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Classical linear transformations in coordinate-momentum phase space are mapped to unitary
quantum-mechanical operators in Hilbert space to produce a generalization of squeeze operators.
The classical to quantum transition is manifestly apparent in the derivation. The unitary operators
are evaluated in the coherent-state representation using the “integration within ordered products”
technique in the one- and two-mode cases. Application of these operators results in a new generali-

zation of coherent states.

I. INTRODUCTION

In recent years, considerable interest has been ex-
pressed in squeezed states of the electromagnetic field.!2
Applications of squeezed light have been proposed in
low-noise optical communications® and high-precision in-
terferometry.* Single-mode squeezed states as generaliza-
tions of coherent states have also been discussed from a
group-theoretical viewpoint by a number of authors.’

Squeezed states were introduced independently by
Stoler® and Lu’ and have been extensively discussed as
eigenstates of the operator

a'=pa +va®, (1.1)
where a and a ' are, respectively, photon annihilation and
creation operators and u and v are arbitrary complex
numbers satisfying |1|>—|v|>=1, by Yuen,® who showed
that such states could be produced by a two-photon las-
ing process or by parametric amplification. Squeezing
has been demonstrated experimentally by several groups.’

The current literature deals almost exclusively with the
restricted squeezed state that is an eigenstate of a’ with
u=coshXA and v=e®sinhA in (1.1) for which the unitary
squeeze operator

exp{1[£*a®—&a"?]}

with £=2e'?, is well known. The squeeze operator corre-
sponding to (1.1) has not previously been obtained.

In view of the well-known correspondence'® between
the unit-mass harmonic oscillator and the modes of the
electromagnetic field we identify the operators
0=2""%a+a") and P=—2""2%(a —a") with the po-
sition and momentum operators of the harmonic oscilla-
tor (we take i=w=1).

The one-mode squeezing process with 6=0 for the har-
monic oscillator can be explicitly written as a compres-
sion of a phase-space coordinate accompanied by a corre-
sponding dilation of the conjugate momentum,!!
|
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q'=p"'q and p’=pup. In this light, squeezing is seen to
be only a special case of the more general linear transfor-
mation in phase space which can be written ¢’ = Aq + Bp,
p'=Cq +Dp. Alternatively, we express the transforma-
tion in matrix form as

q'| |4 B||q q

pl |C D|lp|T8|p]"

detg =1, (1.2)
,_|D -B

g - _C A ’

with AD —BC =1 and A4, B, C, and D real.

R Since (1.1) couldA equally be written in terms of
Q'=4Q0+BP and P'=CQ + DP, constructing the uni-
tary image of (1.2) that accomplishes this transformation
will also provide us with the squeeze operator to produce
the eigenstates of (1.1).

Several methods have been used to obtain the
quantum-mechanical unitary operators corresponding to
the phase-space scaling of the squeeze operator.'?

In this paper we derive, in transparent fashion, the
unitary-operator image of the classical transformation
(1.2). In other words, letting Q,ﬁ and Q ’,ﬁ ' be the posi-
tion and momentum operators we will construct the uni-
tary operator U'"(g) such that

0'=[UVg)]'0UVg)= 40 +BP ,

- N N (1.3)
Pr=[uVgtPutg)=cO +DP .

The method employed will make a clear connection be-
tween the classical transformation and the corresponding
unitary operator in Hilbert space.

To illustrate the approach, we briefly review the devel-
opment of the squeeze operator from the classical scaling
transformation.!’ To begin, the squeeze operator is writ-
ten in the physically appealing canonical coherent-state
representation

I
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where

_ — 1 -
P )—_—|p,q)—exp —%(p2+q2)+7/§(q+1p)a |0)

(1.5)
is the canonical coherent state,'® |0) is the harmonic

oscillator’s ground state, and

=L o—ip
a \/E(Q iP)

its creation operator. Setting

L
z—\/a(q+tp),

the coherent state can also be written in terms of the
complex arguments z and z *, or simply in terms of z,

)=

U(g,) as given by (1.4) may be integrated by means of
the integration within ordered products (IWOP) tech-
nique'* !> to obtain the normally ordered form

q
p

z 2 t
ot >E|z)=e_"‘ 2¢78°10) . (1.6)

112

U(g,)=exp tanht

Xexp[( —a'a +1)In(coshr)]

a2
Xexp —2—-tanh7' , (1.7)
J
1 w0 oo A B||q
(D(g)= 172
e T R T A I

where

s=L(A4+D)+i(B—C)].
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where p=e". Equation (1.7) can be shown'® to reduce to
the more customary form

U (g)=exp{ir[a®—(a")?]} .

We will use similar methods to evaluate the unitary
operator generated by the more general linear transfor-
mation (1.2).

In Sec. II, starting from the canonical coherent-state
representation of U'"(g) which provides the connection
to the phase-space transformation, we integrate the ex-
pression by using the IWOP technique to obtain the nor-
mally ordered unitary operator. We thus obtain explicit-
ly the quantum-mechanical unitary image of the classical
phase-space transformation. We will show that for the
particular transformation having 4 =up~ !, B=C =0,
D =p we recover (1.4) and (1.7).

In Sec. III, guided by the derivation of the two-mode
squeeze operator,'! we generalize the results of Sec. II to
derive the quantum unitary operator U?(G) for the sym-
plectic transformation G in two-mode phase space.

In Sec. IV we show that the normally ordered form of
U'V(g) can be directly used to construct eigenstates of
(1.1), while the application of U'?(G) to the coherent
state produces a new three-parameter generalization of
two-mode squeezed states of which the customary two-
parameter squeezed states are a special case.

II. DERIVATION OF U'!(g)
In view of (1.4) we begin by postulating the following

canonical coherent-state representation of the required
operator:

, (2.1)

2.2)

The factor s ~!/?|s| anticipates the normalization required to make U unitary as will be shown later. As a crucial first
step, without which both the integration of (2.1) and the later generalization for two modes are much more difficult, we
change the arguments p and q of the coherent state to the complex arguments z and z* as in (1.6). Writing

A B||q q’ 12
C D p>_ P >= z'* >=z
we find
,_gq' tip" |
zZ = ‘/— =7
where

[(4 +D)+i(c—B)]LqV+_§m+g[(A —D)+i(B +C)]Lq7_—2iL)=s*z—rz* ,

r:%[(D—A)—i(B +C)] (2.3)
and the condition 4D —BC =1 becomes |s|>—|r|>=1. The ket in (2.1) may then be rewritten
A B s* —r||z
C D Z >= P z*)>5’s*z—rz*) 2.4
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and (2.1) becomes
(D gy o —1/2 0 l P L

U'(g)=s |slfd z7r|s z—rz*){z| fd z_f_wf_wd[Re(z)]d[Im(z)]

stz —rz*|?

5 +(s*z—rz*)a’

0)(z| . (2.5)

=s_”2|s|f dzzlexp
— T

With the help of the operator identity |0){0|= :exp(—a

IWOP technique,

a): we perform the Gaussian integration (2.5) by means of the

* %k *)2
U‘”(g)=s_‘/2ls|fdzz%:exp —Is|}z|2+s*za +2*(a —raT)+ r2s z2+ rs(; ) —a'a |: (2.6)
— r +12 1 T r* 2
=5 2exp ——2;(0 )* |:exp :—1 a'a |:exp |~ a 2.7)
t
Expression (2.7) can be further simplified by using the operator identity e*® “= :exp[(e*—1)a Ta]: to give finally
A B||p D
(Do) e o~ 172 w oo 1
U'tg)=s |s|f“wf_wdpdq27r c pllqg ><q
=5 12exp |—=—(a")? |exp |a'aln | = | |exp —*a2 (2.8)
2s 2s )
It remains to show that U'"(g) is unitary. We let U'")(g) act on coherent state |a) to obtain
*
UV(g)la)=s""2exp |——(a")? |exp |a'aIn |— | |exp r2—sa2 la)
=5 V2exp |—a?— laf? exp |——a' |exp | Za' |0) (2.9
2s 2 2s s ’ )

Exploiting the overcompleteness relation [d?z(1/m)|z){z|=1 for the coherent state |z) and the identity
|z ){z| = :exp(—|z|*+za T +2*a —a'a): we calculate

(al[U‘“(g)]*U‘”(g)la)ZI—;lexp

rtaZ r(a:lr)Z_1 |2
2s 2s* “

* * 2
X<O exp | — ;s*a2+%a fdzzi z><z exp —-;—s(clJ‘r)2+%aJr 0>
_—_..l-ex r*a’ | r(a*) —la|?
Is| P |25 2s*
*
1 a* a r r ’
2,1 . 1,2 T * Lo 2 _xy2_ Tt .
X<O fdzv.exp |z| +za+s* +z a+s 2s*z 2s(z y*—a'a .O>
1 r*aZ r(a*)Z r*aZ r(a#)Z
=—'—Jexp 5 —2s—*—|a|2 |s| exp |a|2————2s——2—* =1. (2.10)

As the coherent states are overcomplete and nonorthogonal we conclude that
[U(l)(g)]TU(l)(g):_l i

A similar procedure would show that vut=1 proving U unitary.
The squeeze operator (1.4) or (1.7) is now easily obtained. For
—y-l BeC=0 D—y s—btp ' _pmpT' ot _peptl
A=y, B=C=0, D=u, s= > , r= > T =tanhr .

Substituting these in (2.8) recovers (1.4) and (1.7).
The canonical coherent-state representation of [ U “’(g)]T is obtained by taking the Hermitian conjugate of (2.1), i.e.,
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A B
Wyt = L (cxy—122 © oo 9 p
[UM(g)] 21_’_(s ) |s|f_wf_wdpdq » >< c pllg
1 *\—1/2 *® - D —B||q 9 =77y 1
=55 |s|f'mfvwdpdq —c 4 |lpIN|p]] =M™
B 1 s r z z
- 172 2 1
—(S*) |S|fd zﬂ_’lrt s* z* >< z*
—(*)—1/2 r _t2 t Y2
=(s*) exp a'® |exp |a'aln exp |———,a (2.11)
s

Finally, transforming the annihilation and creation operators under U'!) with the aid of (2.8) and (2.11) we obtain an
operator of form (1.1),

a'=[UY)]'aU N (g)=5%a —raT,
a"=[uV g a'UMg)=saT—r*a ,
which satisfy the commutation relation [a’,a’f]=1. Equation (2.12) may also be written as 0'=A40+BP and
P'=c) +DP.
III. GENERALIZATION TO THE TWO-MODE CASE

As we seek to generalize transformations such as the scaling transformation invoked by squeezing, we consider for
guidance the two-mode squeeze operator U'?(G,).!! In the canonical coherent-state representation

COSh}\. ®© © © «© ) v
U(Z)(Gs)sz_wdplf_wdpzf_wdqlf_wdQ2|P1q1§P2q2><P1‘I1;P2q2| , (3.1
where
%1 coshA sinhA 0 0 9 9
. ., _1lla2|\_||sinhA cosha 0O 0 9 %
lpig1;p3g5) = Py >— 0 0 coshA  —sinhA | |p, >E G, 1 >, A real . (3.2)
) 0 0 —sinhA  coshA Ps Py

As in Sec. II, we express the two-mode coherent state in terms of z, =(q, +ip, )/V2 and z,=(q,tip, )/V'2, so that

q; Z
9 z7
P, >E Z) >E|Zl;22> .
P> z3

Z 2
( 1 z} Zy
2y — 2 g2, 1
U2G)=s [ [d?z,d 25 | %], )< 5 || (3.3)
23 z3
with
s O r
0 s* r* 0
W=lo + s o]
r* 0 0 s*

where s and r are defined by (2.2) and (2.4) and |s|>—|r|>=1 as before. The corresponding matrix G operating in two-



39 MAPPING OF CLASSICAL CANONICAL TRANSFORMATIONS . .. 2991

mode phase space will be given in (3.12) and includes the two-mode squeeze operator as will be shown. With this choice
for W we recast (3.3) as

Um(G)Zsffdzzldzzz—lz—\sz]-i—rz;‘;rz?= +525)(z,52,] - ' (3.4)
T

bt
Using the identity |00){00|=:e "9 ¢75% where b’ (b) is the creation (annihilation) operator for mode 2, and the
IWOP technique, we integrate (3.4) to obtain

1
U(Z)(G)Zsf fdzzldzzzﬁzexp[—lsv(lzl|2+|22|2)~r*szlzz—rs*zfz; +(sz,+rz¥)a’
+(rzt +szz)bT+z’1"a +z3b—a'a —b'b]:

1

s*

1
=-—_exp (ra’dT—r*ab)+ — 1 (a'a +b%b)
s s

*

=exp ;r*—aTbT exp (a'a+b+1)In |[— exp —:—*ab . (3.5)

The annihilation operators a”’ and b"’ transform under U'?' to give
a"=UPa (U =s*a—rb", b"=UPb(UP)'=5*b—raT, (3.6)
and satisfy the commutation relations
[a”,a"T]=1, [b",b"1]=1.

To prove U'® unitary we write its inverse as

[UP(G)] '=exp exp|—(a'a+b"+1)In exp

*

r
—*ab
S

S#

__rTaTb’rl
S

=exp |—(a'a+b+1)In exp(r*s*ab)exp ——r;aTbT (3.7
s

o
and then employ the overcompleteness relation of the two-mode coherent state
f f d?z.d? 1 2 ¥z, 2, | =
Z, Zz?|21’22 2,321 =1 (3.8)
to write

(U?)~t=¢la’ tpt

t * k% 1 r 9
a+b'b+1)Ins e’ s abf fd221d222*‘|21;22)(21;22|exp ——*a (3.9)
v S

We integrate (3.9) with the IWOP technique to obtain

_ 1
[UP(G)] l=s*f fdzzld?‘zz—z:exp '—\z,fz—|zz|2+zlafs*+zzb*s*+z’1"a +z3b+r*s*z,z,
T

r
——z¥22—a'a—b"p
s*

*

=exp exp (a'a+b'p+1)In | = exp rTab =[U(2)(G)]*, (3.10)

_ratpt
S
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which completes the proof that U'® is unitary. We can find the transformation G in phase space giving rise to U'?/(G)
by writing

U(Z’(G):sffdzzldzzz—lflszl+rz§;rz’f‘ +52,)4z,;2,]
T

9 q1
9, 92
S © w© w© ©
=G e[ 2 [ dai [ dax (G|, >< ’l (3.11)
12) 1)

and reversing the procedure leading to (2.4) to obtain

A+D D—4 C—B —B—-C

1/D—4 A4+D —B—-C C-—B

2| B—C —B—C A+D A—-D |- (3.12)
—B—C B—C A—D A+D

G =

It is easily verified that detG =1 and that G is a symplectic matrix, implying that the transformation is canonical.!’

In particular, when A4 =¢ * B=C=0, D =e?, then s =coshA=s*, r =sinhA=r*, and (3.11) reduces to (3.1). We
have thus shown that symplectic transformations of form (3.12) in two-mode phase space have a unitary-operator image
in Hilbert space that generalizes the two-mode squeeze operator.

IV. GENERALIZED COHERENT STATES GENERATED BY U (g) AND U‘?(G)

The normally ordered unitary operator U'V(g) and U'?(G) provide us with a convenient way to generate a generali-
zation (still within the framework of two-photon squeezing) of squeezed coherent states. Let us first consider the
single-mode result.

Under the transformation U(g) of (2.11), the vacuum state |0) becomes

(U1 10)y=(s*)""2exp Er—*(af)2 o) . 4.1
S

We now obtaiJrn a generalized coherent state by displacing the transformed vacuum state with the operator
D(a)=explaa —a*a),

2
la)y =D (@[ UV()]10)=(s*)""2exp | — ";‘ + |la——a* |a"— 2’*[(a*)2+<a*>2] o) . (4.2)
s s
The states so generated are overcomplete as can be easily seen by using the IWOP technique,
1 _ 1 +or* r r ¥
d2 4 ": 1 dZ — _ 2_}_ A + * — T + *2_+_ 2
f aﬂla)gg(a |'s| f a—exp lal*+a |a —a|tata S*a 2S*[(ot) (a")?]
r* +
+§(a2+az)—a al:=1. 4.3)
To show explicitly that [a), is an eigenstate of the operator
a'=[UVg))'aU M (g) , 4.4)
we apply a to |a),, giving
ala), = a~sL*a*+~srTaT la), . 4.5)
It follows that
T — —
(s*a—ra)la),=a'la),=(as*—ra*)|a), . (4.6)

For the two-mode case we can generalize in a similar fashion. We produce |00) ¢ by letting U®(G) act on |00),
yielding
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U(6)100) =(s*)""exp | ——a"b" |[00) .
S

The corresponding generalized coherent state is produced by displacing each mode, i.e.,

la,B) =D (a)D(B)]00);=(s*)"" exp(aaT-—a"a)exp(BbT—ﬁ*b)exp

=(s*)"lexp

We are currently investigating the detailed nature of
these states and speculate that the mixing of the phase-
space coordinates engendered by the squeeze transforma-
tion, so clearly apparent in the classical image, will be
reflected in the coordinate and momentum representation
of these states. The generalized coherent states generated
by canonical transformations in phase space may have
applications in nonlinear optics. When g or G are time
dependent (but still have unit determinant) the states gen-
erated should have application in dynamic systems. We
will investigate potential applications of these states in
the future.

V. CONCLUSIONS

We have obtained unitary operators corresponding to
classical phase-space transformations in the one- and

—(a"—a*)bT—p*)
N

2993
@.7)
L*a*b* |00)
S
2 2
—%+aa*+3b* |00) . (4.8)

two-mode coherent-state representation. The method of
derivation is direct, showing clearly the connection be-
tween the classical transformation and the corresponding
quantum-mechanical unitary operator. The concise eval-
uation of the operators in coherent-state representation
was greatly facilitated by the IWOP technique. The eval-
uation of the general linear transformation operators has
provided a way to generalize the customary two-
parameter squeezed state to a more general three-
parameter squeezed state. The formalism employed
displays clearly the mixing and rescaling of phase-space
coordinates inherent in squeezing.
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