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Abstract

Continuous variable remote state preparation and teleportation are analysed
using Wigner functions in phase space. We suggest a remote squeezed state
preparation scheme between two parties sharing an entangled twin beam,
where homodyne detection on one beam is used as a conditional source of
squeezing for the other beam. The scheme also works with noisy
measurements, and provides squeezing if the homodyne quantum efficiency
is larger than 50%. The phase space approach is shown to provide a
convenient framework to describe teleportation as a generalized conditional
measurement, and to evaluate relevant degrading effects, such the finite
amount of entanglement, the losses along the line and the nonunit quantum

efficiency at the sender location.
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(Some figures in this article are in colour only in the electronic version)

1. Introduction

Letus consider an entangled state described by a density matrix
R on a bipartite Hilbert space H; ® H,. A measurement
performed on one subsystem reduces the other one according to
the projection postulate. Each possible outcome, say x, occurs
with probability p,, and corresponds to a different conditional
state oy

1
Ox = —TI'][RHX ® 12]- (1)

X

Px = Tri2[RII; ® b],

I1, is the probability measure (POVM) of the measurement
(acting on the Hilbert space of the first subsystem) and I, the
identity operator on the second Hilbert space. Try,[- - -]denotes
the full trace, whereas Tt [- - -], j = 1, 2, denotes partial traces.

Equation (1) shows that entanglement and conditional
measurements can be powerful resources to realize (proba-
bilistically) nonlinear dynamics that otherwise would not have
been achievable through Hamiltonian evolution in realistic
media. Since entanglement may be shared between two dis-
tant users (the sender performing the measurement, and the
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receiver observing the conditional output), the inherent nonlo-
cality of entangled states permits the remote preparation of the
conditional states o,, a protocol that may be used to exchange
quantum information between the two parties sending only
classical bits [1]. A different kind of remote state preparation
is teleportation [2], where the measurement depends on an un-
known reference state which may be recovered at the receiver
location independently of the outcome of the measurement.

In this paper, we focus our attention on continuous
variable (CV) remote state preparation. In particular, we
analyse in detail an optical scheme for remote preparation of
squeezed states by realistic (noisy) conditional homodyning.
Our analysis is based on a phase-space approach, and this is
motivated by the following factors: (i) entanglement in optical
CV quantum information processing is provided by the so-
called twin-beam (TWB) state of two field modes |A)) =
V1I=22% A"|p)Ip), 0 < A < 1; the corresponding Wigner
function is Gaussian; (ii) trace operation corresponds to the
overlap integral [5], and the Wigner function of a (realistic)
homodyne POVM is also a Gaussian.

By Wigner calculus we will be able to derive simple
analytical formulas for conditional outputs, even in the case of
noisy measurement at the sender location. In addition, we will
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show that the phase-space approach is a convenient framework
todescribe CV teleportation as a conditional measurement, and
to evaluate relevant degrading effects, such as the finite amount
of entanglement, the losses along the transmission channel and
the nonunit quantum efficiency at the sender location.

2. Conditional measurement in phase space

TWRB is the maximally entangled state (for a given, finite, value
of energy) of two modes of radiation. It can be produced
either by mixing two single-mode squeezed vacuum (with
orthogonal squeezing phases) in a balanced beam splitter [3]
or, from the vacuum, by spontaneous downconversion in a
nondegenerate parametric optical amplifier (NOPA) [4]. The
evolution operator of the NOPA reads as follows: U, =
exp[r(a’h’ — ab)], where the ‘gain’ r is proportional to the
interaction time, the nonlinear susceptibility and the pump
intensity. We have A = tanh r, whereas the number of photons
of TWB is given by N = 2sinh®>r = 24%/(1 — A2). In view
of the duality squeezing/entanglement via balanced beam-
splitter [6] the parameter r is sometimes referred to as the
squeezing parameter of the twin beam. Throughout the paper
we will refer to mode a as ‘mode 1’ and to mode b as ‘mode 2.
The Wigner function W[TWB](x;, yi; x2, y2) of a TWB is
Gaussian, and is given by (we omit the argument)

_ (1 +x)* (i +y)?
WI[TWB] = (Znof 27103) ! exp|:— yr: — yye,
=)’ =)’
402 402
where the variances are given by
o} = yexp{2r) o? = Lexp{—2r}. )

Specializing equation (1) for R = |1))((A| we have

e = (AT, ® h|a) = (1= 22) Try[A““T1, ]

1 3)
0x = — Try[[A)) (AT ® L],

Dx

where, in the expression of p,, we have already performed the
trace over the Hilbert space H,. In the following, the partial
traces in equation (3) will be evaluated as overlap integrals in
the phase space. The Wigner function of a generic operator O
is defined as the following complex Fourier transform:

d2y ay—a
WIO]() 2/?6 " T[OD(y)), “

where « is a complex number, and D(y) = e’® ~74 is the
displacement operator. The inverse transformation reads as
follows [7]:

0 = /dza W[o](a)e—z\a\zezaa"'(_)(1»}(1625{(1. (5)

Using the Wigner function the trace between two operators can
be written as

TH0,05] = f CEWIONBIWIONB). (6

2.1. Remote squeezed state preparation

Let us consider the optical scheme depicted in figure 1. A
TWRB is produced by spontaneous downconversion in a NOPA,
and then homodyne detection is performed on one of the two
modes, say mode 1. The POVM of the measurement, assuming
perfect detection i.e. unit quantum efficiency, is given by

Z H («/Ex)
/2P p‘

(M
the |x) being eigenstates of the quadrature operator x =
1/2(a +a"). The Wigner function of the POVM TI1, is a delta
function

WL (1) = 8(x1 — x), ®)

whereas that of the term A9'“ in the first of equations (3) is
given by

. 2 2
(1= WS, y0) = @ro?)”! exp{—xlz;y : } ©)

where the variance o depends on the number of photons of
the TWB as 02 = %(1 + N). Using equations (8) and (9) it is
straightforward to evaluate the probability distribution

DPx ://// dX1 dyl dXQdyQW[TWB](xl,yl;XQ,yQ)
x WL ](x1)
= —2»2)// dxy dys WA 1oy, yn) WL (x)

X2
= Q2no?) P exp] -1, (10)
202
and the Wigner function of the conditional output state
Wlox1(x2, y2) 2// dx; dyt WITWB](x1, yi; X2, y2)
x WL ](x1)
2
— r2onxd)y el -2z 5 11
Greiam) e T hm T oy (o
The parameters in equation (11) are given by
V/N(N +2)
ay = ————Xx
1+N (12)
2_1_1 =1a+nN)
'T 414N o '

Equations (11) and (12) say that o, is a squeezed-coherent
minimum uncertainty state of the form o, = D(a,)S(r,)|0),
i.e. a state squeezed in the direction of the measured quadrature

Ax? = 1/4e~%x, with squeezing parameter given by r, =
1/21og(1 + N). Notice that this result is valid for any
quadrature x4 = e‘“'“"bxe*‘“T“‘f’, and therefore the present

scheme, by tuning the phase of the local oscillator in the
homodyne detection, is suitable for the remote preparation
of squeezed states with any desired phase of squeezing. Of
course, we have squeezing for o, if and only if N > 0, i.e. if
and only if entanglement is present.

A question arises of whether or not the remote preparation
of squeezing is possible with realistic homodyne detection,
i.e. with noisy measurement of the field quadrature. The
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Beam 1

Figure 1. Schematic diagram of conditional homodyne for remote
squeezed state preparation. A TWB is produced by spontaneous
downconversion in a NOPA, and then homodyne detection is
performed on one of the two modes, say mode 1. Mode 2 is
squeezed if the homodyne quantum efficiency is larger than 50%.

POVM of a homodyne detector with quantum efficiency n is a
Gaussian convolution of the ideal POVM

G —x?
20,72

dy
er] = exXp |y><y|v (]3)
[270}
with 0,72 = %(1 —n)/n [8]. The corresponding Wigner function
is given by
(1 —x)°

W, 1(x)) = @ro))”'/? exp{——}-

14
07 (14)

Using (14) one evaluates the probability distribution and the
Wigner function of the conditional output state; one has

_ x?
pu =B o e -5 | "
n
Wlowml(xa, y2) = Q27,21 %5) 7'/
_ 2 2
> exp{—(xz an) _ y22 }’ (16)
2%}, 252,
where
. :n«/N(N+2)x » _11+N(—n)
x 1+nN T4 14N (17)

%3, =11+N).

As a matter of fact, the conditional output @,, is no longer
a minimum uncertainty state. However, for 7 large enough,
it still shows squeezing in the direction individuated by the
measured quadrature, i.e. Ax? < 1/4. In order to obtain the
explicit form of the conditional output state from the Wigner
function W[g.,1(x2, y2) of equation (16), we use (5), arriving
at

0xn = D(axy)S(rey)vn S (rey) D' (@), (18)

where v, = (1+n,)"! Zp[n,h/(l +n,,)1” | p){p| is a thermal
state with average number of photons given by

oy = %{\/(HN)[]HN(I -l 1}, (19)
+nN
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Figure 2. Schematic diagram of a teleportation scheme. In the
sender area (.5), one part of a TWB is mixed with a given reference
state o (the state to be teleported) in a balanced beam splitter, and
two orthogonal quadratures are measured on the outgoing beams by
means of two homodyne detectors with local oscillators
phase-shifted by /2. After the measurement, in the receiver area
(R), the other part of the TWB is displaced by an amount

—a = —x — iy that depends on the outcome of the measurements
itself. The overall state, averaged over the possible outcomes, is the
teleported state.

and squeezing parameter given by

B 1 (1+N)1+nN)
Top = 1 log TiNA—m TNA— (20)

We have squeezing in o, if 212,] < 1/4, and this happens for
n > 50% independently of the actual value x of the homodyne
outcome. The values of efficiency that can be currently realized
in a quantum optical laboratory is far above the 50% limit, and
thus we conclude that conditional homodyning on TWB is a
robust scheme for the remote preparation of squeezing.

2.2. Teleportation as a generalized conditional measurement

The scheme for optical CV teleportation is depicted in figure 2.
One part of a TWB is mixed with a given reference state o
in a balanced beam splitter, and two orthogonal quadratures
1/2(c + ¢, y = i/2(d" — d) are measured on the
outgoing beams by means of two homodyne detectors with
local oscillators phase shifted by /2. The other part of the
TWRB is then displaced by an amount —o« = —x — iy that
depends on the outcome of the measurements, and the resulting
state (averaged over the possible outcomes) is the teleported
state.

X =

Overall, the measurement performed on the TWB is a
generalized double homodyne detection [9, 10] (equivalent
to generalized heterodyne), which can be described by the
POVM [10, 11]

I, = D(&)o" D' (), (1)
...T denoting transposition. Therefore, using equation (3), one
has
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Pa = (Mg ® L[1))

= (1 =) T2 “D(@)o " D' (@)] (22)

1 . .
0w = o= D) TrlAN(ID@0 " D'@) ® LID'(—a).

while the teleported state is given by
0= / d’a PaQua

N /dz“D(—a)Trl[l?»))<()»|D(a)0TD+(Ot) ® LD (—a).
(23)

Using Wigner functions and taking into account that for any
density matrix

Wio"(x,y) = Wlol(x, —y)

WID(@)oD (@)1(x,y) = Wlol(x — Xa, Yy — Ya).

with x, = Re[«] and y, = Im[«], one has

Wlol(xz2, y2) :// dx; dy; // dx, dyq

x WITWB](x1, y1; X2 + Xg, Y2 + Vo)
x Wlo](x1 — X, —=Y1 — Ya)

= // dx; dy1W[0](X1,y1)// dxg dy,

X W[ITWB](x1 + X4, = V1 — Yo' X2 + X, Y2 + Vo)

// dx; dy; (x1 —x2)* + (1 — »)?
Tk} K2

x Wlo](xy, y1)

[ dxidy { x12+y|2}
B // Tk} P K2
x W[D(a1)o D' (a1)1(x2, y2), (26)

with @y = x; +1iy; and /crz = exp{—2r}. From equations (26)
and (5) one has that the teleported state is given by

24
(25)

d’a o |? ¥
0 :/_Qexp{——z}D(a)(rD @. @7
K K

r

which coincides with the input state only in the limit r — oo,
i.e. for infinite energy of the TWB. Equation (27) shows
that CV teleportation with a finite amount of entanglement
is equivalent to a thermalizing channel with «, thermal
photons: this results has been obtained also with other
methods [12]. However, the present Wigner approach may
be more convenient in order to include other degrading effects
such as the nonunit quantum efficiency at the sender location
and the losses along the transmission channel.

Nonunit quantum efficiency at the homodyne detectors
affects the POVM of the sender, which becomes a Gaussian
convolution of the ideal POVM I1,

d’g lo — BI?
Ha":/nA% exp{— A% }ng,

with A,Z7 = (1 — n)/n [8]. On the other hand, losses along
the line degrade the entanglement of the TWB supporting the
teleportation. The propagation of a TWB inside optical media
can be modelled as the coupling of each part of the TWB

(28)

with a non-zero temperature reservoir. The dynamics can be
described in terms of the two-mode Master equation

do;

I Lo =T+ M)L[alo; +T'(1 + M)L[b]o,

+TML[a"o, + TML[b' o, (29)

where o, = o(t), I denotes the (equal) damping rate, M
the number of background thermal photons and L[O] is the
Lindblad superoperator L[Olo, = 00,07 — 10700, —
%Q,OOT . The terms proportional to L[a] and L[b] describe
the losses, whereas the terms proportional to Lla"] and L[b]
describe a linear phase-insensitive amplification process. This
can be due either to optical media dynamics or to thermal
hopping; in both cases no phase information is carried. Of
course, the dissipative dynamics of the two channels are
independent of each other. The Master equation (29) can
be transformed into a Fokker—Planck equation for the two-
mode Wigner function of the TWB. Using the differential
representation of the superoperators in equation (29) the
corresponding Fokker—Planck equation reads as follows:

1/, ) v (%
3, W, = [g <Z ax/x/ + 8},j),/> + 5(2 Oy, xj + By,)’j>]Wn
=1 J=l

(30)

where 7 denotes the rescaled time T = (I'/y)t, and y = ﬁ

the drift term. The solution of equation (30) can be written as
W, = / ax] / dx; / dy| / Ay, WITWBI(X., ¥): x5, ¥)

2
< [ GG 1x))Ge (313
j=1
where W[TWB] is the initial Wigner function of the TWB, and
the Green functions G (x; |x}) are given by

€2))

(xj — x}e’%’”)2

2D?

1
Gr flx’) = - s
Wik = o eXp[ ] (32)

1
D?> = 4—(1 —e V7).
Y

The Wigner function W, can be obtained by the
convolution (31), which can be easily evaluated since the initial
Wigner function is Gaussian. The form of W, is the same as
that of W[TWB] with the variances changed to

o2 —> (e_”af + D?)

: o2 — (77" e2 +D?. (33)

Inserting the Wigner functions of the blurred POVM I, and
of the evolved TWB in equations (22) and (23) we obtain the
teleported state in the general case, which is still given by
equation (27), with the parameter «, now given by

ki —e T M+ (1 —e T + AL

r

(34)

Equations (27) and (34) summarize all the degrading effects
on the quality of the teleported state. In the special case of
coherent state teleportation o = |z)(z| (which corresponds to
original optical CV teleportation experiments [3]) the fidelity
F = (z]|o|z) can be evaluated straightforwardly as the overlap
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of the Wigner functions. Since W[z](«) = 2/716:’2“"’3‘z is the
Wigner function of a coherent state we have

1
F= '
l+e 2Tyl —eTHCM+ D)+ —n)/n

The condition on the fidelity, in order to assure that the scheme
is a truly nonlocal protocol, is given by F > 1/2 [3], i.e.

e i —e™MEM+ )+ (1 —n)/n < 1.

Therefore, the bound on the quantum efficiency to demonstrate
quantum teleportation is given by

1
—(l—eTHeM+1)

If the propagation induces low perturbation, i.e. if ' >~ 0
and M ~ 0, we have n > (2 — e~ )~ which ranges
from 1/2 to 1, and represents the range of ‘useful” values
for the quantum efficiency. If I' and M are not negligible
then, for the same initial squeezing, we need a larger value of
the quantum efficiency. Moreover, since quantum efficiency
should be lower than or equal to unity, n < 1, we may
derive a bound on the initial squeezing that allows us to
demonstrate quantum teleportation. This reads as follows:
e < QM + 1) — 2Me™. Remarkably, if the number of
thermal photons is zero, i.e. if the TWB is propagating in a
zero-temperature environment, then any value of the initial
squeezing parameter makes teleportation possible, of course
if the quantum efficiency at the receiver location satisfies
n > (2 _ e—2r—Fl -1 +el"t)—1'

n= 2 _ 672r71“t

3. Conclusions

A method for the remote preparation of squeezed states by
conditional homodyning on a TWB has been suggested. The
scheme has been studied using the Wigner function, which is
the most convenient approach to describe effects of nonunit
quantum efficiency at homodyne detectors. The method is
shown to provide remote squeezing if the quantum efficiency
is larger than 50%. Since downconversion correlates pairs of
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modes at any frequencies w; and w, satisfying w; + w; = wp,
wp being the frequency of the pump beam, the present method
can be used to generate squeezing at frequencies where no
media for degenerate downconversion are available [13].

The phase-space approach also has been used to
analyse CV teleportation as a conditional generalized double
homodyning on a TWB. In this case also the use of Wigner
functions represents a powerful tool to evaluate the degrading
effects of finite amount of entanglement, losses along the
transmission channel, and nonunit quantum efficiency at
sender location. A bound on the value of quantum efficiency
needed to demonstrate quantum teleportation has been derived.
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