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Abstract

The symplectic quantum tomography for the general linear quantization is introduced. Using
the approach based upon the Wigner function techniques the evolution equation of quantum

tomograms is derived for a parametric driven oscillator.

PACS number: 03.65.Wj

1. Introduction

In[1, 2], the tomographic representation of quantum statistical
operators and its evolution equation was introduced for the
Weyl quantization. As an example of the exactly solvable
problem to describe the evolution of a quantum system
under the action of some external force one can take a
driven oscillator for which the integrals of motion and
the propagator were obtained in [3]. In [4], the dynamical
equations for the driven oscillator were derived and solved
in the tomographic representation associated with the Weyl
quantization. Notice that the presence of the dynamical
equation allows the rebuilding of the quantum tomogram
from incomplete information [5]. Our goal is to construct
the tomographic representation for the driven oscillator in
the case of the general linear quantization and to derive the
evolution equation for the corresponding statistical operators.
The approach we investigate is closely related to star-product
schemes and properties of the product kernels, see e.g. [6—8].

2. The general linear quantization of the
dynamical system

Let g, p be the canonical coordinates in the phase-space
of classical mechanics I'. Consider some function A(q, p):
I' > R. For the sake of brevity, we shall consider a
one-dimensional case,i.e. ' = R x R. Let A be the Hermitian
operator acting in the Hilbert space L,(R) given by the

0031-8949/09/015004+06$30.00
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formula

Vi € Ly, /fmx):f/I(x,yW(y)dy, (1)

where A(x,y) is the density matrix of A in some basis of
L,(R). The functionA4(q, p) is said to be a classical symbol
of the operator A under the quantization with the kernel
K (g, plx,y) (or, for the sake of brevity, with the kernel K)
if

/I<x,y>=/dqdpA<q,p>1<<q,p|x,y>. @

The correspondence between the operators and the symbols
will be denoted as 4 <> A. Let us consider the quantizations
for which the following correspondences hold:

a n AN\ n N\
p<—i—, ¢"<@", pr<@®". )

x

According to [9], the correspondence between the
operators and the symbols are completely determined by
the formulae describing the symbols of the operators
pA, Ap, GAand Ag from the symbol of the operator A.
The quantization is said to be linear if these formulae have the
following form:

q < x,

~ d 0
A< A, qg< lag+Bp+ty—+8§—) A4, 4)
dqg  Op

where «, 8, y, 8 are some constants (the correspondences for
the remaining three products can be done analogously).

© 2009 The Royal Swedish Academy of Sciences Printed in the UK
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In [10], the general form of the kernel K is derived in the
class of generalized functions with point supports under the
conditions (3) and (4):

1
K. plvo) = [ Kota.plx.)00) 8.

01 ()
Ko(q, plx,y) = E(S(C] —0x —(1=0)y)exp[ip(x — )]
The integral in (5) is considered as generalized. The
generalized function Q(0) has the support [0; 1] and
possesses the properties fol 0@®)dd=1 and Q(O)
= Q(1 —6). The last one is a necessary and sufficient
condition for the operator A to be Hermitian. The function
0(0) determines the symmetrization rule for non-commuting
operators in the product. The kernel Ky is said to be partial
or a f-quantization. For example, if 4(q, p) = f(q)p", then
the 6-quantization gives the matrix of the operator Ay of the
form

n

~ d
Ap(x, y) = @)" fOx+(1-0)y) oy

S(x—y),
while the operator itself is

an—k

N " ok
mcr B Qe () 2 o
k=0

In particular, if 6 =0 we obtain the pg-quantization under
which all the operators p are in left from the operators
g, if 6 =1 we get the gp-quantization and 6 =1/2 is
corresponding to the Weyl quantization. If one involves the
moments oy of the symmetrization function Q(0), then the
operator A under the quantization with the kernel K =
Jiy Ke Q(6) d6 takes the form

. N (7 Ffx)\ ot
i=cr (1) (5 s

L (7
crszH"Q(G)dé?.

0

If the quantization is Hermitian, then the moments of the even
(except zero) orders can be arbitrary, while the moments of the
odd orders are expressed by means of the requiring formula of
the following form:

oy = 1 , o] =

2%
1 2kt
o1 = 5 |:1+n§_1 (=D (n )Un:| .

In particular, for the Weyl quantization oy =27

N =

3. The tomographic representation of the
statistical operators

Let p be the statistical (density) operator of a quantum system.
Consider its matrix p(x, y) in the coordinate representation.
The mean value of the operator 4 in the state o can be

expressed in the terms of the classical symbol of this operator
by the formula

(AA)=TrAA,6=//I(x,y),0(y7x)dXdy
= /A(q,p)W(q,p)dq dp, (®)

where a new statistical operator W (g, p) is introduced due
to (2) as follows:

W(q,p>=/K(q,mx,y)p(y,x)dxdy, ©)

which is a generalization of the Wigner function [11] for the
general linear quantization (5). In particular, for the partial
quantization Ky the Wigner function has the form

1 4
Wy(q, p) = Z/e“’zp(q—% g+ —0)z)dz,
(10)
W(q,p)zf Wo(q, p)Q(0)do.

Taking into account that the matrix is Hermitian we get from
the representation (10) that

Wo(q, p) =Wi_e(q. p). (11

Thus, under the Weyl quantization (6 =1/2) the partial
Wigner function is real. In other cases it cannot take place.
For the partial quantization, the reverse formula is valid:

1 .
P, y) = / e PN @x +(1—-0)y, pydp. (12)

The symplectic quantum tomogram [1, 2] is the positive
definite function for the Hermitian quantizations defined by
the formula:

FEs 1) = Tr(P8 G — G —v)
1
=§/ W(g. p)SE — g —vp)dgdp.  (13)

The last equation in (13) means that the symplectic quantum
tomogram is the Radon transform of the Wigner function.
Analogously one can define a tomogram for the partial
quantization (it will not be positive definite in general). As
for the partial as well as for the general linear quantization
there exists a reverse of the formula (13) which allows the
reconstruction of the Wigner function from the tomogram
such that

W(q,p)=%/f(é,u,v)e"@“‘q‘”’” dedpdv.  (14)

The characteristic function of the

distribution is determined by the formula

tomographic

F(s,p,v)="Tr (ﬁeiswéwﬁ))
= /f(& w, v)e' de

1 _
= 2—/ W(g, p)e* P dg dp
b4

=A(su, sv), (15)
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where A=Ak, w) =5 [ W(g, p)e'® P dgdp is the
Fourier transform of the Wigner function. Let us show the
connection between the Fourier transform of the density
matrix and the partial Wigner function:

1 N
plk, k) = —/p(x,y)e“““"‘”dxdy
2

= / Aok — K, w)e” @@= qq), (16)
This formula permits us to express the density matrix
by means of the characteristic function for the partial
tomographic distribution. It is straightforward to check that
due to (11) the right-hand side of (16) is Hermitian although
it contains only the Fourier transform of the partial Wigner
function.

4. The tomographic representation for the states
of the driven oscillator

Let us consider the driven oscillator determined by the
Hamiltonian [3]
2 200y,2
Hg p.n=2+ 201 (1)
Under any linear quantization (5) the symbol (17) in the
coordinate representation is associated with the operator

1 92 Q3(H)x?

HO =335+ —— (1s)

The integrals of motion for the Hamiltonian (18) have the
form

—p(t)g.
—(t)x.

A(r) = %(e(t)ﬁ— £(1)x)+8(1),

5

S ; _ Az +3
A7) ﬁ(e(t)p é(t)x) +48(1).
Here, £(¢) is a solution to the equation &(¢) + Q2(¢)e(t) =0
under the initial conditions £(0) = 1, £(0) =i2(0) and §(¢) is
a solution to the equation §(r) = — %25 (t)@(¢) under the initial
condition §(0) = 0. Let us introduce the following notations
for the corresponding real values:

(19)

i(e& — 88) = 2a(1),

SE+8e =2B(1), (20)

165 — 85) = (698 +8p8) /2 =2y (1).

Notice that the Wronskian of the system of solutions to the
equation £(t) +Q%(¢)e(t) = 0 equals —2ia(¢) and by means
of Liouville formula does not depend on time and is equal
to —2i€2(0). For the sake of shortness, let us set 2(0) = 1.
Then, the wavefunction of the ground state determined by
the condition ff(t)l/fo(x, t) =0 being normed by one and
satisfying the non-stationary Schrodinger equation has the
form

1 ¥ V28 g2t
wo(x,t):W exp(—xz——x—w +1/(;y(r)dt).

2¢e €

If the frequency €2 does not depend on time, then &(¢) = ¢'*
and in the absence of the driven force the formula (21) is
transformed into the obvious wavefunction of the ground state
of a harmonic oscillator.

The wavefunctions of the excited states have the form

Ynlx, 1) = %(z‘ﬁ(l))nl/fo(x, )

g \"* 1 x++/28

where H,(x) are the Hermite polynomials.
The density matrix of an nth excited state of the driven
oscillator in the moment of time ¢ is the following:

1 +4/2
Pn(X,y)ZZn 'Hn <x fﬂ)
n:

le]

2 _
x H, (M> Volx, Oy, 1) (23)

le]

For the harmonic oscillator with the Hamiltonian
H(q,p)=q*/2+p*/2, one should put |e|=1, B =0,
Yo(x) =m /4 exp(—x2/2) in (23). The partial Wigner
function (10) appears too huge even in this simplest case. For
example, the ground state leads to the expression

1
14 , =
9.0(q, p) N IETEIE

oo (2, 10 =g +ip)
P U "y oz ey

24

Notice that the result of symmetrization of (24) by means
of the function (Q(f) cannot be expressed in general
through the moments of this function as was done in
formula (7). For certain quantizations, the expression for
W(q, p) corresponding to states of the harmonic oscillator
can be obtained in the evident form. For example, in the case
of the Weyl quantization, it follows from (24) that for the
ground state the Wigner function has the form

1
Wiweyt, 0(q, p) = — P ~4*>-1p).

while for the Jordan quantization (a semisum of pg- and
gp-quantizations) we get

1
Wiordan, 0(q» p) = exp (—q%/2 — p?/2) cos (pq).
Jodan.0(4 P) = 5 p (~q°/2—p*/2) cos (pq

By virtue of the identity

o0
/ e H,(x +a) H,(x +b) dx = 2"n\/7 L,(=2ab),
o (25)
where L, (x) are the Laguerre polinomials, one can obtain the

expression for the Wigner function of the nth excited state of
a harmonic oscillator under the Weyl quantization as follows:

="

exp (—¢*> — p?) L. (2¢* +2p?).
(26)



Phys. Scr. 79 (2009) 015004

G G Amosov et al

Nevertheless, it is more convenient to work with the
Fourier images of the Wigner function for which the
expressions obtained are simple. Thus, by means of the same
formula (25) one can derive the expression for the Fourier
image of the Wigner function for a harmonic oscillator (we
supply it with a top index /) under the linear quantization with
the kernel Ky determined by formula (5):

Al (k@) = % exp (—k2/4 — o [4+ike (0 — 1/2))

x L,(K*/2+w?/2). (27)

Now if one introduces the characteristic function G (s) for the
function of symmetrization Q(0) such that

G(s) = / 0()e™ db, (28)

then it is possible to obtain the expression for the Fourier
image of the Wigner function under the linear Hermitian
quantization:

Ak, w) =/ A, (k, ) Q(0)do

_ Gk exp (—k* /4 — o /4 —ikw/2)

X L,(k*)2+w?/2). (29)

By virtue of (15) the expressions (27) and (29) determine
the characteristic function of the tomographic distribution
for a harmonic oscillator under the linear Hermitian
quantization (5):

1
F (s, p,v) = &P (—u2s? /4 — V252 /4

+Hipvs?(0 — 1/2)) L, (u*s?/2+v2s?)2),
(30)
G(uvs?)

2
—ipvs?/2) L, (u2s? )2+ 1257 /2).

F,f’ (s, u,v) = exp (—,u2s2/4 —12s%/4

In the same way, we derive from (23) and (25) the
expressions for the Fourier image of the Wigner function for
the driven oscillator under the linear partial quantization with
the kernel (5):

Ao (k. ) 1 K |e)?  w?ef ,+£§
a(k, ) = ——=exp |- — it —
0l @) =0y P 4 2P\ 2
et 59 ik (9
|8|2 €€ & 1KW 5

K |e)?  wies ( s§>
XL, |——+ it—|)].

2 le|? 2

Comparing (31) with (27) we see that the fact that the
oscillator is driven does not affect on the quantization because
the dependence on 6 of the Fourier image of the Wigner
function does not contain the master parameters ¢ and §.
This is the important conclusion which shows that, under
the external influence on the quantum system considered,

+

€2))

its quantization is not changed. The expression for the
corresponding characteristic function is obtained from (31)
taking into account (15) and, as well as for (29) and (30), is
almost the same. So we shall not write out it. Also we shall not
write out the symmetrized Hermitian Wigner function because
this expression will differ from (31) as well as in (29) only
by the factor. Instead of exp(ikw (6 — 1/2)) it will appear as
G (kw)exp(—ikw/2).

5. Evolution equation for a tomographic distribution

Taking into account the Liouville-von Neumann equation for
the density operator

10,0 =[H, pl, (32)
one can derive the evolution equations for the Wigner
function as well as for the tomographic distributions. For
the Weyl quantization, the evolution equation of the Wigner
function was obtained by Moyal [12]. The evolution of
the tomographic distributions of a driven oscillator for this
quantization was derived in [3, 4]. For an arbitrary linear
quantization of the Hamiltonian H(q, p), the evolution
equation of the Wigner function was obtained by one of the
authors in [10]. In particular, the evolution equation of the
partial Wigner function has the form

10, Wo(q, p) = / h(k, 0)G(kw) exp (i(kq +wp

+(1 —0)kw)) Ag Wy dk dw, (33)
where h(k,w) = (2n)"% [ H(q, p)e ¥’ dgdp is the
Fourier image of the classical Hamiltonian H (g, p) and the
function G(s) was defined in (28). To breve the notation
in (33), we introduced the difference operator

AgWy = Wy(q — 0w, p+ (1 —0)k)

—Wolg +(1 —0)w, p—0k). (34)
Notice that the dependence on the parameter of a quantization
0 is included in (34) by means of two aspects: in the partial
Wigner function itself as it was in examples (24) and (27) as
well as in its arguments shifted in the corresponding way. The
Hamiltonian H is quantized by the full Hermitian quantization
such that in (33) the factor G (kw) has appeared. The equation
for the full Wigner function follows from (33) by integrating
it in € with the symmetrization function Q(6):

i, W(q, p) = / h(k, w)G(kw)exp (i(kq + wp + kw)) dk dw

1
x / 0(0) exp (—ibkw) Ag Wy db. (35)
0

The equations obtained allow us to recognize the
structure of the integro-difference operator determining the
evolution of a quasi-probability. The important peculiarity of
equation (35) is that the evolution of the full Wigner function
cannot be represented as a certain operator acting on it directly
as it takes place for the partial Wigner function . The reason
is the factor exp(—i0kw) G (kw) which is equal to one only for
the Weyl quantization. The same factor resists carrying the
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action of the difference operator Ay from the Wigner function
to the Hamiltonian as it can be done for the Weyl quantization
with 6 = 1/2 (in this form the Wigner equation is represented
more frequently):

19, W(q., p) =/ A(k, w) exp (ikq +iwp) [H (q -2 pt lf)

2 2
k
—H (q+9,p— —)] dkdw.

2 2 (36)

Nevertheless, if the Hamiltonian is represented as a sum of the
form

H(q, p)=E(p)+P(q), (37)

then such a transformation of the evolution equation (33) can
be fulfilled:

10, Wy(q, p) = / dkdwAgy(k, w) exp (ikq +iwp) Ag H,

AoH =E(p+(1—0)k)— E(p—0k)
tP(g—0w) —P(g+ (1 -0)w).

(38)

It follows from (38) that it is convenient to write the evolution
equation for the Wigner function in terms of the Fourier
images. Denote &g(k, w) = Ag(k, w) exp (—ikw (1 —0)) and
as in (33) marking by lower indices the Fourier images of the
Hamiltonian we get

19, Kok, w) = / (1—eik<w*w’>) (&;(k, @) E,o

Ry, k)CDw_w/) do'. (39)

The same equation (39) determines due to (15) the evolution
equation of the characteristic function of a tomographic
distribution.

If E(p) = p?/2, then equation (38) takes the form

i
8, Wo(g, p)+ PVyWo(q, p) = 5(1 =200V Ws(g, p)

— / Wo(g. )60 [0 (g —6)

ds dw

—®(g+(-0)w)] o (40)

In particular, for the Hamiltonian (17) we get

Wo(q, p)+(pVy — (0 — Q2q)V,) Wa(q. p)

= S(1=20)(V2 = V2Wiq. ). (@1)

Equation (41) in the Fourier images has the form
3 Mo (s, v)+ (1 + (i + 229, 0) Ag (2, )

= %(1 —20)(22v? — D) Ag (1. v). (42)

Using (15) one can find the evolution equation for the
characteristic function:

0 Fo(s, i, v) =0 Ag(spL, sV)
= — (ud, + (is@ + Q23,)v) Fy (s, 11, v)

+ %(1 —20)s3 (202 — U Fy(s, n, v). (43)

The evolution equation for the quantum tomogram of a
driven oscillator is obtained from (13) and (42) such that

1
o fo&, n,v) = o / exp (k&) 0, Ay (uk, vk)
= —(udy + (pd + Q70,)v) fy (&, 1, v)

i 20 2 O
—5 (1 =20)( Q" =) o fo (€. . ).

T (44)

The evolution equation for the full Wigner function is
derived from (41) by integrating this equality multiplied
by the symmetrization function in 6 according to (10). If
the quantization is Hermitian, then as a result the left part
of (41) becomes real. The right part of (41) becomes real
as well if one takes into account the relation in (11) joint
with the condition Q(6) = Q(1 —6) which is necessary for
a quantization to be Hermitian. Thus, we obtain

dWt(q, p)+(pV, — (o — LX)V )W (g, p)

1
= %(vg - QZV;)/U —20)00)Wy(q. p)do.  (45)
0

The right-hand side of equation (45) is the quantum
effect appeared as a consequence of taking into account
the dependence of the Wigner function on the rule of a
quantization. The distinction of the right-hand side from zero
for the Hermitian quantizations which do not coincide with
the Weyl quantization can be used for determining how the
quantum dynamical system was quantized experimentally.

Analogously, due to (44) we obtain the evolution equation
for the quantum tomogram in the case of the full Hermitian
quantization:

O [,y v) + (udy + (93 + Q20,)v) f (€, 11, V)

32
o f 0(0)(1-20) fo €. 1, V)dO. (46)

i
— (22 2
2( v M)a52

6. Conclusion

We have derived the evolution equations for the Wigner
function (45) as well as for the symplectic quantum
tomogram (46) of the driven quantum oscillator in the case
of the general linear quantization. Both equations have the
non-trivial integral part which is not included in the equation
for the case of the Weyl quantization. The presence of such a
term could allow us to check experimentally how the system
was quantized.
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