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We present a systematic simple method for constructing deterministic remote operations on single and
multiple systems of arbitrary discrete dimensionality. These operations include remote rotations, remote inter-
actions, and measurements. The resources needed for an operation on a two-level system are one ebit and a
bidirectional communication of two cbits, and for afdevel system, a pair of entangledlevel particles and
two classical “nits.” In the latter case, there ame-1 possible distinct operations pe+level entangled pair.

Similar results apply for generating interaction between a pair of remote systems, while for remote measure-
ments only one-directional classical communication is needed. We further consider remote operatibns on
spatially distributed systems, and show that the number of possible distinct operations increases here expo-
nentially, with the available number of entangled pairs that are initially distributed between the systems. Our
results follow from the properties of a hybrid state-operator okjgettod, which describes quantum correla-

tions between states and operations.
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I. INTRODUCTION A special characteristic of our method is that the genera-
tors that give rise to the transformation are controlled locally
Over the recent years entanglement has been examined g the two parties. The structure of the complete operation is
a resource that allows new types of communication taskdn a sense “split” and determined by the local observers that
such as teleportation, dense coding, and other local manipiposses the distributed parts of the system. Therefore, in the
lations of entanglemefit]. These studies exploit the relation sPecial case that the generators are known only locally, one
between quantum nonlocality and the structure of the Hilberfannot perform the operation using ordinary teleportation
space. A more recent avenue of research examines the refgchniques. _ _ _
tion between entanglement and the dynamical evolution of 10 clarify this, consider the remote unitary operation
several systems. Here, two basic questions have been exam-
ined: First, what is the entanglement creation capability of a

given Hamiltonian that acts on a pair of systef@. The  that Alice and Bob wish to apply on a st4tisg) of Bob. The
second question deals with the reverse problem: what typegyisn , which definesr,, =ng- o, is determined by Bob,
of nonlocal operations on two or more remote systems Ca%/hile the angle of rotatic?mx is determined by Alice

be generated, using a given resource of entangled states, ySimiIarIy, if Alice and Bob wish to apply a remote inter-
applying local operations and performing classical commuztion

nication(LOCC).

In this paper we will be interested in the second question. Uag=exdi aa’nAa'nB] 2
Previous work has demonstrated that certain operations like
a remote-controlledloT (CNOT), may consume less entangle- on a pair of spins in some arbitrary stat ,g), with one
ment than what is needed when applying teleportation tectspin at the hands of Alice and the other with Bob, then, the
niques[3,4]. For probabilistic nonlocal operations, an iso- axesns andng, which fix the local generators, ando,_,
morphism between the physical operations and the requireare controlled locally by Alice and Bob, respectively.
entanglement has been discovered, which for certain opera- Our approach relies on the properties of a new hybrid
tions necessitates less than one ebit per operdBdnA  object, which we introduce in Sec. Il. This object describes
closely related question, raised by Huetgaal.[6], concerns quantum correlations between states of one party, say Alice,
the possibility of implementing a unitary transformation on aand operations acting on an arbitrary state of Bob. It turns
remote system. out that certain remote operations can be translated to certain

The purpose of this paper is to present a systematic aggroperties of this hybrid state-operator object, which we will
proach for constructing a class of deterministic remote unitefer to as a “stator.” The possible remote operations are
tary transformation, and remote interactions between severilence associated with properties of the stator alone and are
distributed systems. We assume that the parties share eimdependent of the nature of the stafeupon we intend to
tangled states and are allowed to perform only local operaact remotely. By identifying the appropriate stator we are
tions and bidirectional classical communication. For remoteable to apply a remote operation on an arbitrary éate
measurements, one-directional classical communication is In Sec. lll, we describe the physical context in which
sufficient. stators can be prepared by applying LOCC on shared en-

UB=eX;iia0'nB] (1)
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tanglement and the system. In Sec. IV, we show how to use (i[j)=ay - (6)
stators to construct remote rotations for a two-le{sin-
half) system. Then, in Sec. V, we consider the general prob- Although this structure resembles the form of an en-
lem of operating on an-level system. In Sec. VI, we study tangled state it does not describe a fixed amount of entangle-
the case oN multiple systems, and in Sec. VII we show how ment because it applies to any general state of Bob. When we
to promote remote unitary operations into remote interacact with a stator on a general stateg) e Hg we get
tions and measurements.

S|\PB> EHA®HB. (7)

Il. THE STATOR Therefore, even if the stator has a maximal entanglementlike

We begin by introducing an object, which we shall referstructure[as in Eq.(16) below], the measure of entangle-

to as a “stator.” A stator is a hybrid linear construction of ment,E(S|Wg)), depends on the nature [oF ). For a gen-
states in Alice’s Hilbert space and operators acting on Bob'€'@! state of Bob, we may get any valueE(s|Wg)), from
system. The purpose of introducing this object is twofold.Z€r0 t0 one even for a “maximal” stator.
First, stators simplify considerably the construction of re- Most important to us will be Fhe following property. For
mote unitary operations and interactions via entanglement bVe"y Stator we can construct argenoperator equation
providing us with a systematic general approach that can be O0,S=\nS @)
easily generalized to an arbitrary numbemefvel systems. A B
Second, we found that these objects, which describe quarthus, by operating on the stator with an operddare H, in
tum correlations between states on one side and operators @ffice’s Hilbert space, we get back the same stator multiplied
the other side, assist us to develop an intuition regarding)y aneigenoperatomow ac'[ing in Bob’s Hilbert spack(y .
remote operations that may turn out h8|pr| in other prob—|n general, the operato3, and eigenoperatorsg need not
lems. be Hermitian. In the present work we require that btk

Let us then begin by defining what is a stator. We denoteynd\ ; are Hermitian operators.
the Hilbert spaces of two remote observers, Alice and Bob, | et us consider the eigenoperator equation in some detail:
by H, andHg, respectively. Instead of describing quantum
correlations between states of Alice and Bob, we wish now . )
to describe quantum correlations betwestatesin H, and Z CiOA|'>®Bi:Z cili)®XgB;. ©)
resultingactionsdescribed by operato@(Hg) acting on an
arbitrary state in}{g . Hence we now construct a hybrid state Take the inner product witB; and|k) and use the orthogo-

operator or shortly a “stator,S, that lives in the space nality relations. IfN§> N, we obtain thatB; ,AgBy)=0 for
j>N,. Similarly if No>N3, (k|O,|j)=0 for k>Ng. The
Se{HAXO(He)}. (3)  other nontrivial relation becomes
In close analogy to an entangled state, a stator has the gen- ¢i(k|Oali)=cK(Bj , N&By)- (10
eral form
Or denoting byO;;=(i|O,|j) and\jj=(B; ,\gB;)
Na N3
S:i:El 1_21 C|J||>®B], (4) Cjij—Ck)\jk. (11)

For a givenc; we must hence satisty? equations. We may

whereli) e Ha, B; act on states ift{g andc;; arec numbers.  UYS€ the above equation to obtain the relations

The sum runs up tiN,=dim(H,), and Ng)? where Ng
=dim(Hg). The operator8; may be regarded as vectors in ki Tk —
a Né dimensional Hilbert space with an inner product de- Ojk Mk €
fined as(B; ,Bj>=tr(BiTBj). An inner product between sta- _

tors can hence be defined(@; ,S,)=1tr(S}S,). We can now
apply a unitary transformation on the states and operators OkjOjk=Nkj\jk - (13)

and rewrite the above stator as a Schmidt decomposition
If both O, and\g are Hermitian operators, E¢L2) yields

(12

N
82_21 cili)®B;, (5) ci=e'’c;, (14)

where 6 is some real number. Since the Hermiticity ©f
whereN=min(NA,N§). (For simplicity we use the same no- and\g is essential for our method of performing determin-
tation for |i) andB; in the new basi$.The above decompo- istic remote operations, the coefficiemsin the stator must
sition is not unique when dif,#dimHg. The above all be equal up to a phase. As we show in Sec. lll this implies
states and operators satisfy the orthogonality relations that the resources needed to prepare a stator, satisfying an
eigenoperator equation with Hermitian operators, raBxi-
(Bi.Bj))=4j, mally entangled states.
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For Hermitian operators E@13) further implies a relation Alice

between the matrix elements

lo>
|0l ?=Njul?. (19 lo> ; Sly>
As a first example, let dii{,=2 be spanned by the "
eigenstate$0,) and|1,) of Oz, and consider the operator > — X
Ong € O(Hpg) such thataﬁB= Ig. Consider now the stator G; Bob
S= |OA>®IB+|1A>®UnB: (16) FIG. 1. Preparation of a stator acting on Bob's state.

which we shall refer to in the sequel as a two-level stagor. What remote operations we wish to perform. The stator does
satisfies the eigenoperator equation not act on Allce’§ system, instead Alice gpplles on it a uni-
tary transformation that generatasp to trivial rotation$ a
0y, S= 0o S. (17) remote unitary operation, as in EL9). The CNOT is more
restricted, as it can induce only controlled and(rnB opera-

As straightforward, but useful consequence, any analytigions. A remotecNOT can be generated as a special case

functionf also satisfies using the stator approadkee Sec. VIl
flo)5=T(ony)S (18 Iil. PREPARATION OF STATORS
and particularly We have seen that stators allow us to obtain state-
o e iao independent relations between Alice’s actions and their result
&S =e"nsS, (19 on Bob's state. We proceed then to describe the process that

will be referred to as “preparation” of a stator. Hence, given
by an unknown state|Wg)eHg, and some shared en-
?éngled statéend, our aim is to transform this initial state by
Bf)erforming some LOCC operation into

where « is any real number or Hermitian operator H, .
The above relation already indicates why stators can be us
ful for generating remote operations. We note that a unitar
operation of Alice gives rise to a similar unitary operation

acting on Bob’s side. end® | ¥ Slw 29
The above construction can be generalized to the case lenp®|¥s)— S We). @2
dimH,=n, which becomes relevant if Bob owns edevel We first describe in details the simplest case in which

system. Letli), i=0,1,...n—1, be an orthogonal basis of ajice and Bob use one ebit of shared entanglement to pre-
Ha, and choosdJge O(Hg) be thenth root of the unity:  pare a two-level stator as depicted in Fig. 1. The initial state

Ug=1g. We can then construct thelevel stator at the hands of Alice and Bob is in this case
S=]0p)®@lg+|1a)@Ug+ - In—1)0Ug L. (20) 1
The relevant eigenoperator equation than becomes 5(|anb>+|1alb>)®|q’8>' @3
VaS=UgS, (2)  For practical purposes, in the following we will denote by

) ) _ the small lettersa andb, the shared ancillary entangled sys-
where V, is a shift operator defined bWama)=[(M  {oms of Alice and Bob, respectively.
—1)a), m=1,..n—1, andVa|0x)=|(n—1),). By operat- Bob starts by performing a controlledsT interaction
ing with VA+V,K we then obtain the Hermitian eigenoperator (with respect too,, ) between the qubitb) and his state
Ug+Ug, and acting with (V4 —V}) yields the eigenopera- |Wg), described b; the unitary transformation
tor i(UB—Ug). Similarly we can construct any powers of B
Ug+U{ andi(Ug—UL). We can further generalize our con- Upg=|0p){0p| @15+ |1p){(1p|@ 0. (24)
struction to the case that Bob has at hand several systems ®

(which may be remqved fror_n each othef arbitrary dimen- 4o o, is an operator acting ifig satisfying aﬁ =1g.
sion. We discuss this case in Sec. VI. B B

In passing we comment that while being in appearancéHB need r_10t be two dmen;mnali for mstaicel, Bc;b’s system
very similar, a statorS=|0,)®lg+|1x) @0 and acnor MY contain several spins, in which casg = oy on. )
operator,U cnor=|0a)(0a| @ I +]1a) (14| ® 7y, are funda- This yields the state
mentally different things. A stator is a mathematical object 1
that captures the correlations between states on Alice’s side —(|0,00)® 15+ 1,10 ® 0 )| We). (25)
and operations acting on Bob'’s systebhzyo7 IS @ unitary V2 B
operation that acts on both Alice’s and Bob’s systems. We
cannot prepar® oot and keep it for later use. On the con- Next he performs a measurement @f of the entangled
trary, a statorS may be prepared and kept, until we decidequbit to project out a certain value. The resulting state is now
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Alice

1
§(|0b>i|1b>)®(|0a>®|Bi|1a>®0n8)|‘1’3>- (26)
z

Finally Bob informs Alice what was the result of his mea- SIS cbit
surement by sending Alice one classical bit of information. B
For the case that,= — 1 Alice performs a triviakr rotation

around thez axis and flips the— sign to a+ sign. The @_’ Upl¥p>

resulting state of the system is now given by

Bob

FIG. 2. Usage of a stator to operate a remote rotation.

1
§(|Ob>i|lb>)®(|oa>®|8+|la>®0n3)|q,5>' @7) e'vx,S=ge *ngS. (32

Since Bob’s previously entangled qubit factors out, theHence after the rotation the state is
final state of Alice’s qubit and Bob’s system can be obtained iao
by letting the statorq g (|Oa>®|5+|1a>®0”8)el e V). 33

Depending upon the final state of Alice’s qubit, they man-
aged to produce the required rotation, modulo possible extra
trivial rotations. To eliminate these rotations, Alice measures
the state of her qubit. If it i$0,), we have produced the
required transformation. If it turns out to be in the stiitg)

she needs to inform Bob to perform a trivial rotation,
Uw=eprmrnB/2), which corrects for the extrar, above.

S:|Oa>®IB+|1a>®UnB (28

act on|Wg). This completes the preparation of a two-level
stator S, which now operates on Bob’s system. We further
discuss preparation af-level stators in connection with re-
mote operations on amlevel system in Sec. V.

In passing we recall that the coefficierdsin a general _ _
stator(5) are determined by the nature of the entangled state! NiS completes the procegsee Fig. 2
Scilia)in), used to prepare the stator. Since the requirement The resources that Alice and Bob require for remote rota-

thatO, and\g are Hermitian forces us to construct a statoron applied on a two-level system are hence, one ebit of
with equal (up to a phasecoefficients,c;, the resources shared entanglement and two cbits. They communicate one

needed to construct such a stators have to be maximally effPit first from Bob to Alice to prepare the stator, and one cbit
tangled states. from Alice back to Bob to complete the required rotation

with probability 1. For both chits we have thp{1)=p(0)

=1/2, i.e., they are unbiased. Therefore, the exchanged clas-

sical communication contains no information on the state of
Suppose that Bob has a system in the unknown kiage ~ Bob or the angle of rotation.

on which Alice and Bob wish to act on with a unitary trans- ~ The role of the exchanged cbits is as follows: the first cbit

IV. REMOTE UNITARY TRANSFORMATIONS

formation described by a rotation is needed in order to obtain the correct stadfor the sign in
Eq. (26)]. Without this one would have obtained with prob-
Ug=g'“n; (29 ability 1/2 the correct rotatiod and with probability 1/2 the
rotationU™. (For the case of remote measurements discussed
with aﬁB=IB and « a real arbitrary number. in Sec. VII, this uncertainty in the sign may be irrelevant

We will now show that the transformatiof29) can be initially and may be corrected at a later stage of the protess.

and the parametex of rotation is kl’lOV\E;n to Alice. To this from the causality requirement. A process that uses less than

end, they start by using a shared ebit to prepare, as describ Heeé:;tljtszf”;:ommunlcatlon from Alice to Bob clearly violates
in the preceding section, the stator Y.

5=10) @I+ 1)@ op, (30) V. REMOTE OPERATIONS ON n-LEVEL SYSTEMS

which operates on Bob's state,, enters here as a result We now apply our method for the case of mievel sys-

Bob's choice to perform anoT with respect tar,_ as in Eq. tem. First we |den_t|fy ther-level stator with the appropriate _
B generator of rotations as an eigenoperator. To prepare this

(24). . . ) stator, Alice and Bob apply LOCC on their shared entangled
_ Next, Alice performs on her qubit a unitary transforma- gate and Bob'silevel system. Next Alice performs a uni-
tion tary transformation on half of the entangled pair on her side,

followed by a measurement, and informs Bob via a classical
channel how to correct his system to complete the rotation.
whereo, |0,)=|1,) ande, |1,)=0,). Using the fact that As we shgll shortly see, the required resources in this case
a ) a s ) are two maximally entangled-level systems, and two clas-
when acted withoy, the stator satisfies an eigenoperatorgica| “nits” (each containing1 possible values one sent
equation with an eigenoperatorns, we have from Bob to Alice to complete the preparation, and the sec-

U,=€' %, (31)
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ond from Alice back to Bob to complete the remote opera- This results with the state

tion. However, unlike the two-level case, the number of pos-

sible unitary operations per given entangedevel pair is | Wi =[0a00)® Iy, +|1alp)®@ Uy +[2:20)®UY ]| W)
here larger and given by any general linear combinations of

n—1 generators. The rotation around a given axis is one of (47
the possible operations.

To illustrate this let us first demonstrate the process foNow to generate the stat¢86), we need to eliminate Bob’s
the casen=3 of a spin-one particle. For a rotation around entangled particle. Hence Bob measures his partictethe
thez axis (with the axis of rotation being chosen as before byfollowing basis:

Bob) we need to identify a stator that satisfies the eigenop-
rator ion 1

erator equato 108)= Z51100) +115) +12,)]

AS=LS, (39

wherelL; is the appropriate generator of rotation. When ap-
plying A® on the stator, we geA’S=L2S. ThereforeL 2 is
another eigenoperator ¢f Sincel 3=L, these are the only
eigenoperators. 1

Since forn=3 we have two distinct eigenoperators, the 120)=—[|0p)+ ™™ 1) +e?™¥|2)]. (42
most general remote transformation that we are able to con- V3

struct, using two maximally entangled three-level systems ) ) )
(qutrit), has the form Let us rewrite the staté41) in the terms of the new basis

vectors:

1 ' '
|16)= - [100) +e*7%]1y) + €479 2,)]

Ug=exdi(alz+BLY)], (35 :
|‘Ptot>:{[|0a>®I\PB+|1a>®U‘IfB+ |23>®U\2PB] |Ob>
where« and B are chosen by Alice. 2nif3)
Recalling the discussion in Sec. Il, the appropristéor +[[0a) @1y, +e*™P 1)@ Uy
this case is a three-level stator of the form (4xil3) ) ,
5=10)®ly_+|1)® Uy +|2,)® U2 (36) FeT DUl
= v v Vo '
vt B0 B +[]0a) @1y, +em 1) e Uy,
where the requiremend,, =1y dictates the form +e(2””3)|2a>®U\2pB] 20 W), 43
U :e(Zwi/S)LZ. 3
Ve 37 According to one of the three particular outcomes of Bob'’s
measurement of the partickethe state of Alice’s particle

Here we used the subscri in Uy_ in order to distin- .
( M o and Bob’s particlel g evolves to

guish between the full remote operatio applied by Alice

ahd Bob and Ic?cal transfqrmatioMWB applied t_)y_Bob). [|0a>®|«1f8+|1a>®UwB+|2a>®U«2pB]|‘1’B> (44)
Since for a spin-one particle we hae’-z=1+i sin6L,
+L§(cos¢9—l), we identify the operatof in Eq. (34) as or to the states
_yt i o
A:M (38) [|0a>®|xpB+e(2 |/3)|1a>®U\PB+e(4 |/3)|2a>®U\ZI’B]|\I,B>
2i sin%f
and

whereV and V' are the raising and lowering operators de- . .
fined in Sec. II. [102) @1y, +e“™ 1)@ Uy, +e?TP]2,) 0 UF, ]| We).

Having identified the required stator and the operafgrs ) ) ) ) )
we next describe the preparation and rotation processes. W&ob transmits this classical outcorfelassical “trit”) to Al-
begin with a shared pair of maximally entangled qutrits andce. Notice that the three results appear with equal probabil-

Bob’s state| ¥ g) ity of 1/3 hence the classical trit is unbiased. In the last two
cases Alice performs the following transformations on her
(1020p) + 121y +1222p)) | W ). (390  particlea in order to correct the state to the for@4): C,

, _ , .  =102)(0a| +exp(4mi/3)| 12)(1a| + exp(27i/3)[22)(2.|  and
Bob applies the unitary operatidd,g on his state and his  C, = |0,)(0,| + exp(2mi/3)|1.){(1,4| + exp(4mi/3)|2,)(24l,

half (b) of the entangled pair respectively. We can interpret E@4) as the statof36) op-
) erating on the stat¢¥g). This completes the preparation
Upe=[0p){0p| @1y, +[1p)(1p| @ Uy +|25)(2p| @ Uy . process.

In order to generate a general rotation, Alice acts on her
(400  particle with the unitary operator
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Ua:ei(aA+5A2) (45)

and performs a measurement to collapse the state into one ¢
the stategn,). Notice that as in the preparation process the
results are again unbiased. She then sends a classical trit
Bob and informs him of the result of her measurement. For
the cases that Alice obtaingtl,) or |2,), Bob then performs
the rotationsU?I,B andU\I,B, respectively. This completes the

procedure of generating a remote rotation.

The above procedure can be applied to an arbitraryUa
n-level system. The maximally entangled state of two qutrits
is then replaced by a maximally entangled pairnetevel
systems. After applying the interactidd,g the total state
becomes

N o

n—-1
=] 3 Innous, [ o
with
Uq/ :e(Zﬂ-i/n)Lz (47)

B FIG. 3. Remote operation dN distributed systems.

andL, the appropriate rotation generator for tidevel sys- . ) L
tem. ’ PRrep g Y with dim Hg,=n;. The N systems may be distributed 1

Bob then performs a measurement of his half of the endifferent remote spatially separated locations denoteB;by
tangled pairb in the following basis: To examine the operations possible with our method we

further assume that we distribute between Alice &dN

maximally entangled pairs as depicted in Fig. 3. For a given
M), (48 system of dimensionalityn;, we match a maximally en-
tangledn;-level pair shared between Alice ail.

Clearly we now can repeat our method and genenate
—1 operations on théth system by using the shared en-
gngled pairs to prepard stators, each one connecting be-
tween Alice and the system®; . However, it now turns out
that with N stators at hand, we can generate an exponentially
larger class of operations, most of them corresponding to

1 " 27i
m))y=— exg——m,m
| b> \/ﬁméo F{ n b'''b

wherem[=0,...n— 1. He sends to Alice one “nit” to inform
her which of then-possible outcomes was obtained. Alice on
her side operates the relevant unitary operation. It can b
shown that fom>3 the relevant operatok in Eq. (34) be-
comes a linear combination of powers ¥ V' for n odd,
and of V+ V' for evenn. The total number of independent . :
combinations isn—1. To complete the process Alice then Interactions b_etwe_en Se"efa' remote sub_systems.

: .. To exemplify this, consider first the simplest caseNof
performs a measurement and sends Bob one classical n£t.

. . ) Wo-level (spin-halj systems. In this case the resources
This enables him to perform one of the operatub!{SB, m needed aré&l shared ebits between Alice aBg and classical

=0,...n—1, which complete the process. bidirectional communication of 12 classical bits: two cbits
To summarize, for an-level system, we use the resourcespetween Alice and a giveB; . As before, eaclB; has the
of one pair of maximally entangled-level systems and a cpoice of fixing the local axis of rotation which fixésgen-

two-way classical communication of one nit in each direc-gratorsg,, , i=1,...N.
tion. This enables to apply a general remote transformation Bi i ,
of the form We can repeat the preparation of a stafpfor each spin

separately as described in Sec. Ill. The total stator is then
Ug=exdi(a;Ly+asl2+ -+ a,_4L3 1], (49
_ N
where Bob determines the axfs and Alice determines the Sior= ®i=1(|oai>®lq'3i+|1ai>®an5i)' 5)
n—1 anglesq; .
The above stator satisfies an eigenoperator equations
VI. OPERATIONS ON MULTIPLE SYSTEMS

Consider next the case that on Bob’s side, we hbve 0y, Stot= 08, Stot - (52)
distinguishable separate systems in some arbitrary state

WBl,...N) However, since the differeritl generators commute, we
also have that angroductof separate eigenoperators is also
N € M, ® @ Hg, B0 an eigenoperator. The total number of eigenoperators is then
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N where the statofS is defined as in Eq(16), and O, is an
2 crn=2N—-1. (53 Hermitian operator acting on an arbitrary dimensional sys-
m=1 tem A of Alice.
) ) A simple generalization of the procedures in Secs. lll and
It follows then that Alice has the freedom of select_lng the v/ now allows performing remote interaction between sepa-
2"—1 angles that generate rotations and interactions beate systems. The only modification needed is to replace the
tween the spins. unitary rotation performed by Alice to her half of the en-
For example, the most general remote operation for th‘t’angled paira) with the unitary operation
caseN=23 becomes
U =€ MOn%%, (58)

3
: .1
UB:eXl{lmz::l amog, Tl Egn BmnTg, 0B, acting on(a) and on her systerA. [For then-level caseu,_
needs to be replaced by an appropriate operator, e.g., the
operatorA defined in Eq(38).]
. (54 For example suppose Alice’s system is another spin-half
particle, and we wish to apply remotely a controlled¥

We can easilv apolv our method for anv confiquration Ofoperation[3,4] between Alice’s and Bob’s spins, taking Al-
y apply y 9 ice’s system as a control and Bob’s system as a target. To this
N separatech;-levels systems(In generaln; may not be

. . . end we notice that
equal) Let us consider the case with=n for all i. Then the
total number of rators i il mputed t
otal number of operators is easily computed to be UCNOT:|TA><TA|®IB+HA><1«A|®O—XB

+1 Y08B,08,08,

. (59

N
}_}l (n—1)MCl=nN-1. (55) =exp{—i%(1—azA)(1—axB)

Therefore, with the aid oN pairs ofn-level maximally en-  To apply this transformation we prepare the stafor|0,)
tangled pairs and bidirectional classical communication of? s+ |1a)® 0y, Which satisfies
2N nits, we can applyWN—1 remote operations.

Finally, we note that théN separated subsystems can be T
viewed as a single system of dimensionaly=11N;n;. ex;{—l 7 (1705 )(A=0x)|S
Hence by the results of the preceding section, we can use one
D-level stator to act on the system as a whole. The number of =ex;{ S 3(1— o, )(1—0,)|S 60)
distinct operations will then be given liy— 1, in agreement 4 ZA BT

with the results obtained in Eq&3) and (55).
Therefore, we can in a straightforward manner use our pro-
cedure to construct a remotaioT.
As a special case of remote interactions we can further
consider remote measurements. Hence Alice’s sygtemill
In the preceding section we have already seen exampldse considered as a measuring device. We can use another
where Alice can act remotely on several spatially separatedpin as a measuring devidpointen or let us introduce a
systems and effectively generate an interaction between reontinuous measuring devidd with conjugate coordinates
mote subsystems. For instance, for two remote spins systen®sand Q, whereP plays the role of the “pointer.”
Alice can use two ebits and four cbits to generate the inter- Let us describe a remote “Stern-Gerlach” measurement
action of Bob’s spin system along a certain direction. Alice informs
_ Bob to fix the axisng according to the direction she wishes
UBl,Bzze'“”Bl"Bz. (56)  to perform the measurement. After completing the prepara-
tion of the stator she applies the unitary operation

VII. GENERATING REMOTE INTERACTIONS
AND MEASUREMENTS

Here the local axes of rotation; (og =n;- o), are deter-

— @lQoy
mined locally by the local observeB;, and the coupling Uma=€="% 6D
strengthea is controlled by Alice. that yields the state
There is yet another simple method to generate remote
interaction between Bob’s system and a syst&nocated SeiQ(rnB|\I,B>|M>_ (62)

with Alice. Inspecting Eq(19), we note that in fact the angle

a can be promoted to an operator acting on a systeof  ghe can now observe the variallef the measuring device
Alice. Hence in the case of a two-level stator, with an eigen-nq read the outcome of the measurement. Bob’s state will

operatoro,, we have also the relation reduce to the corresponding outcome. Therefore, in a remote
. . measurement we need only a one-directional communication
e/1Oaox, S=gNOn%nyS, (57)  of only onebit of information from Bob to Alice.
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We conclude with several comments. The remote meaeontrol over the full structure of the unitary operation is split
surement process can be in fact completed instantaneousiynong several remote observers. It is also worth mention
on a spacelike surface. Alice does not need to wait to obtaithat when the local information is kept secret, the operations
a classical bit to perform her measurement. In this case Aliceannot be achieved using teleportationlike schemes. These
generates the operation extp'QanB) with probability 1/2 for  properties may be helpful for constructing new cryptographic

each+ possibility. Hence, in accordance with the causality,tools. _ _

the result of the measurement can be interpreted aftiyr To facilitate the construction of remote operations we

she obtains the classical bit from Bob. This approach can bBave introduced an object—the stator—which describes cor-

easily generalized for general systems as well as for perfornfelations between states of one system and operations acting

ing measurements nonlocal observables. on an arbitrary state of another remote system. We hope that
Finally, it is interesting to note that the present methodstators may turn out useful for other problems regarding the

consumes less entanglement resour@e ebit instead of relation between entanglement and remote interactions.

two, and two cbits instead of fourcompared to methods Note added Recently we have learned of other results
using teleportations. obtained independently by Huelga, Plenio, and Vac¢aio

and by Yang and Gea-Banaclocf&.

VIIl. CONCLUSION
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