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Entanglement appears in two different ways in quantum nmécbanamely as a property of states and as a
property of measurement outcomes in joint measurementsoBwining these two aspects of entanglement, it
is possible to generate nonlocality between particlesribaer interacted, using the protocol of entanglement
swapping. We investigate the communication cost of clafigisimulating this process. While the communi-
cation cost of simulating nonlocal correlations of entadgbtates appears to be generally quite low, we show
here that infinite communication is required to simulateargtement swapping. This result is derived in the
scenario of bilocality, where distant sources of partieesassumed to be independent, and takes advantage of
a previous result of Massar et al. [Phys. Rev63 052305 (2001)]. Our result implies that any classical nhode
simulating entanglement swapping must either assumeijhigafifite shared randomness is available between
any two locations in the universe, or that (ii) infinite commuation takes place.

By performing suitably chosen local measurements on asgtate can be simulated with only two bits of communication
entangled quantum state, distant observers can estabiish n — note however, that their protocol does not reproduce the
local correlations, as witnessed by the violation of a Bell i correct marginal distributions. The simulation of multifi@
equality ﬂ]. This means that quantum statistics cannot be&ntanglement also attracted some atten@h|_[_;|7—20], aad tw
simulated by classically correlated systems, unless sdase ¢ of the authors@l] recently showed that the correlations of
sical communication is added to the model. Although experequatorial measurements on a tripartite GHZ state can be sim
iments give strong evidence that nature does not use classiated with 3 bits of communication. Although their model
cal communication to establish correlatiohs [2], it is meve does not work for arbitrary measurements, it does reproduce
theless interesting from a fundamental perspective to agk h the Mermin-GHZ paradox which is arguably the strongest
much communication is required to reproduce quantum cordemonstration of the nonlocality of this statel[22, 23].
relations. Such an approach, generally referred to asicé#ss
simulation of entanglement, provides a natural approatieto
problem of quantifying quantum nonlocality.

From the above results, it is tempting to conclude that sim-
ulating entanglement is after all not that expensive in term
of classical communication. However, quantum mechanics

Nonlocality is a fundamental aspect of quantum mechanallows not only for entangled states of distant systems, but
ics, hence quantifying it is much desirable. Besides beirgg 0 also for entangled measurements, also called joint or eoher
of the most striking and counter-intuitive features of the-t  ent measurements. In such a measurement the initial state is
ory, it is also a powerful resource, allowing for instance fo arbitrary—it could be entangled or not—but the final state is
the reduction of communication complexiﬂl [3], as well as fo entangled, that is the eigenstates of the operator thasepts
information processing in the 'device-independent’ sgtﬂ— such a measurement are entangled. This second aspect of en-
ﬁ], where one wants to achieve an information task and proveanglement is in itself independent of nonlocality—altgbu
its security without any assumption on the devices usededn thit leads to nonlocality when combined with entangled states
protocol. [@]. It demonstrates another nonclassical feature ofrenta

Several workd j€—11] underwent the task of estimating howg!ément, which is, loosely speaking, the possibility to sk
much communication is needed to simulate the correlatibns JV‘,’O (or mo.re-) quantqm systems questions ‘f"bqu_t their relstio
a maximally entangled state of two qubits under all possiblé’_\”thom gaining any information about the individual prope
projective measurements. This research culminated in,200§eS of each subsystevE[ZS].
when Toner and Bacoh [12] showed that one bit of commu- Here we will see that simulating this second side of entan-
nication is enough. Importantly this single bit of commuic glement appears to be dramatically more difficult. Specifi-
tion is not an average value, but represents the exact amoucally, we shall consider the simple scenario of entanglémen
that is to be used at each round. Thus the model is said InNapping|L_2b], where quantum particles that never interhct
have bounded communication. The communication costs diecome nonlocally correlated after their twins underwent a
other states have been explored as well —15]. Notabljpint measurement, and we will show that infinite commu-
Regev and ToneEiG] have shown that the correlations obtaimication is necessary to simulate this quantum process. In
able from projective measurements on any bipartite enggingl other words, no model with bounded communication can ex-
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ist. Our result is derived in the scenario of ’bilocalitE]Z (i)
that is when the two sources of particles are supposed to be Alice Bob Charlie
independent from each other. This assumption is indeed quit T Z—’
natural: why should initially uncorrelated quantum pdetic ' |- o) ’
be described by correlated classical variables? Note that e |:| -— % N « *—
periments with totally independent sources have beerzeshli v 7 /
28] a b &
The paper is organized as follows. We start by presenting
the scenario of entanglement swapping and give the intuitio (i)
behind our result. After providing a formal proof, we dissus Alice Bob Charlie
the implications of our result and give some perspectives. Tz 5
é Mo M, Lt N E
SCENARIO AND INTUITION VY TN~ 7y
a b &
m1 mao

We consider three distant parties, Alice, Bob and Charlie.

Bob shares two maX|maIIy entz_ingled qubit pairs in the_ statg g 1 (i) The scenario of entanglement swapping with twiyfu
|¢+) (see Eq. (1) below) with Alice and Charlie, respectively.independent sources [ ) states. Bob sends to Charlie the result
The first pair is produced by a source located between Alicef his Bell state measurement (BSM). Upon receiving thesettits
and Bob, the second one is produced by an independent sourecommunication, Charlie can apply the adequate unitagyatjpn
located between Bob and Charlie, see Fig. 1 (i). Accordinglyt© his qubit such that Alice and Charlie finally share a sihgtate.
Alice and Charlie are initially uncorrelated. By perforrgia () The classical simulation of entanglement swapping bilocal
Bell state measurement, i.e. a two-qubit joint measurement o Alice/Bob and Bob/Charlie exchange messagesind

. . ms (note thatm for instance may contain Bob’s restjt When the
which features the four maximally entangled Bell states two sources of shared variablas and A, are uncorrelated, infinite

1 communication is required, i.en1 and/orm. must be unbounded.
= —(|00) + |11 1
|+) ﬁ(l ) £[11)) 1)
1
[Y+) = —=(01) £[10)) )
V2 We next consider the task of simulating classically this

guantum process. We know that separate Von Neumann mea-
urements on the maximally entangled two qubit states dhare
y Alice/Bob and Bob/Charlie can be simulated by shared ran-
domness augmented with a single bit of classical communica-
tion ﬂﬂ]; one may wonder whether such classical resources
can also reproduce the Bell state measurement and the full
{Lipartite correlationP(a, b, c|#, Z) of the entanglement swap-

as eigenstates, Bob projects Alice and Charlie’s partmtes
one of the Bell states. Bob can thus 'swap’ entanglement t
Alice and Charlie. This protocol is essentially identicathe
celebrated quantum teleportation protob__oj [30]; entamglet
swapping is basically &eleportation of entanglement.

However, onto which Bell state Alice and Charlie’s parti-
cles are projected depends on the outcome of Bob's Bell sta .
measurement. Bob has no control on this outcome, whick'"9 exper|mer.1t. o . )
ensures that the protocol is non-signaling: if Bob could de- Froma physical perspective, itis natural to imagine that th
cide on which Bell state to project Alice and Charlie’s parti Shared randomness is provided by the two sources of patticle
cles, this would indeed allow him to signal to the lattercsin After all, instead of emitting entangled pairs of particléee
by coming together Alice and Charlie could determine whichsource could as well produce non-entangled particlesicarry
Bell state they hold. To complete the protocol, Bob thus seedclassical information. Thus Alice and Bob share the clagsic
to communicate the result of his measurenienby sending ~ VariableA, and Bob and Charlie the classical variable(see
two bits of classical communication—to (say) Charlie, whoFig- 1 (il)). Since the shared classical variables distgdbe-
can then apply a suitable unitary local transformation o hi tween Alice/Bob and Bob/Charlie originate from indepertden
qubit to finally share a definite Bell state with Alice. At the SOUTCeS, it is natural also to assume that the variablestiyeld
end of the protocol, Alice and Charlie thus share a maximallyAlice and Charlie, i.e.\; and A, respectively, are initially
entangled state, say for instance the singlet $taté. Upon  uncorrelated; this is the so-called bilocality assump@i.
receiving measurement settingsind 7 (represented here by Assume that upon receiving their measurement settings, the
3-dimensional unit vectors on the Bloch sphere) and performParties are allowed to send classical communication to each
ing the corresponding projective measurements on their re2ther. Denote byn, the communication between Alice and
spective qubit, Alice and Charlie obtain binary measuremenB0ob, and bym, the communication between Bob and Char-
outcomes: = +1 ande = =1 respectively. These measure- i€; note that both of these communications can be two-way
ment outcomes exhibit nonlocal correlations of the form ~ @nd sequential, that, may include the two bits represent-

ing the outcome of Bob’s joint measurement, and that this
E(@ Z)=Pla=c|Z, Z)—Pla#c|ld,Z)=—-2-Z. (3) scheme could as well include communication between Alice

I



and Charlie, which would transit through Bob. DISCUSSION
The crux of our argument is now the following. In any

model featuring finite communication between Alice/Bob and
Bob/Charlie (or directly between Alice/Charlie), the ambu
of shared randomness between Alice and Charlie will alway:
be finite. However, Massar, Bacon, Cerf and Cléveé [31] hav
shown that any classical simulation model of a maximally en
tangled qubit pair requires either infinite communicatiome
finite shared randomness. Hence, when no shared randomn
is available, infinite classical communication is requiriddte
that this applies also to the case where the shared randemn

It's finite, smczthe !?fcterlcoult?] bte 'nCIUd%d Im.thelc?.mmw:'calations of quantum entangled states appear (for some thatura
lon as well. Now, 1L1s clear that any model SImulating €Rtan ., ¢ o least) to be simulable using only very little classi

g:lement S\f[vappmgi \;wtltﬂhboundeldtlcomm;J;:cat{onlvvtould alsocal communication, we have shown here that the simulation
a_tc;]Wbonedodsmu ate tne t(_:orreTa;]lon? 0 'tef slllng efstﬁpeth( of a simple protocol involving both aspects of entanglement
with boundec communication. Theretore, it 1olows trom the;, particular involving a joint measurement, requires iitéin
result of Ref. |_[?i|1] that no classical model with bounded com-

icati imulate entanal ‘ ina in the il communication. This illustrates the strength of quantum co
?Clg:]';ﬁc;on can simuiate entangiement swapping In th€aMioc o tions when entangled states and entangled measusement

are combined.

We have worked in the scenario of bilocality, that is under
PROOF the assumption that, since the two sources of entanglement
are independent, they should be simulated using shared clas
We now give a simple proof of the above statement. SpecifiSical variables between Alice/Bob and Bob/Charlie that are

cally, we show that the amount of shared randomness betweds0 independent. Our result can be rephrased in terms of im-
Alice and Charlie is always finite when the simulation proto-Plications for classical simulation models of the entangiat

We considered the problem of classically simulating quan-
tum entanglement. Entanglement in quantum theory has two
Iides. On the one hand, it is a property of the joint state of
Bistant systems, leading to nonlocal correlations whety sui
‘able local measurements are performed. On the other hand,
entanglementis a feature of the eigenstates of a joint measu
efﬁgnt, which allows one to measure a global property of two
or more) quantum systems without gaining any information
thout their individual properties. Whereas the nonlocalezo

col involves only bounded communication. swapping process. More precisely, it implies that any clas-

We need to show that the mutual information between AliceSical simulation of this process must either assume (i) that

and Charlie is finite, i.e. infinite shared randomness is available between any two lo-
cations in the universe, or that (ii) infinite communicatbms:

I(A:C) < 0. (4) tween Alice/Bob or Bob/Charlie must take place. We believe

) ) ) o ) that none of these possibilities are satisfactory from asphy
The information available to Alice i8, andm,, while the  ica| point of view. In particular, (i) would prevent us from

tests. Indeed in such tests, it is crucial that the choiceadH-m

[(A:C) = I(m1, A1 :m2, Ao) surement settings is independent of the source of pariieles
= I(m1, A1 A2) + I(ma, A1t ma|A2) self. In practice this is done using a quantum random number
= T(A\1:A2) +I(my: Aa|A1) + (5) generator which consists of an additional source of padicl
T(A1 s malAe) + I(my : malAa, A1) Thus if separated sources cannot be considered as indepen-

dent, the choice of measurement settings could be cordelate
where we have used repeatedly the chain rule for mutuakinforto the source of particles, which would make it possible for a
mation. By assumption of the independence of the two sourccal model to reproduce quantum nonlocal correlations.
(the bilocality assumption), we have that Our result opens several new questions. First, whereas we
have focused here on simulation models involving bounded
communication, it would be relevant to investigate the ager

If both communications:; andms, are bounded, we have that communication cost of simulating entanglement swapping. |
Ref. [31] it was shown that the correlations of a Bell state ca

I(my : Ao A1) < o0 (7)  be reproduced without shared randomness using a model in-

I(A\1 i malAg) < 00 (8)  Volvingfinite average communication (less than 20 bitsjsTh
model can be trivially adapted to the scenario of entanghitme

I(’I’I’Ll : ’I’I’L2|)\2,)\1) < o0 (9) 4 g )

swapping, by having Bob forwarding to Charlie the commu-

which implies Eq.[[4). nication received from Alice, and adding the two bits repre-
Thus from the result of [31], we conclude that no classica/Senting the outcome of his Bell state measurement. It would

bilocal model—i.e. featuring independent sources of gharebe interesting to find whether there exists a more economical

randomness—uwith finite communication can reproduce th&nodel.

process of entanglement swapping. Another direction worth investigating is the case in which
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