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Abstract

The Schrodinger equation in phase space is used to calculate the Wigner function for oscillator systems. The first is two
oscillators including dissipative effects. In this case, the non-classicality of the states is studied by the non-classicality
indicator of the Wigner function, which is calculated as a function of the dissipation parameter. The second oscillator system
is non-linear pendulum. Analytical results are derived and the Wigner function is analyzed.
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1 Introduction

Oscillator systems in quantum mechanics have raised
interest since long time ago [1, 2], due to the possibility
to study some important physical properties as dissipation
and non-classicallity effects [3-9]. Such studies, in most
of the cases, shed light into the very structure of matter,
considering, in particular, experimental apparatus with
atoms where the neighborhood effect is the cause of
dissipation or non-linearity [10, 11].

Both experiments with fermions and those designed
to detect Bose-Einstein condensates include some degree
of dissipation. For instance laser cooling, magnetic and
magnetic-optic traps [12, 13]. The fermion counterpart
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has been accomplished by considering a degenerate Fermi
gas as well as condensates of rare isotopes [13—-17]. In
addition, there is a great deal of interest in the entangled
of multipartite (fermion or bose) states for quantum
communication [18, 19]. A simple but intricate example of
such a fermion system, at the level of electronic structure, is
the Helium atom considered as a few-fermion system taken
in an external field, which can in turn be considered as a
dissipative effect [20, 21].

From a theoretical point of view, the Schrodinger
equation has no known exact solution for such a system.
The main results are based on approximative methods or
variational formalisms. For instance, due to the resemblance
between the Gaussian wave function of the spherically
symmetric harmonic oscillator and the 1s state of the
hydrogen atom, some models are used to study solutions
of the Schrodinger equation for Helium atom. It consists
in changing the Coulomb interactions by a harmonic-
like oscillator potential. In particular, the electron-nuclei
interactions can be replaced by a harmonic oscillator-
like potential while the electron-electron interaction is
Coulombic. Even considering such a drastic aproximation,
the energy values are near to the experimental data [22, 23].
Motived by these results with this harmonic-like interacting
systems, here we study the non-classicality of such states,
analyzing the phase -space Wigner function [24-29].

The analysis in phase space is important in order to track
the statistical nature of quantum states [30]. In this case,
the Wigner formalism is physically appealing, in particular
in experiments for the reconstruction of quantum states, in
quantum tomography, and for the direct measurement of the
Wigner function [31-38].
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When non-linearity is present, however, the derivation
of the Wigner function through the density matrix is an
intricate procedure. This is a result associated directly to
the fact that the Wigner function is a real quantity; and as
such, preventing the improvement of gauge symmetry: a
necessary condition for introducing generalised interaction.
This aspect has implications as a lack of a direct way to
study superposition effects. This type of problem has led
to the search for the analysis of the Wigner formalism
following different perspectives [39-52], and advancements
have been reached, including the study of representations
of symmetry for quantum equations directly in phase
space [53]. After some preliminary attempts [54, 55],
exploring a representation of the Schrodinger equation
in phase space [56-60], a consistent formalism has been
introduced [61], by using the notion of quasi-amplitude of
probability, which is associated with the Wigner function
by the Moyal (or star) product [63, 64]. This notion of
symplectic structure and Weyl product has been explored to
study unitary representations of Galilei group, leading to a
symplectic representation of the Schrédinger equation [61].
This approach provides an interesting procedure to derive
the Wigner function, by using consistently the gauge
invariance and superposition effects [62]. This symplectic
representation has been applied in kinetic theory and
extended to the relativistic contexts, giving rise to the
Klein-Gordon and the Dirac equations in phase space [65—
69]. Here, we use this symplectic quantum mechanics to
analyze the behavior of the Wigner function for oscillators,
considering dissipation and non-linearity. In this case,
we study the non-classicality (negativity) indicator of the
Wigner function [70] as a function of the dissipation
parameter.

The paper is organized in the following way. In Section 2,
we present an outline of the symplectic representation of
the Schrodinger equation in phase space and the connection
between phase space quasi-amplitudes and the Wigner
function. In Section 3, we solve the Schrodinger equation
in phase space for the Helium atom in the two-oscillator
approximation. In Section 4, a quantum damped oscillator
is studied. Finally, some closing comments are given in
Section 5.

2 Outline on Symplectic Schrodinger
Equation

In this section, we present a brief outline of the construction
of the Schrodinger equation in phase space, emphasizing
the association of phase space amplitude of probability with
the Wigner function. We consider initially a one-particle
system described by the Hamiltonian H = p>/2m, where
m and p are the mass and the momentum, respectively,
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of the particle. The Wigner formalism for such a system
is constructed from the Liouville-von Neumann equation
[24-27]

where p(t) is the density matrix. The Wigner function,
fw(q, p), is defined by

h 2
ey

fvia.m = [ dzexp (ﬂ) (a=3lela+3).

where |g + z/2 > is a translated ket in coordinate repre-
sentation which is solution of the traditional Schrédinger
equation. It satisfies the equation of motion

ihd fw(q, p.t) = {Hw, fwlm, (2)

where Hywy is the Weyl transform of the Hamiltonian
operator. It is related to H by means the expression

Hw(q,p) = [dz{q — z/2|1H(q, p)lg + z/2). Here,
{a, b}y = a xb — b x a is the Moyal bracket, such that the
star operator [27] is given by

inA
*=¢e 2

. <~ — <~ — .
with A = 9,0, — 9, 9 4. The functions a(q, p) are
defined in a manifold I', using the basis (g, p) with the
physical content of the phase space. In this formalism,
an operator, say A, defined in the Hilbert space H, is
represented by the function

ipz Z z
Atg.p) = [ dzexp (”7) (4 —314lg+3).

such that the product of two operators, A B, reads

(AB)(q, p) = A(q, p)eihTA B(q, p) = A(q, p) x B(q, p).

The average of the operator A in a state ¥ € H is given by

(A) = (YlAlY) = qudPA(q, P fw(q, p) =TrpA.

Now, we proceed in order to introduce the symplectic
representation of quantum mechanics in phase space. First,
we introduce a Hilbert space associated to the phase space
", by considering the set of function ¢ (g, p) in I', such that

fdpdqtlf*(q, (g, p) < oo

is a bilinear real form. This Hilbert space is denoted by
H(T'). Unitary mappings, U(«), in H(I') are naturally
introduced by using the star product, i.e.,

U(a) = exp(aA),
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where
<——> <~ —
A = A(q, pyx = A(q, p)e ih 9 9
= . * = s X _— —_——_— ———
q,D q, p)exp 2 \agop  apaq
ih ih

Let us consider some examples. For the basic functions ¢
and p (3-dimensional Euclidian vectors), we have

—~ ih
gi =gi*=qi + 33;),-, C))
~ ih
Di = pi*x = pi — 334,-, )]
where i = 1, 2, 3. These operators satisfy the Heisenberg
relations [g;, p;] = ihdj;. Then we introduce a Galilei

boost by defining the boost generator k; = mgq; x —tp;x =
mgq; — tp;, retirar i = 1,2, 3, such that

exp (—iv-k/h) G exp (iv-k/h) = §; + vjt,

exp (—iv i:/h) pjexp (iv i:/h) = pj +mvj.

These results, with the commutation relations, show that ¢

and p are physically the position and momentum operators,
respectively.
We introduce the operators Q and P, such that [Q, P] =

0, Qlg, p) = qlq. p) and Plq, p) = plq, p), with
(g.plg’. p") =8(g —q"8(p—p"),

and [ dqdplq, p){q, p| = 1. From a physical point of view,
we observe the transformation rules:

k N -
exp (—zv—) 20 exp ( h) =20 + vtl,

and

k\ = k-
exp (—ivﬁ> 2P exp (ivﬁ> =2P + mvl.

Then @ and P are transformed, under the Galilei boost,
as position and momentum, respectively. Therefore, the
manifold defined by the set of eigenvalues (g, p) has the
content of a phase space. However, the operators Q and P
are not observables, since they commute with each other.

Considering a homogeneous systems satisfying the
Galilei symmetry, the commutations relation between ¥ and
H is [76\]-, H 1=i I/’\] Explicitly, we have

h o

,H(gq, p)*} =ipj+-—

h—
|:mqj+l Ty 28q,

J

A solution, providing a general form to H=H (g, p)*, is

~ p*
A=221vg«
2m
2 2 2 :
p h= 0 ihp 0
=—————-———+4+V . 6
2m  8madqr 2m 8q+ (%) ©

This is the Hamiltonian of a one-body system in an external
field.

Consider the time evolution of a state ¥ (g, p;t), that
is given by v(q,p;t) = U, to)¥(q, p;to), where
U(t,to) = exp(—ih(t — to)ﬁ). This result leads to a
Schrodinger-like equation written in phase space, i.e., [61]

i (g, p,t) = Hy (g, p,1) )

Now, physical meaning of the state ¥ (g, p, t) has to be
identified. This is done by associating ¥ (g, p, t) with the
Wigner function. From (7), one can prove that g(gq, p) =
v(q, p, t)ﬂﬂ(q, p, t) satisfies (2) [61, 62, 65]. In addition,
using the associative property of the Moyal product and the
relation

f dqdpy(q, p,t)x¥ (g, p, 1) = / dqdpyr(q, p, ¥ (g, p, 1),

we have

(A) = (Y|AlY)
= /dqu(q,p, A, p¥ig, p,1)

= /dqdpfw(q,p,t)f\(q,p,t),

where Z(q, p) = A(g, p)x is an observable. Thus, the
Wigner function can be calculated by using

fw(a, p)=v(q. p)*¥'(q, p). (8)

It is to be noted also that the eigenvalue equation,

H(g,p)xy¥ =EY, 9)

results in H(q, p) * fw = Efw. Therefore, ¥ (g, p)
and fw (g, p) satisfy the same differential equation. These
results show that (7) is a fundamental starting point for
the description of quantum physics in phase space, fully
compatible with the Wigner formalism.

3 Coupled Oscilators in Phase Space

In this section, we consider two coupled harmonic
oscillators defined by the Hamiltonian

2

1
p1+ +

oy by 5<x1—x2>2. (10)

H = —mw (xl + x2)
This system describes, for instance, a Helium-like system
such that the electron-nuclei interaction is replaced by
Hooke-like forces [22, 23, 71, 72]. This is a crude
approximation, although providing good enough spectrum

of energy. Then, we use the Schrédinger equation in phase
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space to obtain the Wigner function for such a system. Using
the variables,

u_xl—i—xz
V2
X1 — X2

v = ,
V2

Dy = p1+p2

u ﬁ ’

p :PI—P2
v \/5 s

Equation (10) is written as

2

py  d=8) »,
— . 11
2m+ 5 mw-v (11)

It is convenient to write H = H,, + H,, where

p2
H= 2% 4+ mo?u® +
2m

H, = & + ma)2u2’
2m
and
2
1 —
H, = Py ( S)mwz 2
2m 2

The time-independent Schrodinger equation in phase
space is written as

H oy u, v, pu, pv) = EY(u, v, pu, pv). 12)
In order to solve this equation, we take

Y, v, pu, pv) = ¢, p)x (v, pv),

and

E=E,+E,.

It is important to consider the relations,

ih 0
Uk = u+?8pu’
3 ih
Pu* = pu_ia,
ih 0
Vx = U+?8pv’
ih o
Pvx = Pv—gaa

which are obtained from the star product in (3). In this
sense, the resulting equations are solved by starting from the
equation for the coordinates u# and p,, i.e.,

2
(M + mw2u2*> on = Eyn. (13)
2m
Writing
mw? I i
Hyx = —— <u * +—pu*> (u * ——pu*> —hw, (14)
2 mw mw
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we then introduce the operators

mw i
Ay = /2_71 <u *—i—m—wpu*) , (15)
L _b 16
a,x o <u* mwlm*) > (16)

satisfying the relations,

[ayx, a)*] = 1,
ay * Pp X Pp—1,

a}; * Op X Qpt1,

wheren =0,1,2,...,and a, x g = 0.
The Hamiltonian given in (14) is then written as

1
Hu*zha)<al*au*+5>. 17)

In this way, we have

[mw i

Substituting ux = u + %% and p,x = p, — %La% in (18)

we obtain
ih 9

Jmed, o 0. (19
— |y + =——+ — - —— =0.
2h 20, mo\" 23,)]"

Separating the real and imaginary part of (19), and
considering ¢o(u, py) = @ (u)(pg(pu), we can show that
real part satisfies the differential equation

upo + —— =0, (20)
with a solution given by

@G (u) = exp (—m—hwuz) . (21
For the imaginary part, we have

R dgo Pu

3T =0, (22)

with the solution

94 (pu) = exp <_L,,g) : (23)
hmw

Then, we get

60(tt, pu) ~ exp (—m—,fﬁ - %pz) . (24)

Similarly, the solution of the equation for y is obtained,
1.e.,

2 1—
Py + ( g)ma)zvz* Xn = Eyxn. 25)
2m 2
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This leads to Then, we get
(1 — Emaw?) ( i ) 12
Hppw SZEme (L s o me(=§)1? 2
v 2 ma)(l —E)l/2 v XO(va Pv) eXP( A u hma)(l—é)l/zp”
i he 12 (36)
X (v*——mw(l_s)l/zpv*)—7(1—5) .

(26)

Then, we define

mao(l — &) i .
2h (”*+mw(1 - é)l/zp”*) @D
and

. [mw(l — &) i
alt* = o (v * _ma)(l i pm) . (28)

These operators satisfy the relations,

Ay*x =

[ay*, a:f*] =1,
Ay * Xn X Xn—1,
aI*Xn X Xn+1,

wheren =0,1,2,....
The operator given in (26) has the form

(1-9!7
> .
We can show that a, x xo = 0, such that

mw(l —§&) i
2h <v*+mw(l —

Hy*x = ho (ai * Ay * — 29)

e pv*) x0=0.  (30)

Substituting v« = v + %3% and pyx = py — %% in
(30), we obtain
mw(l —§)
2h

+ih a n i ih o 0 G1)
Vvt ——t————— - =0.

29, mo(l-6)12\""" 25, )| %

Separating the real and imaginary part of (31), and

considering xo(u, pu) = x§ (v)<p6’ (pv), we can show that
real part satisfies the differential equation

n h xg
2mw(l — £)1/2 9o

with a solution given by

vXg =0, (32)

mo(1 —§)'/2
X6 (v) = exp (—Tvz . (33)
For the imaginary part, we have
h aXO Pv b
= — "' 4b—, 34
20p,  ma(1— )20 .
with the solution
b 1 2
Xo (Pv) = exp T hme(— e 2" ) (35)

Therefore, the zero order solution of the Schrodinger
equation is

_ 2 Mmoo 122
%(u,v,pu,pu)—%exp( 4+ (1 - 8) %))

1 2 —1/2 .2
- 1— / ,
XeXp( mwh[pﬁ( &) 7pyl
where we have used the normalization condition

/‘dudvdpudpvwi(u» U, Pu, Pv) * Yu(u, v, py, py) = 1.

To obtain higher order wave functions, we use the
relation

Yn (U, v, pus po) = (@) * al %) Yo, v, pu, py)- (37)

The Wigner function is found from

LW 0, pus Po) = Y, v, pus po) * W (14, 0, pus po)-

In particular for n = 0, we obtain

O ) = 2 x _@(X1+X2)2
w @142, p1p2) = | — fexp 5

2
X exp (—m—;’a _glrt 2X2> )

wexp L (1t P2)?
P mawh 2
1 _1n(p1 = p2)?
e (—g) AP
X exp( ma)h( §) 2

Hence, the energy of the fundamental state is given by
Eo=ho(l —%).

These results are interesting in a double sense. First,
we have calculated analytically the Wigner function
for Helium-like atom. Second, the Wigner function has
many applications, among them one stands out: quantum
computing. So, such a procedure to study the Wigner
function for Helium-like atom opens up new possibilities for
analyzing entanglement. In this context, in experiments, the
dissipation due to the effect of external fields, is a crucial
factor. In the next section, in order to consider the Helium
atom in a non-conservative external field, we add to the
Hooke-like force, a linear dissipation.

4 Damped Quantum Oscillator in Phase
Space

In order to analyze dissipation effect of neighborhood,
here, we solve the Schrodinger equation in phase space for

@ Springer
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Hooke-like system with a damped interaction. This stands
for the Helium atom in a dissipative field. We consider
a one-dimensional system, where the Hamiltonian with a
dissipative term is (see a different treatment for such a
model in Refs [10, 11])

A_l =~ ~ A A~ oA~
=3 (P*+0%) -3 (0P +PO). (38)

where A < 1.
Using the operators given in (4) and (5) with A = 1,

~ i

Q=gq+ 58,;, (39)
and

~ i

P=p-— 58,1, (40)
Equation (38) becomes

o L7, 2 . . 1o 15

H = 2 (p +4q —1p8q+lq8p—18q — Zap

A 1
-3 (qu —iqdy +ipd, + ana,,) .

Applying this Hamiltonian in the eigenvalue equation
Hy(q, p) = E¥(q, p), we obtain

1 1
* + @V (g, p) = 2050 p) = 30,¥(q, p)

A
—=0,0,¥(q, p) —20qp¥(q, p) —2EY¥(q, p) = 0.

2
Introducing the new variable
1
2= (" +4%) = 2qp, (41)
we obtain

1 2 2 1 2
E(A —1)zazw(z)+§(/\ —1)03,%(z)+2(z— E)Y¥(z) = 0.

(42)
Taking a = %(1 — 2?) and using the ansatz
V(@) =e V), 43)

we have, after the changing of variables y = 2 %z, the
following expression

yoso(y) + (1= y)dyo(y) — [1 - E—/Z} w(y) =0. (44)
y Y 2 Vaj2 ’

The solution of (44) is given by the Kummer function (a
confluent hypergeometric function, i.e.),

O=F(fo B2, )2 (45)
w(z) = 3 m,, az.

In this way, we have the solution

V() = el (1 - 2,/ =z (46)
a

E2 |2
v )

@ Springer

where z is given in (41). The confluent hypergeometric
function condition is such that

1 E2 _
2 Jap "

where n € Z. This relation gives
1
E, = (11— )2 |:n + 5} : (47)

Note that if A = 0, we obtain the result £, = (n + 1/2).
The Wigner function can be calculated by

fwig, p.t) =y " (48)

In this case, we calculate the Wigner functions given in
(48) using a MAPLE routine. The behavior of the stationary
Wigner function for A = 0.1 is shown in Figs. 1, 2, 3, and 4
and for A = 0.9 are shown in Fig. 5, 6, 7, and 8.

A measure of non-classicality of quantum states is
defined on the volume of the negative part of Wigner
function, which may be interpreted as a signature of
quantum interference. In this sense, the non-classicality
(negativity) indicator is given by [70]

(W) = //[Ifw(q,p)l—fw(q,p)]dqdq

= //Ifw(q,p)ldqdq—l- (49)

This indicator represents the doubled volume of the
integrated part of the Wigner function. In sequence, we
calculated numerically this indicator for damped oscillator.
The results of this calculation are shown in Tables 1 and 2
below. We note that parameter 1 (1) depends of the damped
constant A.

In Fig. 9, the dependence of non-classicality indicator
n(yr) as a function of the order n of the Wigner function for
damped oscillator for case A = 0.9 is plotted.

Fig.1 Wigner function,n = 0,1 = 0.1
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Fig.2 Wigner function,n = 1, A = 0.1

5 Non-linear Pendulum in Phase Space

The Hamiltonian for a non-linear pendulum is given by

.. I? ~
= Sl + mgl(1 — cos (20), (50)
leading to the steady Schroedinger equation
ﬁIp(L,G) = Ey(L6). (51)
Using the operators
G=py 0 (52)
B 2 9L’

»

A \'\\\“6“. i “‘\I
///‘ i,
X

u Alu)t

Fig.3 Wigner function, n =5, A = 0.1

Fig.4 Wigner function, n = 10, A = 0.1

and

~ ih 9

L=L———,
2 06

that satisfy

0,11 =

Equation (51) is written as

1 a  hra?
(2= -
8mi2 ( "6 T 4 ae2> v

+mgl (1 — cos (26 + ih%)) v = Ev.

o
[

33
Fig.5 Wigner function, n = 0, A = 0.9

(33)

(54)
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0.4
02

tl

-02

-0.4
-0

Fig.6 Wigner function,n =1, A = 0.9

Using the relation cos(a + b) = cosa cos b —sina sin b, we
obtain

K a? 3
(L2 — iha_e - IW) v+ 8m%gl? (1 — cos 26 cos <zh£)
. 9 o213
+ sin 26 sin 1h89 v =8mgl’y. (55)

33

Fig.7 Wigner function, n =5, A = 0.9

@ Springer

Fig.8 Wigner function,n = 10, A = 0.9

Using the expansion of cos (i5-) and sin (ih:%) up to the
second order in A, (55) reads

92 K2 9% 9
—412m? g1 cos 293_5; - Z%+8im2ghl3 sin 298—'/L’
9
—ihL%+(L2 + 8m2gl3—8m2gl3 cos 20—8mI*E)y = 0.
(56)
Taking A = %, m?gzﬁ = a? and ngl = ¢, (56) assumes the
form
92 2 52 9 9
4cos202 Y U0V L gian2e Y 2%
N2 4 962 I 20
+(22a%> + 8 — 8cos20 — 8e)y = 0. (57)

Table 1 The non-classicality indicator as a function of the order of the
Wigner function, the parameter n, for A = 0.9

n n(y), A =09

0 0

1 0.4261226344263795
2 0.7289892587057898
3 0.9766730799293403
4 1.1913424288065964
5 1.3834384856692004
6 1.5588521972493026
7 1.7212933835545317
8 1.873265816082318
9 2.016572434609475
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Table2 The non-classicality indicator as a function of the order of the
Wigner function, the parameter n, for A = 0.1

n n(y), A =0.1

0 0

1 0.5367235498765983
2 0.8298745655538895
3 0.9957478374530056
4 1.21045749693345208
5 1.45987546307934771
6 1.62345098621689579
7 1.77980374568037570
8 1.95688276504037623
9 2.13987564392078583

We analyze (57) to particular values of A. To A constant (57)
becomes

2 82 9
_%%—mﬁ%Jr(xza%s-s c0s20—8¢)y = 0. (58)

This equation has a solution in the following general form,
¥ (6) = C1cos(20)C(a, b, 6) + C cos(20)S(a, b, x), (59)

where C1, C3, a, b are constant parameters, and C(a, b, 0),
and S(a, b,0) are Mathieu functions. The behavior of

°
L4
44 . °
°
R <>
°
°
3_ °
°
°
o
°
) | .
°
°
°
14 °
°

0 T T T T 1

0 5 10 15 20 25

n

Fig. 9 The non-classicality indicator versus quantum number for
damped oscillator n < 25

723
l_
O.SN
06
04
2H
-20 -10 0 10 20

Fig. 10 v (0) fore = 1

solutions given in (59) for constant values of the angular
momentum A = 1 and different energies € are presented in
Figures below.

From Figs. 10, 11, and 12, the behavior of non-linear
pendulum in phase space for constant angular momentum is
periodic and positive. We notice also that with the increase
of energy, the oscillation frequency becomes smaller.

03
06
dl
Il
WO U W TG ! U WL
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Fig. 11 ¥(0) fore =5
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6 Concluding Remarks

In this work, the Wigner function for the Helium-like atom
is calculated in the approximation of two-harmonic oscil-
lators, considering also dissipation. Regarding the value of
energy, this approximation has provided satisfactory results
with the experiments [22, 23, 71]. Here, we have con-
sidered the statistical nature of such quantum states, by
analyzing the non-classicality through the Wigner function.
We have proceeded by formulating the problem with the
Schrodinger equation in phase space, such that the state,
called a quasi-amplitude of probability, is associated with
the Wigner function by the Moyal product. In this context,
we study a damped as well as a non-linear oscillator in phase
space. Using Wigner functions, a non-classicality indicator
is calculated as a function of the dissipation parameter. In
addition the quasi-amplitude for the non-linear oscillator is
positive defined [73, 74].

Data Availability No experimental data were used in this
article.

Funding Information This work was partially supported by CNPq of
Brazil.

References

1. R.W. Hasse, J. Math. Phys. 16, 2005 (1975)
2. E.B. Davies, Quantum Theory of Open Systems (Academic Press,
New York, 1976)

@ Springer

14.

15.

16.

17.

18.

19.

20.
21.
22.
23.
24.
25.
26.
217.
28.
29.
30.
31.

32.
33.

34.
3s.
36.
37.
38.

39.
40.

41.

42.

. H. Dekker, Phys. Rep. 80, 1 (1981)

. K.H. Li, Phys. Rep. 134, 1 (1986)

Y.N. Srivastava, G. Vitiello, Ann. Phys. (N.Y.) 238, 2001 (1995)

. A.lorio, G. Vitiello, A. Widom, Ann. Phys. (N.Y.) 241, 496 (1995)

. M. Blasone, P. Jizba, G. Vitiello, Phys. Lett. A 287, 205 (2001)

. E. Kanai, Prog. Theor. Phys. 3, 440 (1948)

. H. Bateman, Phys. Rev. 38, 815 (1931)

. M. Gauthier, et al., Phys. Rev. Lett. 89, 14 (2002)

. H.F. Hofmann, K. Kojima, S. Takeuchi, K. Sasaki, J. Opt. B 5, 3
(2003)

. H.T.C. Stoof, M. Houbiers, C.A. Sackett, R.G. Hulet, Phys. Rev.
Lett. 76, 10 (1996)

. CJ. Myatt, E.A. Burt, R W. Ghrist, E.A. Cornell, C.E. Wieman,

Phys. Rev. Lett. 78, 586 (1997)

E. Hodby, S.T. Thompson, C.A. Regal, M. Greiner, A.C. Wilson,

D.S. Jin, E.A. Cornell, C.E. Wieman, Phys. Rev. Lett. 94, 120402

(2005)

K.E. Strecker, G.B. Partridge, R.G. Hulet, Phys. Rev. Lett. 91,

080406 (2003)

J. Cubizolles, T. Bourdel, S.J.J.M.F. Kokkelmans, G.V. Shlyap-

nikov, C. Salomon, Phys. Rev. Lett. 91, 240401 (2003)

T. Bourdel, L. Khaykovich, J. Cubizolles, J. Zhang, F. Chevy,

M. Teichmann, L. Tarruell, S.J.J.M.F. Kokkelmans, C. Salomon,

Phys. Rev. Lett. 93, 050401 (2004)

A. Shimony, Measures of Entanglement. in The Dilemma of

Einstein, Podolsky and Rosen—60 Years Later, ed. by A. Mann,

M. Revzen (IOP, Bristol, 1996)

G. Alber, T. Beth, M. Horodecki, P. Horodecki, R. Horodecki,

M. Rotteler, H. Weinfurter, R. Werner, A. Zeilinger, Quantum

Information (Springer, Berlin, 2001)

D. Segal, D. Reichman, A.J. Millis, Phys. Rev. Lett. B 76, 195316

(2007)

S. Diehl, E. Rico, M.A. Baranov, P. Zoller, Nat. Phys. 7, 971

(2011)

N.R. Kestner, J. Chem. Phys. 45, 213 (1966)

N.R. Kestner, O. Sinanoglu, Phys. Rev. 128, 2687 (1962)

E.P. Wigner, Z. Phys. Chem. B 19, 749 (1932)

M. Hillery, R.F.O. ’Connell, M.O. Scully, E.P. Wigner, Phys. Rep.

106, 121 (1984)

Y.S. Kim, M.E. Noz, Phase Space Picture and Quantum

Mechanics - Group Theoretical Approach (W Scientific, London,

1991)

T. Curtright, D. Fairlie, C. Zachos, Phys. Rev. D 58, 025002 (1998)

D. Galetti, A.F.R. de Toledo Piza, Physica A 214, 207 (1995)

W.B. Case, Am. J. Phys. 76, 937-946 (2008)

E. Wigner, Phys. Rev. 40, 749 (1932)

D.T. Smithey, M. Beck, M.G. Raymer, A. Faridani, Phys. Rev.

Lett. 70, 1244 (1993)

H.W. Lee, Phys. Rep. 259, 147-211 (1995)

D. Leibfried, D.M. Meekhof, B.E. King, C. Monroe, W.M. Itano,

D.J. Wineland, Phys. Rev. Lett. 77, 4281 (1996)

L.G. Lutterbach, L. Davidovich, Phys. Rev. Lett. 78, 2547 (1997)

R.L. de Matos Filho, W. Vogel, Phys. Rev. A 58, R1661 (1998)

A. Tbort, V.I. Man’ko, G. Marmo, A. Simoni, F. Ventriglia, Phys.

Scr. 79, 065013 (2009). arXiv:0904.4439 [quant-ph]

A. Ibort, V.I. Man’ko, G. Marmo, A. Simoni, F. Ventriglia, Phys.

Lett. A 374, 2614 (2010). arXiv:1004.0102 [quant-ph]

A. Ibort, A. Lopez-Yela, VI. Man’ko, G. Marmo, A. Simoni,

E.C.G. Sudarshan, F. Ventriglia, arXiv:1202.3275 [math-ph]

V.V. Dodonov, Phys. Lett. A 364, 368 (2007)

V.V. Dodonov, O.V. Man’ko, V.I. Man’ko, Phys. Rev. A 50, 813

(1994)

V.V. Dodonov, O.V. Man’ko, V.I. Man’ko, Phys. Rev. A 49, 2993

(1994)

L.S.F. Olavo, Phys. Rev. A 61, 052109 (2000)


http://arxiv.org/abs/0904.4439
http://arxiv.org/abs/1004.0102
http://arxiv.org/abs/1202.3275

Braz J Phys (2019) 49:715-725

725

43

44.

45.

46.

47.

48.
49.

50.
51
52.
53.
54.

55.
56.

. W. Schleich, Quantum Optics in Phase Space (Wiley-VCH,

Berlin, 2001)

L.S.F. Olavo, Found. Phys. 34, 891 (2004)

F.C. Khanna, A.P.C. Malbouisson, J.M.C. Malbouisson, A.E.

Santana, Thermal Quantum Field Theory: Algebraic Aspects and

Applications (W Scientific, Singapore, 2009)

S.A. Smolyansky, A.V. Prozorkevich, G. Maino, S.G. Mashnic,

Ann. Phys. (N.Y.) 277, 193 (1999)

L.M. Abreu, A.E. Santana, A. Ribeiro Filho, Ann. Phys. (N.Y.)

297, 396 (2002)

M.C.B. Fernandes, J.D.M. Vianna, Braz. J. Phys. 28, 2 (1999)

M.C.B. Fernandes, A.E. Santana, J.D.M. Vianna, J. Phys. A:

Math. Gen. 36, 3841 (2003)

A.E. Santana, A. Matos Neto, J.D.M. Vianna, F.C. Khanna,

Physica A 280, 405 (2001)

M.C.B. Andrade, A.E. Santana, J.D.M. Vianna, J. Phys. A: Math.

Gen 33, 4015 (2000)

M.A. Alonso, G.S. Pogosyan, K.B. Wolf, J. Math. Phys. 43, 5857

(2002)

J. Dito, J. Math. Phys. 33, 791 (1992)

G. Torres-Vega, J.H. Frederick, J. Chem. Phys. 93, 8862 (1990)

G. Torres-Vega, J.H. Frederick, J. Chem. Phys. 98, 3103 (1993)

O.F. Dayi, L.T. Kelleyane, Mod. Phys. Lett. A 17, 1937 (2002).

[hep-th/0202062]

. ML.A. de Gosson, Bull. Sci. Math. 121, 301 (1997)

. M.A. de Gosson, Ann. Inst. H Poincaré 70, 547 (1999)

. M.A. de Gosson, J. Phys. A: Math. Gen. 37, 7297 (2004)

. M.A. de Gosson, Lett. Math. Phys. 72, 293 (2005)

. M.D. Oliveira, M.C.B. Fernandes, F.C. Khanna, A.E. Santana,
J.D.M. Vianna, Ann. Phys. (N.Y.) 312, 492 (2004)

62.

63.
64.
65.
66.
67.
68.
69.
70.

71.
72.

73.
74.

R.G.G. Amorim, F.C. Khanna, A.P.C. Malbouisson, J.M.C.
Malbouisson, A.E. Santana, Realization of the Noncommutative
Seiberg-Witten Gauge Theory by Fields in Phase Space,
arXiv:1402.1446 [hep-th]

H. Weyl, Z. Phys. 46, 1 (1927)

J.E. Moyal, Proc. Camb. Phil. Soc. 45, 99 (1949)

R.G.G. Amorim, M.C.B. Fernandes, F.C. Khanna, A.E. Santana,
J.D.M. Vianna, Phys. Lett. A 361, 464 (2007)

R.G.G. Amorim, F.C. Khanna, A.E. Santana, J.D.M. Vianna,
Physica A 388, 3771 (2009)

R.G.G. Amorim, M.C.B. Fernandes, F.C. Khanna, A.E. Santana,
J.D.M. Vianna, Int. J. Mod. Phys. A 28, 1350013 (2013)

R.G.G. Amorim, S.C. Ulhoa, A.E. Santana, Braz. J. Phys. 43, 78
(2013)

M.C.B. Fernandes, F.C. Khanna, M.G.R. Martins, A.E. Santana,
J.D.M. Vianna, Physica A 389, 3409 (2010)

A. Kenfack, K. Zyczkowski, J. Opt. B: Quantum Semiclass Opt.
6, 396 (2004)

R. Crandall, R. Whitnell, R. Bettega, Am. J. Phys. 52, 438 (1984)
D.J. Griffiths, Introduction to Quantum Mechanics, 2nd edn
(Prentice Hall, Upper Saddle River, 2005)

R. Cordero-Soto, E. Suazo, S.K. Suslov, J. Phys. Math. 1, 1 (2009)
A. Isar, A. Sandulescu, W. Scheid, Int. J. Mod. Phys. B 10, 2767
(1996)

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


http://arxiv.org/abs/1402.1446

	Wigner Function and Non-classicality for Oscillator Systems
	Abstract
	Introduction
	Outline on Symplectic Schrödinger Equation
	Coupled Oscilators in Phase Space
	Damped Quantum Oscillator in Phase Space
	Non-linear Pendulum in Phase Space
	Concluding Remarks
	Data Availability

	Funding Information
	References
	Publisher's Note


