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Bright and dark states of light: The quantum origin of classical interference

PHYSICAL REVIEW A 109, 062620 (2024)
Celso J. Villas-Boas,' Carlos E. Maximo,"-2 Paulo J. Paulino,"* Romain P. Bachelard,' and Gerhard Rempe*

1Departamenm de Fisica, Universidade Federal de Sao Carlos, 13565-905 Sdao Carlos, Sdo Paulo, Brazil
2Department of Physics, ETH Zurich, 8093 Zurich, Switzerland . . . . .
3 Institut fiir Theoretische Physik, Eberhard Karls Universitiit Tiibingen, Auf der Morgenstelle 14, 72076 Tiibingen, Germany Universal quantum computation using atoms in cross-cavity systems
*Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Str. 1, D-85748 Garching, Germany ]
Luiz O. R. Solak ®,"” Daniel Z. Rossatto

Classical theory asserts that several electromagnetic waves cannot interact with matter if they interfere destruc- ' Departamento de F Universidade Federal de 0s, 135 L o Paulo, Brazil
tive]y to zero, whereas quantum mechanics predicts a nontrivial ]ight-matter dynamics even when the average U sidade Estadual Paulista (UNESP), Instituto de Cién e Engenharia, 18409-010 Itapeva, Sdo Paulo, Brazil
electric field vanishes. Here we show that in quantum optics classical interference emerges from collective
bright and dark states of light, i.e., entangled superpositions of multi-mode photon-number states. This makes ®| (Received 25 September 2023; accepted 11 June 2024; published 27 June 2
it possible to explain wave interference using the particle description of light and the superposition principle for

linear systems Quantum gates are the building blocks of quantum circuits, which in turn are the cornerstones of quantum

information processing. In this work, we theoretically investigate a single-step implementation of both a universal

two- (CNOT) and three-qubit (quantum Fredkin) gates in a cross-cavity setup coupled to a A-type three-level

! e atom. Within a high-cooperativity regime, the system exhibits an atomic-state-dependent 7-phase gate involving

a rX IV . 2 1 12 ~ O 5 5 1 2 the two-mode single-photon bright and dark states of the input light pulses. This allows for the controlled manip-
ulation of light states by the atom and vice versa. Our results indicate these quantum gates can be implemented

with high probability of success using the state-of-the-art parameters, either for the weak- or strong-coupling

regime, where the quantum interference is due to an electromagnetically induced transparencylike phenomenon

and the Autler-Townes splitting, respectively. This work not only paves the way for implementing quantum gates

in a single step using simple resources, thus avoiding the need to chain basic gates together in a circuit, but it

also endorses the potential of cros tems for realizing universal quantum computation.
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BEAR SPLLITERS ARE INDISPENSABLE ELEMENTS IN

OPTICAL AND PHOTONICS SYSTEMS, AND ARE
THEREFORE EMPLOYED IN BOTH CLASSICAL AND
R OUANTOM TECHNOLOGIES.

THEY CAN DIVIDE INCIDENT LIGHT ACCORDING TO ITS
POWER, POLARIZATION, OR WAVELENGHT.

IN OUR WORK, WE HAVE INTRODUCED A BEAMA
SPLITTER CAPABLE 0S SEPARATING A LIGHT BEAAN IN
IS TWO-AAODE BRIGHT AND DARK CORMPONENTS.
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OUR RESULTS PAVE THE WAY FOR NEW APPLICATIONS
OF BEAM  SPLITTERS THAT LEVERAGE THE
COLLECTIVE PROPERTIES OF LIGHT. e

CONTRIBUTING TO THE ADVANCEMENT OF QUANTUM
OPTICS AND QUANTUM TECHNOLDGIES!
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