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Fig. 1. A typical schematic diagram of cavity optomechani-
cal system (Fabry-Pérot (FP) optomechanical system).
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Fig. 2. Key experiments for realizing cavity optomechanical system (COMs) using cavity ultracold atom. (a) $Rb ultracold atoms
ensemble is confined in a FP cavity. The center-of-mass motion of the atoms ensemble serves as a mechanical oscillator. Repro-
duced with permission from Ref.[36]. (b) Two 8Rb atoms ensembles are confined in a FP cavity. The centers of mass of each en-
semble form a mechanical oscillator, constituting a dual-mechanical-oscillator COMs. Reproduced with permission from Ref.[39].
(c) ¥Rb ultracold atoms ensemble is localized in a FP cavity, while an atomic chip is employed for atomic transport and position-
ing. This system enables realization of linear and quadratic COMs. Reproduced with permission from Ref.[40]. (d) A BEC formed
from 8Rb atoms is coupled to a FP cavity, where the collective density oscillations of the BEC act as a mechanical oscillator to

realize a linear COMs. Reproduced with permission from Ref.[35].
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Fig. 3. Top-down optomechanical systems: dark modes, nonreciprocity, and ultralow-threshold phonon lasers. (a) Dark mode frac-

tion versus optomechanical cooperativity. Reproduced with permission from Ref.[83]. (b) Emission power spectra of clockwise and

counterclockwise signals versus dutuning. Reproduced with permission from Ref.[84]. (c) Threshold power of phonon lasers versus

dissipation. Reproduced with permission from Ref.[91].
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as a function of storage time for the storage and retrieval of OAM superposition states. Reproduced with permission from Ref.[70].
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Fig. 5. Schrodinger cat states and photon blockade in a cavity optomechanical system based on cavity cigar-shaped BEC. (a) The

cigar-shaped atomic BEC is confined in an optical cavity. The collective density excitation of the BEC can be modeled as a mechani-

cal oscillator, thereby equivalent to an optomechanical system. Reproduced with permission from Ref.[66]. (b) Wigner function of

the mechanical mode in the cavity BEC system. Reproduced with permission from Ref.[66]. (¢) Second-order correlation function

versus detuning for different s scattering lengths. Reproduced with permission from Ref.[67].
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SPECIAL TOPIC— Ultracold atomic and molecular physics
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Abstract

Cavity optomechanics represents a frontier research direction in quantum science and technology, centered
on the control and exploration of interactions between electromagnetic fields and mechanical motion. Rooted in
quantum mechanics, this field realizes efficient coupling and precise manipulation of optical fields and
mechanical vibrations through the structural design and precise regulation of optical microcavities and
mechanical oscillators, thereby revealing and harnessing novel quantum phenomena. In recent years, cavity
optomechanics has evolved into an interdisciplinary frontier integrating quantum optics, condensed matter
physics, and quantum precision measurement, exhibiting profound application in both fundamental physics
research and quantum information science. With advancements in technologies such as nanomanufacturing and
laser cooling, optomechanical interactions have been successfully demonstrated in various experimental systems.
Among these platforms, cavity cold-atom systems stand out as one of the ideal platforms for implementing
quantum optomechanics. Featuring exceptional environmental isolation, long quantum coherence times, and
strong light-matter interaction, these systems provide a crucial testbed for exploring strong and even ultra-
strong optomechanical coupling effects as well as rich nonlinear quantum phenomena. This paper reviews the
recent progress in optomechanical control and manipulation based on cavity cold-atom systems. We first outline
the fundamental principles of standard cavity optomechanical systems. Then, we describe the experimental
realization of linear and nonlinear optomechanical couplings in cold-atom systems. After that, we focus on the
representative applications of this platform in high-precision quantum sensing, quantum memory, and the

preparation of macroscopic nonclassical states. Finally, we give an outlook and challenges in this field.
Keywords: cavity optomechanics, cavity cold-atom systems, quantum effects
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