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“Many-particle entanglement in Bose-Einstein
condensates”

Entanglement is a fundamental concept of quantum physics that still presents many
conceptual challenges, in particular when applied to many-body systems of
indistinguishable particles. At the same time, it is an essential resource for quantum
technologies such as quantum metrology with atomic clocks and interferometers. | will
give an introduction to many-particle entanglement and quantum metrology with a
focus on experiments with atomic Bose-Einstein condensates.

In our experiment, we use an atom chip to control collisional interactions in two-
component BECs in order to generate spin-squeezed states. These states are useful
for quantum metrology, which we demonstrate experimentally by performing atom
interferometry with a precision beyond the standard quantum limit.

To study entanglement in the spin-squeezed BEC, we perform high-resolution
imaging of the spin state of an expanded condensate. This allows us to directly
measure the spin correlations between spatially separated regions of various shapes,
confirming the presence of entanglement in this system of indistinguishable atoms.
Our data show bipartite correlations strong enough for Einstein-Podolsky-Rosen
(EPR) steering [3]: we can predict measurement outcomes for non-commuting
observables in one spatial region based on a corresponding measurement in another
region with an inferred uncertainty product below the Heisenberg relation.
This demonstrates the EPR paradox with a massive many-particle system.

Furthermore, we experimentally demonstrate that our system violates a quantum
mechanical witness inequality for Bell correlations. Concluding the presence of Bell
correlations is unprecedented for an ensemble containing more than a few particles.
Our work shows that the strongest possible non-classical correlations are
experimentally accessible in many-body systems, and that they can be revealed by
collective measurements. This opens new perspectives for using many-body systems
in a variety of quantum information tasks.
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