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Nonlocality arising in networks composed of several independent sources gives rise to phenomena
radically different from that in standard Bell scenarios. Over the years, the phenomenon of network
nonlocality in the entanglement-swapping scenario has been well investigated and demonstrated. However,
it is known that violations of the so-called bilocality inequality used in previous experimental
demonstrations cannot be used to certify the nonclassicality of their sources. This has put forward a
stronger concept for nonlocality in networks, called full network nonlocality. Here, we experimentally
observe full network nonlocal correlations in a network where the source-independence, locality, and
measurement-independence loopholes are closed. This is ensured by employing two independent sources,
rapid setting generation, and spacelike separations of relevant events. Our experiment violates known
inequalities characterizing nonfull network nonlocal correlations by over 5 standard deviations, certifying

the absence of classical sources in the realization.
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Bell’s theorem [1], stating that quantum predictions are
incompatible with local realism, has deeply influenced our
understanding of physics. Specifically, the correlations
obtained by local measurements on a remotely shared
quantum system cannot be explained by a local hidden
variable (LHV) model. This is generally known as Bell
nonlocality [2], which has been confirmed in numerous
Bell experiments [3—7] via violations of Bell inequalities
[1,8]. Apart from its fundamental interest, Bell nonlocality
has also found numerous applications as an indispensable
resource in device-independent quantum information tasks
[9-11].

In the standard Bell tests for LHV models, local
influences are mediated by a single, common LHV that
is shared among all the parties. Recently, growing interest
has been devoted to the exploration of Bell nonlocality in
networks (see Ref. [12] for a recent review). The simplest
example is the entanglement-swapping scenario [13],
where two independent parties that are not causally con-
nected can become entangled. While correlations generated
in networks can be contrasted against standard LHV
models, it is more natural and physically motivated to
consider models with independent hidden variables that
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reproduce the network structure. In the entangle-
ment-swapping network, this gives rise to the study of
bilocal hidden variable (BLHV) models and the associated
phenomenon of (non)-bilocality [14,15]. Importantly,
recent experiments [16-20] show that there are correla-
tions that admit a standard LHV model but nonetheless
are incompatible with a BLHV model [depicted in
Fig. 1(a)].

It was recently argued that the violation of the inequal-
ities characterizing correlations with BLHV models did not
capture all the intricacies of nonlocality in the entangle-
ment-swapping network [21]. Concretely, the bilocality
inequality in [15] can be violated when just one of the
sources is entangled [17]. More importantly, all its quantum
violations can be simulated with a strategy of the form
depicted in Fig. 1(b), that is, keeping one classical source if
the other one is allowed to distribute systems only limited
by the no-signaling principle (e.g., a Popescu-Rohrlich box
[22] that allows stronger-than-quantum correlations) [21].
These systems are currently a hypothetical construct, but it
is useful to consider them in order to be able to make
statements independent of the theory describing the physi-
cal systems involved [23,24].

© 2023 American Physical Society
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FIG. 1. A network with sources (blue circles) distributing
physical systems (blue arrows) to three nodes Alice, Bob, and
Charlie, represented as A, B, and C (gray squares). (x, a) and (z, ¢)
are Alice’s and Charlie’s inputs and outputs. Bob performs a joint
measurement on his systems yielding outcomes b. (a) BLHV
model, where each source distributes a different LHV (4, and 4,).
(b) Test for FNN, where the model to be discarded consists of one
LHV Zand a general nonlocal source (NS).

In other words, a violation of the bilocality inequality
only guarantees that at least one of the sources in the net-
work is nonclassical. In order to have a device-independent
certification that both sources are nonclassical, one must
(1) insert the additional hypothesis that quantum mechanics
describes nature at its fundamental level and (ii) achieve a
violation of the bilocality inequality beyond the value
described in [17]. But if the additional assumption (i) is
removed, no value of the inequality guarantees the absence
of classical sources in the network.

This put forward a stronger, arguably more genuine,
definition of network nonlocality, where distributions
regarded as interesting are those that cannot be explained
by having at least one classical source, regardless of the
rest. This is known as full network nonlocality (FNN) [21],
and its observation implies that all the sources used in the
network must necessarily uphold some degree of non-
classicality. FNN has been since then observed in exper-
imental realizations of the entanglement-swapping scenario
featuring three- [25] and four-outcome [26] measurements
in the central party, and in the three-branch star network
[27]. Importantly, the independence of the sources in these
experiments is assumed rather than enforced. This opens
the possibility of the existence of an LHV simulation of the
correlations observed [28], known as the source independ-
ence loophole. Similarly, the independence of the meas-
urement choices and the isolation of the parties are also
assumed, leading to the freedom of choice and the locality
loopholes, respectively.

Here, we report the first experimental demonstration of
the existence of FNN in quantum theory in a realization
where the network structure is strictly guaranteed. This is,
we show that there exist probability distributions generated
in quantum networks that cannot be simulated if one of the
sources distributes classical systems, even if the rest are

allowed to distribute (so far, hypothetical) stronger-than-
quantum systems. We do so by violating the FNN witnesses
of [21] in an optical network that distributes quantum
systems generated from independent sources under strict
locality conditions, i.e., in which all the parties involved are
spacelike separated.

FNN in the entanglement-swapping network.—FNN
correlations are defined, analogously to standard non-
local ones, as not admitting a specific model. In the
entanglement-swapping scenario, this model is captured
in Fig. 1(b). The correlations generated when the source
S; is classical (i.e., an LHV) are described by
pla,b,clx,z) = [dip(A)p(alx,2)p(b, c|A, z), where p(4)
is the probability distribution characterizing the LHV A
between Alice and Bob, p(alx,4) is Alice’s response
function, and p(b, c|4,z) is a joint response function for
Bob and Charlie, which in general is only constrained
by no signaling [i.e., by > .p(b,c|4,z) = p(b|A) and
> » p(b,cld,z) = p(c|z)]. To establish FNN, one needs
to consider also the case with interchanged sources.
Reference [21] showed that, in the entanglement-swapping
scenario when a,c,z,x € {0,1} and b € {0,1,2}, the
simultaneous violation of both the following inequalities
certifies FNN:

Rens =2(AgB1(Co—C)) +(A1By(2Cy+Cy))
—(Bo) + ((A1By) +(ByCo) — (Co))(C) <3, (1)

and

Rus.c = 2(AgB1(Co — C1)) + (A1By(Cy +2C))
— (Bo) + (A1) ({A1By) + (BoC)
+(Cy—Cy—Ay)) <3, (2)

where expectation values are computed following [15],
namely, (A,ByC.)=>",,.(—1)**¥>Up(a,b,c|x,z) and
(ABIC) =Y o) (=1 plab.clx.2). the func-
tion [p] evaluating to 0 if p is true and to 1 otherwise (see
Ref. [29] for further details).

Importantly, these inequalities can be violated simu-
Itaneously in quantum networks [[21], App. F]. Take
both sources to emit a Bell state |®T), Alice and
Charlie to perform measurements A, € {X,Z} and
C. € {[(Z+X)/V2],[(Z-X)/V/2]}, where X and Z are
the Pauli operators, and Bob to perform a partial Bell state
measurement (BSM) with three outputs {®*, @™, 1 —
®* — @~} that are correspondingly associated to the out-
comes b € {0,1,2}, where ®* = |®*)(®*|. The resul-
ting distribution p(a, b, c|x,z) leads to the violations
Rens = Rusc = 5/v2 ~3.5355.

Experimental realization.—We implement this in a pho-
tonic network, illustrated in Fig. 2(a). Two independent sour-
ces S; and S, distribute entangled photons to three separate
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FIG. 2. Experimental realization. (a) Overview of our quantum network with two independent sources (S; and S,) and three nodes
(Alice, Bob, and Charlie, represented as A, B, and C). Geographic picture is taken from Google Maps, ©2022 Google [35]. (b) By
pumping a periodically poled MgO doped lithium niobate (PPMgLN) crystal in a Sagnac loop, photon pairs in the state |¢); =
cos 20;|HH) + sin 20;|VV) are created via SPDC in each source, where 0; is the angle of the HWP; mounted on a motorized rotator. The
pulse pattern generator (PPG) in Sy acts as a master clock for synchronizing all devices (see Refs. [19,34] for details). (c) Bob performs a
partial Bell state measurement [36] and his photon detection events are real-time analyzed and recorded by a field-programmable gate
array (FPGA). (d) Alice and Charlie measure their photons according to the inputs from their private quantum random number
generators (QRNGs). Their detection events and setting choices are recorded by a time-to-digital converter (TDC). See Ref. [29] for
more details. IM, intensity modulator; EDFA, erbium-doped fiber amplifier; PC, polarization controller; DM, dichroic mirror; OPM, oft-
axis parabolic mirror; DWDM, dense wavelength-division multiplexer; FBG, fiber Bragg grating; PBS, polarizing beam splitter; HWP,
half-wave plate; QWP, quarter-wave plate; BS, beam splitter; SNSPD, superconducting nanowire single photon detector; FR, Faraday
rotator; PM, electro-optic phase modulator.

observers Alice, Bob, and Charlie. Each source gene- 250 MHz at Alice’s and Charlie’s location [Fig. 2(d)],
rates a polarization-entangled state |@); = cos26;|HH)+  where the measurement choice depends on random bits
sin26,|VV) via type-0 spontaneous parametric down-con-  produced from private fast quantum random number
version (SPDC), as shown in Fig. 2(b). In each source, a pulse generators (QRNGs) [29]. All random bits from the
pattern generator (PPG) sends 250 MHz trigger signals to ~ QRNGs pass the NIST randomness tests [37] (for more
drive a distributed feedback (DFB) laser such that its electric details, see Refs. [19,34,38]). All setting results and
current switches from much below to well above the lasing  detections are locally recorded by their time-to-digital
threshold, indicating that the phase of each generated pump  converters that are fed with Bob’s timestamps information.
pulse is randomized [33]. In this way, we erase any quantum  All locally stored data are collected by a separate computer,
coherence between the pump pulses and disconnect the two  in which we postselect the four-photon coincidences "by
SPDC processes on each experimental trial, thus closing  aligning all of them to Bob’s BSM timestamps and use the
the source-independence loophole under the reasonable  four-photon coincidences for Re.ng and Rys.c-
assumption that hidden variables are created together with We confirm the space-time configuration and character-
state emission (further details see Refs. [19,34]). ize the delays of all relevant events, namely, (1) emission
At the central node, Bob sandwiches polarization beam  (S; and S,), i.e., the photon creation events in the sources;
splitters (PBSs) between two half-wave plates (HWP at (2) the choice of measurement setting (QRNG, and
22.5°) to realize a partial BSM [36] that distinguishes Bell QRNG), i.e., completing the quantum random number
states |®@7), |®7), and a remaining group of Bell states  generation at Alice’s and Charlie’s nodes for choosing their
{|¥*),|¥")} (which is T — @' — @) by the coincidence =~ measurements; and (3) the measurement (M,, Mp, and
detection among the pseudo-number-resolving detectors M), i.e., finishing the single photon detection by Alice,
depicted as Dy, Dyq, Dys, and Dy, in Fig. 2(c). Bob’s ~ Bob, and Charlie. In the experiment, the time reference to
photon detections are analyzed in real time and recorded by synchronize all events is set to the 12.5 GHz internal
a field-programmable gate array. Once Bob obtains a BSM ~ microwave clock of the PPG in source S; [34]. By
output, he sends the corresponding timestamp information  employing QRNG and spacelike separating setting choice
to Alice and Charlie. We implement a high-speed, high-  and measurement on one side from the measurement on
fidelity, single-photon polarization analyzer at a rate of  other sides, we close the locality loophole. By spacelike
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Space-time configuration in each experimental trial. (a)—(c) Space-time diagrams of the relationship between important events

in the nodes, as displayed in the boxes. Blue vertical bars in each space-time diagram denote the time elapsing for the relevant events,
with start and end marked by circles and horizontal lines, respectively. (a) Left, middle, and right panels split by red dashed lines: space-
time analysis between QRNG, and S, space-time analysis between S; and S,, and space-time analysis between S, and QRNG.
(b) Space-time analysis between QRNG, and QRNG¢, and spacelike separations between QRNG, (QRNG,) and M (M,), and
between S; (S,) and M (M ,). (c) Space-time analysis between Mz and QRNG, (QRNG). All the space-time relations are drawn to

scale. For more details see Ref. [29].

separating setting choice events from state creation events
(which is also the origin of a hidden variable), we also
close the measurement-independence loophole. Finally, the
emission at §; is spacelike separated from Charlie’s
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FIG. 4. Experimental results of the FNN witness as functions of
the rotation angle 6; in S;. (a) FNN witness as a function of the
angle 6, when |¢), = |®*). (b) FNN witness as a function of the
angle 8, when |p), = |®™). Error bars indicate one standard
deviation.

measurement, and analogously for Alice’s measurement
and the emission at S,. The details about the spacelike
separation of all relevant events are shown in Fig. 3
and [29].

Results.—We obtain visibilities of (97.10 + 0.35)% and
(98.60 + 0.07)% for states |®") generated in the diagonal
polarization basis for sources S; and S,, respectively, at an
average photon pair number per pulse of ~0.007. The
Hong-Ou-Mandel measurement by Bob yields a fitted
visibility of (94.3 £ 2.7)%. We then study the distributions
p(a, b, c|x, z) generated in our network with different states
computing their corresponding values of R¢.ng and Rys.c
[29]. For simplicity, we fix one source creating |®*) and
then automatically rotate the phase #; in the other source
with a motorized rotator at a phase interval of z/16, having
a total of nine steps within the range [0, /2. For each step,
we collect ~4700 four-photon coincidence detection events
in ~10000 seconds, and compute with them the results
shown in Fig. 4. Our observation of Rcg > 3 in Fig. 4(a)
certifies that S; distributes an entangled quantum system to
Alice and Bob. An analogous argument applies for S, and
Eq. (2) in Fig. 4(b). But more importantly, the fact that in
Fig. 4(a) we observe a simultaneous violation of both
inequalities for the points 8, = 37/16, z/4 and 57/16 is, at
least in those cases, a guarantee that both sources in the
network are nonclassical. The same conclusions can be obta-
ined when changing the state in S, as we show in Fig. 4(b).
Notably, in the particular case of |p), = |¢), = |@T), our
results yield Rceng =3.3212 £0.0638 and Rys.c =
3.3563 £ 0.0632 both in Figs. 4(a) and 4(b), surpassing
the non-FNN’s bound by more than 5 standard deviations.

Discussion.—We have experimentally demonstrated the
existence of FNN in a photonic quantum network built
upon sharing independent sources under strict locality
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constraints. FNN is witnessed by the simultaneous viola-
tion of Egs. (1) and (2). Each violation certifies, in a device-
independent manner, that one of the sources in the network
is not classical. Thus, our experiment constitutes a certif-
ication of the nonclassicality of all the sources in the
entanglement-swapping scenario. Importantly, the fact that
non-FNN models consider general no-signaling systems
implies that, even in the hypothetical case that new physical
systems were discovered that allowed for stronger-than-
quantum correlations, it would remain impossible to
reproduce the results of our experiments by using these
systems in one source and classical systems in the other.
This is a very important feature for quantum communica-
tion networks. In contrast with pioneering work [28] which
requires all the sources to distribute stronger-than-quantum
systems in order to limit the information accessible by an
eavesdropper, FNN could provide a strong, yet achievable
in quantum theory, way of guaranteeing security of net-
work-based quantum cryptographic protocols.

Our experiment addresses the source-independence,
locality, and measurement-independence loopholes, thus
providing a strong certification of FNN. However, it
remains subject to the detection loophole, namely, that a
local model could be given if taking into account non-
detection events [39], and the memory loophole, by which
the results in a given experimental round may depend on
the previous ones [40,41]. These loopholes need to be
closed in order for the certification to be considered device
independent [5]. The former could be addressed in the
future by using high-efficiency photon sources [42] and
detectors, while closing the latter requires suitable hypoth-
esis testing [41,43] and sufficiently many experimental
rounds, thus benefiting from higher-frequency hardware.
Beyond the bilocal scenarios, an important direction is to
explore FNN in more complex networks such as star
scenarios [44—46] where several independent branch parties
are connected to a central one, and line scenarios that
underlie long-distance quantum communication networks.
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