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Many-body entanglement swapping protocol: Opportunities for distributed quantum computing
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Sharing entangled pairs between nonsignaling parties via entanglement swapping constitutes a striking demon-
stration of the nonlocality of quantum mechanics and a crucial building block for future quantum technologies. In
this work, we generalize pair-swapping methods by introducing a many-body entanglement swapping protocol,
which allows two nonsignaling parties to share general many-body states along an arbitrary partitioning. The
shared many-body state retains exactly the same Schmidt vectors as the target state and exhibits typically high
fidelity, which approaches unity as the variance of the Schmidt coefficients vanishes. Moreover, we demonstrate
how the three-party protocol can be generalized to many-body swapping networks, enabling a general many-body
state sharing with unit fidelity via arbitrary number of intermediate nodes. This is achieved by replacing all but
one of the unitary operations with those corresponding to the same Schmidt states but with a flattened spectrum,
which also completely eliminates the need for postselection. We provide a proof of concept of the three-party
protocol on real quantum hardware and discuss how it enables functionalities, such as fault-tolerant entanglement
swapping and strategies for distributed quantum computing.
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I. INTRODUCTION

The ability to share quantum states nonlocally—across
distances ranging from microns to hundreds of kilometers—is
one of the most intriguing features of quantum mechanics. At
the same time, it plays a central role in enabling practical tasks
in quantum information processing, particularly in distributed
systems and quantum networks [1,2]. One powerful protocol
for achieving long-range quantum information transfer is en-
tanglement swapping, which allows two distant, nonsignaling
parties to share an entangled state through the use of interme-
diate entangled pairs [3,4]. This counterintuitive phenomenon
highlights the fundamentally nonlocal character of quantum
mechanics and represents a clear departure from classical
intuition [5–7]. Beyond its conceptual significance, entangle-
ment swapping has become a key tool in the development
of quantum repeaters, quantum communication architectures,
and foundational tests of quantum mechanics [8–13].

In addition to long-distance applications, the ability to
share quantum states over short distances is equally critical
for quantum computing—especially as we look beyond the
noisy intermediate-scale quantum era. This current era has
been constrained by limited qubit counts, high error rates,
and sparse hardware connectivity [14–17]. Looking ahead, the
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envisioned “megaquop” era anticipates quantum processors
capable of reliably performing on the order of one million
operations [18]. In this context, the need for robust and scal-
able methods to generate and control complex entanglement
across distant qubits becomes even more pressing. Such capa-
bilities support not only nonlocal multiqubit gates—essential
for advanced algorithms and quantum error correction [19]—
but also play a foundational role in quantum simulation [20],
distributed computing models, and the development of large-
scale quantum supercomputers [21].

In this work, we introduce a many-body entanglement
swapping protocol that generalizes pair-swapping methods
and enables flexible, high-fidelity sharing of complex mul-
tiqubit states |ψAB〉. As illustrated in Fig. 1, the protocol
proceeds in three stages. First, Alice and Bob each gener-
ate the target state |ψT 〉 with a unitary U , retain the qubits
corresponding to their respective partitions, and transmit the
remaining qubits to an intermediary party, Eve. In the sec-
ond stage, Eve applies the inverse unitary U † to the received
qubits, performs a projective measurement, and broadcasts the
outcome to Alice and Bob. When Eve’s measurement yields a
desired result, Alice and Bob’s joint state collapses to |ψAB〉,
which shares exactly the same Schmidt vectors as |ψT 〉, and
whose Schmidt coefficients are simply related to those of the
target state. We show that the fidelity of the shared states
is typically high—even for complex many-body states—and
becomes unity when the Schmidt spectrum is uniform. We
then illustrate how the three-party protocol can be general-
ized to many-body swapping networks, where Alice and Bob
share a state via arbitrary number of intermediate nodes. The
fundamental cost of the swapping, characterized by the post-
selection probability in intermediate nodes, is determined by

2643-1564/2026/8(1)/013152(14) 013152-1 Published by the American Physical Society

https://orcid.org/0009-0005-1939-0541
https://orcid.org/0000-0003-3298-1424
https://ror.org/033003e23
https://ror.org/01x2x1522
https://ror.org/020hwjq30
https://crossmark.crossref.org/dialog/?doi=10.1103/9n1d-7jwj&domain=pdf&date_stamp=2026-02-10
https://doi.org/10.1103/9n1d-7jwj
https://creativecommons.org/licenses/by/4.0/


HUHTANEN, MAFI, MOGHADDAM, AND OJANEN PHYSICAL REVIEW RESEARCH 8, 013152 (2026)

FIG. 1. Many-body entanglement swapping protocol. In step 1,
Alice and Bob create locally a target state |ψT 〉 = U |σ0〉 that de-
termines the entanglement structure of the shared state. They share
the state along partition in which Alice holds nA and Bob holds nB

qubits, respectively, and send the remaining qubits to Eve. In step
2, Eve applies unitary UE to her qubits and then measures them.
If she obtains result |σ0〉, she informs Alice and Bob to keep their
qubits, otherwise discard them. In step 3, after postselection, Alice
and Bob share entangled state |ψAB〉 that share exactly the same
Schmidt eigenstates as |ψT 〉 and simply related Schmidt coefficients
λAB

i .

Rényi entanglement entropies of the partitioning. Moreover,
we demonstrate that postselection can be entirely eliminated,
allowing the states to be shared with unit fidelity, by replac-
ing the unitary operator at the final intermediate node of the
network with another unitary that preserves the same Schmidt
basis while possessing a flattened (i.e., uniform) spectrum. We
demonstrate the proof of principle of the three-party protocol
on real quantum hardware and explain how it allows fault-
tolerant quantum-state sharing between nonsignaling parties.

The many-body swapping protocol, enabling a reliable
sharing of complex entangled states, opens avenues for scal-
able quantum networks and distributed quantum information
processing. Particularly, while recent advances in dynamic
quantum circuits, featuring midcircuit measurements and real-
time feedforward, have enabled the teleportation of two-qubit
gates across large superconducting arrays [22–24], these
approaches are mostly effective for low-complexity states
and become increasingly inefficient for more intricate en-
tanglement structures. In contrast, our many-body swapping
protocol addresses these limitations by offering a scalable
and hardware-efficient strategy for entanglement distribution,
which is essential for the megaquop era and large-scale quan-
tum technologies.

II. MANY-BODY ENTANGLEMENT
SWAPPING PROTOCOL

A. Many-body swapping via single intermediary

In this section, we outline our many-body entanglement
swapping protocol. We search for a method that would, on

one hand, allow two nonsignaling parties, Alice and Bob, to
share a target many-body state |ψT 〉, which they can generate
locally, along an arbitrary partitioning. On the other hand, not
counting the usual practical limitations of carrying out unitary
transformations and measurements, the protocol should be
explicit and straightforwardly applicable. While the ability to
share a state precisely and straightforwardly are competing
demands, below we see that it is possible to reconcile with
the requirement to an impressive degree. We identify a large
class of systems where the sharing can be done exactly or
with high accuracy, and even when that is not the case, the
entanglement structure of the shared state is straightforwardly
inherited from the target state.

The general protocol is agnostic to the precise nature of
the elementary degrees of freedom (qubits, qudits, etc.), but
for the sake of concreteness, we consider a system of qubits.
Assume that two parties, Alice and Bob, can locally prepare a
target multiqubit state

|ψT 〉 = U |σ0〉, (1)

where U is unitary acting on n qubits and |σ0〉 denotes a
product state in the computational basis. Now, Alice and Bob
would like to share |ψT 〉 along an arbitrary partitioning in
such a way that Alice is in possession of a set of qubits {NA}
with nA elements, spanning the Hilbert space HA. Bob, on the
other hand, should be in the possession of the remaining set
{NB} with nB = n − nA elements, spanning the Hilbert space
HB. Furthermore, the protocol should be carried out without
signaling between Alice and Bob, but with a help of a third
party, Eve, as illustrated in Fig. 1.

In the first step, both parties prepare the target state locally.
Thus, the initial state becomes

|�1〉 = |ψT 〉 ⊗ |ψT 〉,
where |ψT 〉 ∈ HA ⊗ HB. Considering a bipartitioning into
subsystems {NA} and {NB}, the Schmidt decomposition of the
target state can be written as

|ψT 〉 =
∑

i

√
λi

∣∣λA
i

〉 ⊗ ∣∣λB
i

〉
, (2)

where λi > 0 are the Schmidt coefficients and |λA
i 〉 ∈ HA,

|λB
i 〉 ∈ HB are the orthonormal Schmidt vectors correspond-

ing to the partitioning. Using this, we can express the initial
state of the two parties as

|�1〉 =
∑
i, j

√
λiλ j

∣∣λA
i

〉 ⊗ ∣∣λB
i

〉 ⊗ ∣∣λA
j

〉 ⊗ ∣∣λB
j

〉
. (3)

In the second step, Alice sends her set of qubits {NB} and
Bob his set {NA} to Eve, who will then apply a unitary UE

on her qubits, leading to state |�2〉 = UE |�1〉. This can be
expressed as

|�2〉 =
∑
i, j

√
λiλ j

∣∣λA
i

〉 ⊗ UE
(∣∣λB

i

〉 ⊗ ∣∣λA
j

〉) ⊗ ∣∣λB
j

〉
.

Then, Eve measures all her qubits in the computational basis
{|σi〉}. Assuming the measurement outcome is |σE 〉, the final
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state becomes

|�3〉 = 1√
pE

(1 ⊗ |σE 〉〈σE | ⊗ 1) |�2〉

= 1√
pE

∑
i, j

√
λiλ j rE

i j

∣∣λA
i

〉 ⊗ ∣∣σE
〉 ⊗ ∣∣λB

j

〉
,

where the coefficients rE
i j are

rE
i j ≡ 〈σE |UE

(∣∣λB
i

〉 ⊗ ∣∣λA
j

〉)
,

and the probability of outcome |σE 〉 is given by

pE =
∑
i, j

λiλ j

∣∣rE
i j

∣∣2
. (4)

As the final state has a product form with respect to Eve, her
state can be trivially factored out. Thus, we can focus on the
joint n qubit state for which Alice holds nA and Bob nB qubits:

|ψAB〉 = 1√
pE

∑
i, j

√
λiλ j rE

i j

∣∣λA
i

〉 ⊗ ∣∣λB
j

〉
.

The joint state of Alice and Bob depends on Eve’s measure-
ment outcome |σE 〉 in the last step, which is nondeterministic.
This fact, in general, necessitates postselection, which can be
avoided in special cases. The overlap of the target state and
the state resulting from the many-body swapping becomes

F = 〈ψT |ψAB〉 = 1√
pE

∑
k

λ
3/2
k rE

kk, (5)

providing an important figure of merit |F | called fidelity,
which satisfies 0 � |F | � 1. Ideally, one would like |F | to be
as close to unity as possible while satisfying the constraint∑

i j |rE
i j |2 � 1. Optimal solutions clearly satisfy rE

i j = riiδi j

and all rii should have the same complex phase. These two
conditions now suggest an efficient strategy for Eve to choose
her unitary UE and the postselected state. In the above, we
assumed that UE is acting in the Hilbert space HB ⊗ HA, but
it is now convenient to work in the reordered basis HA ⊗ HB,
where the corresponding unitary is denoted as U ′

E . The two
representations are related so that UE (|λB

i 〉 ⊗ |λA
i 〉) in the ba-

sis HB ⊗ HA corresponds to the vector U ′
E (|λA

i 〉 ⊗ |λB
i 〉) in

the basis HA ⊗ HB for all vectors |λA
i 〉 ∈ HA and |λB

i 〉 ∈ HB.
Combining Eqs. (1) and (2), we see that

U |σ0〉 =
∑

i

√
λi

∣∣λA
i

〉 ⊗ ∣∣λB
i

〉
.

Thus, if Eve chooses U ′
E = U † and postselects to retain only

the measurement outcomes for which |σE 〉 = |σ0〉, we see that
rE

i j = √
λiδi j and rii > 0. The fidelity then becomes

F =
∑

k λ2
k√∑

m λ3
m

= eS3({λi})−S2({λi}), (6)

where we have employed Rényi entropies

Sn({λi}) = 1

1 − n
ln

∑
i

λn
i .

After the swapping protocol, the shared state itself becomes

|ψAB〉 =
∑

i

√
λAB

i

∣∣λA
i

〉 ⊗ ∣∣λB
i

〉
, (7)

which has the exact same Schmidt vectors as the target state.
The Schmidt coefficients of the shared state are simply given
in terms of the target state coefficients as

λAB
i = λ3

i∑
m λ3

m

. (8)

The probability (4) of obtaining the desired outcome state |σ0〉
in Eve’s measurement in turn becomes

p0 =
∑

i

λ3
i = e−2S3({λi}). (9)

This probability is also the success rate for the postselection
and characterizes the mean number of trials ∼1/p0 to share a
single copy of |ψAB〉 between Alice and Bob.

A few observations are in order. The overlap (6) between
the shared and target states reaches unity when S2({λi}) =
S3({λi}). This condition is satisfied when the Schmidt spec-
trum is uniform, i.e., λi = λ j for all i, j. This situation
covers important classes of quantum states, namely, maxi-
mally entangled states and also stabilizer states, which include
Greenberger-Horne-Zeilinger (GHZ)-type and cluster states,
which play a central role in quantum information processing
and quantum computation. In particular, stabilizer states pos-
sess Schmidt coefficients of the form λi = 2−r , with r ∈ N,
and their Schmidt vectors are themselves stabilizer states [25].
Moreover, the set of unit-fidelity states also encompasses a
broad class of nonstabilizer states characterized by uniform
Schmidt coefficients λi = 1/q, where q ∈ N, and arbitrary
Schmidt vectors.

Importantly, the overlap often remains very high even for
nonuniform spectrum. To see this, it is useful to parametrize
the Schmidt coefficients as λi = d−1

S + εi, where dS is the
Schmidt rank (the number of nonzero Schmidt coefficients)
and εi is the deviation from the mean value. The fidelity (6)
then becomes

F = 1 + d2
S ε2√

1 + 3d2
S ε2 + d3

S ε3
−−−→
ε2→0

1 − d2
S ε2

2
+ O

(
d3

S ε3
)
,

where εn = d−1
S

∑
i ε

n
i for n = 2, 3 determine the variance and

the skewness of the Schmidt coefficients. Thus, the overlap
remains nearly perfect whenever the nonuniformity satisfies
d2

S ε2 � 1. Even for significant nonuniformity d2
S ε2, d3

S ε3 ∼ 1,
the fidelity remains remarkably high F ∼ 2/

√
5 ∼ 0.9. Be-

low, we illustrate how complex multiqubit random states can
be shared with comparable fidelity. In addition, irrespective of
the fidelity, the entanglement structure of the shared state is
always inherited from the target state, with exactly coinciding
Schmidt vectors and the Schmidt coefficients that are related
to those of the target state by Eq. (8). Therefore, the protocol
enables an explicit method of sharing a known many-body
state with a close resemblance to a general target state.

Finally, the fundamental cost of the many-body swapping
is determined by the success probability (9) of postselection.
The lower the probability, the more repetitions are required
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FIG. 2. Sharing many-body states via many-body swapping in
a network with k intermediate nodes. The protocol illustrated here
corresponds to the postselection-free implementation discussed in
Sec. II C. In the original version of the protocol (see Sec. II B),
postselection was required based on the measurement outcomes at
all intermediate nodes. However, as explained in Sec. II C, when the
Schmidt spectrum is uniform, postselection can be entirely avoided.
In this case, each node simply records its measurement outcome
and communicates it to Alice, who then applies an appropriate local
unitary operation UA,ML on her remaining qubits, resulting in a shared
state between Alice and Bob with unit fidelity. Finally, as described
in Sec. II D, a similar approach can be applied to states with a
nonuniform Schmidt spectrum.

for sharing a single copy of |ψAB〉. Importantly, the cost does
not depend explicitly on the number of qubits in the shared
state, but only on the entanglement entropy S3 of the parti-
tioning. Thus, the fundamental protocol complexity does not
directly depend on the system size, but only on the shared en-
tanglement. For example, many interesting one-dimensional
(1D) condensed-matter phases and their quantum circuit rep-
resentations exhibit an area-law entanglement entropy scaling
[26,27]. This means that the entanglement entropy of parti-
tioning does not depend on the total system size, so the cost
of sharing them would also be size independent. The same
conclusion also holds for 1D states generated by sequential
quantum circuits capable of generating area-law entangled
states with complex internal structure, including GHZ states
and various topologically ordered states [28,29]. In some
simple cases, as discussed below, it is possible to avoid postse-
lection simply by applying local unitaries to correct the shared
state, as in the pair swapping.

B. Many-body swapping network

The above-discussed many-body state sharing via single
node, Eve, can be generalized to state sharing via arbitrary
number of intermediate nodes. This is schematically illus-
trated in Fig. 2. The goal of the state sharing is the same as
above; Alice and Bob would like to share the target state |ψT 〉
along an arbitrary partition so that Alice has a set of qubits
{NA} with nA elements while Bob has the remaining set {NB}
with nB = n − nA qubits. In this scheme, Alice and each in-
termediate node locally generate the shared state, keep the nA

qubits that belong to Alice’s partition, and send the nB qubits
in the Bob’s partition to the next node in the network. The
state sharing through multiple nodes is conveniently analyzed
recursively by analyzing how the shared state |ψ (k−1)

AB 〉 of a
network with k − 1 nodes evolves into the state shared via
k nodes. The result for a single node k = 1 is mathematically
equivalent to the state-sharing protocol studied in the previous
subsection, so ∣∣ψ (1)

AB

〉 = |ψAB〉,
where |ψAB〉 is given by Eq. (7). The only difference between
a single-node protocol and the state sharing via Eve discussed
in Sec. II A is that previously we considered a situation where
Alice and Bob both generated |ψT 〉 and sent qubits to Eve
for processing. Here, the node generates the state and sends
nB qubits to Bob before carrying out the operation with U †

followed by the measurement. This difference does not affect
the shared state of Alice and Bob. The intermediate node per-
forms the same postselection as Eve, described by the success
probability (9).

Let us now add a second intermediate node and work out
the shared state of Alice and Bob |ψ (2)

AB 〉 in this case. The key
observation is that the state of the system prior to the second
swapping can be expressed as the product of

(1) the shared state of Alice and node 1, and
(2) the target state generated at node 2 by applying the

third U operation,
and, thus, it can be written as

|�〉 = ∣∣ψ (1)
AB

〉 ⊗ |ψT 〉. (10)

Next, nB qubits from the second node are transmitted to Bob,
and the second unitary operation U † is applied to the com-
bined system consisting of the remaining nA qubits and the nB

qubits received from the first node. The only difference to the
single-node calculation presented in the previous subsection
is that |ψ (1)

AB 〉 now has Schmidt coefficients (8) instead of λi.
Due to this difference, the shared state between Alice and Bob
after second postselection becomes

∣∣ψ (2)
AB

〉 =
∑

i

√
λ

(2)
i

∣∣λA
i

〉 ⊗ ∣∣λB
i

〉
, (11)

where λ
(2)
i = λ5

i /
∑

j λ
5
j . These results are now straightfor-

ward to generalize to k nodes. The initial state before the
last swapping process between the nodes k and k − 1 is just a
product of the shared state of Alice and (m − 1)th node and
the state generated in the mth node

|�〉 = ∣∣ψ (k−1)
AB

〉 ⊗ |ψT 〉. (12)

Then, nB qubits from the last node are sent to Bob, and kth
swapping operator U † is applied to the remaining qubits from
the nodes k and k − 1, followed by measuring them. After
postselection in the last measurement, the state shared by
Alice and Bob becomes

∣∣ψ (k)
AB

〉 =
∑

i

√
λ

(k)
i

∣∣λA
i

〉 ⊗ ∣∣λB
i

〉
, (13)
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where the Schmidt coefficients are directly given by those of
the target state as

λ
(k)
i = λ2k+1

i∑
j λ

2k+1
j

. (14)

With this result, one can immediately generalize the results for
the single-node fidelity (6) and the postselection probability
(9) to corresponding quantities in the many-body swapping
through k intermediate nodes. Expressed in terms of the Rényi
entropies, the multinode fidelity becomes

F (k) =
∑

i λ
k+1
i√∑

i λ
2k+1
i

= ek[S2k+1({λi})−Sk+1({λi})], (15)

while the postselection success probability at the kth node
takes the form

p(k)
0 =

∑
i λ

2k+1
i∑

i λ
2k−1
i

= e2k S2k+1−2(k−1) S2k−1 . (16)

Thus, the general k node results reduce to those of the previous
subsection when k = 1. The swapping over the network pro-
ceeds to the next node if the measurement in the previous node
provided the desired result |σ0〉, otherwise the node where the
failure happened terminates the protocol and informs Alice to
discard the state. If Alice does not receive a notification of a
failure, Alice and Bob know that they share the state (17).

It should be emphasized that, as in the single-node case,
all many-body states with constant Schmidt coefficients sat-
isfy S2k+1({λi}) = Sk+1({λi}) and can be shared exactly with
unit fidelity. As discussed in the previous subsection, these
states include key classes of states for quantum computing. As
discussed in Sec. III D below, this enables much needed and
highly sought-after strategies to implement distributed quan-
tum computing. Remarkably, as proved in the next subsection,
these states can be swapped without any postselection cost.

C. Avoiding postselection for states with uniform
Schmidt coefficients

The results in the preceding subsections demonstrate how
many-body quantum states can be shared by many-body
swapping protocol. The postselection, in general, poses a bot-
tleneck for setting up a scalable quantum network or sharing
highly entangled states. Remarkably, this bottleneck can be
completely avoided. In this section, we show how this can be
carried out for states with uniform Schmidt coefficients and,
in the following section, how this method can be applied to
general states. This would enable, for example, efficient shar-
ing of multiqubit stabilizer states between distinct modular
quantum processor units as discussed in Sec. III D.

The unit fidelity states are in general of the form

|ψT 〉 =
dS∑

i=0

1√
dS

∣∣λA
i

〉 ⊗ ∣∣λB
i

〉
, (17)

where the Schmidt basis states {|λA
i 〉} and {|λB

i 〉} form two
orthonormal sets. The Rényi entropies of Eq. (17) are given by
Sn = log dS , so the postselection probability in state sharing
over a network of k nodes becomes exponentially suppressed

as
∏k

q=1 p(q)
0 = d−2k

S . Thus, it is important to develop a
method to avoid postselection altogether.

In formulating the many-body swapping protocol, we as-
sumed that the target state |ψT 〉 is generated by unitary U
from a computational basis state |σ0〉 according to Eq. (1).
However, this does not fix U uniquely, leaving a lot of room
for choosing a specific form of U . This vast freedom can
be exploited to avoid postselection by considering U such
that it maps different computational basis states to mutually
orthogonal targetlike states, which can be transformed into the
exact target state by local operations by Alice and Bob. For a
reason that will become clear shortly, we fix the remaining
freedom in U so that it maps d2

S different computational basis
states into such targetlike states. For a given target state |ψT 〉
with the Schmidt form in Eq. (17), shifting the relative labels
of two sets of Schmidt vectors |λA

i 〉 and |λB
i 〉 as the following,

would give different targetlike states:

|ψm,0〉 =
dS−1∑
j=0

1√
dS

∣∣λA
j

〉 ⊗ ∣∣λB
j+m

〉
, (18)

where the label j + m should be considered cyclic, i.e.,
mod dS . Then, by considering Fourier-modulated linear com-
binations

|ψm,l〉 =
dS−1∑
j=0

e2π i jl/dS

√
dS

∣∣λA
j

〉 ⊗ ∣∣λB
j+m

〉
, (19)

where m, l ∈ {0, 1, . . . , dS − 1}, we get d2
S the needed or-

thonormal targetlike states 〈ψm′,l ′ |ψm,l〉 = δm′mδl ′l . Now, we
require that the unitary operator U employed in the swapping
process generate these orthonormal states |σm,l〉 from a set of
computational basis state |σm,l〉 as U |σm,l〉 = |ψm,l〉. Thus, the
generating unitary is simply chosen so that it transforms d2

S
orthonormal basis states to the set |σm,l〉, which can be always
arranged. The crucial point is that due to this construction,
after each measurement, we always obtain an outcome, which
is of the form |σm,l〉 (with some m, l), and the overall shared
state is also of a similar form. Thus, the swapped state can be
transformed into the target state by a local unitary applied by
Alice or Bob, removing the need for postselection.

To illustrate the above statement in detail, we first focus
on the case of a single intermediate node. Tracing the steps in
Sec. II A, the state before the swapping process is just |ψT 〉 ⊗
|ψT 〉. After the application of U † and measurement in the node
1, the resulting state for each separate measurement outcome
|σm,l〉 becomes∣∣ψ (1)

AB,m,l

〉 = 1√
pm,l

∑
i, j

1

dS
ri j,ml

∣∣λA
i

〉 ⊗ ∣∣λB
j

〉
, (20)

where

ri j,ml ≡ 〈σm,l |U †
(∣∣λA

j

〉 ⊗ ∣∣λB
i

〉)
= 〈ψm,l |

(∣∣λA
j

〉 ⊗ ∣∣λB
i

〉) = e−2π i jl/dS

√
dS

δi, j+m, (21)

and the probability of that outcome reads

pm,l =
∑
i, j

1

d2
S

|ri j,ml |2 = 1

d2
S

. (22)
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Since
∑dS−1

m,l=0 pm,l = 1, we see that, indeed, the measurement
outcome is necessarily some of the states |σm,l〉 when using
the designed U . The swapped state corresponding to a mea-
surement outcome σm,l is

∣∣ψ (1)
AB,m,l

〉 = 1√
dS

∑
j

e−2π i jl/dS
∣∣λA

j+m

〉 ⊗ ∣∣λB
j

〉
. (23)

Each of these targetlike states can be mapped into the target
state (17), or equally |ψ (1)

AB,0,0〉, by applying, for instance,
local operator UA,ml by Alice who can be easily informed
about measurement results at the intermediate node through
classical communication. The local unitary UA,ml that rotates
Alice’s basis as UA,ml |λA

j 〉 = e2π i jl/dS |λA
j−m〉 will then map the

shared state to the target UA,ml |ψ (1)
AB,m,l〉 = |ψT 〉. Analogously,

Bob can carry out the local transformation instead of Alice.
It is straightforward to generalize the previous result to

m intermediate nodes. For the case m = 2, the state prior to
the second swapping is |ψ (1)

AB 〉 ⊗ |ψT 〉. Following the same
steps as outlined above, the state |ψ (2)

AB 〉 after swapping at
the second node retains the same form as the single-node
result in Eq. (23), with the indices m and l determined by
the outcome of the second measurement. By iterating this
procedure across k intermediate nodes, the resulting state will
always maintain the form of Eq. (23). In a straightforward
approach, one would apply local unitaries UA,ml after each
measurement at the intermediate nodes. However, this is not
strictly necessary; it suffices to apply a single unitary at the
final step. The reason is that, by repeating the above procedure
without these postmeasurement local unitaries, the resulting
state takes the form

∣∣ψ (k)
AB,M,L

〉 = 1√
dS

∑
j

e−2π i jL/dS
∣∣λA

j+M

〉 ⊗ ∣∣λB
j

〉
, (24)

where L = ∑k
i=1 li and M = ∑k

i=1 mi, with li and mi corre-
sponding to the measurement outcomes at node i. Therefore,
a single final local unitary by Alice (or Bob) could map
the shared state into the target state with a local unitary
UA,ML|ψ (k)

AB,M,L〉 = |ψT 〉.

D. Swapping general states with unit fidelity
without postselection

In the above, we established that states with constant
Schmidt coefficients can be shared across the network with
unit fidelity without postselection. Building on these results,
we now show that it is possible to share general states |ψT 〉
of the form (2) exactly, and again, without postselection. The
key idea is to replace all the unitary operators U , except for
the last one in the network, as well as all the U † operators
in Fig. 2, with their corresponding unitaries that generate d2

S
equal-weight superposition in their Schmidt decomposition
of the form (19) but with identical Schmidt eigenstates as in
the target states. We retain the generic unitary, denoted by U ,
whose action on |σ0〉 produces a target state with a generally
nonuniform Schmidt spectrum. The corresponding unitaries
that yield equal-weight states |ψm,l〉 = Ũ |σm,l〉, as defined in
Eq. (19), are denoted by Ũ .

To illustrate how this protocol enables perfect (unit-
fidelity) state sharing without postselection, we first consider
the simple case involving only Alice, Bob, and a single inter-
mediate node (k = 1). First, Alice and the node apply Ũ and
U , respectively, which leads to

|�1〉 = Ũ ⊗ U (|σ0〉 ⊗ |σ0〉)

=
dS−1∑
i, j=0

√
λ j

dS

∣∣λA
i

〉 ⊗ ∣∣λB
i

〉 ⊗ ∣∣λA
j

〉 ⊗ ∣∣λB
j

〉
. (25)

Next, the operator Ũ † is applied at the node and followed by
a measurement at the node, resulting in

∣∣ψ (1)
AB,m,l

〉 = 1√
pm,l

∑
i, j

√
λ j

dS
ri j,ml

∣∣λA
i

〉 ⊗ ∣∣λB
j

〉
. (26)

It can be readily verified that ri j,ml , for each measurement
outcome, follows exactly the same form as in Eq. (21). Con-
sequently, the corresponding probabilities are given by

pm,l =
∑
i, j

λ j

dS
|ri j,ml |2 = 1

d2
S

∑
j

λ j = 1

d2
S

. (27)

Substituting the expressions for the probabilities and coef-
ficients ri j,ml , the corresponding shared states for each pair
(m, l ) become∣∣ψ (1)

AB,m,l

〉 =
∑

j

√
λ j e−2π i jl/dS

∣∣λA
j+m

〉 ⊗ ∣∣λB
j

〉
. (28)

As in the case analyzed previously, these states differ from the
exact target state |ψT 〉 = ∑

j

√
λ j |λA

j 〉 ⊗ |λB
j 〉 only by a local

unitary operator applied by either Bob or Alice, depending on
the measurement outcomes, which can be sent to either end by
classical communication. Moreover, since the measurement
outcome probabilities sum to one, the desired target state can
be obtained exactly without postselection. Depending on each
outcome, the swapped state can be mapped to the target state
by applying an additional local operator, for instance, UA,m,l

applied by Alice.
The generalization to the case involving additional inter-

mediate nodes follows straightforwardly, in the same manner
as discussed in the previous subsection. In Fig. 2, Ũ and
Ũ † are applied throughout the network, while only the final
node m employs the original unitary U , which produces the
nonuniform Schmidt spectrum. Given a target state, determin-
ing both U and Ũ is, in principle, always possible. However,
for complex states, the task may become challenging. When
the entanglement in the shared state is not high or only a cou-
ple of mediating nodes are needed, the many-body swapping
protocol involving postselection, as formulated in the first part
of this section, can be employed to share states with constant
Schmidt coefficients with unit fidelity.

III. EXAMPLES OF MANY-BODY SWAPPING

Here, we illustrate the general many-body entanglement
swapping protocol with examples. To set the stage, we provide
a proof of concept of the protocol in real quantum hardware
by sharing multiqubit GHZ states. While this outcome could
be accomplished by a standard Bell pair swapping and local
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FIG. 3. (a) Circuit for preparing GHZ states. (b) Inverse unitary
in the basis where the order of Alice and Bob’s qubits is switched.
(c) Protocol for creating a shared GHZ state for the outermost qubits.

operations, this example shows that the many-body protocol
is robust to imperfections in the present quantum hardware.
In Sec. IV B, this example is also used to illustrate how the
many-body protocol can readily implement quantum error
correction and fault-tolerant swapping. The true versatility of
the many-body swapping protocol, however, becomes evident
when addressing general problems of sharing arbitrary many-
body entangled states with nonuniform Schmidt spectra. In
such cases, pair-swapping approaches become impractical,
and the many-body protocol offers efficient alternative.

A. Proof of concept on quantum hardware

Here, we consider the task of distributing an n-qubit GHZ
state between two parties, Alice and Bob. The target state is
given by

|ψT 〉 = 1√
2

(|00 · · · 0〉 + |11 · · · 1〉), (29)

where Alice and Bob initially each hold n qubits and can
perform arbitrary operations on their respective systems. To
implement the protocol, both parties must locally prepare an
n-qubit GHZ state. This is achievable from the initial state
|00 · · · 0〉 by a quantum circuit composed of a Hadamard
gate followed by a series of cnot gates, as shown in Fig. 3(a).
The goal of the many-body entanglement swapping is to gen-
erate a shared GHZ state between nA qubits on Alice’s side
and nB = n − nA qubits on Bob’s side, while transferring the
remaining qubits to an intermediary, Eve. Following the gen-
eral procedure outlined in Fig. 1, Eve applies a basis-reordered
inverse unitary operation to the qubits received from Alice and
Bob, illustrated in Fig. 3(b). The full circuit implementation
of the protocol is shown in Fig. 3(c). Upon completing her
operation, Eve measures her qubits. The possible outcomes

are

{|00 · · · 0〉, |00 · · · , 11 · · · 〉, |11 · · · , 00 · · · 〉, |11 · · · 1〉},
each occurring with probability 1/4. If the result is |00 · · · 0〉,
the resulting state shared between Alice and Bob matches
the target GHZ state |ψT 〉, with Alice holding the first nA

qubits. Interestingly, even the other measurement outcomes
lead to GHZ-like entangled states, differing from |ψT 〉 only
by local bit-flip operations. This is indeed an example of a
state with uniform Schmidt spectrum where postselection can
be avoided, as the generating unitary is readily in the form
that maps computational basis states to the states of form
(19). Thus, shared state can be transformed into the target
state by local operations, in this case local Pauli gates σx and
σy. To demonstrate a proof of concept for our many-body
entanglement swapping protocol under realistic conditions,
we implemented GHZ state sharing using IBM’s supercon-
ducting quantum hardware [30]. The protocol was executed
for systems of up to 12 qubits, enabling the sharing of GHZ
states with up to 6 qubits (see Appendix A for details of
the simulations on real hardware). The results are summa-
rized in Fig. 4, which includes both experimental outcomes
and corresponding simulations incorporating realistic noise
models. Figures 4(a) and 4(b) display the experimentally mea-
sured output distributions for Alice and Bob’s qubits in GHZ
states of n = 2 and n = 3 qubits, respectively. The observed
bit-string frequencies exhibit the characteristic correlations of
GHZ states, confirming the expected entanglement structure.
Figure 4(c) presents the fidelity of the shared target state
as a function of the number of qubits, comparing results
obtained from the quantum hardware using three different ap-
proaches: (1) ibm_torino, corresponding to raw bitstring data
collected from the ibm_torino quantum processor, also with-
out postprocessing; (2) ibm_torino combined with additional
postprocessing, including dynamical decoupling and en-
hanced error mitigation strategies; and (3) simulation, which
represents the raw bitstring outcomes obtained from the cir-
cuit simulator [31]. It emulates the properties of real hardware
but does not actually run on a quantum device and includes
no postprocessing. This comparison isolates the contribution
of hardware-induced errors, demonstrating that standard error
mitigation techniques can recover fidelity levels close to the
performance ceiling imposed by the physical device.

Panels (d)–(g) of Fig. 4 present the simulated fidelity
degradation as a function of qubit number under varying
strengths of different noise sources, including single-qubit
gate errors, two-qubit ECR gate errors, phase-amplitude
damping, and readout errors (see Appendix B for noise
model details). These results identify the dominant noise
mechanisms and provide valuable insight into the protocol’s
scalability and robustness under realistic conditions. Over-
all, the data confirm that the many-body swapping protocol
can be implemented with good fidelity on existing quantum
hardware. Furthermore, as discussed in Sec. IV B, the pro-
tocol is compatible with standard quantum error correction
techniques, allowing for a fault-tolerant implementation of
entanglement swapping.

Finally, to complement the simulation results for
states with uniform Schmidt coefficients, Fig. 5 illus-
trates the results for swapping target states of form
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FIG. 4. (a), (b) Probability distributions of vector states for the two- and three-qubit GHZ states obtained from experimental results on
quantum hardware. The error bars represent the standard deviation. (c) GHZ state fidelity as a function of qubit number for three different
approaches: (1) ibm_torino, (2) ibm_torino with dynamical decoupling (DD), error mitigation (EM), and (3) simulation. (d), (g) Simulated
fidelity decay of GHZ states as a function of qubit number under various noise sources: (d) single-qubit gate errors, (e) the echoed cross-
resonance (ECR) gate errors, (f) phase-amplitude damping, and (g) readout errors. See Appendix A for detailed descriptions of the ibm_torino
hardware and the noise models used in the simulations.

|ψT 〉 = cos θ
2 |00〉 + sin θ

2 |11〉 for different θ . The Schmidt
coefficients of the target states vary strongly as a function θ ,
and the fidelity of the shared state can be compared to the
theoretical prediction in Eq. (6). The simulation results follow
our theoretical prediction accurately, illustrating the protocol
also for states with nonuniform Schmidt spectrum.

B. Sharing entangled states with nonuniform Schmidt spectra

We now consider sharing target states with nonuniform
Schmidt spectrum. This class of states poses a challenge for
pair-swapping methods and highlights the applicability of the
many-body protocol. As a concrete example, we consider a
four-qubit target state of the form |ψT 〉 = U |0000〉, gener-

FIG. 5. Entanglement swapping of states |ψT 〉 = cos θ

2 |00〉 +
sin θ

2 |11〉, which admits a nonuniform Schmidt spectrum for 0 � θ <

π/2. (a) Circuit for the swapping protocol. (b) Fidelity of the ob-
served shared state as a function of angle θ . The Ideal line represents
the theoretical prediction from Eq. (6).

ated by some unitary transformation U , where Alice and Bob
each hold two qubits. The Schmidt rank for this bipartition is
dS = 22 = 4, and the state is generally characterized by four
distinct Schmidt coefficients {λi} with i = 1, . . . , 4.

To share such a state using the many-body protocol, we
consider a representative case where the Schmidt coefficients
are chosen as {λi} = {0.4, 0.3, 0.2, 0.1}. In this instance,
the fidelity between the target state |ψT 〉 and the shared
state of Alice and Bob, denoted |ψAB〉, is found to be F =
〈ψT |ψAB〉 = 0.95, as given by Eq. (6). The Schmidt coeffi-
cients of the resulting shared state, computed using Eq. (8), are
{λAB

i } = {0.64, 0.27, 0.08, 0.01}, indicating a distortion from
the original spectrum. According to Eq. (9), the probabil-
ity of successful postselection in this example is p0 = 0.1.
This implies that, on average, the protocol must be repeated
approximately ten times to successfully share a single copy
of |ψAB〉. While the shared state does not match the target
exactly, the high fidelity underscores the protocol’s effective-
ness. A high fidelity can persist even for much larger and more
complex states, as seen in the following example.

C. Sharing multiqubit states generated
by random unitary circuits

Next, we illustrate how the many-body swapping proto-
col enables high-fidelity sharing of complex, high-entropy
quantum states. In particular, we focus on target states gen-
erated by random two-qubit brickwork circuits, as depicted in
Fig. 6(b). Such circuits have become widely used as testbeds
for exploring a range of many-body quantum phenomena,
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FIG. 6. Sharing states generated by a random unitary circuit.
(a) The average fidelity (overlap of the shared state with the target
state) given by expression (6) as a function of the system size n for
random two-qubit brick circuits. (b) Schematic illustration of the
random unitary circuit generating the target state shared between
Alice and Bob. (c) The postselection probability of obtaining the
desired shared state as a function of the system size.

especially in the study of entanglement dynamics and infor-
mation scrambling [32–34]. In the model considered here, the
time-evolution operator for each cycle is defined as

u(t ) =
∏

even l

ul,l+1(2t )
∏
odd l

ul,l+1(2t − 1),

where ul,l+1(τ ) denotes a two-qubit unitary acting on neigh-
boring qubits l and l + 1 at the discrete time step τ = 2t or
2t − 1. Each two-qubit gate is generated as

ul,l+1(t ) = ei(φxXl Xl+1+φyYlYl+1+φzZl Zl+1 ),

where Xl , Yl , and Zl are the Pauli operators on qubit l , and the
coefficients φi are independent random variables uniformly
sampled from the interval [−π, π ]. These random parameters
are independently drawn for each gate location and time
step. This ensemble of unitaries does not sample from
the full Haar measure over two-qubit unitaries. However,
the brick circuits generate maximum entropy states, up to
finite-size corrections. Notably, when acting on an initial
product state, these circuits rapidly generate entanglement
across subsystems. After order of T ∼ ns layers, where ns

is the number of qubits in the shared state, the entanglement
entropy saturates close to the maximal value, scaling as
Sns/(ns ln 2) ∼ 1 + O(1/ns). The fact that the random
brickwork circuits generate nearly maximally entangled
states has attracted significant interest in the past decade.

FIG. 7. Quantum-state sharing between different quantum pro-
cessor nodes and processors. Some nodes in the network can
physically reside on the same chip, and some can lie in different
cryogenic environments coupled by a quantum link.

Below, we see that the highly scrambled, complex quantum
states produced by such circuits can be shared by the
many-body swapping protocol with high fidelity.

As seen in Fig. 6, for deep circuits (T = Tmax � 2n),
the average fidelity of the shared state, given by Eq. (6),
is strikingly high. As the total system size increases from
n = 4 to n = 18, the fidelity stays around F = 0.9. This is
quite remarkable, given the complexity of these nearly max-
imum entropy states. However, as seen in Fig. 6(c), the state
sharing is exponentially costly in the system size, as the suc-
cess probability for postselection is determined by the third
Rényi entropy through Eq. (9). For highly entangled states
approaching maximal entropy, the postselection probability
scales approximately as p0 ≈ 2−n. For instance, successfully
sharing of a single n = 18 state (split evenly between two
parties) would require on average 2.6 × 105 repetitions. This
example highlights the substantial resource overhead associ-
ated with distributing highly entangled, high-entropy quantum
states. Still, sharing smaller states n � 10 would require less
than 103 repetitions on average.

D. Application of many-body swapping in distributed
quantum computing

In this section, we elucidate how the swapping proto-
col, with multiple intermediate nodes, can be employed in
distributed quantum computing. Here, Alice and Bob repre-
sent different quantum processor nodes or separate modular
subunits within larger quantum computing architecture, as
illustrated in Fig. 7. The far-apart processor nodes are con-
nected via chain of other nodes, each coupled to their nearest
neighbors. This array of processor nodes can be regarded as
a linear network, and the goal here is to establish efficient
quantum-state sharing between processor nodes that are not
nearest neighbors. For this application, it is natural to adopt a
slightly modified notation. Similar to the approach introduced
at the beginning of Sec. II A, each node, including those of
Alice and Bob, is divided into two parts labeled Ai and Bi,
which together constitute node i in Fig. 2. Accordingly, i = 0
corresponds to Alice’s node and i = k to Bob’s node, resulting
in a total of 2(k + 1) distinct parts.

In this framework, the goal is to share a state between parts
A0 and Bk . A set of unitary operators U is applied to the
corresponding pairs (Ai, Bi ) for i ∈ (0, . . . , k). Subsequently,
the operators U ′† are applied to the pairs (Bi, Ai+1) for
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i ∈ (0, . . . , k − 1), each followed by measurement of all
qubits in the parts Bi and Ai+1. As a result, the state becomes
distributed between spatially separated parts without any di-
rect quantum link (unitary gate) connecting them. This is
accomplished by applying semilocal operators only between
neighboring parts and by measuring all intermediate parts.
Formally, the state distribution achieved through successive
semilocal operations can be expressed as

∣∣ψA0,Bk

〉 =
k∏

i=1

M0
Bi−1,Ai

U †
Ai,Bi−1

UAi,Bi UA0,B0 |0〉all, (30)

where |0〉all denotes the initial state in which all qubits across
all nodes are prepared in the 0 state. The indices of the unitary
operators indicate the subsystems over which these multiqubit
gates are applied. The measurement operators are denoted
by M0

(Bi−1,Ai ) ≡ |0〉〈0|/√p0, where |0〉 corresponds to the all-
zero product state of the combined subsystems Bi−1, Ai, and
p0 represents the probability of obtaining that measurement
outcome.

The above version assumes carrying out postselection of
measurement outcomes, which, as discussed in Secs. II C and
II D, can be avoided by a tailored feedforward method. In that
case, the distributed state can be rewritten in a postselection-
free form as

∣∣ψA0,Bk

〉 = U {m}
A0,loc

k∏
i=1

Mmi
Bi−1,Ai

, U †
Ai,Bi−1

UAi,Bi UA0,B0 |0〉all,

(31)

where mi labels the measurement outcomes obtained from
measuring the qubits in the parts Bi−1 and Ai. As ex-
plained in Sec. II C, the final local unitary operator U {m}

A0,loc
restores the system to the desired target state, depending
on the complete sequence of measurement outcomes {m} =
(m1, m2, . . . , mk ). In Secs. II C and II D, the measurement
outcomes were labeled with two indices, so m here corre-
sponds to the combined indices (m, l ) used previously.

Equations (30) and (31) illustrate that in this approach,
there might not be a need for a physical transfer of quan-
tum data in the sense of long-range quantum communication.
It suffices to be able to perform semilocal quantum oper-
ations on two neighboring parts. Considering, for example,
superconducting quantum hardware, these 2k + 2 parts may
reside in different quantum processing units (QPUs) on the
same chip or different cryogenic environments, provided that
the operators U or U ′† can be applied between neighboring
parts, where one part belongs to one QPU and the other to
another. Such interchip quantum links are not only feasible
in principle but have already been demonstrated between
physically separate superconducting qubits connected via
cryogenic waveguides [35,36]. Conceptually, some of these
parts can be regarded as distinct QPUs connected through
quantum links that enable interchip unitary operations. For
instance, in a full network comprising two QPUs, only a single
interchip quantum link, as shown in red in Fig. 7, is required
to implement the boundary unitary operation. Therefore, the
scheme provided here can be used in efficiently distributing
complex states and quantum computing over multiple pro-
cessing units, which are in a sense locally linked to each other.

IV. DISCUSSION

Here, we highlight two crucial advantages of the many-
body swapping protocol in comparison to the existing
entanglement swapping methods.

A. Quantum-state sharing with the many-body
protocol versus pair swapping

Here, we make the case why the many-body swapping
protocol provides more practical approach for high-fidelity
sharing of general target states between nonsignaling parties
compared to the existing pair-based swapping methods. In
the pair-based approaches, Alice and Bob aim to share a
general n-qubit target state, where each party ends up holding
n/2 qubits. They begin with a number of shared (maximally
or partially) entangled pairs and the ability to perform local
operations.

To understand the practical limitations of the pair-
swapping methods, we note that upon bipartitioning a generic
target state between Alice and Bob, the number of dif-
ferent Schmidt values is bounded by the Schmidt rank as
dS − 1, hence, can be as large as 2n/2 − 1. Since local uni-
tary operations preserve the Schmidt coefficients, and local
measurements cannot independently adjust them, achieving
a target state with Nind distinct Schmidt coefficients would
require access to at least Nind entangled pairs—each carefully
prepared with a unique, precisely tuned Schmidt coefficient.
However, as pointed out above, for a generic many-qubit
state, Nind grows exponentially with the number of qubits
and reaches up to 2n/2 − 1. This implies that an exponen-
tially large number of shared pair states would be needed,
each tailored to contribute to a different component of the
target state’s entanglement structure. Moreover, even if such
a resource were available, one would still face the profound
problem of determining the local operations that map the
collection of entangled pairs to the target state. In general,
these local operations are a priori unknown and state specific.

Due to these challenges, there is currently no known proto-
col based on pair swapping that can reliably generate even
a few-body target states with a generic Schmidt spectrum.
In contrast, the many-body entanglement swapping protocol
introduced in this work is explicit, straightforward to imple-
ment, and leads directly to a shared state with the correct
Schmidt vectors and typically high fidelity. Thus, given the
formidable practical challenges associated with pair-swapping
approaches, the many-body protocol stands out as an attrac-
tive and feasible method for sharing general entangled states
between nonsignaling parties.

B. Error correction and fault-tolerant entanglement swapping

The simple GHZ state sharing example in Sec. III A sug-
gests an interesting application of the many-body swapping.
While a shared GHZ could be generated by a single swapped
Bell pair and local operations, the many-body protocol has an
important advantage. Let us consider, for example, a realistic
scenario in which Eve’s measurement process is unideal. In
that case, she has a small but finite probability p∗ of regis-
tering a wrong outcome from a measurement process of a
single qubit. In pair-swapping-based schemes, a single error

013152-10



MANY-BODY ENTANGLEMENT SWAPPING PROTOCOL: … PHYSICAL REVIEW RESEARCH 8, 013152 (2026)

in the swapping measurement propagates to the shared GHZ
state and contaminates it with the same probability p∗. On
the other hand, in the many-body swapping protocol, Alice
and Bob send multiple qubits to Eve and a single error in the
measurement process can be detected. For instance, instead
of obtaining a correct outcome |0000 . . . 1111〉, Eve could in
fact register an erroneous outcome |0000 . . . 1101〉, where a
single bit has flipped. Despite the error, Eve has no difficulties
in identifying the state correctly and communicating the right
result to Alice and Bob.

The error detection example above reflects the fact that a
GHZ state can be regarded as a Bell state formed by log-
ical qubits, which are encoded by a simple repetition code
|0〉 → |00 . . .〉 and |1〉 → |11 . . .〉. This is a primitive example
of how a single logical qubit can be encoded to multiple phys-
ical qubits using quantum error-correcting codes (QECCs).
As mentioned in the general derivation and illustrated by the
GHZ example above, the many-body entanglement swapping
protocol is agnostic to the basic building blocks of the target
state, applying equally well for physical qubits as well as
blocks of physical qubits encoding a logical qubit. This means
that the standard machinery of quantum error correction can
be readily accommodated in the protocol, opening the door to
fault-tolerant entanglement swapping.

Logical qubits can be encoded using established QECCs,
such as stabilizer codes, allowing our protocol to share any
target state preparable via stabilizer circuits [37,38]. This
includes key classes of entangled states such as logical Bell
pairs and logical cluster states. To extend the protocol toward
fully fault-tolerant entanglement swapping for arbitrary tar-
get states, including those requiring non-Clifford operations,
QECCs can be combined with magic state distillation tech-
niques [39]. In this broader setting, if the generating unitary
U and Eve’s projective measurements are implemented fault
tolerantly, the many-body entanglement swapping protocol
can be executed in a fully fault-tolerant manner.

Compared to single-pair swapping, a fault-tolerant real-
ization requires more advanced error-correction methods and
efficient handling of multiple flying qubits, topics that have
been explored in previous works [40,41]. Nevertheless, in
distributed quantum computing, many-body swapping of-
fers important advantages over standard approaches that rely
on numerous single-pair swappings combined with entan-
glement purification to generate a single high-quality Bell
pair. Since large-scale processors already employ standard
error-correction routines with syndrome measurements and
correction operations, it is natural to assume that such capabil-
ities are available in the processor modules and intermediate
nodes performing many-body swapping (see Fig. 7).

Even for sharing logical Bell pairs between modules,
many-body swapping can remove the need for repeated
pair generation, entanglement purification at each node, and
postgeneration logical encoding. Furthermore, in distributed
quantum computing architectures, restricting communication
to single-pair sharing and single-qubit teleportation may not
always be optimal, as directly sharing more complex entan-
gled states can reduce overall computation time and enhance
architectural flexibility. When quantum gates between nodes
remain within the physical error threshold of the chosen
QECC, many-body swapping becomes feasible and represents

a significant step toward fully error-resilient distributed quan-
tum systems.

V. SUMMARY AND OUTLOOK

We established a general many-body entanglement swap-
ping protocol that enables two nonsignaling parties to share
a high-fidelity copy of a generic many-body quantum state,
and we demonstrated its proof of principle on actual quan-
tum hardware. In the emerging era of distributed quantum
information processing and quantum networks, this protocol
provides key functionalities that are difficult or impossible to
achieve by other known methods. These include the sharing
of complex states with a generic Schmidt spectrum and the
implementation of fault-tolerant entanglement swapping. In
forthcoming work, we will employ existing quantum hard-
ware to demonstrate further aspects of the protocol, including
sharing more complex states [42].
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APPENDIX A: SIMULATION DETAILS
ON THE QUANTUM PROCESSOR

To carry out the quantum simulations presented in Fig. 4,
we used IBM’s 133-qubit superconducting quantum processor
ibm_torino, accessed via the IBM Quantum cloud platform
[30]. This device is based on fixed-frequency transmon qubits
arranged in a heavy-hex lattice architecture. The processor ex-
hibits coherence times (T1 and T2) typically ranging from 100
to 200μs, with single- and two-qubit gate fidelities exceeding
99.9% and 99%, respectively, and median readout error of
∼3.21%. For benchmarking and validation purposes [data
shown in Fig. 4(c)], we employed IBM’s high-performance
simulators available through Qiskit [44]. These simulators
realistically emulate IBM Quantum devices by incorporating
noise models that account for native gate errors, qubit connec-
tivity, measurement errors, and decoherence.

We utilized the sampler measurement interface [44]. The
sampler executes quantum circuits repeatedly to produce bit-
string distributions, faithfully capturing raw hardware noise
without any postprocessing. To mitigate the effects of noise
and decoherence, we applied two readily available techniques:
matrix-free measurement mitigation (M3) [45] and dynamical
decoupling (DD) [46–48]. M3 operates within a reduced sub-
space defined by the noisy input bitstrings, making the asso-
ciated linear system much easier to solve because the number
of unique bitstrings is far smaller than the full Hilbert-space
dimension. DD, on the other hand, helps preserve quantum
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coherence during idle periods by applying carefully designed
pulse sequences that dynamically refocus the qubit states.

The number of measurement shots, denoted by m, was
selected to resolve probability differences down to a standard
deviation of approximately σ ∼ 1%. The standard devia-
tion in estimating a probability p is approximated by σ ≈√

p(1 − p)/m. To quantify the similarity between the output
and target distributions, as the fidelities shown in Figs. 4(d)–
4(g), we have adapted Hellinger distance H . Based on this, the
fidelity is defined as F = (1 − H2)2, which measure lies in
the interval [0, 1] and is equivalent to the classical fidelity FH ,
since it coincides with the quantum-state fidelity for diagonal
density matrices. Such classical fidelity between the output
state |ψAB〉 and the target state |ψT 〉 is given by

FH (|ψAB〉, |ψT 〉) =
(∑

i

√
piqi

)2

, (A1)

where pi and qi are the probability components of the output
and target distributions, respectively.

APPENDIX B: QUANTUM NOISE MODELS

To model the noise effects, we adopt the Kraus repre-
sentation of quantum channels. In this framework, a noisy
quantum process acting on a density matrix ρ is described by
a completely positive, trace-preserving map E , which can be
expressed as

E (ρ) =
∑

k

EkρE†
k , (B1)

where the operators {Ek} are known as Kraus operators and
satisfy the completeness relation

∑
k E†

k Ek = I . In the fol-
lowing, we provide the explicit forms of the Kraus operators
corresponding to different types of quantum errors, which are
commonly encountered in quantum devices.

Single-qubit gate error. For single-qubit gate error, we
are using a general Pauli channel error (depolarizing channel
error) representation that includes X , Y , and Z error simulta-
neously, which applies Pauli errors X , Y , and Z with certain
probabilities:

E1Q(ρ) = pxXρX + pyY ρY + pzZρZ +
⎛
⎝1 −

∑
i∈{x,y,z}

pi

⎞
⎠ρ,

(B2)
where px, py, pz ∈ [0, 1] denote probability of applying X , Y ,
and Z error, respectively. Hence, the Kraus operators for this
channel are

E0 = √
pxX, E1 = √

pyY, E2 = √
pzZ,

E3 =
√

(1 −
∑

i∈{x,y,z}
pi )I. (B3)

The specific probability of X , Y , and Z errors on single-
qubit gates in IBM Quantum devices is not publicly detailed
in terms of individual Pauli error components. IBM typically
reports overall single-qubit gate error rates, which encompass
various error sources, including decoherence and control im-
perfections. For simulation purposes, it is common to model
single-qubit errors using a depolarizing channel, where X ,
Y , and Z errors are assumed to occur with equal probability.

Hence, we can consider the single-qubit gate error as

E1Q(ρ) = η1Q

4
XρX + η1Q

4
Y ρY + η1Q

4
ZρZ +

(
1− 3η1Q

4

)
ρ,

(B4)

where px = py = pz = 1
4η1Q.

Readout error. For each qubit, the readout error can be
implemented using a confusion matrix by applying after quan-
tum circuit execution classically:

R =
[

P(0|0) P(0|1)
P(1|0) P(1|1)

]
=

[
1 − p01 p01

p10 1 − p10

]
, (B5)

where P(i| j) is the probability to read i given true outcome
j. Therefore, p01 and p10 represent the probability of flipping
0 → 1 and 1 → 0, respectively.

Phase- and amplitude-damping error. The pure dephasing
time Tφ satisfy the following expression:

1

T2
= 1

2T1
+ 1

Tφ

, (B6)

where T1 and T2 are energy relaxation time and dephasing
time, respectively.

Let γ = 1 − e−t/T1 be amplitude-damping channel proba-
bility, where t is the gate duration time, and Kraus operators
are

EAD
0 =

[
1 0
0

√
1 − γ

]
, EAD

1 =
[

0
√

γ

0 0

]
, (B7)

where γ represents the probability that the qubit decays from
|1〉 to |0〉.

The phase-damping error describes a noise process that is
uniquely quantum mechanical, depicting the loss of quantum
information without loss of energy. By considering λ = 1 −
e−t/Tφ , the Kraus operators are

EPD
0 = √

1 − λ × I, EPD
1 =

√
λ × Z, (B8)

where λ can be interpreted as the probability that a qubit loses
quantum information without loss of energy.

The phase- and amplitude-damping error (PAD) can
be considered as product of each noises, EPAD(ρ) =
EPD(ρ) EAD(ρ), in which Kraus operators are

EPAD
0 = EPD

0 EAD
0 ,

EPAD
1 = EPD

1 EAD
1 , (B9)

where ηPAD denotes the probability of a qubit capturing both
energy relaxation (amplitude damping) and loss of quantum
coherence (phase damping).

ECR error. For the ECR gate error, similar to the single-
qubit gate, we use a general Pauli channel error model, which
can be expressed as a tensor product of single-qubit error
representations (B3),

Eecr(ρ) =
∑

k

E ecr
k ρE ect

k
† =

∑
i, j

(Ei ⊗ Ej )ρ(E†
i ⊗ E†

j ),

(B10)

and ηecr represents the effective error probability for the ECR
gate, assuming the error contributions from the two input
qubits are equal.
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