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Nonlocality inherent in the nature of identical particles

At its deepest physical foundations, the world appears to be nonlocal: particles
separated in space behave not as independent quantum systems, but as parts
of a single one. Polish physicists have now shown that such nonlocality — arising
from the simple fact that all particles of the same type are indistinguishable — can
be observed experimentally for virtually all states of identical particles.

All particles of the same type — for example, photons or electrons — are entangled with one ano-
ther, including those on Earth and those in the most distant galaxies. This surprising statement fol -
lows from a fundamental postulate of quantum mechanics: particles of the same type are, in their
very nature, identical. Does this mean that a universal source of entanglement — underlying the
peculiar, nonlocal features of the quantum world — is at our fingertips? And can we somehow out-
smart quantum theory, which so carefully guards access to this extraordinary resource? Answers to
these questions have been provided by two Polish theorists from the Institute of Nuclear Physics of
the Polish Academy of Sciences (IFJ PAN) in Cracow and the Institute of Theoretical and Applied
Informatics of the Polish Academy of Sciences (lITiS PAN) in Gliwice. Their findings, published in
npj Quantum Information (Nature Publishing Group), show how the very identity of particles gives
rise to observable quantum nonlocality.

Theorists from the IFJ PAN and the IITiS PAN have analysed the fundamental entanglement of
identical particles, drawing directly on John Bell’'s concept of nonlocality. While entanglement is a
concept firmly rooted in the abstract framework of quantum theory, locality is much more intuitive
and universal. It reflects the common-sense idea that events follow a chain of causes and effects
that propagate through space at a finite speed — never faster than light. When no such explana-
tion exists, we enter the realm of nonlocal phenomena. This was the essence of the breakthrough
made by Northern Irish physicist John Stewart Bell, who pointed out an experiment that cannot be
explained within a local framework. The key element of this experiment is the quantum entangle-
ment between separate systems on which researchers — traditionally named Alice and Bob — can
perform arbitrary and independent measurements.

“At first glance, the problem seems simple: entangled systems violate Bell’s inequalities, so all you
need to do is perform a well-designed experiment. Indeed, but this applies only to distinguishable
systems that can be labelled and sent to two distant laboratories. With identical particles, this fra-
mework breaks down,” says Dr. Pawel Blasiak (IFJ PAN), and goes on to explain: “Quantum me-
chanics is clear: identical particles are indistinguishable by their very nature. In practice, we do not
measure ‘this particular’ particle, but ‘some’ particle at a given location. Quantum physics consi-
stently resists any attempt to assign them individual labels — and that is precisely why the classi-
cal Bell scenario cannot be applied here.”

Dr. Marcin Markiewicz (lITiS PAN), co-author of the article, clarifies: “This seemingly subtle diffe-
rence introduces new ground rules for describing the world: it requires the symmetrization or anti-
symmetrization of the wave function in systems with multiple particles. It is precisely the principle
of particle identity that leads to the division into fermions and bosons — two worlds that underpin
the structure of atoms and their nuclei, and determine the nature of interactions. Indistinguishability
also blurs the very concept of entanglement: in the case of identical particles, it no longer behaves



as we are used to — and loses some of its practical meaning. This is where the real challenge lies
in addressing the question of nonlocality arising from the fundamental indistinguishability of partic-
les.”

Contemporary experiments on entanglement typically involve its artificial creation through interac-
tions between particles within a quantum system. Yet quantum mechanics also points to another,
more fundamental mechanism: entanglement — and perhaps nonlocality itself — may arise direc-
tly from the identical nature of particles of the same type. From this perspective, nonlocality could
even manifest between particles that have never interacted with one another before.

It is this primordial form of nonlocality that captured the interest of physicists from the IFJ PAN and
the IITiS PAN. They set out to determine whether it could be demonstrated in experiments compo-
sed solely of simple, passive linear optical elements: mirrors, beam splitters, and particle detectors.
Such systems can be arranged so that the propagating particles never meet at any point. Yet if Bel-
I's inequalities could still be violated under these conditions, it would imply that the observed nonlo-
cality is not a by-product of experimental interactions, but a manifestation of something truly funda-
mental.

The researchers posed a simple yet remarkably general question: for which quantum states of
identical particles can one identify a classical optical system in which nonlocal correlations become
manifest? The challenge lies in the fact that both the number of possible optical configurations and
the diversity of identical-particle states appear virtually limitless. The scientists managed to tame
this complexity using an arsenal of sophisticated tools: the Yurke-Stoler interferometer, clever post-
selection, the concept of ‘quantum erasure’, mathematical induction, and extensive experience in
constructing hidden-variable models.

In their article, the Polish theorists presented a criterion that enables the clear identification of non-
locality for any state containing a fixed number of identical particles. The conclusions are surpri-
sing: all fermionic states and almost all bosonic states turn out to be nonlocal resources (in the lat-
ter case, except for a narrow class of so-called states reducible to a single mode). Notably, the pro-
of is entirely constructive: it demonstrates, step by step, how to design optical experiments that re-
veal the nonlocality of the state under investigation.

“Our research reveals that the very indistinguishability of particles hides a source of entanglement
we can access. Could nonlocality, then, be woven into the fabric of the Universe itself? Everything
seems to suggest that this is indeed the case, with the source of this extraordinary property lying in
the seemingly simple postulate of the identical nature of particles of the same type,” concludes Dr.
Blasiak, whose research was co-funded by a Fulbright Senior Award (2022-23) at the Institute for
Quantum Studies (IQS), Chapman University, California.

As always, much remains to be understood, and questions about the nature of reality and the inter-
pretation of quantum mechanics gain new resonance. Physicists Charles W. Misner, John A. Whe-
eler, and future Nobel laureate Kip S. Thorne expressed this insight eloquently in their 1973 book
Gravitation: “No acceptable explanation for the miraculous identity of particles of the same type
has ever been put forward. That identity must be regarded, not as a triviality, but as a central my-
stery of physics.” This enduring puzzle will likely continue to inspire researchers for many decades
to come.
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Nonlocality seems to be enchanted into such a fundamental property of our Universe as the indistinguishability of quantum
particles. (Source: IFJ PAN, Al)
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