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In quantum information, W states are a central class of multipartite entangled states because of their robustness
against noise and their use in many quantum processes. Their generation, however, remains a demanding task
whose difficulty increases with the number of particles. We report a simple scalable conceptual scheme where a
single particle in an ancilla mode works as an entanglement catalyst of the W state for other N separated identical
particles. A crucial aspect of the scheme, which exploits basically spatial indistinguishability, is its universality,
being applicable without essential changes to both bosons and fermions. Our proposal represents a paradigm
within the experimental preparation of many-particle entanglement based on quantum indistinguishability.
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I. INTRODUCTION

Quantum entanglement represents nonclassical correlations
among constituents of composite systems which make them
intertwined independently of how far they are from each other
[1]. It is well established that entanglement is essential as
a resource by local operations and classical communication
(LOCC) for implementing quantum information, computation,
and communication [2,3]. Generation and control of entangle-
ment in many-particle networks is thus very important from
both theoretical and practical perspectives. A peculiar aspect
is that there are states, like GHZ [4], W [4,5], cluster [6], and
Dicke [7], which belong to inequivalent classes of multipartite
entanglement because they cannot be transformed into each
other by LOCC [8,9]. Despite the exhaustive knowledge about
bipartite entanglement, the creation and characterization of
multipartite entanglement remain challenging and debated
[4,5,10].

Intense study has then focused on understanding the role as
a resource in a given process of the different classes of multi-
partite entanglement [4]. In this context, W states emerge as a
particularly important class. Their entanglement is maximally
robust against both noise and particle loss [6,11], which makes
nonclassical effects stronger for W states than for GHZ states
for large numbers of particles [12]. Furthermore, W states
are central in quantum computation [13], secure quantum
communication [14–18], teleportation [18–20], quantum heat
engines [21], and quantum key distribution [22]. Designing
[22–47] and realizing [48–55] production schemes of this class
of multipartite states has thus attracted great attention.

The many theoretical proposals for generating W states
work for specific systems and require in general precise control
of interparticle and particle-environment interactions, nonlocal
external operations, initially entangled photon pairs, fusion of
previously created W states with ancilla photons, and complex
network gates [22–47]. Combinations of these requisites make
the implementation very demanding. So far the W states with
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the largest number of particles observed in the laboratory
consist of eight two-level trapped ions [51], while for instance
this number is lowered to four particles for polarized photons
[50]. A key step toward simpler reliable generation protocols is
to find conceptual schemes based on fundamental mechanisms
valid for general systems. Since distributed quantum networks
are typically made of identical particles (e.g., electrons, atoms,
photons, nuclei, and quantum dots), a natural candidate to act
as a basic entangling resource is quantum indistinguishability
of the particles themselves [32,56–59].

In this work we introduce a universal conceptual scheme,
valid for both bosons and fermions, which creates a W state of
N separated identical particles by exploiting only their spatial
indistinguishability and random destination sources. The key
ingredient is supplied by a single particle staying in an ancilla
spatial mode which, after postselection at a given step of
the protocol, serves as an entanglement catalyst for other N

particles. The number of circuital elements scales linearly with
the number of particles, which are initially independent and
uncorrelated. Simplicity and generality of the scheme with
respect to previous proposals based on indistinguishability
make it a promising blueprint for experimental generation
of many-particle entanglement in different contexts, from
quantum optics to solid state and condensed matter.

Following a recent nonstandard particle-based approach
to treating identical particles without using labels [56], we
indicate an elementary pure state of a N -particle composite
system by |ϕ1,ϕ2, . . . ,ϕN 〉, which represents a particle in
the state ϕ1, a particle in ϕ2, and so on. Such a state is in
general an indivisible object whose normalization constant is
to be determined by single-particle probability amplitudes (see
Appendix A). Each single-particle state is characterized by a
spatial mode, indicated with a capital letter (e.g., M), and a
given pseudospin σ , whose basis in a given direction is denoted
by {|↑〉 , |↓〉}. An aspect of this formalism is that, when each
particle of a subsystem is spatially separated from the particles
in the other subsystems and only under local measurements,
the overall elementary state of indistinguishable particles
can be written as a tensor (separable) product of subsystem
states [56]. Under these assumptions the cluster decomposition
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FIG. 1. Ancilla-mode-based scheme with N + 1 identical parti-
cles. N identical particles with pseudospin ↓ are equally split in
two separated modes while the one with pseudospin ↑ is equally
split into the modes Mi (i = 1, . . . ,N ). For convenience, in the left
panel the particles are placed at the network nodes (triangles). After
postselection and reaching C, a W state is generated among the
pseudospins of N particles in modes M1, . . . ,MN .

principle, stating that distant experiments yield independent
results, holds [60] and the identical particles behave like
distinguishable individually addressable ones.

II. N-PARTICLE W STATE GENERATION

We take a system of N + 1 indistinguishable particles, ini-
tially uncorrelated and spatially separated, where N particles
have pseudospin ↓ and one pseudospin ↑. The overall ini-
tial (normalized) state is |�(N+1)

0 〉 = |A1↓,A2↓, . . . ,AN+1↑〉.
Each particle then goes to a network node, as illustrated in
Fig. 1, after which the (normalized) global state is

|�(N+1)〉 = |ϕ1,ϕ2, . . . ,ϕN+1〉, (1)

where the N particles in ↓ and the N + 1-th particle in ↑ are
transformed, respectively, as

|ϕi〉 = (|Mi↓〉 + |Ci↓〉)/
√

2, (i = 1,2, . . . ,N )

|ϕN+1〉 =
N∑

i=1

|Mi↑〉 /
√

N. (2)

The nodes of the network preparing these orthonormal one-
particle states are random destination sources behaving like
beam splitters [61] (we shall later discuss the experimental
implementation). The linear expansion (see Appendix A) of
|�(N+1)〉 according to the explicit expressions of Eq. (2)
thus contains N × 2N components. At this stage we per-
form a postselection on modes Mi such that each of these
modes contains one particle alone. This operation produces
the state |�(N+1)

p 〉 = (|C1↓,M2↓, . . . ,MN↓,M1↑〉 + · · · +
|M1↓,M2↓, . . . ,CN↓,MN↑〉)/√N . This state is obtained from
the global state with probability P = |〈�(N+1)

p |�(N+1)〉|2 =
1/2N (see Appendix B). The particle present in the i-th
intermediate mode Ci (i = 1, . . . ,N) is successively sent to

a common ancilla mode C, which deterministically leads to
the final state

|�(N+1)〉 = (1/
√

N )(|C↓,M2↓, . . . ,MN↓,M1↑〉
+ |M1↓,C↓, . . . ,MN↓,M2↑〉 + · · ·
+ |M1↓,M2↓, . . . ,C↓,MN↑〉). (3)

Using the symmetrization rule with respect to the swapping of
single-particle state positions [see Eq. (A2) of Appendix A],
taking into account that the particle in mode C is separated
from the other particles and assuming LOCC from now on,
the state of Eq. (3) can be written as a tensor product of an
N -particle state and a single-particle state as

|�(N+1)〉 ≡ η |WN 〉 ⊗ |C↓〉, (4)

where η = ±1 for bosons and fermions, respectively, and

|WN 〉 = (|M1↑,M2↓,M3↓, . . . ,MN↓〉
+ |M1↓,M2↑,M3↓, . . . ,MN↓〉 + · · ·
+ |M1↓,M2↓,M3↓, . . . ,MN↑〉)/

√
N. (5)

The protocol therefore creates an N -particle W state |WN 〉
among the pseudospins of N particles in separated modes
M1, . . . ,MN , which is a superposition of states such that N − 1
particles have pseudospin |↓〉 and one has |↑〉 [4]. Within
the resource theory of LOCC, |WN 〉 represents a genuine
multipartite entangled state among N individually addressable
identical particles.

The scheme above works equally for both bosons and
fermions. However, we point out that for fermions the state
|�(N+1)〉 of Eq. (4), and thus |WN 〉, can be achieved more
efficiently by performing the postselection on modes Mi after
the particles are distributed among the common mode C and
the modes Mi , which means Ci = C in Eq. (2). We indicate
with |�(N+1)

f 〉 the state of Eq. (1) under this condition. In

the fermion linear expansion of |�(N+1)
f 〉, all the terms where

mode C would appear more than one time are forbidden by the
Pauli exclusion principle. As a consequence, the probability to
obtain |�(N+1)〉 from the global state is now (see Appendix B)
Pf = |〈�(N+1)|�(N+1)

f 〉|2 = 1/(N + 1) (linear scaling) against
Pb = P = 1/2N (exponential scaling) for bosons. We also
notice that, in the case of bosons, performing postselection
when particles are distributed among the common ancilla mode
C and the modes Mi , would decrease the success probability to
1/[

∑N
m=0 N !/(N − m)!], which decays much faster than 1/2N

(see Appendix B). The probabilities of success to produce
|WN 〉 are plotted in Fig. 2, where the greater efficiency of
the scheme for fermions than for bosons is evident for large
N . The proposed scheme proves that, after postselection,
a single particle in an ancilla mode C is capable, thanks
to indistinguishability, of acting as an entanglement catalyst
among the pseudospins of the N remaining identical particles
in the separated spatial modes.

III. COMPARISON WITH AN EXTRACTION-BASED
SCHEME

We now compare the performance of the above scheme
with a generation protocol which we would obtain by a
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FIG. 2. Success probabilities. Plots of the probabilities of success
to create a N -particle W state by the ancilla-mode-based scheme,
for bosons Pb = 1/2N (blue points) and fermions Pf = 1/(N + 1)
(orange squares), and by the extraction protocol for bosons P̃b =
1/[N (N−1)(N − 1)!] (green diamonds).

generalization of the entanglement extraction from identical
particles [59]. The latter procedure indeed constitutes a
natural strategy to exploit entanglement among identical
particles due to indistinguishability. The initial configura-
tion is made of N particles in the same mode M , all
having pseudospin ↓ but one with pseudospin ↑, that is
|M↑,M↓, . . . ,M↓〉 /

√
(N − 1)!. Notice that this state is

allowed only for bosons. Each particle then tunnels to-
ward N separated modes Mi (i = 1, . . . ,N) with the same
probability amplitude maintaining the pseudospin state σ :
|Mσ 〉 → ∑

i(1/
√

N ) |Miσ 〉. This leads to the extracted global
state |�(N)

ext 〉 = |Mnl↑,Mnl↓, . . . ,Mnl↓〉 /
√

(N − 1)!, where
|Mnl〉 ≡ ∑

i(1/
√

N ) |Mi〉 represents the common nonlocal
mode for the identical particles [62]. It is straightforward to see
that, by projecting the global state |�(N)

ext 〉 onto the subspace
such that each spatial mode contains one particle alone, we are
left with the W state |WN 〉 of Eq. (5) with probability P̃b =
|〈WN |�(N)〉|2 = 1/[N (N−1)(N − 1)!] (see Appendix B). In
Fig. 2 this probability is compared to the success probabilities
of the ancilla-mode-based scheme for bosons and fermions.
The extraction protocol results are significantly disadvanta-
geous already for N � 3. Moreover, the introduction of the
ancilla mode C (see Fig. 1) greatly simplifies the implementa-
tion of the proposed scheme with respect to the extraction one,
since only one particle (the N + 1-th) must be sent to N spatial
modes.

We now compare the most recent proposals for W state
generation with ours. Most of the former are based on fusion
of preexisting W states that requires precise control of interac-
tions and sequences of nonlocal gates [35,45–47]; albeit some
of these schemes are in principle deterministic [35,47], these
requisites make their realization challenging. Other schemes
utilizing path identity are given for a small number of particles
(N = 4) [32]. Finally, all of these proposals are devised for
particles of a given kind, such as photons [32,35]. Our method,
besides its simplicity and straightforward scalability, appears
to be the only one applicable to any type of particle (bosons or
fermions).

IV. EXPERIMENTAL FEASIBILITY

The conceptual scheme of Fig. 1 can be implemented
in different experimental contexts by currently available
technologies. Its first possible realization is by polarized
photons in quantum optical setups, where horizontal and
vertical polarizations encode the two pseudospin states. The
initial independent photons can be generated either by standard
single-photon sources [63,64] or by coherently harnessing a
single photon of a polarization entangled pair [65], while the
random destination sources at the nodes of the network are
given by beam splitters [61]. The photon which has to be
equally split into the N modes Mi can travel along a path
with N − 1 cascaded beam splitters (notice that for odd N

the first beam splitter of the cascade must be unbalanced).
The required postselection can be performed by single-photon
quantum nondemolition detectors placed in each mode Mi

[66–68]. Finally, the optical paths of the particles traveling to
the common ancilla mode C must, as usual, be adjusted in
order to maintain indistinguishability and interference effects
[69]. Such a linear optical setup is expected to be exploitable
for simply generating the first W state with a number of
photons larger than four, which is the current achievement for
polarized photons [50]. Due to the existing toolkit for linear-
optics quantum computing in circuit quantum electrodynamics
[70,71], our conceptual scheme is also amenable to being
realized in the solid state with superconducting flux qubits,
involving both bosons and fermions [72]. Another possible
field of application is in condensed matter where quantum
degenerate bosons or fermions can be prepared in independent
sites of a lattice and then suitably harnessed [73]. In this
context, the particles can tunnel from their initial site to
other ones with probability amplitudes adjustable by varying
external parameters such as gate voltages, magnetic fields,
and laser beams, thus creating the analog of beam-splitter
operations [59]. Looking at the success probabilities of our
ancilla-mode-based scheme, it also appears feasible to reach
a W state with N > 8, which is the current general limit
obtained with trapped ions [51]. The scheme is in fact
scalable, being straightforwardly generalizable to any number
of particles, as shown in Fig. 1, with success probabilities
which remain significantly larger than zero for values of N

ordinarily achievable in experimental contexts. For instance,
taking as a threshold the success probability Pexpt ∼ 10−9 of
the most recent experiment for the production of 10-photon
GHZ states [74], our procedure is in principle capable of
creating, aside from experimental uncertainties, a W state with
N ∼ 30 bosons and N ∼ 109 fermions.

V. CONCLUSIONS

We have proposed a scheme to generate N -particle en-
tangled states of the W class which is scalable and uni-
versal, working for both bosons and fermions. The crucial
ingredient for the working of this scheme is the introduction
of a common ancilla mode which, by exploiting the spatial
indistinguishability of identical particles, postselection and
only local operations, enables the particle staying in this ancilla
mode to entangle the other N particles. The importance of the
common ancilla mode is evinced from the fact that tracing out
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modes Ci at the intermediate stage of the scheme would give
a maximally mixed state in modes Mi .

We stress that the proposed scheme does not work if
nonidentical particles are employed. To understand this point
it is sufficient to consider the case N = 2 of the scheme,
which requires three particles. Starting from the initial state
|�(3)

abc〉 = |ϕa
1 ,ϕb

2 ,ϕc
3〉 of Eq. (1), where the particles are now

labeled a, b, c in order to be distinguishable from one
another, at the end of the protocol one gets the corresponding
state of Eq. (3) with labels: |�abc〉 = (|C↓a,M2↓b,M1↑c〉 +
|M1↓a,C↓b,M2↑c〉)/

√
2. In such a state a given particle does

not have an assigned localized mode. As a first consequence,
mode C cannot be isolated; moreover, a local measurement
of the pseudospin of particle a on M1 always renders the
outcome |↓a〉, leaving particles b and c respectively in |C↓b〉
and |M2↑c〉 without any correlation between pseudospins in
separated modes. These arguments hold for any number of
particles.

We remark that the use of the recent nonstandard approach
to identical particles [56] plays a crucial role in maintaining
our analysis very simple and obtaining the results in a
straightforward way. Compared to previous proposals, our
scheme constitutes a good compromise between success
probability and simplicity of the network, being more efficient
for fermions than for bosons. We have discussed its experi-
mental implementation showing that it is feasible by current
technologies in different contexts. Universality, scalability,
and simplicity make the proposed scheme an experimentally
realizable paradigm within the generation of multiparticle
entanglement based on quantum indistinguishability.

APPENDIX A: PROBABILITY AMPLITUDE BETWEEN
N-PARTICLE STATES, LINEARITY,

AND PARTICLE STATISTICS

The approach used to describe identical particle states is
the particle-based one without labels, recently introduced for
systems of two particles [56,57]. This approach is straight-
forwardly generalizable to states of N particles. While a
complete treatment will be done elsewhere, here we simply
give the core of the approach constituted by the definition of the
probability amplitude and the rule it induces for one-particle
state permutation depending on particle statistics (bosons or
fermions).

A pure state representing, respectively, a particle in the state
ϕ1, ϕ2, and so on is |ϕ1,ϕ2, . . . ,ϕN 〉. All the physical informa-
tion of the system is contained in the probability amplitude ex-
pressed by the scalar product 〈ϕ′

1,ϕ
′
2, . . . ,ϕ

′
N |ϕ1,ϕ2, . . . ,ϕN 〉.

Generalizing the two-particle probability amplitude [56], the
N -particle probability amplitude is defined as

〈ϕ′
1,ϕ

′
2, . . . ,ϕ

′
N |ϕ1,ϕ2, . . . ,ϕN 〉

:=
∑
P

ηnP 〈ϕ′
1|ϕP1〉〈ϕ′

2|ϕP2〉 · · · 〈ϕ′
N |ϕPN

〉, (A1)

where the sum is taken over all different permutations P =
{P1,P2, . . . ,PN } acting on the N particles in the ket state
and nP is the number of transpositions in each permutation;
η = +1 is for bosons and η = −1 for fermions.

Linearity of the N -particle state vector with re-
spect to each one-particle state immediately follows
from the linearity of the one-particle amplitudes: for
a one-particle state |ϕi〉 = a |ϕ(i)

a 〉 + b |ϕ(i)
b 〉 (|a|2 + |b|2 =

1), one has |ϕ1, . . . ,ϕi, . . . ,ϕN 〉 = a |ϕ1, . . . ,ϕ
(i)
a , . . . ,ϕN 〉 +

b |ϕ1, . . . ,ϕ
(i)
b , . . . ,ϕN 〉.

The right-hand side of equation (A1) induces a symme-
try with respect to the swapping of two one-particle state
positions within the N -particle state vector. In fact, from
the equality 〈ϕ′

1,ϕ
′
2, . . . ,ϕ

′
N |ϕ1, . . . ,ϕi, . . . ,ϕj , . . . ,ϕN 〉 =

η〈ϕ′
1,ϕ

′
2, . . . ,ϕ

′
N |ϕ1, . . . ,ϕj , . . . ,ϕi, . . . ,ϕN 〉, one obtains

|ϕ1, . . . ,ϕi, . . . ,ϕj , . . . ,ϕN 〉
= η|ϕ1, . . . ,ϕj , . . . ,ϕi, . . . ,ϕN 〉, (A2)

for any i,j = 1, . . . ,N . Thus, particle statistics is automati-
cally encompassed in the approach [56].

The normalized state vector corresponding to an
N -particle state is |�(N)〉 = (1/N ) |ϕ1, . . . ,ϕN 〉, such
that 〈�(N)|�(N)〉 = 1, with normalization constant N =√〈ϕ1, . . . ,ϕN |ϕ1, . . . ,ϕN 〉 obtained by application of equation
(A1); for orthogonal one-particle states, 〈ϕi |ϕj 〉 = δij , one has
N = 1.

APPENDIX B: SUCCESS PROBABILITIES

In this Appendix we give the explicit calculations to
obtain the probabilities to generate the W state for bosons
and fermions by our ancilla-mode-based scheme and by
the extraction-based scheme. The probability to generate the
desired W state of Eq. (5) depends on the probability to obtain
the intermediate projected state

|�(N+1)
p 〉 = 1√

N
(|C1↓,M2↓, . . . ,MN↓,M1↑〉

+ |M1↓,C2↓, . . . ,MN↓,M2↑〉 + · · ·
+ |M1↓,M2↓, . . . ,CN↓,MN↑〉), (B1)

after postselection on the global state |�(N+1)〉 defined in
Eqs. (1) and (2) of the main text. The probability is thus given
by Pb = |〈�(N+1)

p |�(N+1)〉|2. It is immediate to see that only
N terms give nonzero contributions (namely, equal to unity) to
the scalar product and, taking into account the normalization
constants, one gets

Pb = ∣∣〈�(N+1)
p

∣∣�(N+1)
〉∣∣2 =

(
N√

N
√

N2N

)2

= 1

2N
. (B2)

The optimized probability of success for fermions is
given by the probability to get the final state |�(N+1)〉 =
η |WN 〉 ⊗ |C↓〉, where η = −1 and |WN 〉 is the desired W

state of Eq. (5) after postselection. The fermions are sent
directly to the common mode C by the network nodes and,
once reaching this mode, postselection is performed. The
state |�(N+1)

f 〉 for fermions, before postselection, is given by
Eqs. (1) and (2) with Ci = C (i = 1,2, . . . ,N ). The important
difference with the previous case for bosons is that now
the terms appearing in the linear expansion of the global
state |�(N+1)

f 〉 before postselection must take into account
the Pauli exclusion principle. The forbidden terms in its
linear expansion, due to the Pauli exclusion principle, are
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therefore those where there are two or more particles in
the same mode with the same pseudospin. This event can
only happen for particles in the ancilla mode C, all having
pseudospin ↓, which leads to canceling out any term of the
linear expansion where mode C appears more than one time.
The number of remaining orthonormal terms is in particular
N (N + 1), so that the normalization constant of |�(N+1)

f 〉 for
fermions is 1/

√
N (N + 1). The success probability is then

Pf = |〈�(N+1)|�(N+1)
f 〉|2, where |�(N+1)〉 is defined in Eq. (4)

and, once again, only N terms give nonzero contributions
(namely, equal to unity) in the scalar product. Taking into
account the normalization constants, one finds

Pf = ∣∣〈�(N+1)
∣∣�(N+1)

f

〉∣∣2

=
(

N√
N

√
N (N + 1)

)2

= 1

N + 1
. (B3)

If also for bosons the postselection is made after particles
in modes Ci arrive at the common mode C, one has the
global state |�(N+1)

b 〉 given by Eqs. (1) and (2) with Ci = C

(i = 1,2, . . . ,N ). The success probability is given by P̄b =
|〈�(N+1)|�(N+1)

b 〉|2. Different from the above case of fermions,
all the terms of the linear expansion of |�(N+1)

b 〉 where the
ancilla mode C appears more than one time are allowed.
The normalization constant of the global state |�(N+1)

b 〉 is

now 1/

√
N

∑N
m=0[N !/(N − m)!]. Since only N terms give

nonzero contributions to the scalar product, the success
probability is then obtained from the global state as

P̄b = |〈�(N+1)|�(N+1)
b 〉|2

=
⎛⎝ N

√
N

√
N

∑N
m=0[N !/(N − m)!]

⎞⎠2

= 1∑N
m=0[N !/(N − m)!]

. (B4)

Finally, let us consider the protocol based on entanglement
extraction from identical particles described in the main text as
a comparison with our proposed scheme. By taking the explicit
linear expansion of the extracted normalized global state
|�(N)〉 = |Mnl↑,Mnl↓, . . . ,Mnl↓〉/√(N − 1)!, where |Mnl〉 ≡∑

i(1/
√

N )|Mi〉, the probability to obtain the W state |WN 〉 of
Eq. (5) after postselection is given by

P̃b = |〈WN |�(N)〉|2 =
(

N√
N

√
NN

√
(N − 1)!

)2

= 1

(N − 1)! N (N−1)
. (B5)
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