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Abstract

We present a general unified approach for arranging quantum operators of
optical fields into ordered products (normal ordering, antinormal ordering,
Weyl ordering (or symmetric ordering)) by fashioning Dirac’s symbolic
method and representation theory. We propose the technique of integration
within an ordered product (IWOP) of operators to realize our goal. The
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IWOP makes Dirac’s representation theory and the symbolic method more
transparent and consequently more easily understood. The beauty of Dirac’s
symbolic method is further revealed. Various applications of the IWOP
technique, such as in developing the entangled state representation theory,
nonlinear coherent state theory, Wigner function theory, etc, are presented.

Keywords: Dirac’s symbolic method, IWOP technique, entangled state of

continuum variables, nonlinear coherent states

1. Introduction

In general, a full description of the states of the photon
field in the quantum theory of light is given by the density
operators, which are composed of a photon creation operator
a’ and an annihilation operator a, with the commutative
relation [a,a'] = 1. A number of possible representations
for the density operators of the electromagnetic field have
been invented [1]. One may convert the density operator in
terms of Fock states, or the overcompleteness relation of the
coherent state, as c-number functions via the P-function [2, 3],
the Wigner function [4] and the Q-function [5]. In all these
converting processes, one has to arrange operators in some
definite ordering. For example, when the density operator is
in normal (antinormal) ordering, its Q-function (P-function)
is immediately obtained. Operator ordering is also widely
encountered in obtaining miscellaneous optical field states and
calculating the expectation values of the operators in these
states; for example, one needs normally ordered squeezing
operators to construct squeezed states [6]. To our knowledge,

in most of the literature there exist two main approaches for
handling operator ordering problems, one is the Lie algebra
method [7, 8] and the other is Louisell’s differential operation
method [9] via the coherent state representation [2, 10].

In this review we try to recommend a general unified
approach for arranging quantum operators of optical fields
into ordered products (normal ordering, antinormal ordering,
Weyl ordering (or symmetric ordering)); this is the
technique of integration within an ordered product (IWOP) of
operators [11-14]. This technique is proposed by fashioning
Dirac’s symbolic method [15] and representation theory.

The terminology ‘symbolic method’ was first used in the
preface of Dirac’s book The Principles of Quantum Mechanics:
“The symbolic method, which deals directly in an abstract way
with the quantities of fundamental importance. . ., however,
seems to go more deeply into the nature of things. It enables
one to express the physical law in a neat and concise way,
and will probably be increasingly used in the future as it
becomes better understood and its own special mathematics
gets developed’.
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In this review we start our discussion by posing the
following three questions:

(1) How can we better understand Dirac’s symbolic method?

(2) How can we develop Dirac’s symbolic method, especially
his representation theory?

(3) Can we find more applications of Dirac’s representation
theory, especially in tackling operator ordering problems
in quantum optics theory?

In this review we shall show that the IWOP technique can
not only help us to better understand the symbolic method, but
can also directly develop its special mathematics. As a result,
many operator identities and some new quantum mechanical
representations can be derived, of which the entangled state
representation of continuum variables is the most important.
(The conception of quantum entanglement originated with
Einstein, Podolsky and Rosen in their argument that quantum
mechanics is incomplete. Nowadays it is the essential point of
quantum communication.)

This review is arranged as follows: in section 2 we
propound problems which we did not fully understand about
Dirac’s symbolic method. In section 3 we introduce the
IWOP technique for fundamental Bose operators and show the
concrete process of performing the integral in equation (2). In
section 4 we recast the completeness relation of some quantum
mechanical representations into normally ordered Gaussian
forms by virtue of the IWOP technique, which further reveals
the beauty of Dirac’s symbolic method. In section 5, based
on the normally ordered coordinate (momentum) eigenstate
projector |g){g| (|p){pl|), we introduce the Wigner operator
A(p, g) in a natural way. Using the IWOP technique we
obtain the coherent state representation and the explicit form
of A(p, q). Sections 6 and 7 are devoted to deriving operator
ordering formulae and studying the operator Fredholm
equation by virtue of the IWOP technique. In section 8, using
the same technique, we introduce the coordinate-momentum
intermediate representation |¢g, w, v) and point out its relation
to the Radon transform of the Wigner operator. In section 9,
we derive the generalized normally ordered n-mode squeezing
operator. In sections 10 and 11 we introduce the technique
of integration within the antinormally ordered (Weyl ordered)
product of Bose operators and derive the antinormally ordered
(Weyl ordered) expansion of density matrices in a coherent
state basis, respectively. In section 12, using the IWOP
technique, we derive some unitary operators as the direct
mapping of classical canonical transforms. In section 13
using the IWOP technique we introduce the entangled state
representation of continuum variables in which the two-mode
squeezing operator has a natural representation. In section 14
we show that the IWOP technique can also be extended to the
nonlinear coherent state case.

2. Propounding problems

Let us begin by looking at Dirac’s representation theory, in
which quantum variables have to be abstracted from their
matrix representation and turned into the purely symbolic
notion of g-numbers. In particular, the coordinate eigenstates’
completeness relation has a simpler form

/ dg lg){ql =1, ey

[e0]

R2

where |g) is an eigenstate of the coordinate operator Q,
0Olg) = qlq); equation (1) looks symmetric with respect to
ket and bra. Nevertheless, we feel that our understanding of
the representation theory is very shallow because we do not
know the ‘value’ of the slightly changed integral

o0
S = / da 2>(CI l,
—oo NI 1

where the ket and bra are not symmetric. We deem the

integral meaningful, as |g/u) is in the set of eigenstates of

the coordinate operator. But we do not know how to perform

this integral in a neat and direct way. So two questions arise:

why not execute it directly since it is an integral and what
physical meaning does S; have?

Generalizing the problem involved in (1) we are also

confronted with the question of how to directly perform the
following ket—bra form integral

e [ [Canan| (& 5) (2o

<‘” AD — BC =1,
qz

in a concise way. These two integrations have their
own physical meaning. The first one manifestly shows
the mapping of the classical scaling transformation ¢ —
g/ into a quantum mechanical unitary squeezing operator,
while the second one indicates how the classical canonical
transformation (¢, q2) — (Aqi + Bqs, Cq1 + Dg;) maps
into its corresponding unitary operator. This operator may be
used in discussing quantum gate operation. At this point we
mention that in Dirac’s book the analogy between classical
and quantum mechanics was not limited to Heisenberg’s
formal transposition of the Newtonian equations. For Dirac
the analogy involved deeper-lying structural properties, those
classically expressed in the algebra of Poisson brackets. As
for the quantum equation of motion, the beautiful link with
classical mechanics through the Poisson brackets and the
correspondence between classical canonical transform and
quantum unitary transform were undisputedly Dirac’s very
own contributions, which established him on the international
scene. Here we further express this correspondence through
nonsymmetric ket—bra operator integral, once the integral
is explicitly performed, the unitary operator is obtained.
Extending (2) and (3) to the multimode case, we consider the
2n x 2n symplectic transformation G keeping the classical
Poisson bracket invariant.  The well-known symplectic
condition is

0 LA _~( 0 L\._ (0 I,
o( §)e=e(h B)e-(1 %)
4)

where I,, is an n X n unit matrix and G is a 2n X 2n matrix,

A B
(a8 e

which causes a symplectic transformation in 2n-dimensional

(g — p) phase space
q q
1 )=c(?). 6
(7)=<(3) ®

wu >0, (2)

’

3)
= {q1, q2|,
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(For more information and references about symplectic groups
we refer the reader to [56].) In terms of (5) the symplectic
property involved in equation (4) is expressed as

AD - BC =1, AB = BA, CcD=DC,

(7
AC = CA.

(®)

The symplectic transformations form a symplectic group. In
this work for establishing a one-to-one correspondence be-
tween symplectic transformation and its quantum mechanical
image via the coherent state representation, we change the dis-
cussion in (g — p) phase space to (7 —z7*) complex space, here
7 = (g +1p)/~/2, such that equation (6) is converted to

()-x() o

S -R
)
The relationship between G and K is
_S+S"-R—-R" B_S*+R*—S—R
B 2 ’ - 2i

C_S—S*—R+R* S+R+S*+R*
= 5 f.

2i
Accordingly, equations (7) and (8) are equivalent to

AD - CB =1, BD = DB,

where

(10)

.A. K
(1)
D=

sst— RR' =1, RS = SR, (12)

S'S— RR*=1,, R'S = SR, (13)

while the symplectic condition (4) is equivalent to
I 0 T 0 1, 0
T n _ n T n
(i )G )R- (6 L)
(14)

Then what is the operator image of the classical symplectic
transformation 7 — SZ — RZ* in phase space by a phase-
space integral over coherent states

a2z

U(S,R) = \/Idet(S)|/ nf |87 — RZ*)(Z|
d’z —-R z z
= Vidsi [ s><)><

( S
—R*
where

2) = [ [ expl—lzi*/2 + zia[110);,

=7 (15)

(16)

is the n-mode coherent state? All these problems challenge
us to find an effective method to directly perform c-number
integration over the ket—bra projection operators. In the next
section we shall demonstrate how the IWOP technique can
fulfil this task and lead to explicitly normally ordered unitary
operators.

3. The IWOP technique

To deal with these integrations, let us introduce the IWOP
technique. We begin by listing some properties of normal
products of operators which means all the creation operators
stand on the left of the annihilation operators in a monomial
of a* and a:

(1) The order of Bose operators a and a' within a normally
ordered product can be permuted. That is to say, even
though [a,a’] = 1, we can have :aa’: = :afa: = a’a,
where : : denotes normal ordering.

(2) ¢ numbers can be taken out of the symbol : : as one wishes.

(3) The symbol : : which is within another symbol : :
deleted.

(4) A normally ordered product can be integrated or
differentiated with respect to a c-number provided the
integration is convergent.

(5) The vacuum projection operator |0)(0| has the normal
product form

can be

+

[0)(0] = :e7* %, (17)

where a|0) = 0 (in Louisell’s book [9], [0)(0] =
lim._; :e~¢“'“:). A rigorous proof for (17) is as follows.
Suppose |0)(0] = :W:, W is to be determined. From the
completeness relation of the Fock state

0 a"'”
In)n| = 1, In) = —=10),
2 Jl (s)
Nin)=nln), N =ad'a,
we have
00 1 d \" '
1 _ / Z* n .
n;0|n)(n |W(dz*) (Z)" | z:=0
= e 17 0)(0]eZ | iy = ¥ W: = "W, (19)

which, together with property 3 above, gives equa-
tion (17). From (17) and property 1 we have

0t \n O (_\n,fn n
o0 =y TL Yy e

| |
—0 n. =0 n:.

1

—%N(N—l)(N—2)+---. (20)

(6) The Hermitian operation can ‘run across’ the ‘border’
of : : and can directly apply to bosonic operators as the
following

(W V) =W )T (1)

where W, ..., V are Bose operators.
(7) The differentiation with respect to a or a* within normal
ordering symbols possesses the property

:aifw, a’):=[:f(a,a’):,a'l,

; 22)
:Ff(a, a":=1a,:f(a,a"):].

a

R3
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Now we turn to directly performing the integral (2). Readers
can see shortly that using the IWOP technique its result is
just the normally ordered single-mode squeezing operator.
Because the Fock representation of |g) is [15],

miar = (") esen (12, o
n fry _ 2n RS s
©V=\mn) n

where H, is the Hermitian polynomial with its generating
function being

o0

1 2
Z —Hn(x)t" —e! +2xt’ (24)
n!
n=0
we have
00 mao\ 4
= ; In)(nlg) = (5>
me o 2me . a® 0) 25)
X expf ——— - —
Plman n 19T

(In the following, unless particularly mentioned, we take
h = w = m = 1for convenience.) Using (25) we can write (2)
as

S = /|1
: /oox/ﬁ 1% (Q|

= /Z%e 2T ) 0TS (26
Substituting (17) into (26) we see
_ T
00 123 (27)

Note that on the left of :e~*": are all creation operators, while
on its right are all annihilation operators, so the whole integral
is in normal ordering; thus using property 1 we have

> d
5 = / e
oo ST
As a commutes with a” within : ;, so ™ and a can be considered
as if they were parameters while the integration is performing.

)+«/_q(” +a)—;(a+a)

——(l+

(28)

Therefore, by setting & = e*, sech A = 7 ,tanh A = “:tll ,
we are able to perform the mtegratlon and obtain
2 (£ +a)® |
S = HO K — —(a+ad")?}:
1 1+ Mz p{ 1+ L 2( )
_ (sech )\)1/2 tdnh)\ (sech)\fl)a a e"z tdnh)\ (29)

which is just the single-mode squeezing operator in normal
ordering appearing in many references [6, 7]. It is worth
mentioning that we have not used the SU(1, 1) Lie algebra
method in the derivation. The integration automatically
arranges the squeezing operator in normal ordering. Using

Ze)»nm (n| = Ze)»n i a:an

= :exp[(e — 1)a "al:, (30)
equation (29) becomes
* d
/ \/Q_ CI>< I — e——tanhk (ata+s )Insech)»e 5 lanh)» (31)
oo

R4

[e’e} dq
o0 f n
how the IWOP works. It inspires a physical interpretation of

some of the mathematical quantities employed in the theory:
the classical dilation g — % manifestly maps into the normally
ordered squeezing operator. It also shows that the fundamental
representation theory can be formulated in a not so abstract
way, as we can now directly perform the integral over ket—bra
projection operators. Moreover, the IWOP technique can be
employed to perform many complicated integrations for ket—
bra projection operators.

There is a large gap between quantum mechanical
operators theory (g-numbers) and classical numbers theory(c-
numbers). The IWOP technique arranges noncommutable
operators within an ordered product symbol in a way that
they become commutable, in this sense the ‘gap’ between g-
numbers and c-numbers is ‘narrowed’. However, the nature
of the operators is not changed, they are still g-numbers, not
c-numbers. After the integration over c-numbers within an
ordered product is performed, we can finally get rid of the
normal ordering symbol by using (30).

So far we have justused [~ 1Y (q| as an example to show

4. Completeness relation of some representations
re-obtained by virtue of the IWOP technique

In particular, for u = 1 equation (28) becomes

/ dq |CI 61| / f _q +2’1("+" )— 7(a+a )~

- / T4 a0y (32)
o ﬁ
(a real simple Gaussian integration!) where Q = ";‘i This

immediately leads us to put the completeness relation of the
momentum representation into the normally ordered Gaussian
form

o0 OCd N
/dp|p><p|=/ nge—<P-P>:=1, (33)

and | p) is the momentum eigenvector

.
here P = ¢4
where TR

Ip) =7 expl—Lp? +iv2pa’ + 1a™10).  (34)

From the above calculation we can better understand Dirac’s
symbolic method and further develop it. Consequently, there
are many applications of the IWOP technique. For example,
the coherent state’s overcompleteness relation can be rewritten
as

d? d?
f o)zl = / —=
T T
d*z = d(Rez)d(Imz), (35)

where at the final step we have use the mathematical formula

d2 1
f 72 expirlz* + fz+g7") = -5 CXP<—§>,

e @), =

A
Re )l < 0. (36)

The displaced Fock state is constructed by operating the
displacing operator D(z) = exp(za’ — z*a) on the Fock state

),

lz,n) = D(z)|n) = Jﬁ(aT —29"z). (37)
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Its completeness can easily be seen by virtue of the IWOP
too [16],

d?z
f— |z, m)(z, n|
T

d2Z 1 & o F

. i ] n,—(z*—a")(z—a).

= —_— a —Z a—2z) e .
/ 4 \/m!n!( I )

d? 2
/ e =1y = 5,1
b/

1
m!n!
Using the IWOP we can find some new optical field state

with the completeness relation, for instance the so-called
displacement and squeezing related state [17]

(38)

2
1) = exp[—% +(far'9a’ F fga"'z}IO), (39)

where | f|* + |g|2 = 1, is complete, as

dZZ dzz *
f—|z>gg<z| =f—:exp[—|z|2+z(fafig a)
T T
.

+25(ffa+ ga") F fga” F frg*a’* —a'al:

= expl(|f|* +Ig]* — Da'al: = 1. (40)

We would say at this point that what we have done here
is to improve or extend the mathematical formulation of
representation theory, with which new complete quantum
states having physical meaning can be found. Also, we would
like to say that the pursuit of mathematical beauty in quantum
optics theory is our ’guiding light’ in this research.

5. Wigner operator: explicit form, coherent state
representation, studied by virtue of the IWOP
technique

Enlightened by (32) and (33) we can compose the following
operator

1 2
e = A, p), (@1
which satisfies
oo
// dgdpAlq. p) = 1. (42)
—00
Its marginal integration is
o0 1 2
f dpA(g, p) = ﬁ:e’(‘]’@ c=lg)ql,
- (43)

* — ! ca—(P=P)*. _
[m dg A(q, p) N c=Ip){pl,
respectively. According to Wigner’s original idea of setting up
a function in ¢ — p phase space whose marginal distributions
are the probability of finding a particle in coordinate space and
momentum space respectively, we can immediately judge that
the operator A(qg, p) in (41) is just the Wigner operator. We
can also prove that the coherent state representation of A(gq, p)
is [18]
d?z o

A(q, p) = Ala, ") = f ) loo + 2) (e — z, €% 7,

1

o= ﬁ(q +ip), (44)

where |z) is the coherent state, the integral measure d’z =
d(Rez) d(Imz) as in (35). In fact, using the IWOP technique
to perform the integral of (41) yields its explicit form

* d’z 2 ¥
Ao, o) = ?:exp{—|z| + (@ +2)a

+ (@ —za—ao*a—a'a+az* —za*):
_ 1:672((1*7(1*)(0(7@: — lef2la|272a*a:ef2a*u . 672(1*(1‘

T T

(45)
Because

© © dq 2 f o+ _1 +2

dg | —q){ql = — e VA (ava)
oo —co /T
— :e—2a+a: — eirrN (46)

is a parity operator, (45) becomes
A(Ol, Ol*) — le—Zlalz—Zcﬁa(_)Ne—Za*a — lD(ZOt)(—)N
b4 b4

(47)
Equation (45) or (47) is the explicit form of the Wigner
operator. Recently it was reported that the Wigner function
defined via the parity operator can be directly measured [19].
Some new experiments on the reconstruction of Wigner
functions have been performed by Mlynek’s group [20].
Using (44) the Weyl quantization scheme [21], which takes

the Wigner operator as an integral kernel to transit a classical
function h(p,q) = f(o*, ), a = \L@(q +1p), to operator

H(P, Q)= F(@d', a),

o0
H(P,Q)=// dpdgh(p,q)A(p,q), (48)
—00
can be converted to

F@a', a) = 2fd2a fla*, ) A, ). (49)
The Wigner theorem states that expectation values (F) of
certain operators F' can be expressed as integrals similar to
the phase-space integrals of classical probability theory,

(FY=Tr[pF (@', a)] = 2/d2a TrpA(a, @) f (o, ),
(50)

where Tr[pA(wx, @*)] is known as the Wigner function of
the density operator p. The differential element 2d%« (the
measure of the integration) in (50) is a real element of an
area proportional to the phase-space element dg d p in classical
mechanics; this point has been emphasized in [22] by BuZek
et al. Especially, when p = |z)(z|, the pure coherent state, its
Wigner function is
SINCRDIRES %m e 2 g
1672((1* —2*)(a—2z) )
b4
Up to a factor of 2w equation (51) is the same as equation
(2.16a) in [22], so our definition of the Wigner operator differs
from that of [22] by a factor of 2m. The converse relation
of (49), using (44), is

(51)

d’z

f@*, a) =2 Tr[FA(x,a™)] =2 | —
b/

x (@ — z| Flo + z)e* =", (52)

RS
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from which one can obtain the classical Weyl function of the
operator F.

In section 8 we shall derive the Radon transform of the
Wigner operator A(«, a™).

6. Operator ordering formulae derived by the
IWOP technique

Now we show that the IWOP technique and Dirac’s
representation can help us to derive many operator ordering
formulae in a unified and concise way. Using the
overcompleteness relation (32) of the coherent state and the
mathematical formula

d2 2
/ < oMM eAlP+BIHCT _ ~BC/A

n'm!

> 11(n — D(m — 1)) (— A)r+m—1+1

1=0
ReA <0 (53)

as well as the IWOP we can directly put operator a”a'" into
antinormal ordering,

d’z
anaTm — / 72}’lZ*m'Z)(Z'

2
_ /d z an*m:e—\z|2+za7+z*a—cﬁa:
b

min(m,n)

Bm—lcn—l

n!m!
= N —=Dm =1

Furthermore, using the mathematical formula

tm—1 n—I.

(54)

d’z 2 * 2 )
/76Xp(€|z| +&z+mz"+ fz7+gz"™)
1 exp[—€£n+$2g+n2f}

Ve —4fg (2 —4fg ’

whose convergent condition is either

2 —4fg
“(res) <0 00

(55)

Re(¢+ f+g) <0,

or

2 —
Re(¢ — f —g) <0, R%ﬂ) <0, (57)

t—f-¢
we can rearrange the following antinormal products into
normal ordering

2
2 12 d°z ;- %2
e/ esd =/—e-fZ |z)(z] e%*
b4
2
_ dZ. 2 T * 2 *2 Y
= | —eexp(—|z|"+za'+z7%a+ fz"+ gz —a'a):
T

1
= ﬁ eXP[gaTz/(] —4f9)]

x exp[—a’aln(l —4fg)lexp[fa’/(1 —4fg)]

dZZ *2
= / —27"|z)(z] e™
T

d?z
= / —exp(—|z|* +za" + 2*a + vz — a'a)7":
7

(58)
and

12
n_ va'
a e

2k

= evcﬁ2 Z kli(n _ oY :(21)chr + a)n_Zk:.
k=0 " :

(59)

R6

Using the IWOP we can also derive some operator-
disentangling identities. For example, due to (32) we have

d? +
exp(ra’a +oa®) = / °= exp(ra’a + oa’)e™
b1
x exp(—ra‘a — 0a®)|0)(z] e /2
d? 2
- / &= exp{—|z|2/2 + z(aTe}‘ +a=Z sinh A)}|O)(z|
T A
d? .
= / —Z:exp{—|z|2 +7%a+za'e
T
A
+ 2z2 sinh A — aTa}:
A
ha' Lo¢t
=e “’exp{a Tsinh)»}. (60)

This method can be extended to the multimode case too, using
the mathematical formula [23]

/llj[dizi}exp{—%(z )

A B)(E) ()
SR

<ot (5 0) ()]

where (z z*) =(z1,22,...,20 Z},25,...,2,), and using
the IWOP technique we can do normal ordering for the
following multimode operators:

exp[aiaijaj]exp[a;r[ja;] = /H[T} exp(a;oija;)
i=1

(61)

X |z15 225 o5 Zu) (215 225 -+ 2l exp(ali"tijajf)

nra2
dzi . * i
= l—[ expl—z/zi +a;zi
i S

% % * T
+ a;z; +2i0ijZ; +Z; 'C[ij —a; a;l:

T e L (22
o el T exp ZZ,Z In -2t

X (ZZ*) +(a'a) (ZZ*> - a;a,<1|:
I, -2t 1
<l (S )]
I
()}

X :exp[% (a" a) (_156
= [det(l, — 401)]"* expla][(1, — 400) ' tl;5al1)

X :exp[a;(ln — 40’1’)[_jla; — a;a[:

(62)
In particular, for the two-mode case we have Q.1

x expla;[(I, — 401)710]i_/aj}.

i

t ot ! vaja]
expluaiaz] explva,a,] = T~ exp T

x expl—(ala; +ala) In(1 — uv)]exp(l“f‘:z). (63)
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Now we want the normally ordered form of exp[a[T Ajja;l,
where A is an n x n matrix. Using the coherent state’s
completeness relation and the IWOP technique we have

dzl
exp(a "Aijaj) _/l—[[ z :|

X exp(ai Ajja;) exp(a[ Zi) exp(—alTAijaj)

X 10,0...,0)(z1, 22, ..., zal exp(—l2i]*/2)
n d2 ; . .
= /l—[[ NZ :|:exp[—lz,<|2 +a) €M)z + e —alapl:
i=1
= wexpla;[e® — I1;ja;):. (64)

As its application we can derive the explicit form of the class
operator of the SU (2) rotation group [24].

7. Normally ordered Fredholm operator equation

By considering e~ as an integral kernel of the Fredholm
equation [25]
1 e ( )')
—= dye ™ o@y) = f(x), (65)
=l

we can construct the corresponding normally ordered operator
Fredholm integral equation

1 oo
N /_Oc dgzexpl—(g — 0)’1:¢(g) = :f(q):. (66)

On the other hand, using (30) we have
1 /"“ 2

— dg:exp[—(¢ — O)"L:9(q)

NZN/

= / dq 1q){qle(Q)

oo

= ¢(Q), (67)

so we know the normally ordered expansion of ¢ (Q) is

(Q) =:f(q):.

In this way we can obtain some new operator identities. For
example, from (66) we have the normally ordered expansion
Of an

0" = /Zj‘l_q - 1-0.
[n/2] g\
-2 ()7

X T +3), T +3) = /727" 2r = 1), (69)

where we have used the mathematical formulae from the
handbook [26]

(68)

o] dq 7U(q7)»)zqn _ 1
\/_ ,/O—n+l
[n/2] nl o
x Zm( oTh) Reo > 0. (70)
k=0 :

For another example, from the integral formula about the single
variable Hermitian polynomial
o0 2
f e T H, () dy = VT (2y)", (71)
—00

we know the normally ordered expansion of H,(Q),

H, (Q)—/ dq lq){q|H.(q)

/ cexpl—(q — Q)*1H,(q) = 2":Q":. (72)
Comparing (72) with H, (q) = 2nH,_(q), we have
. d
—Q" =27"——H,(Q) =n2'""H, 1(Q) =n:Q""":
dQ dQ
(73)
which means di:Q”: = :di Q":. This is another property of Q.2

normal ordering, which will be useful in deriving the normally
ordered expansion of some coordinate operator functions. We
now show that solution to the Fredholm equation (66) is

()
==L 0

®(0) S (74)
In fact, substituting the following expansions
o0 n
e -0’ _ "N . g %
e 1=e ;. 2(q) Y
(75)
[o¢]
¢(q) =Y buHn(q),
m=0
into (66) we have
o 00 ) Qn
2y f dg:e™" H, () Hn(q) = b
n,m=0"Y —%0 n
oo
=Y 2"by:Q": =:f(Q):. (76)
m=0

Taking the coherent state expectation value for (76), we see

(z]: f(Q):]z). (77)

o0

Y 2"bn(zl: Q") =

m=0
After differentiating both sides m times with respect to Re z
and then setting Rez = 0, we obtain £ (0) = m!8, nbm,
thus

H,(q), (78)

&0
w(q)—; T

and (74) is proved. Using (32) and the IWOP technique we
can also derive

e R
et = g’ \g){q| = —:e
oo —o0 VT

—(g-0)*+2q’.

! 'ex[ A QZ] (79)
Vi N b

where Re A < 1. Operating both sides of (79) on the vacuum
state we immediately know

e’ 10) =

1 A 0
T exp 31— )\)a 10), (80)

which belongs to a squeezed state. This implies that when
an extra potential AQ? is added to a harmonic oscillator
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potential, a squeezing effect related to a frequency jump will
be generated. Similarly, we can use (33) to derive

2
e)»P —

1 A 2
m:exp[l_)\P :| (81)

Letting z = x +1iy, using the IWOP technique we can perform
the one-sided integral for coherent states,

o a®? N
/ dx |z2)(z] = ﬁexp(T +iya‘)

o0
X ex f ln1 ex @ i 2
a'aln = — —iya —
p ) p 4 y y

= \/Eexp[—(P — x/iy)z], (82)
and o
/ dy |2)(z] = V27 exp[—(Q — V2x)?], (83)

which can be used in analysing the properties of a superposition
of coherent states on a line. Extending to the two-mode case
we have

1
e
V1 =22

which, once acting upon the two-mode vacuum state, will yield
a two-mode squeezed state.

et 1@

xp[ A (Q2+Q2+AQQ)] (84)
]—)»2 1 2 1¥22) |-

8. Generalized squeezing operator in normal
ordering

We now demonstrate how to convert the generalized squeezing

operator U (G) into normal ordering,
U(G) = exp(3(a;Gyja; — alG},a))},

iji=1,2....n, (85)

where the repeated indices mean the summation from 1 to n.
G is acomplex symmetric matrix. Using the Baker—Hausdorff
formula we see that U (G) causes the following transform

(]a;fU*1 = a;[COSh(GTG)%]ji
+a,[G(GTG)"? sinh(G'G)? 1,
= a;[COSh(GTG)%]j[ + aj[Sinh(GTG)% G'G): Glji-
(86)

From matrix theory we know that any square matrix can be
subject to polar decomposition
G = He'l, (87)

where both H and F are Hermitian matrices. Due to G = G,

G=c'H, GG = GG, GGG = GGTG,(SS)
GG = H?, G'G = H?, H?%e 'F = ¢ g2,

so we can re-form (86) as

UalU™! =a;(cosh H)ji +a,[(" sinh )]},

= aj(cosh H); +a;[(sinh H)e'"];;. (89)
Similarly we derive
Ua;U™" = a;(cosh H) ji +a[(e™" sinh H)];i.  (90)

R8

Let [|[0) = U|0) be the new vacuum state, using UT(G) =
U(—G) we have

a;i|0)y = UU"'a;U|0)
= Ula;(cosh H) j; — a}(e™" sinh H) ;;]|0)
= —Udl(e" sinh H) ;;U'U|0)

= — [a/ (cosh He™'F sinh H);; + a;(sinh® H);;1]10).  (91)
It then follows from
ai|0) = —aj(e™" tanh H) ;0), (92)

that this is the equation the new vacuum state should obey. Due
to

[a;, exp[—1a] (€7 tanh H)ijajf]]
= — a;(f‘fiF tanh H) j; exp[—%a,T (e tanh H),ja;], 93)

so the solution to (92) is

10) = cexp[—1a/ (e tanh H);ja]/0)

i

(94)

where ¢ is the normalization constant, determined by 1 =
(0]]0), using the IWOP technique and (62) we can derive

¢ = [det(sech H)]z. (95)

Now we can study how the n-mode coherent state |Z) changes
under the U transform
U[Z) = U exp(zia))U™'U|0) exp(—|zil*)
= [det(sech H)]? exp{z; [a](cosh H);; +a;(sinh He'™) ;;1}
x exp{—3a, (e7'" tanh H);a| — 12;|*}|0)
= [det(sech H)]? exp(—1|z;[? + z;(sech H)jja]
+ 1zi(tanh He');jz; — Yaf (e tanh H);ja}110).  (96)

Using the completeness relation of the coherent state and the Q.3
IWOP technique we finally derive the disentangling of U (G),

d’z . . . _[d’z
U :/— Ul|z)(z| = [det(sech H)]? /11‘[[—:|
big big

x :exp{—|zi|* + zi(sech H)ajf +zja;

+ 3z (tanh He'l)ijz; — jal (7" tanh H)jja} — afa):

1 dZZ[
= [det(sech H)]> /il'l[ :|

T

_ ir
X :exp{—%(Zg 7) ( (tanhIH)e (I)) (ZZ*)

+ (a'sech H, a) <ZZ* > — a;"ai
— %a;(e’iF tanh H)ija;}:

= [det(sech H)]? exp[—1a] (7' tanh H);ja]]
X :exp[af(sech H— I)ijaj]:exp[%ai(tanh He'f)a;.
O7)

Comparing (96) with (29) we see the similarity. Thus U(G) Q.4
is the n-mode generalized squeezing operator.
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9. Coordinate-momentum intermediate
representation |g, i, v) and Radon transform of the
Wigner operator

It was Dirac who first introduced the representation theory
into quantum mechanics. Different representations fit the
solution of different dynamical problems; as Dirac pointed
out: ‘When one has a particular problem to work out in
quantum mechanics, one can minimize the labour by using
a representation in which the representatives of the more
important abstract quantities occurring in that problem are
as simple as possible’. In this section we shall reveal
that there exists a new quantum mechanical representation
composed of the eigenvector |g, u, v) of the operator u Q+v P,
which is inherent to the Radon transformation of the Wigner
operator. In quantum optical theory uQ + vP (u and v
are real numbers) represents all possible linear combination
of quadratures Q and P of the oscillator field mode a and
can be measured by the homodyne measurement just by
varying the phase of the local oscillator. The average of
the random outcomes of the measurement, at a given local
oscillator phase, is connected with the marginal distribution
of the Wigner function, thus the homodyne measurement
of the light field permits the reconstruction of the Wigner
function of a quantum system by varying the phase of the
local oscillator. Vogel and Risken [27] and Smithey et al
[28] pointed out that the probability distribution for the
rotated quadrature phase can be expressed in terms of the
Wigner function, and the reverse is also true, i.e. one can
obtain the Wigner distribution by tomographic inversion of
a set of measured marginal probability distributions of the
quadrature amplitude. In the following we shall show that
the introduction of the explicit form of |g, u, v) will reduce
other abstract quantities concerning the quadrature ©Q + v P,
such as Radon transformation of the Wigner operator to a
form which is as simple as possible. We show that the
projector |q, i, v){q, i, v| is just the Radon transformation of
the Wigner operator with (u, v) being Radon transformation
parameters; we shall use the normally ordered form of the
Wigner operator to demonstrate this relation. For a review of
Radon transform, we refer the reader to [29].
The explicit form of |g, u, v) in Fock space is

2
_ 2, . 2\1—1/4 q
lg, p, v) = [ (" +v7)] CXP{—W
T, T B S e a"'2}|o>. 98)
n—1iv 2( — iv)

It is not difficult to see that |g, 1, v) satisfies the eigenvector
equation
(nQ+vP)lg, i, v) =qlq, p, v). 99)
Remarkably, as a result of (17) and (98), |g, 1, v){g, i, v| has
a neat normally ordered Gaussian form
1

lg, u, v){g, u,v| = \/ﬁ
m[q - (MQ+VP)]2}5~

Then with use of the IWOP technique we prove that |g, i, v)
form a complete set,

y :exp{— (100)

o0
/ dq lq, p, v¥{g, u, v =1, (101)

oo

and possess the orthonormal property

(g, m,vlg", p,v) =8(q" —q"), (102)
so the set of |g,u,v) makes up a new representation
interpolating the coordinate representation and the momentum
representation. Using the explicit normally ordered form of
Wigner operator (41) we perform the Radon transform

+00
/ dp'dg's(q —vp' — ngHA(p'. 4"

—00

+00 1 ) s , )
= / dp/dq,8(q—])p/—Mq/)_:ef(pfp) —(q'-0) :
- b/

o0
] D B PR P2
= \/ﬁ:e uzﬂ,zlq (LQ+vP)] =g, n,v){q, 1, v,
(L Vv
(103)

which is just equation (99). We conclude that the projection
operator |gq, 1, v){(gq, u, v| is just the Radon transformation
of the Wigner operator; p,v are Radon transformation
parameters, so the introduction of |g, i, v) is necessary. From
the point of view of Weyl quantization scheme we see that
8(qg — vp' — nq’) is just the classical Weyl correspondence of
the operator |g, u, v){q, i, V|.

10. The technique of integration within the
antinormally ordered product of Bose operators and
the antinormally ordered expansion of density
matrices in a coherent state basis

When all creation operators a' stand on the right of a, we say
that they are in antinormal ordering. Moreover, the IWOP
technique can be extended to the antinormal product case.
Introducing the generalized IWOP technique for antinormally
ordering Bose operators, the main points are:

(1) The order of Bose operators a and a’ within an

antinormally ordered product : : are permuted. That is
to say, even though [a, a’] = 1, we can have

aa = aa . =:.d

"= aa" = dfal. (104)

(2) The symbol : : which is within another symbol : : can be
deleted.

(3) An antinormally ordered product can be integrated or
differentiated with respect to a c-number provided the
integration is convergent.

(4) The antinormal ordering form of the vacuum projection
operator is

T dzn ; sk T
[0)(0] =7dé(a)é(a") = / - explina] explin™a'].
(105)

Proof.

2
78z — a)8(z* —a’) = f =

T
x exp[—in(z — a)] exp[—in*(z* —a')]
o o
= / 7}7 o expl—Inl* —in(z —a) —in*(z* — aT)]O

(106)
O

= Zexp[—(aT — ) a - z)]z = |z)(zl.
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Q.5 When z = 0, (106) reduces to (105). From (105) we can
also write the coherent state projector as

d2n + . s F * 2
)zl = - exp(za') explinalexplin”a'lexplz”a — |z|]
d?n .
= / &n sexplina +in*a’ +z*a + za']
b4

(107)

Now we recall the Glauber—Sudarshan P-representation in the
coherent state basis

d?z
o= / —P(2)|z)(z].
T

Its inverse relation is given by Mehta [30]

x exp(—2|z|> — izn — iz*n®)%.

(108)

— ol dz_lB _ 2 * % 1
P(z)=e - (—BlplB)exp(|BI"+ Bz —z"B), (109)

where |fB) is a coherent state too. Now substituting (109)
into (108) and using (107) we can expand p as

dz 2 dz
p=/7ze'2‘ / b BlpIBI exp(8*z — B2 el
Zﬁ :
= f (—BlplB) /—eXplnaHn ]
X /—eXp[—IzI2 —izn —iz*n*
e
+B* 72— B+zfa+za'l:
2
_ f b B1p1B) explIBP + B7a — Ba’ +aa'T. (110)

Q.6 In particular, when p = 1, (—B||8) = exp[—2|,8| ]

2
1:E/dﬂ—ﬁexp[—lﬁ|2+,3*a—,BaT+aaT]f. (111)

Readers may compare (111) with (35) and see the difference.
As an application of (111), we have

+ d?
e—lcltlz./ ﬂ( ,8| —)»aalﬂ)
b

x expl|B|* + B*a — Ba' +aa'l:

2
= f & exp[—e*|B]> + B*a — pa’ +ad']:
M4

=e*expl(1 —e ™Maa']: (112)
which provides a new approach for putting an antinormally

ordered operator into a normal product.

11. About the technique of integration within a Weyl
ordered product of operators

The Weyl ordering accompanies the Weyl quantization rule,
which quantizes a classical coordinate-momentum function

q"p"as
" —I pr nl
- ( ) ,Zl'(m nie e

(113)
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The right-hand side of (113) is just a Weyl ordered operator.
We introduce the symbol as Weyl ordering, then the Weyl
quantization rule in (48) can be recast into

. . oo

h(P, Q) =f/ dpdg h(p,9)A(p, q), (114)
: : o

which means the classical correspondence of a Weyl ordered
operator _h(P, Q) can be directly obtained by replacing
Q0 — q, P — p. Taking the operator in (113) as an example,
since it is in Weyl ordered form, so

1 " m! m—Il pr nl
(5) Lo e
_:lmm m! m—I pr l:
_:<2> ;l!(m—l)!Q PQ:‘

Then according to (114) we have
oo 1 m
[
[ ] oras

:(1)'“ “ m! _
\2) & l!(m—l)!Q
x Z):l'(m i " 'pd'Ap, q)

=// dpdg g™ p"A(p, q),
—0Q

which complies with (113) and (115). Based on the Weyl
quantization rule and the Wigner operator, the technique
of integration within a Weyl ordered product IWWOP) of
operators is introduced. The Weyl ordering symbol possesses
two remarkable properties:

(115)

(116)

(1) the order of Bose operators within a Weyl ordered product
can be permuted;

(2) a Weyl ordered product can be integrated with respect to
a c-number provided that the integration is convergent.

According to (114), the Weyl ordered form of the Wigner
operator is,

A(p.q)= 8(p—P)s(g— Q) . (117)
Since Q = “*" , P = “é’l‘ o= qJ}p*, )
A, a®) =1 8(a" - a)sa—a) . (118)
Leth(p, q) = f(a, ™), then (114) is equivalent to
fla,ah =2fd2(x Fl, @) A(a, ab). (119)

An interesting question thus naturally arises: what is the Weyl
ordering form for an arbitrary given operator p? In other
words, how do we put p into Weyl ordering? We shall present
a new formula which can conveniently recast operators into
their Weyl ordering. For this purpose, we try to convert the
overcompleteness of the coherent state into Weyl ordering.
The classical Weyl corresponding function of |z)(z]| is

27 Tr[|z){z] Ao, o™)]
= 2(z]:exp[—2(z* — a')(z — a)]: |2)

=2exp[—2(z* —a®)(z — a)]. (120)
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According to (119), the Weyl ordered form of the coherent
state projector is

e =2 [ Paenpl-26 - 0z @)
x 8(a" —a)sa—a)
=2 expl-2(" —aH)c — )] . (121)

The completeness relation can also be recast into Weyl
ordering,

d? d’z : :
/ —la)el = 2/ = expl-2(* —a — )] = 1.
b4 T :
(122)
Substituting (121) and (109) into (108) yields

d2 2 d2
p= 2/ 42 / LP _BipIB) explIB2 + 28" — P21
T T
x “exp[—2(z* —a)(z — )]

_ B : x i PN
=2 [ — (=Blolf)expl2(f"a —a'p+a'a)] . (123)

This is the Weyl ordered expansion of operator p [31].
Especially when p = 1, the identity operator, equation (123)
reduces to

d’B: .. 4 :
I =2/ = expl-2(8" +a) (B ). (124)

Itis interesting to compare (124) with the antinormally ordered
formula (111). Asafirstexample of applying the formula (123)
we can prove

2:exp[—2(B* +a") (B —a)l:
= ‘exp[—|Bl*+B*a—a'B+d'al’,

where:: denotes normal ordering. For another example, when
p is a normally ordered operator as

2 .
p = —exp[—2(z* — a‘)(z —a)l:,

: (125)
T
then its Weyl ordered form is
2 [ d2B: .
—f—'(—ﬁl:exp[—Z(z —a')(z—a)l:
T T .
x |B) expl2(B*a —a'B +a'a)l’
2 2
= exp[—2z*z]—/ i
T T
x expl2B(z* —a') — 28" (z — a) + 2a'a]’
=15 —a)a—a) (126)

which is just the single-mode Wigner operator. In particular,
when o = 0, equation (126) reduces to the parity operator’s
Weyl ordering form

(=) = :exp[—2a"al: = 1 5(a")s(a) . (127)

In the two-mode case, when p = exp(fa'b’)exp(gab),
using (123) we see that its Weyl ordering is

2 2
exp(fa'b") exp(gab) =4 / %

x exp(—2|B11> = 2|Bal* + fBI B + gB1B2)
x "exp[2(Bfa —a'Bi+a’a) + 2(B5b — b By + b'b)]
: ' 2 1 .
Tid—gf [4 —sf
+4fa'h’ —2gf(ala+ b"'b)]:| g

[4gba

(128)

12. Unitary operators derived by the IWOP
technique

Using the IWOP technique and Dirac’s representations we can
derive many normally ordered unitary operators which are the
images of classical transforms. For example, performing the
integral

+00 ‘l +00
dq 1g){pllp=q = —f dg
[oo e \/7? —00

' a’>—a' N
x:exp{—q2+«/§(a1—ia)q+ 7 —a‘a}:

= e (thaa, _ exp(—i%N), N =d'a, (129)
we obtain the mutual transform |g) — |p)
exp(in N/2)Ig) = |p)|p=q
) (130)
exp(in N/2)|p) = 1=q)lq=p-
and
exp(it N/2)Q exp(—inN/2) = P,
(131)

exp(imt N/2)P exp(—ir N/2) = —Q.

Now we turn to the unitary transform which is the quantum
image of a two-dimensional classical canonical transform
given by (3); using the IWOP we derive

U= iexp L[(A2+B2 —-C*-D%»
VL 2L

x (al* —al®) + 4(AC + BD)aIag]}

X :exp{(a',", az)(g - <Z;)}:

1
X exp{i[(Bz +D*— A —(C?)

x (ai —a3) —4(AB + DD)a1a2]}, (132)
where L = A%+ B>+ C?+ D? +2,
_2(A+D B-C det _4
§=1\B-Cc 4+D )’ “e=1
(133)

(0
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Using (132) we have
Ua\U™" = L[(A+ D)a; +(C — B)a,
— (A= D)a] — (B — O)all;
(134)
UayU™' = [(B - C)a; + (A + D)ar
— (B+C)a] — (A — D)all;
SO
UQiU™'=DQ; —BQ,
UQyU™' = —CQ1+AQs;
(135)
UPU™' = AP +CPy,
UP, U™ "= BP, + DP;
and
lHOO)::—E—exp —L{(A2+-Bz—-C2—-D2)
VL 2L
x (a]* —al®) +4(AC + BD)a]a ]hmm (136)
which is a generalized two-mode squeezed state. For the

unitary transform operators corresponding to the 2n x 2n
symplectic transformation G (see equations (4)—(8)) gained
by virtue of the IWOP technique, we refer to [32].

From the above discussions we conclude that starting from
Dirac’s fundamental representation and the IWOP technique
we can derive many unitary operators as the direct mapping
of classical canonical transforms. The IWOP in some sense
is a ‘bridge’ between classical canonical transformations and
quantum mechanical unitary transformations. It can be widely
used in transformation theory.

13. Entangled state representation of a continuum
variable and two-mode squeezing operator

Since the publication of the paper by Einstein, Podolsky
and Rosen (EPR) in 1935 [33], arguing the incompleteness
of quantum mechanics, the conception of entanglement has
become more and more fascinating and important as it
plays a central role in quantum communication and quantum
computation [34, 35].

It is known now that by entanglement one means that
the two-particle state does not factor into a product of single
particle states, but is a sum of at least two terms, each of
which is a product. One may recapitulate the entanglement
in more mathematical language [36]: a bipartite pure state is
said to be entangled if its Schmidt number is greater than one.
Because particles in an entanglement do not have states, or
even some properties, independently of each other this means
when two-particles are so entangled, neither particle separately
has a state. One must thus consider a two-particle system as a
simple entity.

According to the original idea of EPR that the relative
coordinate operator of the two particles commutes with their
total momentum operator, [Q; — O, P; + P,] = 0, we can set
up the entangled state representation of a continuous variable in
two-mode Fock space [37], which is the common eigenvector

0fQ1 —QzandP1+P2,ie
In) = expl—Ln|> +nal — n*a) +alaj1100),
n=nmn+in, (137)
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where the subscripti = 1, 2 denotes the a;-mode (a-mode)
Fock space. Using [a;, ajf] = §;j, we show

(a1 — ay)ln) = nln), (az —apln) = —n*ln).  (138)
n is a complex number whose real and imaginary parts are
indeed the eigenvalues of O — Q5 and P; + P, respectively,
i.e.

(Q1 — 02)In) = 2mn), V2 n).

(139)

By using |00)(00| = e-am—alar, , and the IWOP technique
we can prove the complete relatlon of |n),

[0 = [ £

(P + Py)ln) =

< - e7|,;| +nal —n*d}+ala) +n*ay—nartaray—ala; agﬂz =1, (140)
The orthonormal property of |) is
(ln') =78 —n"Hs(m* —n™). (141)

The Schmidt decomposition of |7) is
ln) ="M / dx |g) ® lg — V2m ) eVPr. (142)
—0Q

The |n) state can also be Schmidt decomposed in momentum
eigenvector space as

o0
) = emmn/2 f Ap|p)a ® N2y — phpe V2P (143)
—00

We call |n) the entangled state representation with a continuous
variable, because the two-mode squeezing operator has its
natural representation in the (| basis [38]

2
/ d |77//‘L 77| _ eu a7 tanh A (a a|+ujao+1)lnse(,hk
U

—ajap tanh A A

X e , w=e". (144)
The proof of (144) is found by virtue of the IWOP technique

/—In/u |—/_ {1w<1+%>
cit=a)or(e-)

+ aIa; +aya; — aIal — a;az}:
2 u? (al al
= ex — —ay|la ——=
T2 P T2\~ )\ T

(T .

— (a1 — az)(al - 02)}-
a]a2 tanh A (u u|+a2u2+l)lnsech)»efmuztdnh)\ _ SZ
9

—e (145)

and the two-mode squeezed state itself is an entangled
state which entangles the idle mode and signal mode as
an outcome of a parametric down-conversion process [39].
Comparing (145) with the single-mode squeezing operator
f fooo % %) (g1in(29) we again see the beauty and succinctness
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of Dirac’s symbolic method. Further we see that |5) can be
expressed as

) =D 100), DG = exp(na’ —n*a). (146)

From [40] and [41] we know that when the symmetric 50:50
beam splitter (without loss and phase shift) operating on a pair
of incoming modes—one is the zero-momentum eigenstate
|p = 0); (maximum squeezing in the p-direction) and the
other is the zero-position eigenstate |[x = 0), (maximum
squeezing in x-direction)—the outgoing state is a bipartite
entangled state, i.e.

expl—7(ajay — aya))/411p = 0); ® |x = 0)
= expla]a;1/00). (147)

Then making a local oscillator displacement D(n) =
exp[na'l" — n*a;] for exp[ai"a;]|00), the state |n) is obtained.
In [40] Kim et al also considered the operation of a beam
splitter on some other incoming states, the operation is an
SU(2) rotation. Here we consider a more complicated
problem—two-mode squeezing on a two-mode number state—
and show how the entangled state representation of S, can solve
this problem directly and exhibit the result more physically.
By using the generating function formula of two-variable

Hermitian polynomials [42]
o my/n

2 it
m!n!

(0, 0°) = exp(—tt' +tn+1'n"),  (148)
m,n=0

where H,, ,(n, n*) is two-variable Hermitian polynomial

min(m,n)

m!n!
H, ,(n, *Y _\,m—l_ sn—I
A, 17) 2 “(m_l)!(n_l)!( )"
an+m
= —tt' +tn+t'n* 149
M A exp( n n)t,ﬂ:o (149)

we see that |n) can be represented in the two-mode number
state as

o0 n

Z e 1 Hy (1, n*)%lmn)-

(150)

Now we calculate the two-mode squeezed number state by
using (145) and (150) and u = e*,

d2
Sy|mn) = / =7
7%,
a2 -
= /_n 2 e_%MFLHﬂm(n’ n*)
Wi | nlm!
m+n 2 !
_ o fﬂ LAV Gl
31 91 e m!n!
x exp(—tt’ +1n +1'0")]1.r=0
S N (N Y G
_ —exp| —= 2
ool o aem | P72 2

¥ ¥
a a .
+ n<t+ —1> + n*(t/ - —2) — 1t +a]‘a2‘j||00)
1 1

2/1(—)” gm+n 2H2 - a](
= €X —
(U2 + 1)/m!n! 01" o™ P w?+1 M

+
x (t/ — %) tt' +a a21||00)

t,t'=0

t,t'=0

2 nooogn 2 21"
(=) [ I ?+M2 t}
ur+1

(M .,_1)‘/ In! ot" 241
2u ; u? =1 P
X exp[— N ])ta2 + e a,a, (100) L

B 2p/min! MR 1 < 2u .‘.>"_Z

W+ = 1o —Dlm—D)! 212

2 N\ 1= u2 R
X o ]‘ a exp £ a;a? |00)
w+1 w?+1 n?+1
ax(0,n—m)

_ «/m!n! i 1
1 j 1 m— I‘l+j
X a; aI (— tanh A)"~/
cosh A cosh A

cosh A i=m jln—PHlm—n+j)!
X exp(tanhka;a;r)IOO),

(151)

which turns out to be two-mode photon -number ex01tat10n ona
two-mode squeezed vacuum state mhx exp(tanh Aaz T)IOO).
In addition, we think that this result is relatively more
compact because the exponential factor exp(tanh Aag aI) is not
involved in the summation. Besides, it is encouraging and
instructive that |n) also provides the Noh—Fougeres—Mandel
(NFM) [43, 44] operational phase operator

(152)

with a diagonalized basis, i.e. from (138) and (140) we see that
in the (17| representation e'® behaves as

4 d2n . . 3
e® =f—ne“”|n)<77|, e = (1> . (153)
b4 n*

which manifestly exhibits its phase behaviour. Note that
[a) — a;' , af —as] = 0, so they can reside into the same square
root. ¢'® is a unitary operator. Recall that the annihilation
operator a; can be made subject to polar decomposition as

a = ,/aIal + 18", where is the Susskind—Glogower [45] Q.7

phase operator, we may make the following decomposition

ar —a) = VAT A, al —ay; = e PVATA. (154)
We name the correlative amplitude operator
ATA = (a] — @) (a) — a)). (155)
From (138) we see
ATAln) = [nPm), (156)

so |n) is also the common eigenvector of A" A and, in this sense,
we say that it also exhibits the entanglement in respect of the
correlative amplitude and the operational phase e'® [46].

Remarkably, the simultaneous eigenstate [{) of two
commutative operators (Q; + @2, P; — P,) in two-mode Fock
space can also be explicitly constructed [47]:

) = exp[—1[¢ % + ¢al + ¢*a) — aja]1100),
¢ = +id. (157)
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The overlap between (1| and |¢) is

(nlg) = 3expl&n* —n¢*)/2]. (158)

In the (n| representation the two-mode Wigner operator has a
compact form

d?n -
Alz(p,y)E/?Ip—n)(pmleXp(W —n'y), (159)

where
*

p=ao—pB" y =a+ B (160)

In fact, using (137), (45) and the IWOP technique we can prove

— dz’?. 2 2 i
An(p,y) = ?ﬁxp{—l’ﬂ — ol + (0 —ma,

— (0" —nM)ad + (0* + nNay +ny* —n*y
— (,0+77)ag+a;air
2. 2 2 T x0T

=n-:exp{—lyl" —lpl"+y(a, +az) + y™(a, + a)

+ ,o(air — )+ p*(a; — a;) - Zairal

+aja; — airal — a;az}:

— 2a;a2}:
:exp[—2(a* — a})(a — ay)
—2(8" — a})(B —a)l: = Ar(a, @) A (B, B7).  (161)

Using (159) and (141) we can immediately obtain the Wigner
function of |n)

:7‘[72

ml Ao, y)In)

2.7
’7 / / / /:
= / (mlp —n"Yp+n'In)exp(n'y™ —n"y)

RE
—/ nn 8P —p+n)8P(p+n —n)

x exp(n'y* —n"y)
= (4m)"'8[n1 — Re(a — B*)18[n> — Im(cx — )]

Leta = %(ql +ip1), B = %(gz +1ipy), then (162) becomes

(162)

(nl Ao, Y)In) = )" 8[V2m,
x 8[v2m — (p1 + p)], (163)

as expected. Using (159), (114) and (145) we can directly
obtain the Wigner function of the two-mode squeezed state,

— (g1 — q2)]

27]//
(001S;" Apa(p. ¥)$,100) = f— n"/ul

/—Ip—n p+n|/
//|2

2
+
X em(—% +ny* — n*y>

Iy 12/ 1u?).

exp(—u?|p|* — (164)

=TT -2
14. The IWOP technique for nonlinear Bose
operators

In recent years nonlinear coherent states (NCS) have been
given much attention because they exhibit nonclassical
features, and many quantum optical states [48—50], such as the
squeezed state, phase states and the negative binomial state,
can be viewed as types of nonlinear coherent state [S1-53]. A
class of NCS can be realized physically as the stationary states

R14

of centre-of-mass motion of a trapped ion [54]. The nonlinear
coherent state |z) s is defined as eigenstate of f(N)a,
fWN)alz)r =zlz) s, (165)

where f(N) is an operator-valued function of the number
operator N = a’a, satisfying

1 Tl =
[f(N)a, D } =1, (166)
and
f(N)a =af(N —1) ;aT = a"'L
S ’ FIN=D" (N
(167)
Itis seen that |z) ; has the form [48-53],
- < f
= exp[f(N 1 }|0>
o0 Zn
=10+)  —————1n), (168)
Z Vil [T, f (m)

where |0) is the vacuum state in Fock space. Note that if the
state |z) ; is normalizable, the sum

00 n—1
1+ Z|z|2”/{n!
n=1 m=0

must be convergent.

The completeness relation for the nonlinear coherent state
can also be obtained by introducing the corresponding IWOP
technique. Note

2
} (169)

f(N)a (170)

_
fF(N =1

then we see that f(N)a and a' behave like a and a'
respectively, so we introduce tﬁe generallzed normal ordermg
symbol ° ? for f(N)a and (N 1)a When all +——~ f(N T stand
on the 1eft of f(N)a, we say that they are in generahzed normal
ordering. Let us outline the IWOP technique for nonlinear

Bose operator partners f(N)a and f(N a’ [55]:

(1) The order of nonlinear Bose operators f(N)a and
ma"' within a generalized normally ordered product
o2 can be permuted. That is to say, even though

[f(N)a, 7gz=pa’] = 1, we can have

o 1 .‘_o o
of(N)aif(N_l)a o= o TN 1" f(N)a
1
=N -D Tf(N)a (171)

(2) The symbol Z Z which is within another symbol ° ° can be
deleted.

(3) A generalized normally ordered product can be integrated
or differentiated with respect to a c-number provided the
integration is convergent.

(4) The vacuum state projection operator in the generalized
normal ordering form is

o 1 5 o
. eXp<_7f(N — ])a f(N)a) .

10)(0] = (172)
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To prove this we turn the usual normal ordering of |0)(0| to
generalized normal ordering, using

(@) =a"a" = [maq Lf(N)a]"
o 1 "o
= [man(N)a} o (173)
and we have
0o =3 Lt el
R = AT WG R I
o 1 o
= exp(—man(N)a> . (174)

To make up a completeness relation of nonlinear coherent
states we introduce another state

|2)) ; = explza’ £(N)]]0). 175)

In similar to equation (168), |z)) s has physical meaning unless

the sum
o) n—1
1+ Z |z|*"
n=1 m=0

We can easily verify that |z)) ; satisfies the

(176)

is convergent.
equation

1
W alz)) s

The overlap between (|7 ))f)"' = (0] exp[z™ f(N)a] and |z) s

is
#{(2Iz) r = (Ol explz™ f (N)a] exp[ cﬂ} |0)

(178)
which indicates that NCS is not an orthonormal state. The
completeness relation of NCS then follows:

/_e_m lehs sllal = /_exp[_'z' =D T}
X Oexp[ f(T Tf(N)a] explz* f(N)al, (179)

wheree " isa integration measure for convergence. Looking
at (179), we see that exp[=-— f(N na a'l is on the left of
. exp[—m 1f(N)a]o, while exp[z*f(N)a] is on its
right-hand side, thus the three exponentials are automatically
in generalized normal ordering and can be combined into a
unique exponential within ? °, i.e.

dz

=zlz))s- 177)

s
F(N =1

= exp(z"2),

*H haling 2 2 ('
l2)r {2zl = / eXp[ lz|” + TN

at f(Nya+z fF(Nyal® =1, (180)

1
SN —=1)
which is valid for all well-defined operator functions f(N).
Equation (180) is the over-completeness relation for nonlinear
coherent states, its conjugate is

d2Z 7\z|2 o
/76 |2) r rizl =

It is remarkable that in (181) the ket and bra are not mutually
Hermitian conjugate. It must also be emphasized that within

(181)

100

. operator m
which means that within ©° they can both be considered as
c-number integral parameters while the integration over d*z is
being performed.

However, we must notice that although the integration
value of (1 80) (and (181)) gives unity, the resolution of

°expl—|z|* + e l)a‘ W ' —5a a’ f(N)a+z* f(N)a]® into

phy51ca11y meaningful ket-bra states requires caution. " This
is because not every NCS, as defined by (168) and (175), is
normalizable. Some NCS are physically meaningful only for
some restricted value of z (see the convergent conditions (169)
and (176).

Using the IWOP and (181) we can derive some operator
formulae about nonlinear Bose operators, for example

2
5 1 2 d°z 2
M Wal golym—a? / 7e“ lz) 7 r{(z]e”®

the symbo a’ commutes with f(N)a,

d*z o

= /— expl—|z|* + 12> + 0z
T O

Z i

+ a
f(N=1)

T Nl_ el Fa s+ f(Nal
_ 1 1 T ?
= ﬁexp{a[ma :| /(1 —4)»0)}
x exp[—a’aln(1 — 4xo)]exp{Al f(N)al?/(1 — 4ro))}.
(182)

When f(N) = 1, equation (182) reduces to (58).

Now we construct the following ket-bra projection
operator in integral form and using the generalized IWOP
technique to carry out the integral,

. o] d2Z .
U=s ]/2|S|/ —Isz—rz ) r ozl

=515 |/ — exp{—|s|2|z|2

1 .
f(N — ])a "4z |:f(N)a r = 1)a‘]
+ lr*sz2 . ! an(N)d} °
2 2 FIN=1) o
2
_ exp{—%ﬁ[ﬁa"‘] }exp[—(aTa+ 1/2) Ins*]
X exp{ - [ 2}, (183)
2s*

where s and r satisfy relation |s|> — |r|> = 1 and we have used
the operator identity
eka'a — -exp{(e* — Da'a):

- oexp{(e ~ Dy gy W }

U is a similar transformatlon operator, only when f = 1, U
is unitary (due to the existence of s*7172|s| in equation (183)).
U engenders a similar transformation for the nonlinear Bose
operator

(184)

—1 _ . 1 T
U f(N)aU =sf(N)a rif(N — 1)a ,
| (185)

I 4TU=5*
SN =1)

1
de — r*f(N)a
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We call U the generalized single-mode squeezing operator. It
is interesting to observe that the operators appearing on the
right-hand side of (183) satisfy

2
[(f(N)a)z, (ﬁcﬁ) } =4@a‘a+1/2),
[(f(N)a)*,a’al = 2(f (N)a)*,

1 A 1 A2
(=) '] =7 =5)
fIN=1) f(N—=1)

which means they also make up an SU(1, 1) Lie algebra.

(186)

15. Concluding remarks

In summary, we have followed the guidance of Dirac to
further understand his symbolic method. We find that the
introduction of IWOP can well deal with a lot of integral-form
nonsymmetric ket-bra projection operators, which manifestly
show the correspondence between unitary operators and c-
number classical transforms. The IWOP technique renders
Dirac’s representation theory more powerful and applicable,
and operator ordering (normally ordered, antinormally ordered
and Weyl ordered) problems can be tackled in a unified and
efficient way. In particular, the normally ordered generalized
squeezing operators can be derived without appealing to the
usual Lie algebraic method. The antinormally ordered and
Weyl ordered expansions of density matrices are obtained.
Many new quantum mechanical representations which possess
completeness relations can be derived by virtue of the IWOP
technique. The completeness relation of the entangled state of
continuum variables is easily proved. The IWOP technique
can be generalized to the nonlinear coherent state as well.
Therefore, the IWOP technique accompanies Dirac’s symbolic
method naturally and is a profound mathematical basis for
quantum optics theory. Many useful operator identities are
deduced by the IWOP technique. For readers’ convenience,
here we list some useful operator identities: equations (31)—
(33), (38), (40), (44), (45), (54), (59), (62)-(64), (79), (81),
(84), (97), (101), (103), (110), (112), (117), (118), (123),
(132), (140), (145), (150), (151), (153), (159), (180), (183).

Besides, the IWOP can also be extended to the fermionic
case and the spherical coordinate system, and be applied to
the study of group representation theory, generalized coherent
state theory and solving some dynamic problems.

Let us quote Einstein: ‘In the science of physics, the way
to the more deeply elementary knowledge is connected with
the most precise mathematical methods’.
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