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Abstract We introduce the three-mode nonlinear Bogoliubov transformations based on the
work of Siena et al. (Phys. Rev. A 64:063803, 2001) and Ying Wu (Phys. Rev. A 66:025801,
2002) about nonlinear Bogoliubov transformations. We show that three-mode nonlinear Bo-
goliubov transformations can be constructed by the combination of two unitary transforma-
tions, a coordinate-dependent displacement followed by the standard squeezed transforma-
tion. Such decomposition turns all the nonlinear canonic coordinate-dependent Bogoliubov
transformations into essentially linear problems as we shall prove and hence greatly facili-
tate calculations of the properties and the quantities related to the nonlinear transformations.

Keywords Coordinate-dependent three-mode nonlinear Bogoliubov transformations -
Three-mode squeezed states

1 Introduction

In recent years Bogoliubov transformation and its various generalizations are a powerful tool
in dealing with many problems in quantum systems in various fields [4—12]. However, the
transformations involved in the most of references are linear in nature and hence can only
deal with either the model in the bilinear form of the annihilation and creation operator, or
in a special kind of nonlinear transformations such as the angular momentum representa-
tion of the bosonic operators. But many quantum systems involve nonlinear interaction and
hence it is desirable to consider nonlinear Bogoliubov transformations. Siena et al. and Ying
Wu have achieved some progress in this direction. They have shown that some coordinate-
dependent Bogoliubov transformations are indeed canonical transformations when some of
their transformation parameters satisfy certain requirement and have discussed the corre-
sponding multiphoton states.

The most general coordinate-dependent Bogoliubov transformations mentioned by Siena
et al., which have the following form b = pa +va’+y F (X)) +1G(X,), b’ = p*a’ +vra+
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Y*F(X1)+n*G(Xy), where a, a' satisfy the commutative relation [a,a’] =1, , v, y, n are
complex parameters, and F = F' and G = G' are operator-valued nonlinear functions of

. T 4t . . .
the fundamental coordinate operators: X; = "f/% , Xy =4 «/gi , which obviously satisfy the

commutative relation [X;, X»] = ’5 When some of their transformation parameters satisfy
certain requirements, they have shown that some coordinate-dependent Bogoliubov transfor-
mations are indeed canonical transformations. Based on the work of Siena et al., Ying Wu
have shown that the coordinate-dependent Bogoliubov transformations can be constructed
by the combination of two unitary transformations, a coordinate-dependent displacement
followed by the standard squeezed transformation. Such a decomposition make nonlinear
problems reduced to linear ones and the calculations have been transformed into those in-
volving only the standard squeezed states.

Thus a question naturally arises: under which conditions the nonlinear three-mode
coordinate-dependent Bogoliubov transformations are canonical transformations? If all the
corresponding canonical ones can be constructed by the combination of two unitary trans-
formations, a coordinate-dependent displacement followed by the standard squeezed trans-
formation? Because three-mode nonlinear Bogoliubov transformations is more complicated
than the single mode, to answer these question we must first use the usual three-mode
squeezing transformation and then analyze its nonlinear Bogoliubov transformations.

2 Coordinate- and Momentum-Dependent Three-Mode Squeezing Transformations

Let us consider a three-mode bosonic quantum system. The usual three-mode squeezing
transformation is [3]

S3a;S; ' =a; coshA + A;ja’ sinh A, (1)
5
(ll
i|, a’" = | d |, §3 =exp[-A(AT — A)], AT =
3 af
153 22 tat A= 1y 22
13 Do d — 3 2ui<j%i 4, A=g D4l — §Zi<j aidj.

We now introduce the following squeezing transformations:

where i =1,2,3, A;; = [§ -
2
3

2
3

b, =a; cosh)\—i—A,-jaT sinhA 4 im; F; + mi43Gi, 2)

b T4
where m = 1.k, I, m; = [ﬂz], Tiy3 = [”5], F,=[F F F], G =[G G,Gs], and

3 e
F, = Fi"' (i =1, 2,3) are arbitrary nonzero operator-valued function of the coordinate oper-
ators X; (i =1,2,3), G; = GJ (i =1,2,3) are arbitrary nonzero operator operator-valued
functions of the momentum operators P; (i =1, 2, 3).

Let us first discuss the conditions under which conditions the operators b; and bl‘ (i =
1,2, 3) satisty the canonical commutation relations [b;, b;] =34, [bi,bj1=0 (G =1,2,3).
By means of the operator formulas

o, Fl= =25 et Ry =L 2E

aip, I'il = —= ) a, , ri|=——(—=—---,

' V2 dX; i V2dXi 3
@, G:] i dG; o+ i dG; ©)
ai, Ui

=Gar 9= sap
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we obtain
[b;. b]] LAR (] Gaha + cosha. )¢ ")+ ZiZdF’ inh A( »)
b= — sm cos 7 —n)+—— ) ——sinhA(m —7
A=A 3 dX, o
i dG 1
_ % d—Pll (_5 sinh A + cosh A) (i3 — 7]\ 3)
V2i  dG, TR < PO
— 3 ESlnhk(nl+3 7Tl+3)+Zl(ﬂy,ﬂn+3+nnﬂn+3)[anGn], (4)

n=1

where 7 =7t,k,[,i=1,2,3,1=1,2,3,i#[l,n=1,2,3 and

[bi, byl i h A L hx +2K h A aF;
iy = —| ;| cos — — SIn sin
1 «/5 i 3 3

dX;
’ 21< ha+ hi — L sinha ) |42
— sin 7| coshA — = sin
f ! ! 3 dXz
2 dF, [ I .
+ gi(nm —K,») sinh)Lde + % |:7'ri+3 <coshA + 3 smhA)

dG; i
dP, 2

dG
dP

2 2 1
+ §Ki+3 sinh ){| [3 K 3sinh X + 43 (cosh)\ + 3 sinh A):I

3
daG,
+ 3 i(nm+3 - Km+3) sinh A - E (innKrH»S - iKnan»3)[Fna Gn]s (5)
n=1

ap, "L

where i #£1,i,1=1,2,3, m#i,m#I,m=1,23, 1 #K, n,K=1,k,[,n=1,2,3. We
can easy to see that for arbitrary nonzero functions, F; = F;, G, = G}L (i =1— 6) and the
canonical commutation relations [b;, b;“] =34;j,[bi,bj1=0 (G =1,2,3) lead to the results
that 7;, k; and [; (i = 1 — 6) are all real numbers, and the relations

(1) kl — ll , kl — r|(3c;s:1i:}:;inhk) T = 127 T = _k2(3c;s:;:l;sinhk)’
Ty =k, [y = — BN =, =0, (i =4,5,6), or

(2) k4 — 147 T, = —k4(3c20;l:121rsinhk) 75 = 157 kS — —15(3 czossitrllé-;sinh)u) ,
To = Ko, To = —eCMIINY 0 — f, =1, =0, (i = 1, 2,3).

From above we can see that the general transformations given in (4) are not canon-
ical transformations at all if they concludes both coordinate-dependent and momentum-
dependent items.

Now let us first discuss the coordinate-dependent three-mode squeezing transformations

b, =a; cosh)\—f—A,ﬂjaT sinhA + im; F;, (6)

where 7;, k; and [; (i = 1,2, 3) are all real numbers, and satisfy the relations

71(3cosh A — sinh )) k>(3coshA — sinh })
ki =1, ki =— - ) Ty =1, n=- - ,
2sinh A 2sinh A
hA — sinh A
Cky, L= plCoshA oSIhA) 20 (=4.5.6).
2sinh A
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We introduce two sets of operators d;, df and b;, b: (i =1,2,3), it has the form

3l"L'1 F 3l"L'2F2 3i'L’3F3
d, = —_— dr = B dy = A ) 7
! a1+3coshk—sinhk 2=02 2sinh A } a3+2s1nhk ™
b; = 8,d;S; " =d; cosh A + A;;d" sinh 2, (8)

where S, = exp[-A(AT — A)], AT = 1Y) 4 - 2y, dld], A=1y7 d? -

i=1%i
2
$ i did;.
By means of (9) and (10), we can prove it satisfy the canonical commutation relations

[dlsd;]:81]7 [dlvdj]:() (ls.]:17233) (9)

Obviously (10) is nothing but the standard squeezing transformation relating d;, df and
b;, b; (i =1,2,3). It is then straightforward to obtain

by =S,d;S| (i=1,2,3). (10)
In addition, (9) can be rewritten as
di =U(X1, X2, X3)a;, U (X1, X2, X3) (i =1,2,3), (11)

where the unitary operator U has the form

3V2it X
e X =] -5 5 [ Feoas

34/2i X2 34/2i X3
_ Wi / Fy(oydx — Y210 / Fde|.  (12)
2sinh A Jq 2sinh A Jy

Obviously, the unitary operator U (X, X,, X3) describes a coordinate-dependent dis-
placement explicitly given by (10). It is then straightforward to combine unitary transfor-
mations (1) and (10) to obtain

.
I

b; = Qa; Q" = a;coshA + A;ja’ sinh A +im; F;, (13)
where
0 =8U(X1, X5, X3) =U(X1, X, X3)S3. (14)

In writing (16), we have made use of the relations (10). Equation (16) tells us that the com-
bination unitary transformations Q of the two unitary transformations described by the two
unitary operator U (X, X, X3) and S3, respectively, indeed has the form of the coordinate-
dependent squeezing transformations determined by (8).

Let us consider three-mode multiphoton states |r) g, which is defined as the eigenstates
of the annihilation operator b, i.e., b|Y)g = Bl¥)g, [¥)p = Q1000) = U (X, X5, X3)|1) =
U(X1, X5, X3)83]000)|y)p can be expressed in the coordinate representation as
Yp(x1, X2, x3) = (x1, X2, x3|1) g, where |x;) is the eigenstate of coordinate operator X; with
eigenvalue x;, i.e., X;|x;) = x;|x;) (i =1,2,3). Noting that (x;, x2, x3|U (X1, X2, X3) =
U (x1, X2, x3){x1, X2, x3|, we can obtain ¥g(x1, X2, X3) = (x1, X2, X3|¥) g = U(x1, X2, X3)
(x1,x2, x3]A). To have the explicit expression of ¥g(x;,x»,x3), we only need to cal-
culate the quantity (xy, x», x3|A), which is independent of the operator-valued functions
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Fi (X)), F,(X5) and F3(X3). That is to say, all we need to do is calculate the wave function
of the standard three-mode squeezed vacuum state |A) in the coordinate representation.
Using the standard three-mode squeezed vacuum

|A) = $3]000) = sech? exp[—A" tanh 1]/000), (15)
where AT =13 af* -2 >isi a;a;, we have
aiSjA) =0, Cila)=0 (i=1,2,3),
where the operators C; is given by
Ci = 830;S] = a; cosh ). + A;;a’ sinh . (16)

Therefore, using the results

1 1 ad
aiz—(Xi—i-if’i)—)—(Xi-f— >,
V2 V2 9x;
1
V2

. 5 17)
+ . .
.:—Xi—Pi i :1,2131
a ﬁ( iP)— (x 8x,~> =i )
we can put (18) into the form
n 0 -+ 1 0 2 0
x;+ — Jcos | ——)—={xo— —
" 3\ oy ) 3\ ax,
2 ad .
—5 X3—a—x3 sinh A (XI,XQ,X3|)\>:O,
n ] i+ 1 0 2 0
— Jcos = - —-= - —
2T 3\ 70y ) T3\ Ty
5 (18)
— §(X3 — —>:| sinhk}(xl,xz,x3|k) =0,
3
+ hi+ : 0 2 0
— | cos - - == - —
3 X3 3 " 8)63 3 ! 8)(1
2 .
3 T sinh A ¢ (x1, X2, x3]A) =0
2
The solution of (20) is
1 X% 4 x2 4+ x?
(x1, X2, x3|A) = exp _ZL 72 7 cosh2a
V2 2
1
— g sinh2)\(xl2 +x22 +x32 —4x1x, — 4x1x3 — 4x2x3)i|. (19)

Using the expression U (X, X», X3) givenin (14), we have the explicit analytical expres-
sion of the three-mode multiphoton states g (x1, X2, x3) in the coordinate representation as
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follow:

Vg (X1, x2,x3) = U(xy, X2, X3){X1, X2, X3|A)

1 2 424 2
= —U()cl,)cz,xg)exp[—M osh2A

Var

1
—c sinh2)h()c]2 +x22 + x32 —4x1x, — 4x1x3 — 4x2x3)i|. (20)

Similarly, the momentum-dependent three-mode squeezing transformations can also be
constructed by the combination of two unitary transformations, a momentum-dependent
displacement followed by the standard squeezing transformations, i.e.,

Q=U(P1, P, P3)Ss, 21

(22)

320 3./2i 320
U(P17P27P3)=Cxp|:_ \/—lf4 \/_l'L'S \/_”:6i|.

3coshA +sinhA  2sinhA  2sinhA

Another squeezing states can be obtained by making the unitary operator Q' on the three-
mode vacuum state, i.€.,

|Y)pr = Q'1000) = U'(Py, P, P5)|1) = U'(P, P2, P3)S3/000), (23)

we have the explicit analytical expression of the three-mode multiphoton states [1/) g in the
momentum representation as follow:

Y (P, Pa, P3) = U'(Py, Py, P3)(Py, P, P5|A)

1 2 2 2
= ——ex [_w cosh 21
V2w 2

1.
— ¢ sinh 20(pt + ps+ Py +4pipr+4pips + 4pzp3)]. (24)

3 Properties of Squeezing State |¢)

Now let us prove that all the expectation quantities averaged over the multiphoton states
[V)g, i.e., (A) =g (¥|AlYr)g, can be expressed in terms the expectation values averaged
over the standard three-mode squeezed vacuum |1), i.e., (A), = (A|A|X). The subscript
“L” means that the averaging operation relates merely to the standard three-mode squeezed
vacuum involving only linear squeezing transformations. Form (14), it is easy to obtain the
basic formula for such a transition as follows:

(A(X1, X2, X3, P1, Po, P3)) = (U (X1, X2, X3)AU (X1, X2, X3))1, (25)

where A is an arbitrary function. It implies (f (X, X, X3)) = (f (X1, X2, X3))1, which
demonstrates that the coordinate variables X, X», X3 and their arbitrary functions are not
affected by the nonlinear terms in the coordinate-dependent squeezing transformations (4).
Using the commutative relations [X;, P;]=id;; (i, j = 1,2, 3), we have

3«/5‘51
X1,X7,X3), Pl]l=———"—UX, X5, X3)F1 (X 2
[U(X1, X2, X3), P1] 3coshk—sinhAU( 1, X2, X3) F1 (X)), (26)
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342
[U(Xy1, X2, X3), Pz]— [tz U(X17X27X3)F2(X2) 27
3\/5‘[3
[U(X1, X2, X3), P3] = >sinh A U(X1, X2, X3)F3(X3). (28)
Using
1 1
eABefA=B+[A,B]+5[A,[A,B]]+E[A,[A,[A,B]]H-"', (29)

we can have

3«/51’1 "
Xy, X0, X3)P'U (X1, X0, X3) = | Pl — ———————— F (X
U™ (X1, X2, X3) P/U (X1, X3, X3) '~ Icoshi —sinh A (XD |, (30)
3V2t
U~ (Xl,xz,ngzU(Xl,Xz,Xs)—[PZ—ZS 2 Fy(X 2)} 31)
32t
U™ (X1, X2, X3) P} U (X, X2, X3) = [ o F%(Xx)} (32)
2sinh A
and hence
(f(X1, X2, X3)g(Py, P2, P3))
3\/5‘[1 3\/51’2 3\/5'[3
= X1, X5, X P——————F, ,P3— ————F .
<f( bz 3)g<1 3cosha —sinhA "~ > 2sinha > 2sinha 3>>L
(33)

Equation (35) completely describes reducing the averaging operation over the multiphoton
states |Y); to the operation over the standard three-mode squeezed vacuum |A).

Now, let us discuss the fundamental coordinate operators. For three-mode optical field,
the fundamental quadrature are defined as

1 1
U=—X+X2+X3),Xi =—=(a +a) (i=1,23), (34)

NG NG

1 1 B
Ur=—=(Pi+ P+ P3), Pi=—(a; —a)) (i=12.3), (35)
VAR NI

It is easy to prove that U; and U, satisfy the commutative relation

(Ui, U] = % (36)
and uncertainty relation
(AUD*(AU)* = % (37)
where
(AU = (UD) = (U;)? (i =1.2). (38)
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If (AU;)? < % (i =1,2), we can say the quadrature of the three-mode optical field is
squeezed.
Form (27) and (40), we have

1
(AU = 1 exp(21), (39)
2 1 1 2
(AU) =Zexp(—2A)+Z(AF) : (40)
where
3v21 1 2 2
F= FilnX —X,—ZX,—ZX
30— 1[# 1+V<3 1m34273 3>:|
V21, 1 2 2
B nX —X,— X, - X
+ o 2|:M 2+V<3 2m 3413 3)]

2 1 2 2
+\/—T3 FluXs+vl=Xs5—=X1—=X5)|, m=coshi, v=sinh,
2v 3 3 3

((AF)? = (000| F2|000) — ({000| F|000))>.

It indicates that the uncertainty of the first quadrature U, in the state [y)g is the same as
that in the usual three-mode squeezed vacuum, while the uncertainty of the second quadra-
ture U, is substantially modified with respect to the linear case.

If we choose F|(X) = Xlz, F,(X5,) =0, F5(X3) =0, we can have:

5 3 ,6c0sh* A +sinh 21 — 3
(AF)"=3m21 ;
(3 cosh A — sinh 1)2

(41)

So by the means of (42), we obtain

3 ,6cosh® A +sinh2i — 3

1 3
AU,)? = - 20+ 72 42
(AUL)" = 3 exp(=2h) 4 T = o Sh — sinh)? “42)

For (AF)? > 0, we have the uncertainty of the second quadrature U, is more than it in the
usual three-mode squeezed vacuum.

Summary In summary, we have introduced the coordinate-dependent three-mode squeez-
ing transformations and discussed the properties of the corresponding squeezed states. We
have also shown that the nonlinear three-mode coordinate-dependent Bogoliubov transfor-
mations can be constructed by the combination of two unitary transformations, a coordinate-
dependent displacement followed by the standard squeezed transformation. Such decom-
position has shown that the transformations are canonical under very broad constraints,
i.e., F1 = F:, F2 = F;, F3 = F;, kl :ll, T, = 12, 73 :k3, k2 = W, T =
L Gcoshiosiohl) |}, — Blcohisihd) Qych decomposition turns a nonlinear problem into an es-
sentially linear one because all the calculations involving the nonlinear three-mode squeezed
transformation have been shown to be able to reduce to those only concerning the standard
three-mode squeezed states which only involves the linear and quadrature-independent Bo-
goliubov transformations.
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