PHYSICAL REVIEW LETTERS 136, 160201 (2026)

Experimental Verification of Multicopy Activation of Genuine Multipartite Entanglement
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A central concept in quantum information processing is genuine multipartite entanglement (GME), a
type of correlation beyond biseparability, that is, correlations that cannot be explained by statistical
mixtures of partially separable states. GME is relevant for characterizing and benchmarking complex
quantum systems, and it is an important resource for applications such as quantum communication.
Remarkably, it has been found that GME can be activated from multiple copies of biseparable quantum
states, which do not possess GME individually. Here, we experimentally demonstrate unambiguous
evidence of such GME activation from two copies of a biseparable three-qubit state in a trapped-ion
quantum processor. These results not only challenge notions of quantum resources but also highlight the
potential of using multiple copies of quantum states to achieve tasks beyond the capabilities of the

individual copies.

DOI: 10.1103/kv4s-tfc6

A key goal in the development of quantum-communi-
cation technology is to establish large-scale quantum net-
works [1-5]. Central questions in this endeavor pertain to
understanding what kind of quantum states can be estab-
lished by specific networks [6-9], which resources are
required to do so, and how the successful generation can be
efficiently verified [10-12]. A particular focus of these
efforts (on the side of both theory, see, e.g., Refs. [13-15],
and experiments, see, e.g., Refs. [16-20]) is the generation
of genuinely multipartite entangled states, needed to har-
ness the full potential of quantum networks. Such states are
not just fully inseparable in the sense that they are
entangled across all bipartitions, but they also cannot be
decomposed into statistical mixtures of states that are
separable with respect to different partitions, whereas all
states that admit such decompositions are called bisepar-
able. For an introduction, we refer to Ref. [21]
[Chapter 18]. Multipartite entanglement is considered to
be an important resource for tasks in quantum metrology
[22], quantum computing (e.g., for measurement-based
quantum computation [23,24] and quantum error correction
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[25]), and quantum communication (e.g., for quantum key
distribution [26,27], conference key agreement [28], or
communication problems in networks [29]), and there are
some applications for which genuine multipartite entangle-
ment (GME) specifically is crucial [26,30].

Remarkably, it has been shown that considering more
than one copy of a state drastically changes the distinction
between full inseparability and GME [31,32]: where one
copy of a state may be biseparable, two or more copies can
be GME as long as the single-copy state is fully inseparable
(i.e., entangled with respect to all bipartitions)—a phe-
nomenon dubbed activation of GME. Moreover, it was
shown that every fully inseparable biseparable state can be
activated for some number of copies [33], even in infinite
dimensions [34].

A pressing question that follows on the heel of these
observations is How difficult is it to harness the activation
of GME? Theoretical work in this direction [35] has already
demonstrated that there are some fully inseparable bisepar-
able states whose activated GME cannot be projected back
to the single-copy level. In addition, some cases might
require prohibitively many copies for activation, and some
states with activated GME might require joint local
operations on multiple copies that are difficult to realize
in practice in order to verify or use the activated multipartite
correlations.

Here, we make crucial steps toward bringing the uti-
lization of GME activation closer to practical reality by
unambiguously demonstrating its core principle. We exper-
imentally prepare two copies of a biseparable three-qubit
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state on two groups of three trapped ions and show that
the two-copy state is genuinely multipartite entangled.
Whereas previous work in this direction [36] only checked
necessary (but not sufficient) conditions for biseparability
of the individual copies, state preparation in our experiment
solely employs operations that cannot produce genuinely
multipartite entangled three-qubit states or bipartite entan-
glement between the two single-copy instances of the three-
qubit states. In addition, explicit biseparable decomposi-
tions for the initial three-qubit states are determined by a
numerical algorithm [37,38]. We confirm the activation of
GME by employing a suitable GME witness for the two-
copy state. Our results thus provide clear evidence of two-
copy GME activation. This marks a significant step in the
exploration of quantum resources that can be harnessed by
jointly but locally accessing multiple copies of distributed
quantum states in the laboratory.

Theory—In order to experimentally demonstrate multi-
copy GME activation, we consider a state p,pc of three
qubits that is biseparable, i.e., can be written as a statistical
mixture of states p4pcs» Pap|cr» and ppjac that are separable
with respect to the bipartitions A|BC, AB|C, and B|AC,
respectively, but which is fully inseparable, that is, pspc
cannot be written as a statistical mixture of terms that
are all separable with respect to any fixed bipartition. Yet,
Papc 18 two-copy activatable: two copies py,p,c, ® Pa,5,c,
of this state are GME, i.e., the joint two-copy state is not
biseparable with respect to the partition AA,|B;B,|C;C).
In addition, we are interested in a state that is sufficiently
robust with respect to these properties: small perturbations
should not change the biseparability and full inseparability
of the single copy or the GME of two copies. We are also
interested in an implementation that is closest to the
original spirit of activation, namely that each copy is
prepared directly as a convex mixture of product states
without using any operation that could potentially generate
GME. However, the potentially large number of states in
such mixtures, combined with the need to prepare multiple
copies, might lead to significant overhead in terms of the
number of required reconfigurations of the experimental
setup. To keep this number at a level achievable with
current technology, we construct an activatable state in
which the number of components is sufficiently small.

By combining analytical and numerical calculations, we
arrived at a suitable candidate for the desired state in the
form of the balanced mixture,

1 7
) = — E , . 1
PABC 8 < |az><at ’ ( )

of only eight three-qubit states |a;), i = 0, 1, ..., 7. The first
four of these have the form

lag) = |£)4 ® |q)j:>BC’ (2a)

ja23) = (VZ @ VZ ® Z)|£), ® [0%)5c.  (2b)

while the remaining four, |a, ;), arise from them
by swapping qubits A and B. Here, the subscripts
0 and 2, and 1 and 3 on the left side refer to the signs
+ and — on the right side, |®*) = (|00) +[11))/v/2,
|+) = (|0) £ [1))/v2, Z is the Pauli-z matrix, and
VZ = diag(1, ).

The state pspc defined in Eq. (1) is clearly a convex
mixture of separable states with respect to the partitions
A|BC and B|AC and is thus biseparable by construction as
required. This state is also fully inseparable and therefore
meets the criteria for being activatable [33]. In addition, its
two copies, pa,,c, ® Pa,,c,> are GME across the parti-
tion A;A,|BB,|C;C,, as shown below, and the state is thus
also two-copy GME activatable. This is somewhat surpris-
ing when we realize that we only need a single two-qubit
CNOT operation to prepare each constituent of the
state pspc, which obviously cannot generate GME.
Experimental activation of GME based on the state p,pc
[Eq. (1)] would thus represent a practically ideal demon-
stration of this counterintuitive effect of obtaining “some-
thing from nothing.” But before we move on to that, let us
first prove GME in two copies of this state.

The GME can be shown by finding a witness with
respect to the partition A;A,|BB,|C,C, for its two-copy
state which we for convenience rearrange as P4 4,8, 8,c,c,-
In general, a GME witness is a Hermitian operator W for
which Tr[Wp®sP] > 0 for all biseparable states p®*P and
Tr[Wp] < 0 for at least one GME state p. The GME of a
number of states, including two copies of the state p,pc
[Eqg. (1)], can be detected using so-called fully decompos-
able witnesses, which can be written as [39]

W =Py, +0r (3)

for every subset M of all systems. Here, Py, and Q,, are
positive semidefinite matrices and the superscript 7Ty,
denotes the partial transposition with respect to part M
of the whole system [40,41]. The important upside of a
fully decomposable witness is that it can be found relatively
simply by solving a semidefinite program (SDP) [39]. In
our case, the SDP is

mimirize Tr[Wpa,a,8,8,¢,¢,)
Sk

subject to Tr[W] = 1,
P, >0,
Or = (W-P)" 20,
for k = {A,A,, B\B>.C,C,}. (4

We solve this SDP numerically and obtain
Tr[Wpa,a,,8,c,c,] = —1.042 x 1072, verifying that the
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FIG. 1. (a) Illustration of the robust biseparable two-copy GME-activatable state p,p- [Eq. (6)]. The dark orange oval regions
represent the sets of separable states across bipartitions A|BC, B|AC, and C|AB. The light orange regions represent the GME-activatable
states. The union of the orange regions represents the set of biseparable states, and the light blue region outside contains the GME states.
The orange regions between the dashed lines and the borders between the sets of biseparable and GME states represent the set of
biseparable two-copy GME-activatable states. The state p,pc (red dot) is a balanced mixture (illustrated by the dotted line) of states
separable across bipartitions A|BC and B|AC (white squares), respectively. (b) Diagrammatic representation of two copies of the state
papc- The oval regions labeled by jk with j = A, B, C; and k = A,, B,, C, denote sets of states for which the pair of qubits j and k is
separable from the rest of the system. The convex hull of the three oval orange regions indicates the set of biseparable states with respect
to the partition A A,|B; B, |C; C,. The two-copy state p4 4,5, 5,c,c, (red dot) is a balanced mixture (illustrated by the dotted lines) of four
possible tensor products of states depicted by white squares in panel (a), which belong to the sets A;A,, BB, A|B,, and B|A, (white
squares), respectively. GME with respect to the partition A A, |B | B,|C, C, is detected by the witness W (solid black line). (c) Illustration
of a linear Paul trap and a *)Ca* level diagram. A Paul trap consisting of four blade electrodes and two tip electrodes confines a linear
chain of six “°Ca™ ions (white dots). The orange and blue labels illustrate the interleaved qubit assignment of the first and second copies.
We refer to the main text for details on the energy-level diagram.

witness faithfully detects GME of two copies of the state
Papc as desired. The witness W has nonzero matrix
elements only on the main diagonal and antidiagonal, with
elements 1/12 that are listed explicitly together with the
matrices Pj; and Qj, in Supplemental Material Sec. I [42].
Additionally, W can be decomposed into a sum of 32 six-
qubit Pauli strings M,

31
W = kaMka (5)
k=0

with weights m;, (see Supplemental Material Sec. I [42] for
the list of these products and their weights). Half of the
matrices M, correspond to computational basis measure-
ments of various subsets and can thus be measured at once.
Hence, this decomposition is experimentally very conven-
ient and allows for a direct witness measurement using only
17 distinct measurement settings. This is much less
expensive than the 3% = 729 settings required for Pauli
state tomography.

The state in Eq. (1) lies close to the boundary of the set of
biseparable states, and the biseparability condition is thus
highly sensitive to experimental errors. This obstacle can be
circumvented by admixing a small fraction ¢ = 6 x 1072 of

colored noise in the form of (|ag)(ag| + |ag){(ae|)/2 with
|ag) = |001),5¢ and |ag) = |110) 45 to the state in Eq. (1).
The exact value of ¢ = 6 x 1072 was selected based on the
preliminary analysis of the single-copy states in our experi-
ment, as is explained in more detail in Supplemental
Material Sec. II [42].

This gives

pane =13 laa + 2 (g @) + @) @) (6)
i=0

l

The obtained state is simple, manifestly biseparable, and
experimentally robust [see Fig. 1(a) for a pictorial repre-
sentation]. For the GME witness W one further expects
(W) = Tr[Wpa,a,8,8,c,c,] = —0.887 x 1072, which certi-
fies two-copy GME activatability of the state, as illustrated
in Fig. 1(b).

Experimental GME activation—We prepared two copies
of the state in Eq. (6) on a trapped-ion quantum processor
[43]. It employs a linear Paul trap, where six *’Ca™ ions—
three for each copy—were confined [see Fig. 1(c)]. Qubits
are encoded in the electronic states |0) = 42S;,(m; =
—1/2) and |1) = 32Ds/5(m; = —1/2) and are coherently
controlled via a narrow band laser driving an electric
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quadrupole transition at 729 nm. As illustrated in Fig. 1(c),
the short-lived 42P, , state and the 425/, state are coupled
via a 397 nm laser, which allows for the effective
implementation of both Doppler and polarization-gradient
cooling. Tons spontaneously decaying to the 32D5 /2 level
are pumped back into the cooling cycle with a 866 nm laser.
Furthermore, another laser at 854 nm permits population
transfer from 32Ds ), to the short-lived 42P5 , state, which
decays back to 425, /2~ This closed cycle enables cooling to
the motional ground state via resolved sideband cooling.

State preparation control sequences include individually
addressed qubit rotations around arbitrary axes in the
equatorial plane of the Bloch sphere, virtual Z gates,
and entangling Mglmer—Sgrensen gates applied to arbitrary
pairs of qubits [44]. The latter were used to generate the
Bell states |®*) in Eq. (2) from the ground state |00). The
two copies of the three-qubit states in Eq. (6) were prepared
on ions 0, 2, and 4 as well as on ions 5, 3, and 1,
respectively, with ions indexed according to their position-
ing in the trap. This ordering is chosen to reduce imper-
fections in the addressing of neighboring ions. The \/Z
gates of Eq. (2) and swap gates were implemented
virtually—the former by adjusting the phase of consecutive
pulses, the latter by relabeling the ions. Projective mea-
surements are performed at the end of the gate sequence by
driving the 425 ), to 4?P ), transition with a 397 nm laser
and collecting the fluorescence. Ions in the states |0)
and |1) are discriminated by their respective bright or dark
appearance with a readout error below 2 x 1073,

To verify the quality of the prepared single copies and
assess their biseparability, we opted for quantum-state
tomography. Moreover, the single-copy density matrices
are later used to predict the mean value of the witness, which
certifies GME activation from three copies. We performed
tomographic characterization separately for each of the ten
prepared three-qubit states, |a;), i =0,...,7, and |a;),
j=28, 9, using Pauli tomography with 200 shots per
measurement configuration and constituent state. The con-
stituent state density matrices were then individually recon-
structed via a maximum-likelihood estimation algorithm
[45] and subsequently incoherently mixed as in Eq. (6)
with the mixing factor of ¢ = 6 x 1072, Uncertainties were
calculated using 100 runs of Monte Carlo resampling. From
these tomographies, we extract infidelities 1 — F of the two
single-copy states with the target state in Eq. (6) of (2.54 +
0.05) x 1072 and (1.30 £ 0.06) x 1072, respectively.

Next, we certified the biseparability of the single copies.
For this purpose, we used the numerical algorithm of
Refs. [37,38], based on the sequential subtraction of
product states from the investigated density matrix, which
is described in detail in Supplemental Material Sec. II [42].
The algorithm effectively decomposes the original density
matrix into a sum of product states and a small fully
separable remainder, thereby proving its biseparability.

Because of the structure of state p, 5 defined in Eq. (6),
we had to modify the algorithm. This is because reducing
the contributions from any of the |a;)(a;| or |a;){(a;| to the
original state p,pc would actually increase the purity,
which would be in contradiction to the requirements of the
original algorithm. The key modification is to subtract a
biseparable mixture instead, which is described in detail in
Supplemental Material Sec. II [42]. We applied the
modified algorithm to each of the sampled matrices, as
well as to the original reconstruction. The algorithm
converged for both single-copy original density matrices
and in 95% and 99% of their Monte Carlo samples,
respectively. In the remaining cases, we must report an
inconclusive result.

Finally, GME activation was observed experimentally.
To measure the mean value of the witness, (W), we
sequentially prepared all possible products |y) ® |¢) with
). |¢) €{lai)i—o...7} U {las). |ao)}, where the first ten-
sor factor refers to qubits A;B;C; and the second to
qubitS A2B2C2.

The state  py p,c, ® pa,,c, Was converted into
PA,AB,B,C,C, Using swap gates. For each of the 10 x 10
constituents of that state, we then performed the Pauli
measurements M, appearing in the decomposition
described by Eq. (5) with 50 shots each. The first 16 terms
M, k=0,1,...,15, were measured at once by measuring
all qubits in the Z basis. From the measured data, we then
calculated the witness mean and its statistical error using
the vector formalism described in Supplemental Material
Sec. III [42]. The estimated witness mean value is

(W) = (=57 £0.5) x 1073, (7)

which is more than eleven standard deviations below zero.
This convincingly verifies the presence of GME in the two-
copy state and completes our experimental demonstrations
of multicopy GME activation.

Discussion and conclusion—We have experimentally
verified two-copy GME activation with state-of-the-art
trapped-ion qubits. Our results thereby represent a crucial
first step toward the exploration and utilization of quantum
resources that are unlocked by jointly processing locally
accessible subsystems of multiple copies. At the same time,
our results highlight the challenges that will arise in
attempts to harness higher levels of the GME activation
hierarchy [32]: one lies in the exponential growth of the
number of constituents of the considered multicopy mixed
states. While our two-copy experiment required the prepa-
ration of 100 combinations, a straightforward extension to
three copies would require 1000. Another factor is the
significant increase in resource requirements for witness-
based GME certification and biseparability checks. For
instance, for three-copy GME activation of the mixture
given by Eq. (6) with ¢ = 0.26, the SDP defined in Eq. (4)
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does not find any two-copy GME witness. However, a
three-copy witness comprising 128 Pauli strings exists; its
evaluation requires four times more measurements
compared to the two-copy witness tested here. To verify
two-copy biseparability of the experimentally prepared
states via the subtraction algorithm would also require
demanding six-qubit quantum tomography on each
copy pair.

The above obstacles are all technical in nature and can
be overcome by finding simpler three-copy GME acti-
vatable states and/or streamlining the process of prepar-
ing and measuring the states used. As three-copy GME
activation 1S a more subtle effect, the tolerance to
infidelities becomes narrower. To assess its feasibility,
one should also take into account the effect on the
measurement uncertainty. Therefore, we used the avail-
able reconstruction of the two realizations of single
copies and extrapolated the density matrix of the
three-copy state in silico for the case g = 0.26. The
fidelity of this density matrix to the ideal theoretical state
would be 0.954, leading to an expected witness value of
(W) = (=7 +£4) x 107 when using 50 shots per setting.
Compared to the theoretical value for a perfect state of
(W) = —8.5 x 107, this indicates that observing three-
copy GME activation is quite time consuming, yet
achievable.

Having demonstrated the feasibility of accessing GME
from two copies of biseparable states, an exciting next step
will be to observe and utilize GME activation on spatially
separated systems in a multiparty quantum network. The
states used in our demonstration are indeed typical for what
one might expect in a quantum network with bipartite
entanglement sources.
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