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Fig. 1. (a)—(c) show the dependence of the superradiant order parameter on the light-atom coupling strength in one-, two-, and

three-dimensional systems, respectively, for different Zeeman-field strengths, where we = Ef; (d) and (e) show the dependence of

the critical coupling strength for the superradiant phase transition on the cavity frequency in the one- and two-dimensional systems,

respectively, where the black solid lines represent the analytical results in Eqgs. (12) and (13), and the red circles denote the numeri-

cal results obtained by solving Eqs. (6) and (7); (f) shows the dependence of the critical coupling strength for the superradiant

phase transition in the three-dimensional system on the Zeeman-field strength and the cavity frequency.
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Fig. 2. (a) and (b) show the dependence of the superradiant order parameter on the coupling strength in the one-dimensional sys-
tem for different Zeeman-field strengths and different cavity dissipation rates, respectively; (c¢) shows the dependence of the critical
coupling strength for the superradiant phase transition in the one-dimensional system on the cavity dissipation rate and the cavity
frequency; (d) and (e) show the dependence of the superradiant order parameter on the coupling strength in the two-dimensional
system for different Zeeman-field strengths and different cavity dissipation rates, respectively; (f) shows the dependence of the crit-
ical coupling strength for the superradiant phase transition in the two-dimensional system on the cavity dissipation rate and the
cavity frequency. In panels (a) and (d), the parameters are set to we = k = Ef , while in panels (b) and (e), the parameters are set
to we =h = Ef.
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Fig. 3. (a) and (b) show the dependence of the superradiant order parameter on the coupling strength in the three-dimensional sys-
tem for different Zeeman-field strengths and different cavity dissipation rates, respectively. In panel (a), the parameters are set to
we = k = Ep, while in panel (b), the parameters are set to we =h = Ep. (c) shows the dependence of the critical coupling
strength for the superradiant phase transition in the three-dimensional system on the cavity dissipation rate and the Zeeman-field
strength, with we = EF .
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SPECIAL TOPIC— Ultracold atomic and molecular physics

Superradiant phase transition of Fermi gases in an optical
cavity in different spatial dimensions”

WEN LinY HUANG Yihan QIU XuY® YANG Mingyue 2!

1) (College of Physics and Optoelectronic Engineering, Chongqing Normal University, Chongging 401331, China)
2) (Department of Physics, Capital Normal University, Beijing 100048, China)

( Received 2 February 2026; revised manuscript received 12 March 2026 )

Abstract

We investigate the zero-temperature superradiant phase transition of an ultracold uniform noninteracting
spin-1/2 Fermi gas coupled to a single-mode optical cavity. Starting from a generalized Dicke-model
Hamiltonian and incorporating cavity photon loss through the Lindblad master equation, within the mean-field
approximation, we derive the equations of motion for the superradiant order parameter and the average atomic
spin vector at zero-temperature, and show that the superradiant order parameter is self-consistently coupled to
a Bloch-type equation describing the spin precession of the fermionic atoms. This coupled dynamics reveals a
transparent physical picture: Through the light-atom coupling, the superradiant order parameter serves as an
effective external magnetic field that drives the precession of the average atomic spin vector, while the
precession of the average atomic spin vector, in turn, feeds back on the dynamics of the photon superradiance.
Based on the steady-state solutions of equations of motion together with a linear stability analysis of the normal
state, and by expressing the thermodynamic quantities in terms of the density of states of a d-dimensional
uniform noninteracting Fermi gas, we obtain the analytical expressions for the critical light-atom coupling
strength of the superradiant transition in different spatial dimensions, and systematically analyze how the
critical light-atom coupling strength depends on the cavity frequency, cavity dissipation, and Zeeman field. Our
results show that both the cavity frequency and cavity dissipation increase the critical light-atom coupling
strength and therefore suppress the emergence of the superradiant phase. In contrast, the role of Zeeman field is
strongly dimension dependent. In one- and two-dimensional systems, the critical light-atom coupling strength is
found to be completely independent of the Zeeman field. In the three-dimensional case, the critical light-atom
coupling strength increases monotonically with the Zeeman field. These results provide a theoretical basis for
experimentally controlling the superradiant phase transition by tuning the spatial dimensionality, Zeeman field,

cavity frequency, and cavity dissipation.
Keywords: Fermi gas, superradiance, optical cavity

DOI: 10.7498 /aps.75.20260194 CSTR: 32037.14.aps.75.20260194

* Project supported by the National Natural Science Foundation of China (Grant Nos. 12175027, 11875010), the Natural
Science Foundation of Chongging, China (Grant No. CSTB2025NSCQ-GPX1010), and the Science and Technology Research
Program of Chongqing Municipal Education Commission, China (Grant No. KJQN202500531).

1 Corresponding author. E-mail: xuqiu@cqnu.edu.cn

1 Corresponding author. E-mail: 2220601001 @cnu.edu.cn

080301-8


http://doi.org/10.7498/aps.75.20260194
https://cstr.cn/32037.14.aps.75.20260194
mailto:xuqiu@cqnu.edu.cn
mailto:xuqiu@cqnu.edu.cn
mailto:2220601001@cnu.edu.cn
mailto:2220601001@cnu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

FERE A A R 22 () 4 B T SRS A R AR A AE 2R
M FHRE FRIe B A

Superradiant phase transition of Fermi gases in an optical cavity in different spatial dimensions

WEN Lin  HUANG Yihan QIUXu YANG Mingyue

5] Fi{5 B Citation: Acta Physica Sinica, 75, 080301 (2026) DOI: 10.7498/aps.75.20260194
CSTR: 32037.14.aps.75.20260194

TELR L View online: https://doi.org/10.7498/aps.75.20260194

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

O3 T AR A B B BT A 5 e SR I AN [l s v (4 R AR S T
Superradiance study of molecular clusters in different cavities formed by scanning tunneling microscope tip and substrate

PyFEEEAR. 2025, 74(7): 076102 hitps:/doi.org/10.7498/aps.74.20241720

FE R S5 T AT AL AR I R Sl Ak

Mobility edges and reentrant localization induced by superradiance

YrE2E 4. 2022, 71(11): 113702 hitps://doi.org/10.7498/aps.71.20212246

BT XU — A S S P R B 14 2 8] R 1) SRIBAR S

Spatially oriented correlated emission based on selective drive of diatomic superradiance states

YrHE2A . 2024, 73(14): 144202  https://doi.org/10.7498/aps.73.20240521

JiEte P PRI A A 5 2 e A S R BT 5T

Numerical study of superradiance and Hawking radiation from rotating acoustic black hole

YIBR2A 4. 2025, 74(15): 150401  hitps:/doi.org/10.7498/aps.74.20250582

XURICHIUAM S F v J5 1 4 5 R A B R S A B
Quantum phase transitions and superradiation phase collapse of cold atoms in a two—mode photomechanical cavity

WIBEAEAR. 2024, 73(24): 240301 https://doi.org/10.7498/aps.73.20241103

M CHUMES Hh B AR
Quantum phase transitions in coupled optomechanical cavities

WAL 2025, T4(10): 100202 hitps://doi.org/10.7498/aps.74.20250046


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.75.20260194
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20241720
https://doi.org/10.7498/aps.74.20241720
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20212246
https://doi.org/10.7498/aps.71.20212246
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240521
https://doi.org/10.7498/aps.73.20240521
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250582
https://doi.org/10.7498/aps.74.20250582
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20241103
https://doi.org/10.7498/aps.73.20241103
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250046
https://doi.org/10.7498/aps.74.20250046

	1 引　言
	2 理论模型
	3 不同空间维度下无耗散体系的稳态超辐射相变
	4 不同空间维度下耗散体系的非平衡稳态超辐射相变
	5 结　论
	参考文献

