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Continuous-variable quantum teleportation with a conventional laser
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We give a description of balanced homodyne detedf®#iD) using a conventional laser as a local oscillator
(LO), where the laser field outside the cavity is a mixed state whose phase is completely unknown. We apply
our description to continuous-variable quantum teleportai@viQT) with a laser, and show that CVQT with
a laser is valid only if the unknown phase of the laser field is shared among sender’s LOs, the EPR state, and
receiver’s LO. We also propose a method to generate a strongly phase-correlated quantum state necessary for
CVQT without an additional optical path.
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Quantum teleportation is a method to move quantumNhere5oz[ﬁwo/(2€0CA)]1/2, {pn(1)} are basis functions

states from a sender “Alice” to a receiver “Bob” by the aid giving a profile of the fundamental modes, agygis a non-

of entanglement. The original protoddl] was later extended continuous annihilation operat8].

to continuous-variable quantum teleportati@VvQT) using In Ref.[5], a subset of basis functiodgi,(t)} is specifi-

a two-mode squeezed state and balanced homodyne det%%my chosen asy,(t)=T Y2exp(-iwt)I('T—n), where
tion (BHD) [2]. While experimental demonstration of CVQT TI(t) is the rectangle function, and the importance of the
was reported as the first achievement of unconditional quarjg|q expression by ,(t)} is emphasized in view of the
tum teleportation[3], there has been controversy over its g antum de Finetti theorem. But this given expression is
validity on th_e grounds of the intrinsic phase mdetermmacynothing more than one possible approximation of the field
of the laser field4,5]. The Ias.er field is often assumed to be gtate qutside the cavity by the NBA, where the exact state
a coherent state having a fixed phase, but the steady-staigained by the input-output theory is actually identical to
solution of the master equation in the quantum theory of thgne standard description of the laser field used in R&fWe
laser shows that the phase of the laser field inside the cavityy show that, contrary to the claims of Ref], the stan-

is completely unknown in operation well above thresholdyarg description of the laser field used in Ridilis sufficient
[4-7]. . . . e to understand CVQT with a laser. We use the standard de-
_ In this paper, we first discuss a description of the lasekription [4] for the continuous mode outside the cavity
field outside the cavity in line with the previous d'SCUSS'O”Sthroughout this paper, and explain coherence of the laser
[4,5]. We then give a description of BHD with a conven- ie|q not by interpreting a new approximate expression of the

tional Iasgr as a Io_cal oscillataqt.O) on the basis of the |55er field as Ref[5], but by appropriately formulating a
standard interpretation of the quantum theory for measureéscasurement process for the laser field.

ment. We show our description is in excellent agreement now we will give a description of BHD with a conven-
with the experimental result in the squeezed stgte generatiqhyna| laser. As long as the photon number operator repre-
scheme, and apply our description to CVQT with a laser tQ;ents well an observable for an efficient photodetector

analyze the CVQT experimen8]. Finally, we propose & |acking single-photon resolutiofi9,10, we may regard
method to probabilistically produce a strongly phase-~i» A

"t -
correlated quantum state via continuous measurement of iy ast aas as an observable for BHD’. whem and as
dependent lasers, which is applicable to realizing CVQT"’.Ire anmhllatlc_)n operators for the LO .f'EId and th_e _5|gnal
without an optical path between Alice and Bob for sharingf'eld' [espezctlvely[ll]. AI:Athe S|gna! field [¢)s satisfies
the same laser field. rV(WIXo(6)20)s> V(lalad ¥)s, which holds when the
In Ref. [5], van Enk and Fuchs claim that the standardintensity of the LO field is much larger than that of the signal
description of the laser field used in Re4] is surprisingly ~ field, this observable satisfies
insufficient to understand CVQT with a laser. By employing
the input-output theory6], they find that the laser field out-
side the cavity is a continuous-mode mixed state which is in St 0 Stlin oy
form identical to the intracavity field. They then go on to WhereX(#)=ae™'"+ale'” and|re'’) is the coherent state
express the field state in terms of noncontinuous operatof Polar coordinateg6]. According to the standard interpre-
given by them, and discuss its coherefig tation of the quantum theofyl 2], Eq. (1) m1_phes that if we
The definition of noncontinuous operators is based on th@Ptain the measurement outcomen one trial of BHD with
narrow bandwidth approximatiofNBA) B<w,, wherew, the prior knowledgAe of, then| ) instantaneously reduces
is the central frequency of the bandwidhUnder the NBA, 10 |X, 6)s satisfyingXs(6)|x, 0)s=x|x, 6)s. Sincer of the la-
the annihilation operator part of the continuous-mode electriger field is measurable beforehand, we may define the mea-

field is approximated asE’(z,t)~i&=,,(t—2z/c)c,, surement operatdi13] for BHD as
M(x,r,0)=a"Yrel % |x, 0)«(x, 6] re'’|, 2)

(é-lTé-s"' élé;r)|rei0>l | 'r//>S~ r)A(s( 0)|rei8>l | '/’>s’ (1)

*Email address: mikio.fujii@toshiba.co.jp where|x, 6) is the quadrature eigenstate written as
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|x,0):(277)‘1’4e‘X2/4 expxe’a’—1e'2?at2)|0). (3) where H,(x) are Hermite polynomials, we findP(x)
=|(x,#|08)[]?, which agrees with the experimental result of

Equation (2) satisfies the completeness relation Ref.[15]. _ _
[rzdxferdr f27domt(x,r, )M (x,r,6)=1.  Considering Next, we will apply OBPM to cvQr with a Iase{2,4]_._ In
that we cannot distinguish betweéx, 6;) and |x,0,) (g, e measurement step Dby Alice, the probability of
# 6,) by measurement results due to intrinsic phase indeteiobtaining x, in BHD1 and x; in BHD2 is P(x3,x2)
minacy of the laser field4,7], the probability of obtaining = /gr,dr,[37d6,[5T,dr,/37d6,Tr{M,M1pMINMI}  and
the measurement outcome= x with the prior knowledge of the density operator after the measurement gg
s = P‘l(fl,xz)fgr1dr;f§”d_01f§r2d_r2f§”d 0:M>M1p\M M3,
\thereMjE7r‘1/2|r]-e'91),]-|xj,491-)SJ-(XJ-,6J-|Sj<rje"9i|Ij (i=1,2.
p, is the density operator of the total system before the mea-
surement written as

_ oo 2 P o a L —
P(x)=f0 rdrfo do Tr{M(x,r,0)p,MT(x,r,0)}, (4

and the density operator after the measurement is

2ndgp ‘ .
R _ o 20 . o PI:f E|roel¢>lllroel[¢+(7ﬂ2)]>|2|719|2¢>1,2
p=P(X)_lf rdrf doM (x,r,0)p,MT(x,r,6), (5) 0
0 0 A .

h - i the d i tor bef th ; ®|r0el¢>l3pin<roel¢|l3
wherep, is the density operator before the measurement. : s .

We will denote the procedure described above as the ® (e roel?* (2] (e, (7)
observable-based projection meth@BPM) in the rest of . .
this paper. Note that the above discussion is not based on tI efre the modestlt;lz are fohr LOSkOf BHDlr;Z n A]IC|ceh,
assumption that the laser field is the coherent staterti- or LO in Bob, ¢ is the unknown phase of the
tion ensemble fallacy[4,14)). It is the property of the ob- pump field, pi, is an arbitrary density operator _gupplled
servable for BHD that approximately projects the strong laby @ third party “Victor” to Alice, and |7€'%%) 12
ser field of the LO mode onto the coherent state after the= \1— 7%exp(7€?#ala})|0),/0), is a two-mode squeezed
measurement. On the contrary, the number states in the L&ate[6] such as the EPR state. Again, the unknown phase in
mode cannot be eigenstates of the observable for BHD, behe modes 1, 2 is @ instead of¢. (See Fig. 1 in Ref[4].)

c_agse|n>¢|n—l_> even in the limitn— 4+« due to their By using Eq. (3) and ag=(a,—2,)/\2, aw=(a,
rigid orthogonality. _ _ +2,)/2, where the modesl,s2 are for the signal field of
As an example of BHD, we will calculat®(x) in the  pHD1 2 the quadrature eigenstates of the mosles? are
squeezed light generation sche_rﬁ1k5] by OBPM. In the Britten in the modesin, 1 as |;l,¢>31|72,¢+(77/2)>32
scheme, the same laser source is used for supplying the L 5 - S At A j2g
field, and pumping the nonlinear medium to generate the™[€XPUA72)/V2m]exd (vay, —v*a)e'*+ay,2,€°”]|0)in|0)1,
squeezed state. The density operator of the system before tirere yE(xl+ix2)/J§. By using this and the relation for
measurement is bosons  exp¢a)exp(a’b’=expurb’exprabexpua)
derived from the Baker-Hausdorff formula6], we find

“ 2nd ¢ ) . . .
— —|r e'(‘ﬁ*‘P) O,sézd’ O,Sé2¢ r e|(¢+‘P) , — — .
Po fo 27T| ° H ) o I (X1, Bls1(X2, b+ (7/2)] | 7E€'2%) 1 5

(6) I
. . . :e,|y|2/2 7 exq_ ei9’5é_T)
where ¢ is the unknown phase of the pump fielg,is the VN o, nYe T,
phase delay by a controllable phase shifter, dfg)

EAS(s)|O> is the squeezed vacuum stafd. The unknown
phase of the squeezed state i Ihstead ofp, because the
frequency of the pump field is doubled by second-harmonic
generation before the field enters an optical parametric oscil- With orthogonality approximation of the coherent state,
lator. By using Egs(4), (6), orthogonality approximation of we find p, includes Eq.(8). Ideal quantum teleportation
the coherent state|(re'’|roe'%)[?~(m/ro)8(r—r,)8(6 s possible only whery=1, where a two-mode squeezed
—6) in the limit r,—+c derived from lim_o. €xp  state is maximally entangled2]. Equation (8) shows

[}

X nZO 7)”|”>2<”|in)eXF(V*e_i¢éin)- (8)

[~tI(49)(2\me)= (1), and the relation that the unitary transformU, applied by Bob to the
o mode 2 in the reconstruction step must satisfy
(x,6/05620 )y =3 (x,6]n)(n|0s€?""¥) U,|,—1 exp(—|y%2)exp e *al)exp(y* e '¥a,)=const, be-
o causeX,_o/n)x(n|;, transfers a state of the mode to the
_ z (2m) " Y4 2"n1)~2H _) rpode 2 with absolute pretzision. The necessary condjtion for
n=0 V2 U, is then found to beU,|,_,=exp(he?al—y e %ay),
x e~ O¢=Ind onnicost(s)] 12 which means Bob needs not only the measurement results by

X [e'2(~tanh(s)"2H,(0)=(x,¢|0,s),  Alice y but also the unknown phase of Alice’s LO fielgsto
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performUz. Hence, to share between Alice and Bob by a

certain means is essential to realizing CVQT with a laser.
In the experimenf3], Bob obtainsp from the LO at hand

directly connected to Alice’s LOs and the pump field of a

two-mode squeezed state. If Bob performs the unitary trans-

form Uy3(y, n)=ext(nro)(vaza;— y*ala)] after he ob-
tains y, the density operator of the total system,

=Uy3(7. ) pu03,5( 7. 7) becomes

“ . — — (2nd¢ ) _
pn~P 1(X1,X2)j0 eroeld)>ll|xl!¢>sl|ro

x el (21 o1xp, b+ (712))s2

® | rOei(ﬁ>|:":-’|\—2,in( Y7, ¢);7in:|\—;in( Y7, ¢)<roei¢||3

®(Xa, p+ (112)] (1 €14 T ™2 5 (Xq , bl 2(r €11,
9

where a'|r €% ~roe r,e'? in the limit ro— +o and
T,in is defined as

A _ 2 _ 2 1_772 A
Tan(vmg)=e 207\ —exp(— ny*e ' %ay)

[’

nZO 7N o(nlin

X

)eXp( y e Ya,), (10)

which corresponds to the transfer operator in R&7] from
the modein to the mode 2. Equation®) and (10) clearly

show that in the special casg=1, 'T'Z,in is independent of
the unknown phase where ideal quantum teleportation is

realized, while in the usual casesy<1, Tz,m is dependent
on the unknown phasé where the reconstructed density

operator in the mode 2 is distorted fromy, .
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9 Two-Level Atoms

FIG. 1. Experimental setup for continuous measurement of two
independent laser fielda,b andc,d are annihilation operators for
the input and output modes of a 50/50 beamsplitter, respectively,
satisfyingc=(a—b)/\/2,d=(a+b)/\2. Two-level atoms resonant
with the laser fields are all prepared in the ground state beforehand,
and go across the output fields one by one at regular intervals.

In the case of BHD, since the observable satisfi@(

+ ab")|r,e'?) |r e/ (®=9)) ~ 2rr, cos (@) |r.€?)|rd@=?)
X(0=<¢=m) in the limitr,,r,— +%, the measurement op-
erator for OBPM may be defined a!(cos),ry,r2,¢)

=7 Y re'?)|re PN (r,el(®=9)|(r,e'¢|. Then, the
density operator after the measurement becomes
p=3J57depI2m| 1€ %), | rye' ¢ (rpe T (r e,

+ %f%wd¢/2W| raei¢>a| IFbei((/)_(P)>b(rbei((i)_(p) | b<raei¢ |av

i.e., BHD does not determine a unique phase difference of
two lasers except exactly wheros()==1 with negligible
probability. Hence, the generated quantum state by BHD is
not applicable to CVQT to share the unknown phase of the
laser field.

But if we perform the continuous measuremgntl6,14
presented in Fig. 1, a unigue phase difference of two lasers is
chosen with nonzero probability. In Fig. 1, two-level atom
beams are used as probes to ensure that photoabsorption oc-
curs at most one time within the infinitesimal atom-field in-

We will subsequently discuss generation of a stronglytéraction timer, which is not feasible by a present photode-
phase-correlated quantum state necessary in CVQT by mekgctor lacking single-photon resolution in the strong field

suring two independent laser fields
277d¢a 27Td¢b

[

| raei ¢a>a|rbei ¢b>b<rbei ¢b| b<raei ¢a|a .

[9,10]. Given that the total photoabsorptigguantum jump
occurs either in the modeor d at timest4,t,, ... tsin the
time interval[0,t] with no absorption between these times,

2@ 27 the conditional probability that photoabsorption occurs
(11 p,q(=s—p) times in the mode,d, respectively, is
|
( s) Tr{apaqe—R(&*&+&Ta)t;)(0)e— R(ETE+aTa)taTq6Tp}
s
P(t;p,qls)= —— —— =w1<p)8(p+%,q+%), (12)
; (p)-l—r{apaqeR(cTc+de)tE)(o)eR(cTc+de)taTq6Tp}
p+a=s
and the density operator becomes
. épaqefR(?;T(A:+8Ta)t;)(o)e*R(ET6+aTa)taTanp B T jzwdqsafzwdqsb 2P ba— by
PP )= e e RETe a0 ) g RETe- dTangTagrny 1 1\)o 2nlo 222"\ T2
Blp+5.9+5
2772
8 COqu( ¢a; & |rie'%a),|r €' Po)(r el %o (r e’ %al, (13
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where p(0) is Eg. (A1) with ra=ry(=r,), Po(m) Pa(n)
_rytqg _Rpafa . . L L
e Rd i(;’:%e Rczc(qf)~l, B(x,y) is the beta functionr,  o.cus £ 0, qo0 00125 § 020, q0
=r,e ", R=g°7/2, and g is the atom-field coupling .= ¢ 00075 £
constan{16]. 0.005 & 0.005 &
The proposed continuous measurement is valid whent-°°2* L — @ L — 1
7<(\2sr 1 In Eq. (13, we find that atoms 500 1000 1500 2000 500 1000 1500 2000
(V2sroQ) q :
simultaneously intersecting the output modes with no | @) Paln)
absorption (null measurement damp both laser fields, 100 a0
leaving phase correlation between the fields unchanged’-?'2® p=100,g=0 0.2 peitfeas
The absorption rate is assumed to be quite high, whése  ¢.007s 0.15
much smaller than the dynamical time scale of an individual Je0% O‘f;:
laser. Fors>1, the distribution of the phase difference of T | m | ET T o
states in the integrand of E¢13) has a peak aftp,— ¢y 500 1000 1500 2000 500 1000 1500 2000
=m whenp=s, or at|¢,— ¢p|=0 whenp=0. Since Eq. FIG. 2. Photon number distributions from Ea4) for p=s with

(12) has peaks ap=0.s, the probability of obtaining Eq. r2=10°. Given thats=100, the probability Eq(12) for p=0 or
(13) with p=0;s is not negligible. The photon number dis- 100 is about 11.3%. If the Monte Carlo wave-function proce-
tribution of the modec, P.(m)=(m|Trq{p(t;p,q)}|m)., is  dure[18]is performed, gradual decay ofdue to null measurement
found to be shall be seen besides the above distribution chaRgém) ap-

2 m 1 1 proaches a Poisson distribution lbecomes large.
p(my=e-2f AT BIMYP¥E.a+2)
Cc

m! B(p+3.,9+3) Ref. [4] is sufficient to understand CVQT with a conven-
) 5 tional laser. By using the standard description of the laser
X1 Fi(q+z;m+p+q+1;2r7), (14 field [4], we have presented OBPM for BHD to analyze

) i . CVQT with a laser. CVQT is found to be possible only if the
where,F,(a;3;2) is the confluent hypergeometric function ,nknown phase of the laser field is shared among Alice’s
of the first kind.Pd('n) is easi]y obtained by .replacirrg.with LOs, the EPR state, and Bob’s LO by a certain means. The
n and interchangingp—q in Eq. (14). Figure 2 is for  gemonstrated experiment for CVQ3] is valid, but needs an
Pc(m),Pq(n). Whenp=0, s with s>1, the generated quan- optical path other than the EPR channel and a classical chan-
tum state is applicable to CVQT as a means to share thgg| that can be used in the teleportation protoddlg] in
unknown phase of the laser field between Alice and Bobgrqer to share the unknown phase of the same laser field
though the phase correlation formed after the continuougeiween Alice and Bob. We have proposed a method to gen-
measurement will slowly be broken by the phase diffusiongrate probabilistically a strongly phase-correlated quantum
effect of lasers. state via continuous measurement of independent lasers,

The famous experiment for interference of two indepenyhich is applicable to realizing CVQT without the additional
dent lasers by Pfleegor and Mand&B], whereweak laser  qptical path.

fieldswere mixed by beamsplitters and all the output fields

were continuously measured by photomultipliers, should The author is greatly indebted to Kenji Ohkuma, Kouichi

carefully be reviewed in terms of phase-correlated quantunichimura, and Noritsugu Shiokawa for intensive and fruitful

state generation by measurement. discussions on the subject of this paper. The author also ac-
In conclusion, we have shown that, contrary to the claimsknowledges useful discussions with Mio Murao, Hirofumi

of Ref.[5], the standard description of the laser field used inMuratani, and Toshiaki litaka.
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