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Abstract

Using the technique of integration within the ordered product (IWOP) of
operators, we show that the operator U = exp [ir(Zl'.:ll QiPiy1 + Oy Pl)]
is an N-mode squeezing operator for the N-mode quadratures exhibiting the
standard squeezing. The corresponding squeezed vacuum state in N-mode
Fock space is derived, and the entanglement involved in such a state is also
explained. We present an optical network for producing the N-mode squeezed
state.

PACS numbers: 42.50.Dv, 03.65.—w, 42.50.—p

1. Introduction

The entangled states and the entanglement have been important topic since 1970s due to
their wide applications in optical communication, quantum teleportation and quantum state
engineering [1-6]. Many efforts have been made to find new entangled states and a new
form of squeezing operators so that new experimental implementation could be proposed
[7-9]. In [10], the two-mode squeezed state, which is composed by the idler mode and
signal mode resulting from a parametric down conversion amplifier, is a typical entangled
state of continuous variable. Theoretically, it is constructed by the two-mode squeezing
operator S acting on the vacuum state |00), i.e., S|00) = sec hA exp (—aiag tanh A) |00), where

A is a squeezing parameter. Using the relation between the Bose operators (a,-, aj ) and the
coordinate, momentum operators Q; = \/%(a,- +al), P = i%fz(ai —a/) , Hongyi Fan found
a new operator S = exp[iA(Q P> + O, P1)], which actually squeezes the entangled state |n)
[11, 12]. In [13], he extended his idea to three-mode and proved U = exp [ir (Ql P+ Q)P+
03 Pl)] is also a squeezing operator in the three-mode Fock space, and its corresponding
squeezed vacuum state is also an entangled state. An interesting problem thus naturally arises.

Can Fan’ s idea be extended to the N-mode case? That is to say, is the unitary operator
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U =exp [ir( 27;11 QP+ 0, Pl)] also a squeezing operator in the N-mode Fock space? If
yes, then what is its corresponding squeezed vacuum state? Is it also an entangled state?

The N-mode squeezing operator is a larger symmetry algebra of the Virasoro algebra. To
answer these questions we must first derive the normal product form of U and then analyze
if the squeezing exists, and how behaves the state U|0) (where |0) stands for the N-mode
vacuum state). The paper is organized as follows. In section 2, we use the IWOP technique to
expand normally ordered U. In sections 3—4 we examine the properties of the state U|0), and
find that it just makes the variances of the N-mode quadrature operators behave as that of the
two-mode case. In section 5 we discuss how to design an optical network to realize the new
N-mode squeezed vacuum state.

2. Normal product form of U

Because operators Q| P>, Q2 Py, ..., Q,—1 P, and Q, P neither commute with each other nor
make any close relation with the Lie algebra by themselves, it seems difficult to disentangle
U. Thus we must appeal to the IWOP technique. We rewrite U as

U = explir Q; A;j P;l,

01 0 0
0 0 1 0 P
T Py

A=\ ], Qi =(Q1,02,.0n). Pi=1|. |. (D
0O 0 0 ... 1 )
1 0 0 ... O P

where the repeated indices represent the Einstein summation notation and A is an n X n matrix.
Using the Baker—Hausdorff formula we see

UT'QU = Nu0i,  UTRU = @b 2)
Operating U on the N-mode coordinate eigenstate | ¢ ) = 7w "/ exp [ - %%7 + ﬁ%a* -

%aNTaT]|0), (Where c?l: (aI,a%,...,ai),% = (q1.¢2, .-, qn), A,al and G are the

transpositions of af, 7, A, respectively.), i.e.,
UIF) = IAVAAT), A=e"4, |A| = det A, 3)

and using

U= /d’qu|7><7| = |A|”2/d”q|A7><7|, vt=uT, @
we have
—1 n n_/ =\,
UT'QU = |A| [ d"qUIGHATTIQk | d'q'UIAG g | = (AQ), (5
which is consistent with equation (2). Thus U can be expressed in the coordinate representation,
U = explir Q;Ay; Pl = Vdete—r4 f d'qIAT )T (©)
Using the IWOP technique, we put U into a normal ordering form

o0
1~ ~ ~ ~
U= n’"/2|A|1/2/ d"q :exp [—57(1 +AAN)T +x/§7(AaT +a)
—00

1 ~ ~
— E(Zia +ata) — afai|. 7
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By the mathematical formula

= ~ ~ n/2 —1/2 |
d"x exp[—xFx +xv] = "/~ (det F) exp ZvF v, (8)

o]

we perform the integration in equation (7) and obtain the explicit normal ordering form of U:
U =AY IN|" 2 exp [%aNT(AN"T\ - I)af] cexplal (AN~ — Da] :

exp [%Zi(N’1 — I)a] , 9)
where N = %(1 + 1~\A), A= exp(—rA), A = exp(—rAv).

3. New N-mode squeezed vacuum state

Operating U in equation (9) on the N-mode vacuum state leads us to the new N-mode squeezed
vacuum state

Ul0) = |[A]'V2N|712 exp[%ﬁ(AN—‘K — DNa'|0). (10)

In this section we proceed to give the explicit expression of U|0).
When A is an even order, the eigenvalues of —A are

A = 2T (= 2p); m=1,2,....,n, peN, (11)
and the corresponding eigenvectors are
1
_)\-m
, m=1,2,...,n. (12)
(_)Wn)n_l
Then we have
hy  hi hy - hyy
1 ~ 1| h, hy coo hyp 1
N=-(I+AA) =— = —@G,
hnfl hn72 hn73 e hn
- 2mk
he = gt =1+ 8o gi = (DR cos T (13)
m=1 n
2mm
MmzR)"mZCOS ,gk=gn_k,1<k§n.
Let
1 1 e 1
)"1 )\2 e )"n
FO) =hy +hih+had? + -+ hy A B=|- - . (14)
)Lrlz—Z )\’21_2 L. )"2_2
)»771 )671 L )"Z_l

the explicit expression of f(A;) is

| 2m+i) \f 2j-m)\
f()"j) —n+ E Z Z [C(HT/)IUH + e(l+ - )kﬂl] eZp,,,,r

k=1 m=1
=n(1+er"), 1<j<2p. (15)




10314

G Ren et al

Then equation (13) yields

1 " 1 - 2uir
detN = (E) detG = 2_"1-_[1(1 + ey,
j:

(16)

Itis easy to see GB = BJ, J = diag(f (A1), f(A2), ..., f(A,)) and G~! = BJ~'B~!. Now

using equations (14) and (15), we have

)Lrlfl
Y Y i Y
J=1 T 2=l Ty j=1 Ted T
n A n 1 n Vs
G = Y Yai o Xim maer dimt Tt
n? .
Y M Y R ) -
J=1 T 2ej=1 Tager i=1 T

For N-' =2nG'and AN~'A — I =1 — N~!, then

n Jj—m n 2k \J—m
aNTN*IaT—% Z R (A )aTaT_z (COSTﬂ) ada
T n 1 +e2par 7T T g 1+ e2pmr
m, j,k=1 m, j,k=1
It follows that
1~
U|0) = Cexp [Eam - N_l)aT:| |0)
I, 1 & (cos ”‘T”)j_m
— _ _ A AP I
= Cexp 7 Zam + . Z [ o2 a,a; 10),
m=1 m,j.k=1
_1
where C = |A|'2N|71? =[5 [Ti= (1 + )] 2.
Especially, whene” — 0,
1 — R
U0}l oo ~ exp | =3 doall+— ) (cos 2km) "alal | 10) = |)se.
m=1 n m,j,k=1
Similarly, if # is an odd number, the eigenvalues of —A are
Dy = eIH2mTi/n m=1,2,...,n, n=2p+1.
Using
F(hj) = n(l+erry, 1<j<2p+1,
1 1 |
-\ — AP
(=AD)"2 (A" e (=AM
(=x)" N (=)t (A
and G~' = BJ7'B~!, we have
n 1 n —X\j n (7)L_-)"’I
P we ey D D B vy D D S e ey
1 Zn —)Lj Zn 1 . Zn (_A.j)n72
Gl=— J=1 pgetpsi J=L eetpei” J=1 1gepei”

n2

s at 3 a2 )
J=1 14e2p+i” J=1 14e2#p+i” J=1 14e2p+i”

a7

(18)

(19)

(20)

2L

(22)

(23)
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It then follows

n [ cos (l+2k)7r )]

- R(Xj ﬂl) 2 '

} —1 T j—m i T: _ T T

afN"'a Z (D" aay = e, (24

m,j,k=1 m,j,k=1

and

1 n 1 n [ cos (l+2k)rr]]*’"
_ 1/2) n71—1/2 __ 2, - Tt

U10) = |AI"ZIN|" exp 220m+n Zk:l o ahay 1 10). (25)

m= m, j,k=

_1
where C = |A|'2N|71? =[5 [Ti= (1 + )] 2,
Especially, when ¢” — 0,

1 & 1 < (1+26)7 /™"
U0}, - —oo ~ €xp —Eza;ﬁ; Z |:—c ST:| ahal 110) = )5 (26)
m=1 m, j,k=1
Comparing equations (20) and (26), we obtain
n n— 5
U0)],——o0 ~ €xp Z ajag =) — aj 10) = ). 27)

k>l 1 j=1
where 7 is an arbitrary integer.

It is interesting to observe that [); is just the common eigenvector the N-compatible
Jacobian operators in an N-body case with zero eigenvalue [14], i.e.,

-1
Pl =Y pills =0; Ee=11 D m| D mQ—Qjphs=0,
i=1

k=j+1 k=j+1

as [P,§;]1 =0,j = 1,2,....,n— 1, = my/M, M = Z?:l m;. Since the common
eigenvector of N-compatible Jacobian operators is an entangled state, the state |) is also an
entangled state. This state is experimentally attainable by the use of momentum-squeezed
coherence states and position-squeezed coherence states and balanced optical BSs, it tends
toward the general perfect EPR-type entangled state in the limit of infinite squeezing. The
details will be discussed in section 5.

4. Variances of the n-mode quadratures

The quadratures in the N-mode case should be defined as

J— I <«
X = — s X, = — Py, (X1, Xo] = =. 28
1 m;Qk 2 m; 3 1, X2 (28)

The expectation values of the quadratures in the state |); are (X) = (X») = 0; we see that the
corresponding variance is

1 ~ 1 .
AX)? = ([xf) = = ) (AR = g7, (29)

Ji

[\

(AX))” =, (|x3]), = Z(AA) (30)

which has the similar standard form to the two-mode case. Equations (29) and (30) clearly
indicate that U is the correct N-mode squeezing operator for the N-mode quadratures in
equation (28).



10316 G Ren et al

5. Optical network for producing the state |),

The basic operation of optical devices (beam splitters, optical fiber, and phase shifter) based
on quantum optics components is the transformation of a set of incoming states into another
set by a unitary transformation. Such transformations can be performed by using optical
networks. In this section we design such an optical network that the light beams (one mode
of zero-position eigenstate |[x = 0); and the other modes of zero-momentum eigenstates
lp =0 ®|p=0)3®- ---®|p = 0),) entering the N-input ports of this network will be
changed into an N-partite entangled state. That is to say that the network plays the role of
transforming N-single-mode-squeezed states (n — 1 light fields maximally squeezed in the P
direction and one light field in the X direction) incident on the network to the entangled state
|)s in equation (27). In the Fock space |[x = 0); and | p = 0); are expressed as

3D

Hence the function of this optical network can be represented by a unitary operator R, and R
should meet the following requirement:

Rix=01®|p=02@[p=0:8---®|p=0),— )

2 & Lo =2
= oxp | - 3 a}a;—znzn (@) | 10y, (32)

k>1=1 j=1

which is just equation (27) as indicated. That is to say

R(a] —a) — - —a?)R™" = RA'Ea'R™' =T'Bd', (33)
where
10 0 2—n 2 2
0 -1 0 1|2 2—n 2
E= ; B=-|.
00 .. -l 2 2 .. 2-n

In order to solve R, we suppose

RA'R™' =3'G, RaR™' = Gjja; = a;. (34)
Then from equation (34), we see that G must satisfy the matrix equation

GEG = B. (35)

Its solution is an orthogonal matrix

NG =l 0 0
1 n=2 0
G=|v ~VieD n=1 o : (36)

|
o

§|_
3
=
)
|
Z

(n=1)(n=2)
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where Giy = —=. (i = 1.2,....n):Gijn = /255G = ceon = 1),Gi; =

1 . . . o
—m,(l—23 n,]_2,3,...,1),theothersG,]_O.

The corresponding R may be constructed by the coherent state representation and the
orthogonal matrix G:

d?z
/l_[_|GuZl M{zil

n

n 2 n
4’z 2 f " f
l—[—:exp Z —|zil +ZaiGiij +z;a; —a;aq;
b4
i=1

izl =1

=: exp [;,T(G — Da] :=exp [;j(lnc)a]. (37)

To obtain the optical transfer evolution in equations (33) and (34), we extract an interacting
Hamiltonian from the unitary transformation (33) or (34) of quantum states. A systematic
prescription for obtaining Hamiltonian for preassigned unitary transformations of quantum
states has been proposed in [15, 16]. That is by mapping the classical c-number transformation
in a coherent state basis onto quantum-mechanical operators of the Fock space and using the
IWOP technique to find the Hamiltonian. Let InG = itK, with K t = K, then the time-

evolution operator is R(t) = exp {1ta RK a} According to 13R(” = HR(t), we obtain the
corresponding Hermitian Hamiltonian

— ZaiTKijaj. (38)
i,j=1
Moreover, according to van Loock and Braunstein * s method [17], the state |); can
be generated from n-squeezed modes of the field emitted by the optical parametric optical
parametric oscillators (OPOs) below threshold (i.e., optical parametric amplifiers (OPAs)) and
appropriately balanced beam splitters. Let
a; — a;cos® +a;sinf

B (6) : {

aj — a;sinf) —a;cos0,

Ni.on = By 1,20 /4)B,y 2, 1(cos " 1/+/3) - - Biap(cos ™' 1/4/n). (39)

Applying the beam-splitter operator N1 _____ » 10 a zero-momentum eigenstate in mode 1 and
N — 1 zero-position eigenstates in mode 2 to N, we can obtain the N-mode entangled
state |);. This state is an eigenstate with total momentum zero and relative positions
xi—x;=00,j=1,2,...,n).

In summary, we have shown that the operator U = exp [ir( 27;11 QiPiyi+ 0, Pl)] is an
N-mode squeezing operator for the N-mode quadratures exhibiting the standard squeezing; the
corresponding squeezed vacuum state in the N-mode Fock space is derived. The entanglement
involved in such a state is explained. The optical network for producing the N-mode squeezed
state is also constructed. The N-mode squeezed state and entangled state may have potential
use in theoretically analyzing N-partite quantum teleportation.

Appendix A

Here we give a rigorous proof for equation (13). Note that h, = n+g, and h; = g fork # n,
then we have
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fGj)=n +ng)»];-
k=1

- "ok e
k m mo . k
n+> | (=D 2—2 e | ok
k=1 m=1

:n+%2n: [Xn:(—l)k(kfn+mk)e2“m’. (A.1)
m=1 L k=1
For the case n = 2p. Since (—1)* = "7 /" we see that
fO)=n+ % i i [el+@)kni +el+@)kni] Q2hnT (A.2)
m=1 k=1
Set By = el**ikTi g = I+ MMkTI e have I = BI = " = 1. For | — A" =

(1= +Ar+...+ 21, we have

n—1

n n
Z k Z k Z 14200 2
ﬂl = 181 = c n =
k=1 k=0

= n, 1+

0, 1+ @ # even number
2m+)) (A.3)

.~ =even numberz.

As a result of equations (A1)—(A3), we obtain

n(1+e*ri"), 1< j<p,
f)) = {nd+e*r),  j=p, =n(l +e*i"), 1<j<2p (A.4)
n(1 +e2”!’+f’), p<j<p.
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