,1,o_75>
0.60 ®=|a,p, .t ®=o, B
3 min -
oL X
0.55 1 X
' 1“\/\/
0.50 vl ' ’ 1 1 X“T_tx”“"‘*«:ﬁ 3ljf\ai‘.l 0 1 1 L
0.0 0.2 0.4 06¢ 08 1.0 1.2 0 1 2t 3 4

Figure 5: Uncertainties with respect to Glauber coherent states versus squeezed Glauber coherent
states and Gaussian Klauder coherent states for the auxiliary variables z, p, , Aa:Apzha,t) versus
AzApy| |, .4y versus AzApy| gy (a) for background fields 6(t) = ae” 7 and Q(t) = Bet and
(b) for background fields 6(t) = asin(yt) and Q(t) = Ssin(yt/2). In both panels the constants are
a=5p=2,v=2,m=h=7T=w=1,k=1/4and p=/5/3.

The minimization for the uncertainties involving our noncommutative variables is less
obvious. Due to the complexity of the expressions we can not perform this task for generic
B(t), but only for specific instances in time. For instance, we find numerically the minimum
for AX API‘|a,B,t:4) at § = —1.88203. Indeed, as seen in figure 6 panel (a), at ¢ = 4 this
value leads to a reduction in the uncertainties when compared to AX API|| at=d)-

However, for different values of time the uncertainties have grown considerably. It
appears that the squeezing works only well for momentum-coordinate uncertainties as for
instance AX AY|, 3 is always minimal at 5(¢) = 0, such that the squeezing does not
lead to any reduction in these uncertainties. Figure 6 panel (b) exhibits these findings.

Let us next compare our findings with the uncertainties computed with respect to
Gaussian Klauder coherent states defined as [39, 40, 41]

(GEK) = [nmo, dp, 5) = J—Zexp[ m = m‘))}eim%m,mm, (4.27)
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Figure 6: Uncertainties with respect to Glauber coherent states versus squeezed Glauber coherent
states for the noncommutative variables X, Y, P, for background fields 6(t) = asin(vyt) and Q(t) =
Bsin(yt/2). In both panels the constants are « =5, =2,y =2, m=h=7=w=1,k=1/4

and = 4/5/3.

with normalization factor N(mg) := Y ro_qexp [—(m —myg)?/(2s%)], initial phase factor
¢o and Gaussian standard deviation s. Using the matrix elements (4.1)-(4.8) we readily

compute the expectation values with respect to these states

(GK| 2 |GK) = Wnfo)asin(gﬁo + a01)S1 (mo), (4.28)
(GK| Y ‘GK> 2/7 )OCOS(d)O + 0401)51 (mo) (4.29)
(GK| pe |GK) = [ cos(dy + ao1) — ésm(qﬁo n am)] Si(mo),  (4.30)
(GK|py |GK) = 7N(m0) [0 sin(¢g + 1) + % cos(¢pg + ozol)] Si(mg),  (4.31)
and

0_2

(GK|a2 4 (GK) = ;(mo) [Sa(n -+ 1,m0) T V2 cos(26y + ) Ss(mo)] (4.32)
O'.2
(GK|p%,p, |GK) = 2N(hm0) {(% + §> So(n +1,mg) (4.33)
1 o2 &
+/2 [ o §> cos(2¢y + ap2) — 2% sin(2¢ + aog):| Sg(mo)} ,
h

(GK|zpy, yp: |GK) =
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We abbreviated G(m,mg) := exp [—(m —myg)?/(4s®)] and the sums

Si(y) : = i Vk+1G(k,y)G(k + 1,y), (4.35)
k=0
i k+2)G*(k,y), (4.36)
k=0
= ulk,k+2)G(k,y)G(k + 2,y). (4.37)
k=0

One could make some approximations here for the sums by replacing them with Gaussian
integrals, as for instance in [40, 42]. However, these sums converge very fast with only some
of the initial terms taken into account and therefore it suffices here for our purposes to
present numerical values. When the Gaussian enveloping function is very sharp we notice
that the main contribution simply results from the center of the Gaussian. For instance,
for s = 0.1, we compute S1(0) < 10710, Sy(n,0) = n, S5(0) < 1071% and N(0) = 1, such
that

A0|12/’0,0 = Ao\%a@ = AO‘?GK) for o = x,y, py, py- (4.38)

This behaviour is clearly observable in figure 5. For a broader Gaussian enveloping
function other modes start to contribute. For instance, for s = 0.5 we compute S1(0) =
0.3774, S3(0,0) = 0.1360, S3(1,0) = 1.2717, S3(0) = 0.0184 and N(0) = 1.1357 and for
s = 0.75 we find S1(0) = 0.7998, S5(0,0) = 1.9092, S2(1,0) = 0.4693, S5(0) = 0.1897 and
N(0) = 1.4400. For these values the uncertainties for the auxiliary variables are depicted
in figure 5 for two different types of background fields. We observe that depending on the
instance of time the uncertainties might be lowered or increased.

When comparing with the uncertainties for the squeezed coherent states it appears that
optimal minimum is dependent on the type of background field. We observe in figure 5
that for sinusoidal background fields the squeezed Glauber coherent states lead to minimal
uncertainties which can not be undercut when using Gaussian Klauder coherent states
instead, whereas for exponential backgrounds Gaussian Klauder coherent states allow for
a further minimization.

5. Conclusions

We have formulated and investigated a prototype model on a time-dependent background.
For an explicit representation of the underlying noncommutative algebra the Hamiltonian
naturally acquire a time-dependent form. Using the Lewis-Riesenfeld method of invariants
we constructed the time-dependent invariants together with their eigensystem. Following
the standard procedure allowed to compute the eigenfunctions for the original Hamiltonian.
As common in the context of the invariant method all solutions are expressed in terms the
solutions of the nonlinear Ermakov-Pinney equation and variations thereof. In general
this auxiliary problem is not dealt with in this context and all expressions are left as still
dependent on an unknown function, o(t) in our case. In order to make the solutions more
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explicit and to allow also for numerical studies thereafter, we have included here a detailed
discussion of some solutions.

Our explicit solutions then allow for a analysis of the generalized uncertainty relations
for which the lower bounds become time-dependent functions. Since our invariants are ex-
pressed in terms of time-dependent creation and annihilation operators, standard Glauber
coherent states were constructed by means of the displacement operator in a straightfor-
ward manner. We found that the uncertainties for these states are identical to those of
the ground state annihilated by a(t). By constructing the so-called squeezing operator we
demonstrated that these uncertainties can be further minimized for momentum-coordinate
uncertainties, where the absolute lower bound was only be reached for certain instances
in time. For coordinate-coordinate uncertainties the minimal uncertainties were already
reached by the Glauber coherent states and squeezing does not lead to any further im-
provement. We compared these findings with an analysis for so-called Gaussian Klauder
coherent states. A major difference towards the forgoing computations is that the phase
ap(t) becomes a relevant quantity. While in the computation of expectation values for
eigenstates the phase always cancels due to the sum in |GK) it leads here to interferences.
We observe that also for the Gaussian Klauder coherent states the uncertainties resulting
from the computations for the ground state and the nonsqueezed Glauber coherent state
can be undercut. The answer to the question which type of the coherent states is optimal
appears to be background field dependent. The time-dependent lowest bounds are well
respected for all investigated scenarios.

There remain a multitude of challenges. First of all it would be highly desirable to
investigate models on different types of time-dependent backgrounds rather than (1.1),
possibly even those leading to minimal length. As always the study of different types of
models will complete and enrich the understanding. The interesting question in all these
different types of scenarios is whether they still allow for explicit solvability, which is one of
the main virtue of our investigations, or if one needs to resort to additional approximations.
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