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Quantum networks play a crucial role in distributed quantum information processing, enabling the establishment of
entanglement and quantum communication among distant nodes. Fundamentally, networks with independent sources
allow for new forms of nonlocality, beyond the paradigmatic Bell’s theorem. Here we implement the simplest of such
networks—the bilocality scenario—in an urban network connecting different buildings with a fully scalable and hybrid
approach. Two independent sources using different technologies—a quantum dot and a nonlinear crystal—are used
to share a photonic entangled state among three nodes connected through a 270 m free-space channel and fiber links.
By violating a suitable nonlinear Bell inequality, we demonstrate the nonlocal behavior of the correlations among the
nodes of the network. Our results pave the way towards the realization of more complex networks and the implemen-
tation of quantum communication protocols in an urban environment, leveraging the capabilities of hybrid photonic

technologies.
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1. INTRODUCTION

In the last decade, several breakthroughs in quantum communica-
tion have been reported, especially those regarding the experimen-
tal realization of quantum networks [1-4].

Quantum key distribution on fiber networks have demon-
strated the possibility to securely connect distances greater than
400 km [5—7], and the successful launch of a satellite allowed the
first quantum network covering record distances over 4600 km,
integrating space-to-ground and optical fiber communication [8].
At the basis of many of these quantum communication protocols
is the phenomenon of Bell nonlocality [9-11], arguably the most
radical departure between classical and quantum descriptions
of nature. Besides its profound foundational implications, gen-
erating nonlocal correlations has become of crucial importance
for a variety of quantum technologies, ranging from distributed
computing [12], quantum cryptography [13-19] and quantum
key distribution [19,20] to randomness generation [21-23] and
self-testing [24,25].

Despite the apparent simplicity of Bell’s theorem [9], it took
over 50 years for the first loophole-free violation of a Bell inequality
[26-28]. This has been achieved considering the simplest Bell
scenario where a single source distributes entangled pairs between
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two distant nodes. Within this context, nonlocal correlations have
been obtained using free-space links [29-32], fiber-based links
[33-38], and satellite-based communications [38-41]. Moving
beyond the paradigmatic Bell scenario, it has been realized that
nonlocality can also arise in more complex networks, where the
correlations between distant nodes are mediated by a number of
independent sources and in a variety of topologies. Motivated by
a causality perspective [42], showing in particular that Bell’s theo-
rem can be seen as a particular case of a causal inference problem
[43,44], quantum networks of growing size and complexity have
been attracting increasing theoretical interest [45—58].

In spite of its clear foundational and technological relevance,
however, the experimental investigation of these new forms of
nonlocality [58—67] has been hampered by difficulties arising from
quantum networks.

Indeed, to realize large scale quantum networks and exploit
them for practical tasks [4,68], it is crucial to extend their
implementation to urban scale scenarios. With that aim, two
requirements have to be satisfied: first, the experimental apparatus
should be scalable, such that connecting an increasing number of
distant nodes is within technological reach; second is the possibility
to interface or merge different quantum technologies and types of
communication links.
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In this work, we take a significant step in this direction, by
experimentally realizing a bilocal network [45,46,58,60-62], a
scenario akin to the paradigmatic entanglement swapping protocol
[69,70]. Importantly, different from previous experiments, we
generate nonlocal correlations in this network through a scalable
and hybrid photonic platform composed of two photonic sources
distributing photons among three nodes. In contrast to implemen-
tations that rely on entangled measurements, a demanding task
in linear optics [71-73], we exploit separable measurements only,
allowing a scalable approach to networks of increasing size. On
one hand, separable measurements allow to mix different wave-
lengths, modes, and technologies, and avoid post-selection, which
is necessary for Bell state measurements with linear optics. On
the other hand, entangled measurements, while in some cases are
needed to make specific claims [74,75], do not offer any advantage
to demonstrate the nonlocality in this particular scenario. In this
sense, we are taking advantage of the fact that bilocality does not
need entangled measurements to be violated or to design a reliable,
versatile, and scalable system specifically for that purpose.

Notably, the independent sources of quantum entanglement
employ two radically different technologies: spontaneous paramet-
ric downconversion (SPDC) and a quantum dot (QD). SPDC is
widely used for the generation of polarization entangled photon
pairs [76], providing high quality entangled states generated in
a compact and cost-effective system. However, its probabilistic
generation is a drawback for schemes where post-selection is detri-
mental. This is the case of achieving an unconditional violation
in quantum metrology [77] and avoiding threatening attacks in
quantum key distribution [78]. In turn, QDs are a promising
platform for realizing deterministic photon sources [79]. The truly
hybrid nature of our experiment is further increased by using a
fiber-based as well as free-space communication link, arguably
the main kinds of communication channels to be used in future
urban quantum networks. In particular, the free-space link is a
270 m connection between two buildings in Sapienza University.
By violating a Bell inequality suited for the bilocal scenario, we
demonstrate the nonlocal nature of the correlations generated
among the nodes of the network. This is achieved in the so-called
device-independent paradigm [80-85], i.e., without assuming
any knowledge of the inner workings of the sources, measurement
stations, or other devices. Within the device-independent setting,
our experimental demonstration does allow to tackle, at least par-
tially, the locality loophole; however, it relies on the “fair sampling
assumption” due to the finite efficiency of the employed detectors.
Except for this loophole, which certainly can be addressed by
employing more efficient photon detectors, we provide a reliable
and versatile platform for an urban quantum network, feasible to
be extended to complex scenarios with larger numbers of nodes
and sources and covering longer distances.

2. BILOCAL SCENARIO

Bell’s theorem shows that correlations obtained by measurements
on distant parties of an entangled system cannot be explained by
classical notions of cause and effect. In practice, we impose a given
causal structure to our experiment and test whether the constraints
arising from a classical description of it, the so-called Bell inequal-
ities, can be violated. The paradigmatic causal structure in Bell’s
theorem is shown in Fig. 1(a), represented by a directed acyclic
graph (DAG), where each node defines a variable of relevance for
the experiment, and the directed edges encode their causal rela-
tions. In Bell’s DAG, two distant parties are connected by a single

(@ (b)

Fig. 1.  Directed acyclic graph representation of different causal struc-
tures. Examples of network where 7-nodes are connected to a central
one by means of intermediate nodes, i.e., the star-shaped network (SSN)
[62]. (a) Standard Bell scheme. (b) Bilocal scenario. (c) General SSN
scheme. Independent sources of correlations (Aj, ..., A,) connect
peripheral nodes (A4, ..., A,) to a central one (B). The measurements
performed by the nodes are also influenced by their measurement choices
(Xp, X1, ..., X,). In particular, central node B consists of different
measurement setups that are influenced by different sources, Ay, ..., A,
and the same measurement choice Xj3.

source, classically described by a hidden variable A, generating
the correlations between measurement outcomes A and B given
that the parties measure observables parametrized by X 4 and X,
respectively.

It has been realized that networks of different topologies involv-
ing an increasing number of nodes and independent sources can
lead to new forms of nonlocality [46,48-58], motivating sev-
eral experimental implementations [58-67]. In particular, the
bilocality scenario provides the simplest network beyond the
bipartite case and for this reason has attracted significant interest
[45-48,58—02]. Its causal structure is represented in Fig. 1(b),
where two nodes (A4, C) are connected with a central one (B),
by means of two independent sources of correlations (A, Aj)
[80]. In each node (A, B, C), an observer freely and independ-
ently chooses an observable to measure according to a choice
(x4, xp, xC), obtaining the outcome (a, &, ), respectively.

The classical description of the bilocal scenario is uniquely
defined by the Markov condition [42], which constrains the
conditional probabilities of the measurement outcomes as

pla, b, clxa, xp, xc)= > ph)pra)x
Ao (1)
x plalxa, M) p(clxc, X)) p(blxp, A, X2),

in which the independence of the sources implies the nonlinear
condition p(Ay, Az) = p(A1) p(X3). If one out of two possible
dichotomic measurements is performed, i.e., 2, , ¢ € {0, 1} and
x4, xp, x¢ € {0, 1}, the classical description (1) implies that the
observed correlations should respect a nonlinear Bell inequality

given by [45,46,50,51,87]

B=I|L|l+IL =1, )

where
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The quantum description of the bilocal experiment involves
two sources represented by bipartite quantum states p;, P2
and the measurements given by the operators 121’”‘1, EXB, Cre
acting on their respective subsystem. The correspond-
ing measurement correlations are given by the Born’s rule
(A*4 BB C*C) = Tr[(A*4 ® B* @ C*C)(p; @ p2)]. As demon-
strated by previous works [58—61], when properly choosing the
quantum states and measurements, the bilocality inequality (2) can
be violated, showing the incompatibility between classical causality
and quantum predictions also in this new kind of causal network.

Remarkably, separable measurements in central node B also
allows to violate such inequalities [46,60,62,88,89]. In particu-
lar, when singlet quantum states, |¥;) and |V} ), are prepared
by the two sources and distributed between the parties, a maxi-
mum violation of the bilocal Bell-like inequality can be obtained:
Bg™ = V2~ 1.414. This value is achieved by considering
two separable observables in central node B that measure the
slngle qublt subsystems of the singlet state shared with A and
C:B*s = BXB ® BXB Both observables can be taken as Pauli
matrices o, and Oy whlle each of the external nodes measures

free-space link

(0y +0,)/v2 and (0, —0,)/V/2. Separable measurements are
particularly suitable to guarantee the scalability of the network,
since it can be implemented using independent photonic plat-
forms without the stringent and expensive requirements needed
to perform entangled measurements. This is precisely our case,
since we even adopt different quantum emitters of single photons,
a SPDC source and a QD pumped by independent lasers working
in continuous and pulsed modes, respectively. Importantly, the
violation of the bilocality inequality (2) is possible even if the dis-
tribution p(a, b, c|x 4, xp, x¢) does not violate any standard Bell
inequality. For instance, the choices of states and measurements
described above and that will be used in our experimental imple-
mentation cannot violate the Clauser—Horne-Shimony—Holt
(CHSH) inequality [90] between stations A and B, given by

Sap= ) (—1)"#"5(44 B*5) <2, )

XAsXB

and similarly cannot violate the corresponding CHSH inequality
between stations B and C. That is, the non-classicality of the con-
sidered statistics truly requires the test of the underlying bilocality
network to be detected.

3. EXPERIMENTAL APPARATUS

In the following, we discuss the photonic platform implementing
the bilocality network and achieving the violation of inequality (2);
see Fig. 2 for details.

One of the sources (p;) of polarization-entangled photons con-

sists of a single GaAs/Alj 4, Gag ¢ As QD. The QDs are fabricated
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Fig. 2. Experimental implementation of the quantum network. To realize the bilocal scenario, multiple laboratories located in different rooms and
buildings were used. In particular, two sources of polarization-entangled photon pairs are realized via a QD device and SPDC in a Sagnac interferometer.
They are placed inside the laboratories of two different buildings, respectively, the Marconi and Fermi buildings. The entanglement is distributed from such
laboratories to a central one—placed in the Fermi building—by using a free-space channel and a fiber link. A dedicated stabilization system was employed
to use the free-space link (not shown in the figure). The corresponding bilocal scheme in DAG representation is reported in the middle: according to
Fig. 1(b), two independent sources of correlations (01, p2) connect two external nodes (4, C) to a central one (B). The two measurement setups connected

to the different sources are indicated as B4 and Bc.
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with the Al droplet etching method [91] and placed between two
asymmetric distributed Bragg reflectors, as detailed in [92]. Using
a Weierstrass solid immersion lens and an aspheric lens for collec-
tion, the extraction efficiency is approximately 10%. The QD is
pumped under resonant two-photon excitation [93] at 782.2 nm
with a laser repetition rate of 320 MHz. The rate of measured
coincidence events at the source output is 13.7 kHz. The QD with
a low fine-structure splitting (ESS) of 0.8 £ 0.5 eV is selected
to achieve a measured fidelity to a maximally entangled state of
0.929 £ 0.004, without the need for temporal or spectral filtering.
After rotating the photon pair onto the singlet state of polarization
using a set of wave plates, the measured CHSH parameter (4) is
Sap = 2.66 4 0.02.

Regarding the SPDC source (p;), entangled photon pairs are
generated pumping a nonlinear ppKTP crystal [94] placed into
a Sagnac interferometer. The continuous-wave pump has a fre-
quency of 405 nm, while the signal-idler generation is degenerate
at 810 nm. The rate of measured coincidence events between the
two output modes is 3 kHz, generating a singlet state |W ™) (with a
fidelity equal t0 0.955 £ 0.001) able to violate the CHSH inequal-
ity Ssppc = 2.727 £ 0.007. In addition, the source is mounted
in a compact and monolithic architecture (see Supplement 1)
providing high signal stability, as well as enabling the possibility to
transfer and operate the source in different locations.

Using these sources of photonic entanglement, the imple-
mented quantum bilocal network is reported in Fig. 2. The source
p1(p2) is shared between the external node A(C) and the cen-
tral one (B). Both sources are located near the corresponding
peripheral nodes, i.e., source p;(p2) is in the same laboratory as
measurement station A(C). Two stations, B and C, are placed in
two distinct laboratories inside the same building, and are con-
nected through a 25 m long single-mode fiber. The other station A4
is placed in a different building 270 m apart from the one of B and
C. This node is connected to the central one (B) through a free-
space channel stabilized by a dedicated system using the feedback
from an additional reference laser at 850 nm and a couple of piezo-
electric mirrors at the receiver to counter the effects of atmospheric
turbulence and beam wander [32], plus a piezoelectric mirror at
the sender to remove thermal drifts in the pointing direction (see
Supplement 1). To realize optimal measurements, each station is
equipped with standard setups for linear polarization measurement
(see Supplement 1).

4. RESULTS

Each observable of the tripartite system ABC requires the simul-
taneous detection of four-fold coincidence events. To achieve
this, we first record two-fold events of subsystems AB and BC,
independently. Then, four-fold events are recovered by filtering
all the two-fold data inside a given time window. This procedure
allows us to considerably reduce background noise while retaining
an optimal rate for the four-fold events. The size of the window
can be tuned, thus varying the statistics and the considered simul-
taneity of the events, similar to [62]. The analysis of the violation
of Eq. (2) is reported in Fig. 3, where optimal performances are
reached for the window 51.44 ps. Using this window, we obtain
a mean value of Be,, = 1.312 £ 0.0052 averaged over ~25 min.
Further, two-fold events can be processed to extract the values of
Bell parameters distributed along the quantum channels during
the bilocality experiment. The analysis provides CHSH violations
of 45 =2.484+0.018 and Spc =2.699 =£ 0.006 for the signal

1.5
Post quantum
R -
1.3 o
3 ~
v 1.2 S
\\<O
) /2 ‘\89/
1.11 LAY
1.0
Classical I

0.30 0.88 2.58 7.56  22.17 51.44

four-fold window (us)

Fig. 3.  Experimental results. Quantum violation B, is shown as a
function of the time window in which four-fold coincidence events are
considered simultaneous. The dashed orange and blue lines represent
classical and the quantum bounds, B =1and B, = V2, respectively, so
that the orange region defines the values of B allowed by classical models,
while the blue one, ie., the post-quantum region, is inaccessible even
with quantum resources (the logical maximum of Bpr =2 is reached,
in principle, only by no-signaling distributions like a Popescu—Rohrlich
box [95]). The solid blue line indicates the measured value of By, with
the corresponding error represented by the light blue area. The error is
computed through repeated measurements over ~25 min. While the
optimal value, in terms of o-distance from the bound, is reached using
a window of 51.44 s, a significant violation can be obtained also con-
sidering much smaller windows, up to 0.30 ps. In the inset, the point
corresponding to the optimal window of 51.44 ps is shown in the space
of correlations [}, I, as defined in Eq. (3), where the classical bound
corresponding the bilocal scenario is represented by the orange area, while
the gray area represents the classical correlations allowed by the relaxed
scenario in which the assumption of independence of the source is lifted,
corresponding to a tripartite Bell scenario.

coming from the QD and the SPDC source, respectively. The
time trend of CHSH and bilocality violation of our network can
be found in Supplement 1. Notably, we obtain a violation of the
classical limit also with windows in the range 300-800 ns, which,
in principle, allows the events in nodes A and B to be recorded with
space-like separations with respect to C, partially addressing the
locality loophole of our implementation.

5. CONCLUSION

A crucial requirement for the development of quantum commu-
nication networks is the ability to exploit and combine widely
different technologies that are currently available, in a modularand
reliable way. In this direction, we experimentally demonstrate the
quantum violation of local causality in a hybrid tripartite quantum
network. We violate a bilocality inequality, surpassing the classical
bound by more than 60 standard deviations and thus prove the
emergence of nonclassical correlations that cannot be detected by
standard Bell inequalities. Our network is composed of three nodes
interconnected by fiber and free-space photonic links and two
distinct sources of entangled photons. The two sources are based
on significantly different technologies: SPDC-based generation
at 810 nm pumped by a 405 nm continuous-wave laser and QD
emission at 781.2-783.2 nm pumped in pulsed regime. Thus, our
platform employs two intrinsically independent sources, a funda-
mental requirement for testing classical bounds in networks such
as the bilocality scenario and others of increasing size and number


https://doi.org/10.6084/m9.figshare.19543957
https://doi.org/10.6084/m9.figshare.19543957
https://doi.org/10.6084/m9.figshare.19543957
https://doi.org/10.6084/m9.figshare.19543957

Research Article

Vol. 9, No. 5 / May 2022 / Optica 576

of sources. Furthermore, we studied the violation of the Bell-like
inequality for such a scenario, tuning the time window in which
four-fold coincidence events are considered simultaneous, includ-
ing time windows in which the events in the distant stations can be
considered space-like separated, an important ingredient for a fully
loophole-free demonstration. This work shows the reliability and
versatility of the implemented platform, merging and interfacing
technologically different solutions in the same network. The use
of separable measurements allows interfacing sources of different
natures, avoiding the drawbacks of optical Bell-state measurements
requiring also the synchronization of single-photon emission [96].
Furthermore, our experiment has employed both free-space and
fiber links in an urban environment, whose combined adoption
represents a crucial requirement towards large scale networks. All
these features demonstrate that our approach can be easily applied
and scaled to any complex causal network, and can be used as a
building block for future real-life quantum secure communication
networks based on quantum nonlocality.
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