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We investigate a spin-degenerate Fermi gas coupled to a high-finesse optical cavity, where the competition
between scalar and vectorial couplings is controlled by the relative polarization angle of the pump and cavity
fields. We find that the phase transition threshold is synergistically determined by the scalar-vectorial coupling
weight and Pauli blocking, with the latter dictating the critical pump lattice depth required for the onset of super-
radiance. For a two-component Fermi gas with opposite spins, the population ratio drives two distinct types of
phase transitions corresponding to real-space phase separation: continuous and discontinuous. Nevertheless, the
boundary of the phase transition remains fundamentally governed by the scalar-vectorial coupling competition.
We clarify the impact of the relative polarization angle on phase transitions of the system; these results also apply
to bosonic systems. Our results provide valuable theoretical insights for future experimental realizations.

DOLI: 10.1103/r41b-5kc2

Introduction. The coupling of ultracold quantum gases to
optical cavities provides a powerful platform for studying
many-body physics [1-3]. A prominent example is the super-
radiant self-organization quantum phase transition—realized
in both Bose-Einstein condensates (BECs) and degenerate
Fermi gases—which has been extensively investigated both
experimentally and theoretically [4-9]. In such setups, ef-
fective long-range interactions between atoms are mediated
by two-photon scattering processes between the cavity and
the transverse pump fields, dominating the many-body phases
[10]. Accordingly, extending such hybrid cavity-atom systems
offers profound insights into the critical behavior of open
quantum systems [11-13], nonequilibrium dynamics [14,15],
multicomponent interplay [16—18], and thermodynamic phase
transitions [19,20].

While extensive research has focused on coupling the ex-
ternal degrees of freedom of ultracold gases to optical cavities
via atomic scalar polarizability [21-24], introducing internal
spin degrees of freedom in the presence of an external field
allows the light-matter interaction to be decomposed into
distinct scalar and vectorial components [25]. Although the
superradiant phase transition has been widely explored in
spinor BECs [26-29], its counterpart in spin-dependent de-
generate Fermi gases remains largely elusive [30-33]. In this
Letter, we investigate the fundamental scenario of tuning the
pump-field polarization to control the competition between
these scalar and vectorial couplings, revealing the nontrivial
features of the superradiant phase transition in spin-dependent
fermions. Unlike in bosonic systems, Pauli blocking dictates
that the atomic response to the cavity field is collectively
governed by the entire Fermi sea.

The central objective of our work is to unveil how the
competition between scalar and vectorial couplings reshapes
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self-organized phase transitions in the presence of Fermi
statistics. The Letter is organized as follows. We begin by
introducing our theoretical model and deriving the phase-
transition conditions via mean-field theory. Our analytical
results reveal that the pump polarization tunes the relative
contributions of the scalar and vectorial couplings, while
Fermi statistics dictates the susceptibility required to trigger
the onset of superradiance. Both factors jointly set the phase
transition threshold. Further, we extend the framework to a
two-component Fermi gas with opposite spins. Steady-state
numerical analysis demonstrates that the boundary for real-
space phase separation is strictly anchored by the weight of
the scalar and vectorial atomic polarizabilities, whereas the
order of the phase transition is governed by the population
ratio of two components.

Model. We consider spin-dependent degenerate Fermi
gases confined within a high-finesse optical cavity, and driven
by a transverse pump laser. As shown in Fig. 1, the cavity
field is along the x axis and its polarization is in the x-axis
direction. As the polarization of transverse pump is adjustable,
we define ¢ as a relative polarization angle between the pump
and the cavity fields. Consequently, in the above circumstance
the atom-light interaction contains both scalar and vectorial
parts [25,28]. To proceed, we adiabatically eliminate the ex-
cited states of the atoms because the pump frequency w,, is
far detuned from the atomic transition frequency o, [34],
resulting in an effective Hamiltonian [35,36],

He = —Aca'a+ / dew! (0)(Ho + Hyn, ) W, (1), (1)
with
" p?
Hy=_——V(), 2)
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Hi oy = —U@a'a — n(0)hy, (9’ + e Pra).  (3)

©2026 American Physical Society


https://orcid.org/0000-0001-7412-3538
https://ror.org/020azk594
https://crossmark.crossref.org/dialog/?doi=10.1103/r41b-5kc2&domain=pdf&date_stamp=2026-07-27
https://doi.org/10.1103/r41b-5kc2

WEI QIN, YUAN-HONG CHEN, AND RENYUAN LIAO

PHYSICAL REVIEW A 114, L011302 (2026)

High-finesse Enlarged View of Polarizations
« optical cavity (in x-y plane)
highly reflective T
mirror A Pump
Polarization
Pump Cavity Field ‘
(along z) " ©
Y

i '\Quantum Cavity .
z gas cloud Polarization

FIG. 1. Schematic of the experimental setup. The degenerate
Fermi gas is positioned at the center of the cavity axis. The high-
finesse optical cavity is oriented along %, and the pump laser is
directed along Z. The cavity polarization (purple arrow) is taken to
be along ¥, and the pump polarization (green arrow) makes an angle
¢ with respect to this direction.

In the above, &' (&) is the creation (annihilation) oper-
ators of photons in the cavity mode, and \IIIZF (W) 18
the creation (annihilation) operators of fermionic atoms
with mass m, momentum operator p = —i/iV, and magnetic
sublevels mg. A, = w, — w. denotes cavity-pump detuning
with the cavity frequency w.. We have defined the pump
potential V(r) =V cosz(kp -T), the cavity field U(r) =
Upcos®(k, - r), and the coefficient of pump-cavity inter-
ference n(r) = nocos(k, - r)cos(k. - r) with ny = +/VoUp.
The information of ¢ is encoded in the symbols A,
and @, A, = \/cos2 @ + (aymp sing/20,F)? and ¢,,, =
arctan(a,mp tan ¢ /20,F) see Supplemental Material Ref.
[36]. Here, F = 3/2 is the total angular momentum man-
ifold stemming from the D, line of a °Li atom, so mp =
{£3/2, £1/2} is chosen [39]. &, and «, are, respectively, the
scalar and vectorial atomic polarizabilities, and we fix the
value o, /o = 0.928. The wave vector of the pump beam
is given by k, = koé; and that of the cavity field is given
by k. = koé,. For simplicity, we consider the weak-coupling
limit, set z = 1, and choose the recoil energy Er = h2k§ /2m
as the basic energy scale.

Method. The dynamics of the photon operator a is gov-
erned by the Lindblad master equation. Within the mean-field
approach [40], a is replaced by its expectation value o = (a).
We seek a steady state by the condition d,« = 0 and obtain

. 770~)‘m/-- ei(ﬁml, ®

c
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The cavity losses « has been neglected in the present case of
the high-finesse cavity, and key features of our result survive
in the weak dissipative limit [4,41]. We have defined the
density order parameter ©,,, = f drn,,, (r)n(r)/no and the
shifted detuning A, = A, + [ drU(r)n,, (r), with n,,, (r) =
(W, ()W, (1)

The partition function within the Euclidean functional
integral formalism is Z = [ DY, , Y, le™S, with the

action S = [" dz [ dx (Y, (3 =t W, + Hest g » Yin, )]
adopted from Refs. [42,43]. Here, ¥y, (¥,) is Grassmann
variables representing the fermionic modes, 8 = 1/kgT is the

inverse temperate, and (,,, is the chemical potential. Ac-
cording to the Landau theory, we calculate the free energy
of the system F = —1In Z/8 + Ny, around o« = 0, to de-
termine the continuous transition between the normal phase
and the superradiant phase. Meanwhile, expanding it up to the
quadratic order in ®,,,, we obtain, see Supplemental Material
Ref. [36]
2 )\'2
F=F— 77‘1—””(1 + XmF/\,%,FAi)@iF, (5)

c c

where Fy = —Trln G Y/B + tm, Ny, is the bare free energy
of fermions with G’ V=29, + ﬁo — Im,, and the susceptibility
Xmp 1S given by

[ o [ [0 )

toe = | CnE) s ©
Elgi) and |us)) are the eigenvalues and eigenstates of Hj in
the ith band, respectively. Here, the Fermi-Dirac distribution
is n(E() = 1/ exp [BE" — i, ) + 11, which becomes the
step function @(Elgi) — [m, ) When the system is at zero tem-
perature. [, characterizes the Fermi energy and is implicitly
dependent on the filling fraction v,,, = N, /N;, where N is
the total number of quantum states.

Phase transition conditions. The threshold for the superra-
diant phase transition is identified in Eq. (5) as the point where
the coefficient of @%m changes sign [44,45]. Therefore, the
phase boundary occurs at kﬁw = —A./4)m,» and by solving
this equation, the critical relative polarization angle can be
obtained,

, —Ac/Axm, — 1
@™ = arcsin /4o ) (7)
(aymp [205F )> — 1

crit

The value ™ represents the maximum relative polarization
angle for the transition from superradiance to normal phase.
To ensure the existence of a finite ™, x,,. > —A./4 is
required. Physically, the susceptibility yx,,, characterizes the
tendency of the normal system toward superradiance, While
Am, affects the superradiance through the adjustment of ¢.

Parameters’ influence. Figure 2(a) presents the rescaled
susceptibility . /N, 17(2) versus the filling factor v,,, and the
pump lattice depth V), which is independent of the Zeeman
states mp. Horizontal dashed lines mark the noninteracting
boson case at the same V. Data (consistent with Ref. [46])
show that x,,, for the Fermi gas has a strong density depen-
dence and it is in stark contrast to bosonic counterpart; The
Fermi-surface (FS) nesting is demonstrated by these peaks
of solid lines, and x,. /Ny, ’7(2) always displays two peaks
around v,,, ~ 0.5. With increasing V), fermions cross over
from delocalized to localized behavior, and the positions of
the peaks move toward v = 0.5. As shown in Fig. 2(d), we
plot the FS of Hj at the left peak of Vy = 3E (the blue arrow).
The part of the FS is well nested with the nesting wave vector
Q = £(k. £ k).

The inhibitory effect of ¢ on A, is evident in Fig. 2(c): its
value monotonically decreases with increasing ¢. The signifi-
cance of my is manifested in the evolution of A,,,. For a fixed
@, the reverse myp state has the same A,,, and a larger |mp|
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FIG. 2. (a) Dependence of the rescaled susceptibility X, /Ny, ng
on the filling fraction v, for several pump depths V;/Eg. Solid
and dashed curves correspond to the noninteracting Fermi and Bose
cases, respectively. The inflection points observed in the solid lines
are signatures of FS nesting. The blue arrow, located at V, = 3Ex and
Ve & 0.43, denotes the example presented in (d). (b) and (c) Param-
eters ¢,,, and 1, plotted as functions of the relative polarization
angle . (d) Nesting of the FS for the Hamiltonian H, before the
superradiant transition occurs. Black solid line indicates the origi-
nal FS, while light blue dashed curves show the FS is shifted by
Q = %k, £ k.. Colored arrows denote the nesting wave vectors Q.

has a larger A,,,. Moreover, ¢,,,—also encoding both ¢ and
mp—TIlocks the cavity photon phase [see Eq. (4)]. The sign of
my determines that of ¢,,,, and |¢,,, | monotonically increases
with increasing ¢ and a larger |mp| corresponds to a larger
dm, [see Fig. 2(b)].

Phase diagrams. We have plotted the phase diagrams in
Fig. 3 for fixed mp = 3/2. The sign of mp is unimportant
and my = 1/2 merely expands the value of ¢'; see Eq. (7).
In Fig. 3(a), for ¢ = 0, the system is in the normal phase
due to xp, < —A, /4, and for ¢t £ 0, the system is in the
superradiant phase when ¢ < ¢, ¢ = 77 /2 indicates that
for larger V; and finite v3/5, the system is unable to exit super-
radiance through the suppression arising from A3,,. Thus, we
find that a minimum V; is required (green rhombus). Mean-
while, the critical curve of ¢ (solid lines) suggests the x,, is
of strong density dependence. The inset displays the ¢ phase
diagram along the v3,, = 0.40 (blue line) and the V, = 1Eg
(red line). The kink represents the value ¢t &~ 0.367 when
V3 = 0.40 and V() = IER.

Effective heating in such fermion-cavity systems is un-
avoidable, and the associated broadening of the FS markedly
reduces susceptibility .. Figure 3(b) shows that raising the
temperature flattens the nesting peak and lowers the value
x3/2. Importantly, the nesting peaks at v3;, = 0.5 vanish for
temperatures above 7' = 0.2Ek.

For non-negligible cavity losses «, the phase diagram curve
is significantly altered [47,48], and nontrivial phenomenon as
limit cycles or chaos may occur [49,50]. The phase diagram of

- —
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FIG. 3. (a) Critical relative polarization angle ¢ as a function
of pump lattice depth V;/E and filling fraction v,,,. Darker shading
corresponds to ¢ approaching 7 /2; white regions indicate that the
superradiant threshold is not reached. Inset: phase diagrams of ¢ and
(red) vy, at fixed Vy = 1Eg and (blue) V,/Ey at fixed v, = 0.40.
The paths are marked by the dashed lines of the same colors in (a).
NP and SR denote the normal and superradiant phases, respectively.
(b) Evolution with temperature 7'. (c) Impact of cavity losses « at
T = 0.01Ek.

such an open system is governed by determining the stable at-
tractors of the dynamics. However, the extrema of free energy
F in the limit « — O coincide with the dynamical stationary
point, so the system inherits key features from its equilibrium
counterpart [4,41]. When « # 0, the hard condition for the
existence of ¢’ is rewritten as A, = =2y, & V4x2 —«’.
As shown in Fig. 3(d), the existence of « shrinks the boundary
of stability, yet the peaks of FS nesting survives over a range
of k.

Two-component system with reverse my . Next, we consider
a Fermi gas in an arbitrary mixture of the mp = 3/2 and
mp = —3/2. Compared to Egs. (1) and (4), the Hamiltonian
and the average photon number for this situation both acquire
an additional summation over spin states » ,, __ 5, preceding
the atomic terms. In this case of particle number imbalance,
characterized by the ratio n, =v_3/5/v3/,, we obtain the
phase diagram in Fig. 4 by minimizing f. The relationship
between free energy and the grand potential satisfies the Leg-
endre transformation [52], and the Helmholz free energy is
written as

f==F" BZde Z <Zln[l+e_ﬂ(eﬁ)mf_uw)]

mpzi% i
+ uvm> — dclal’. ®)

The rescaled cavity field and cavity-pump detuning are given
by &% = Uya?/4 and 8. = 4A./UyN;, respectively. Here,
€x,m, are the eigenvalues of the component in Zeeman state
mp, found by diagonalizing the atomic part of ), H.is. We
work at a low nonzero temperature to comply with effec-
tive heating, T = 0.01ER. To simplify, we set v3, = 0.45—a
value near the FS nesting peak—which yields a large x3/, to
facilitate superradiance.
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FIG. 4. Equilibrium phase diagrams are presented for (a) n, = 1 at ¢ = 0 and (b) the -n, plane with Vy/E; = 1 and 8,./Ez = —2.7.
(a) The blue and red curves show second-order boundaries separating the normal (NP) and superradiant (SR) phases for n, = 1 and n, = 0.05,
respectively. (b) The blue line is the NP-SR boundary. The vertical red line indicates the component-separation boundary [51] at ¢t =
arctan(2w; /o, ). The separation is second order (dashed) for n, < 0.73 and first order (double solid) for n, > 0.77. The inset shows the
photon phase near 0 (77 /2) for ¢ < ¢t (¢ > @°1). (c) Instances of (b) at n, = 1 and n, = 0.05. The local minimum of the average photon
number |&| (top panel) and the global minimum of the density order parameter ©,,, /N, (bottom panel) are plotted vs ¢. The black dotted
line marks the separation threshold. In the top panel, the red curve (n, = 1) shows two local minima near threshold, characteristic of a
first-order transition, while the blue curve (n, = 0.05) shows a single minimum, characteristic of a second-order transition. In the bottom
panel, the solid line and asterisk correspond to my and —my, respectively. The sign of ©,,. /N, indicates particle location on odd (+)
and even (—) lattice sites in a checkerboard pattern within the SR phase [4]. At threshold, opposite signs for the two components reveal
real-space phase separation. (d) shows the phase diagram in the ¢-8. plane for Vy/Eg = 1 and n, = 1. The black dot indicates the tricritical

point.

Steady-state analysis. See Fig. 4(c); in the superradi-
ant phase the signs of ®3, and ®_3,, are opposite for
all ¢ =~ 0.36xr. This behavior indicates real-space separa-
tion of the fermion components, accompanied by a cavity
photon phase shift from nearly O (phase SR;) to m/2
(phase SRj); see the inset of Fig. 4(b). Furthermore, the
transition changes from second order to first order as n,
increases, and this threshold is located at n, = 0.73. This
can be understood through the equality of the free energy
F(®3/2, ®,3/2) = F(®3/2, —973/2), which gives a criti-
cal angle ¢ = arctan(2a,/a,) for phase separation, see
Supplemental Material Ref. [36]. For ¢ = 0, the system re-
duces to a spin-independent two-component Fermi gas. The
transition condition is §, = —4 > -y Xmp (see Supplemental

Material [36]), and the unstable region is 5. <=2 ZmF Vg -
Compared with the single-component case [53], these results
are shown in Fig. 4(a).

The threshold for the normal-superradiant transition is
set by the rescaled cavity-pump detuning 8. and the
susceptibilities x43/,; the relative polarization angle ¢
tunes the superradiance of the system and determines the
phase separation of the fermion components. Hence, fixing
¢ = arctan(2a;, /a, ) and selecting appropriate values of 8, and
X+3/2, one obtains tricritical points connecting the normal,
SR, and SR;. For simplicity, we present the phase diagram
for n, = 1 in Fig. 4(d). In this case, two components equally
occupy one site with zero magnetization for ¢ < 0.367,
and for ¢ > 0.36r they display an alternating distribution
characteristic of an antiferromagnet. Therefore, the critical
thresholds between zero magnetization and antiferromagnet
phases can be obtain in the mean-field approach [35]: For the
former, the critical effective pump-cavity detuning is found
algebraically (ng = —8x cosz(qb); for the latter, the critical
effective pump-cavity detuning is instead 5™ = —8x sin?(¢),
where we denote x+3,, = X, see Supplemental Material Ref.
[36]. Retraced to the case of BEC [35,50], the same nature
will remain. Yet, the tricritical point (the threshold of phase

separation) is shifted for finite dissipation, depending on the
number imbalance between two components due to x,,
N, see Supplemental Material Ref. [36].

Conclusions and outlook. This work clarifies the role of the
relative polarization angle ¢ in a spin-dependent degenerate
Fermi gas confined in an optical cavity, where the cavity and
pump polarizations are misaligned. The atom-light interac-
tion, governed by ¢, mediates the balance between scalar and
vectorial contributions, thereby enhancing superradiance for
ay/ag > 1 and suppressing it for a,/a; < 1. We also sys-
tematically characterize the effects of the filling factor v,
cavity detuning A., pump lattice depth Vp, finite tempera-
ture 7', and cavity dissipation x on the phase diagram. In a
binary Fermi mixture with opposite spins, real-space phase
separation invariably occurs at ¢ = arctan(2a;/«, ). When the
particle numbers are imbalanced, the transition crosses over
from second order to first order as the ratio n, increases.
These findings are equally applicable to the bosonic case.
While the principle of free-energy minimization can detect the
onset of superradiance [3,54], it is fundamentally inadequate
for describing the long-time steady state of this system, as
the interplay of cavity losses and Pauli blocking can lead
to nonthermal steady states [15,55]. The dissipation-driven
nonequilibrium dynamics, which determines the behavior of
the unstable regions through long-term evolution, has not
been fully explored and will constitute the focus of our
subsequent research. Though mean-field theory is usually a
good approximation in long-range interacting systems [10],
quantum fluctuations can modify the critical exponents [56],
and drive the system to a novel dynamical phase [57] or a
bistability [58]. Extending our model to include additional
interactions represents a natural step toward investigating
stoner ferromagnetism [59,60], strong correlations [61,62],
BCS superconductors [63], non-Hermitian phenomena [64],
and related topics.

Acknowledgments. This work is supported by the NSFC
under Grants No. 12174055 and No. 11674058 and by

L011302-4



TUNING DENSITY AND SPIN ORDERING OF ...

PHYSICAL REVIEW A 114, L011302 (2026)

the Natural Science Foundation of Fujian under Grant No.
2025J01658.

Data availability. The data that support the findings
of this article are not publicly available upon publi-

cation because it is not technically feasible and/or the
cost of preparing, depositing, and hosting the data would
be prohibitive within the terms of this research project.
The data are available from the authors upon reasonable
request.

[1] L. Bloch, J. Dalibard, and W. Zwerger, Many-body physics with
ultracold gases, Rev. Mod. Phys. 80, 885 (2008).

[2] H. Ritsch, P. Domokos, F. Brennecke, and T. Esslinger, Cold
atoms in cavity-generated dynamical optical potentials, Rev.
Mod. Phys. 85, 553 (2013).

[3] F. Mivehvar, F. Piazza, T. Donner, and H. Ritsch, Cavity QED
with quantum gases: New paradigms in many-body physics,
Adv. Phys. 70, 1 (2021).

[4] K. Baumann, C. Guerlin, F. Brennecke, and T. Esslinger, Dicke
quantum phase transition with a superfluid gas in an optical
cavity, Nature (London) 464, 1301 (2010).

[5] V. D. Vaidya, Y. Guo, R. M. Kroeze, K. E. Ballantine, A. J.
Kolldr, J. Keeling, and B. L. Lev, Tunable-range, photon-
mediated atomic interactions in multimode cavity QED, Phys.
Rev. X 8, 011002 (2018).

[6] Z. Yan, J. Ho, Y.-H. Lu, S. J. Masson, A. Asenjo-Garcia, and
D. M. Stamper-Kurn, Superradiant and subradiant cavity scat-
tering by atom arrays, Phys. Rev. Lett. 131, 253603 (2023).

[71 W. Qin, D.-C. Zheng, Z.-D. Wu, Y.-H. Chen, and R. Liao,
Theoretical exploration of phase transitions in a cavity-BEC
system with two crossed optical pumps, Phys. Rev. A 109,
013310 (2024).

[8] Y. Chen, H. Zhai, and Z. Yu, Superradiant phase transition of
Fermi gases in a cavity across a Feshbach resonance, Phys. Rev.
A 91, 021602(R) (2015).

[9] X. Zhang, Y. Chen, Z. Wu, J. Wang, J. Fan, S. Deng, and H.
Wu, Observation of a superradiant quantum phase transition in
an intracavity degenerate Fermi gas, Science 373, 1359 (2021).

[10] N. Defenu, T. Donner, T. Macri, G. Pagano, S. Ruffo, and
A. Trombettoni, Long-range interacting quantum systems, Rev.
Mod. Phys. 95, 035002 (2023).

[11] S. Diehl, A. Micheli, A. Kantian, B. Kraus, H. P. Biichler, and
P. Zoller, Quantum states and phases in driven open quantum
systems with cold atoms, Nat. Phys. 4, 878 (2008).

[12] R. Chitra and O. Zilberberg, Dynamical many-body phases of
the parametrically driven, dissipative Dicke model, Phys. Rev.
A 92,023815 (2015).

[13] M. Soriente, T. Donner, R. Chitra, and O. Zilberberg,
Dissipation-induced anomalous multicritical phenomena, Phys.
Rev. Lett. 120, 183603 (2018).

[14] F. Piazza and P. Strack, Umklapp superradiance with a colli-
sionless quantum degenerate Fermi gas, Phys. Rev. Lett. 112,
143003 (2014).

[15] T. Zwettler, G. Del Pace, F. Marijanovic, S. Chattopadhyay,
T. Biihler, C.-M. Halati, L. Skolc, L. Tolle, V. Helson, G.
Bolognini, A. Fabre, S. Uchino, T. Giamarchi, E. Demler, and
J. P. Brantut, Nonequilibrium dynamics of long-range interact-
ing fermions, Phys. Rev. X 15, 021089 (2025).

[16] R. M. Kroeze, Y. Guo, V. D. Vaidya, J. Keeling, and B. L. Lev,
Spinor self-ordering of a quantum gas in a cavity, Phys. Rev.
Lett. 121, 163601 (2018).

[17] L. Carl, R. Rosa-Medina, S. D. Huber, T. Esslinger, N.
Dogra, and T. Dubcek, Phases, instabilities and excitations in a
two-component lattice model with photon-mediated interac-
tions, Phys. Rev. Res. 5, L032003 (2023).

[18] J.-Y. Lin, W. Qin, and R. Liao, Phase transition, phase sepa-
ration, and mode softening of a two-component Bose-Einstein
condensate in an optical cavity, Phys. Rev. A 113, 013317
(2026).

[19] Y. Zhang, J. Lian, J.-Q. Liang, G. Chen, C. Zhang, and S. Jia,
Finite-temperature Dicke phase transition of a Bose-Einstein
condensate in an optical cavity, Phys. Rev. A 87,013616 (2013).

[20] M. Nairn, L. Giannelli, G. Morigi, S. Slama, B. Olmos, and
S. B. Jéger, Spin self-organization in an optical cavity facilitated
by inhomogeneous broadening, Phys. Rev. Lett. 134, 083603
(2025).

[21] J. Léonard, A. Morales, P. Zupancic, T. Esslinger, and T.
Donner, Supersolid formation in a quantum gas breaking a
continuous translational symmetry, Nature (London) 543, 87
(2017).

[22] P. Zupancic, D. Dreon, X. Li, A. Baumgirtner, A. Morales,
W. Zheng, N. R. Cooper, T. Esslinger, and T. Donner, P-band
induced self-organization and dynamics with repulsively driven
ultracold atoms in an optical cavity, Phys. Rev. Lett. 123,
233601 (2019).

[23] X. Li, D. Dreon, P. Zupancic, A. Baumgirtner, A. Morales, W.
Zheng, N. R. Cooper, T. Donner, and T. Esslinger, First order
phase transition between two centro-symmetric superradiant
crystals, Phys. Rev. Res. 3, L012024 (2021).

[24] S. Chen and Y. Chen, Detecting the Fermi surface nesting effect
for the fermionic Dicke transition by trap-induced localization,
Phys. Rev. A 110, 013312 (2024).

[25] F. Le Kien, P. Schneeweiss, and A. Rauschenbeutel, Dynamical
polarizability of atoms in arbitrary light fields: General theory
and application to cesium, Eur. Phys. J. D 67, 92 (2013).

[26] Z. Zhang, C. H. Lee, R. Kumar, K. J. Arnold, S. J. Masson,
A. L. Grimsmo, A. S. Parkins, and M. D. Barrett, Dicke-model
simulation via cavity-assisted Raman transitions, Phys. Rev. A
97, 043858 (2018).

[27] N. Dogra, M. Landini, K. Kroeger, L. Hruby, T. Donner, and T.
Esslinger, Dissipation-induced structural instability and chiral
dynamics in a quantum gas, Science 366, 1496 (2019).

[28] A. Morales, D. Dreon, X. Li, A. Baumgirtner, P. Zupancic,
T. Donner, and T. Esslinger, Two-mode Dicke model from
nondegenerate polarization modes, Phys. Rev. A 100, 013816
(2019).

[29] J. Fan, G. Chen, and S. Jia, Atomic self-organization emerging
from tunable quadrature coupling, Phys. Rev. A 101, 063627
(2020).

[30] J.-S. Pan, X.-J. Liu, W. Zhang, W. Yi, and G.-C. Guo, Topolog-
ical superradiant states in a degenerate Fermi gas, Phys. Rev.
Lett. 115, 045303 (2015).

L011302-5


https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1103/RevModPhys.85.553
https://doi.org/10.1080/00018732.2021.1969727
https://doi.org/10.1038/nature09009
https://doi.org/10.1103/PhysRevX.8.011002
https://doi.org/10.1103/PhysRevLett.131.253603
https://doi.org/10.1103/PhysRevA.109.013310
https://doi.org/10.1103/PhysRevA.91.021602
https://doi.org/10.1126/science.abd4385
https://doi.org/10.1103/RevModPhys.95.035002
https://doi.org/10.1038/nphys1073
https://doi.org/10.1103/PhysRevA.92.023815
https://doi.org/10.1103/PhysRevLett.120.183603
https://doi.org/10.1103/PhysRevLett.112.143003
https://doi.org/10.1103/PhysRevX.15.021089
https://doi.org/10.1103/PhysRevLett.121.163601
https://doi.org/10.1103/PhysRevResearch.5.L032003
https://doi.org/10.1103/qwdq-35pv
https://doi.org/10.1103/PhysRevA.87.013616
https://doi.org/10.1103/PhysRevLett.134.083603
https://doi.org/10.1038/nature21067
https://doi.org/10.1103/PhysRevLett.123.233601
https://doi.org/10.1103/PhysRevResearch.3.L012024
https://doi.org/10.1103/PhysRevA.110.013312
https://doi.org/10.1140/epjd/e2013-30729-x
https://doi.org/10.1103/PhysRevA.97.043858
https://doi.org/10.1126/science.aaw4465
https://doi.org/10.1103/PhysRevA.100.013816
https://doi.org/10.1103/PhysRevA.101.063627
https://doi.org/10.1103/PhysRevLett.115.045303

WEI QIN, YUAN-HONG CHEN, AND RENYUAN LIAO

PHYSICAL REVIEW A 114, L011302 (2026)

[31] J. Fan, X. Zhou, W. Zheng, W. Yi, G. Chen, and S. Jia, Magnetic
order in a Fermi gas induced by cavity-field fluctuations, Phys.
Rev. A 98, 043613 (2018).

[32] Y. Feng, J. Fan, X. Zhou, G. Chen, and S. Jia, Topological
superradiance in a shaken dynamical optical lattice, Phys. Rev.
A 99, 043630 (2019).

[33] Y. Feng, Y.-H. Chen, Y. Cai, and G. Chen, Topological proper-
ties of the spin-1/2 hourglass Creutz-like ladder model assisted
by an optical cavity, Opt. Express 33, 33384 (2025).

[34] M. J. Bhaseen, J. Mayoh, B. D. Simons, and J. Keeling, Dynam-
ics of nonequilibrium Dicke models, Phys. Rev. A 85, 013817
(2012).

[35] M. Landini, N. Dogra, K. Kroeger, L. Hruby, T. Donner, and T.
Esslinger, Formation of a spin texture in a quantum gas coupled
to a cavity, Phys. Rev. Lett. 120, 223602 (2018).

[36] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/r41b-5ke2 for the details of the effective Hamiltonian
and the critical condition for the superradiance phase transition
and the threshold of the phase separation boundary in two-
component systems, and a brief analysis of the dissipatively
driven system, which includes Refs. [37,38].

[37] L. M. Sieberer, M. Buchhold, and S. Diehl, Keldysh field theory
for driven open quantum systems, Rep. Prog. Phys. 79, 096001
(2016).

[38] A. Kameneyv, Field Theory of Non-Equilibrium Systems, 2nd ed.
(Cambridge University Press, Cambridge, UK, 2023).

[39] T. Zwettler, F. Marijanovic, T. Biihler, S. Chattopadhyay, G.
Del Pace, L. Skole, V. Helson, S. Uchino, E. Demler, and
J.-P. Brantut, Cavity-mediated charge and pair-density waves in
a unitary Fermi gas, Nat. Commun. 17, 496 (2025).

[40] D. Manzano, A short introduction to the Lindblad master equa-
tion, AIP Adv. 10, 025106 (2020).

[41] K. Baumann, R. Mottl, F. Brennecke, and T. Esslinger, Explor-
ing symmetry breaking at the Dicke quantum phase transition,
Phys. Rev. Lett. 107, 140402 (2011).

[42] H. T. C. Stoof, K. B. Gubbels, and D. B. M. Dickercheid,
Ultracold Quantum Fields (Springer, Bristol, UK, 2009).

[43] A. Altland and B. Simons, Condensed Matter Field Theory, 3rd
ed. (Cambridge University Press, Cambridge, UK, 2023).

[44] D. Nagy, G. Szirmai, and P. Domokos, Self-organization of a
Bose-Einstein condensate in an optical cavity, Eur. Phys. J. D
48, 127 (2008).

[45] D. Nagy, G. Kénya, G. Szirmai, and P. Domokos, Dicke-model
phase transition in the quantum motion of a Bose-Einstein
condensate in an optical cavity, Phys. Rev. Lett. 104, 130401
(2010).

[46] Y. Chen, Z. Yu, and H. Zhai, Superradiance of degenerate Fermi
gases in a cavity, Phys. Rev. Lett. 112, 143004 (2014).

[47] J. Keeling, M. J. Bhaseen, and B. D. Simons, Collective dynam-
ics of Bose-Einstein condensates in optical cavities, Phys. Rev.
Lett. 105, 043001 (2010).

[48] X. Nie and W. Zheng, Nonequilibrium phases of a Fermi gas
inside a cavity with imbalanced pumping, Phys. Rev. A 108,
043312 (2023).

[49] F. Piazza and H. Ritsch, Self-ordered limit cycles, chaos, and
phase slippage with a superfluid inside an optical resonator,
Phys. Rev. Lett. 115, 163601 (2015).

[50] E. 1. R. Chiacchio and A. Nunnenkamp, Dissipation-
induced instabilities of a spinor Bose-Einstein condensate
inside an optical cavity, Phys. Rev. Lett. 122, 193605
(2019).

[51] A. Ali, F. Saif, and H. Saito, Phase separation and multistability
of a two-component Bose-Einstein condensate in an optical
cavity, Phys. Rev. A 105, 063318 (2022).

[52] L. E. Reichl, A Modern Course in Statistical Physics, 4th ed.
(Wiley-VCH, Weinheim, Germany, 2016).

[53] J. Keeling, M. J. Bhaseen, and B. D. Simons, Fermionic su-
perradiance in a transversely pumped optical cavity, Phys. Rev.
Lett. 112, 143002 (2014).

[54] H. Weimer, A. Kshetrimayum, and R. Orts, Simulation meth-
ods for open quantum many-body systems, Rev. Mod. Phys. 93,
015008 (2021).

[55] F. Piazza and P. Strack, Quantum kinetics of ultracold fermions
coupled to an optical resonator, Phys. Rev. A 90, 043823
(2014).

[56] L. M. Sieberer, M. Buchhold, J. Marino, and S. Diehl, Uni-
versality in driven open quantum matter, Rev. Mod. Phys. 97,
025004 (2025).

[57] S. Diehl, A. Tomadin, A. Micheli, R. Fazio, and P. Zoller,
Dynamical phase transitions and instabilities in open atomic
many-body systems, Phys. Rev. Lett. 105, 015702 (2010).

[58] L. Tolle, A. Sheikhan, T. Giamarchi, C. Kollath, and C.-M.
Halati, Fluctuation-induced bistability of fermionic atoms cou-
pled to a dissipative cavity, Phys. Rev. Lett. 134, 133602
(2025).

[59] G. J. Conduit and B. D. Simons, Repulsive atomic gas in a
harmonic trap on the border of itinerant ferromagnetism, Phys.
Rev. Lett. 103, 200403 (2009).

[60] C. Sanner, E. J. Su, W. Huang, A. Keshet, J. Gillen, and W.
Ketterle, Correlations and pair formation in a repulsively inter-
acting Fermi gas, Phys. Rev. Lett. 108, 240404 (2012).

[61] R. Landig, L. Hruby, N. Dogra, M. Landini, R. Mottl, T.
Donner, and T. Esslinger, Quantum phases from competing
short- and long-range interactions in an optical lattice, Nature
(London) 532, 476 (2016).

[62] V. Helson, T. Zwettler, F. Mivehvar, E. Colella, K. Roux, H.
Konishi, H. Ritsch, and J.-P. Brantut, Density-wave ordering in
a unitary Fermi gas with photon-mediated interactions, Nature
(London) 618, 716 (2023).

[63] D. J. Young, A. Chu, E. Y. Song, D. Barberena, D. Wellnitz,
Z. Niu, V. M. Schifer, R. J. Lewis-Swan, A. M. Rey, and
J. K. Thompson, Observing dynamical phases of BCS super-
conductors in a cavity QED simulator, Nature (London) 625,
679 (2024).

[64] D. Baur, S. Hertlein, A. Baumgirtner, J. Stefaniak, T. Esslinger,
G. Natale, and T. Donner, Band structure of a coupled Bose-
Einstein-condensate—cavity system: Effects of dissipation and
geometry, Phys. Rev. A 113, 043307 (2026).

L011302-6


https://doi.org/10.1103/PhysRevA.98.043613
https://doi.org/10.1103/PhysRevA.99.043630
https://doi.org/10.1364/OE.564713
https://doi.org/10.1103/PhysRevA.85.013817
https://doi.org/10.1103/PhysRevLett.120.223602
http://link.aps.org/supplemental/10.1103/r41b-5kc2
https://doi.org/10.1088/0034-4885/79/9/096001
https://doi.org/10.1038/s41467-025-67184-8
https://doi.org/10.1063/1.5115323
https://doi.org/10.1103/PhysRevLett.107.140402
https://doi.org/10.1140/epjd/e2008-00074-6
https://doi.org/10.1103/PhysRevLett.104.130401
https://doi.org/10.1103/PhysRevLett.112.143004
https://doi.org/10.1103/PhysRevLett.105.043001
https://doi.org/10.1103/PhysRevA.108.043312
https://doi.org/10.1103/PhysRevLett.115.163601
https://doi.org/10.1103/PhysRevLett.122.193605
https://doi.org/10.1103/PhysRevA.105.063318
https://doi.org/10.1103/PhysRevLett.112.143002
https://doi.org/10.1103/RevModPhys.93.015008
https://doi.org/10.1103/PhysRevA.90.043823
https://doi.org/10.1103/RevModPhys.97.025004
https://doi.org/10.1103/PhysRevLett.105.015702
https://doi.org/10.1103/PhysRevLett.134.133602
https://doi.org/10.1103/PhysRevLett.103.200403
https://doi.org/10.1103/PhysRevLett.108.240404
https://doi.org/10.1038/nature17409
https://doi.org/10.1038/s41586-023-06018-3
https://doi.org/10.1038/s41586-023-06911-x
https://doi.org/10.1103/l71r-m9l6

