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The coupling of ultracold quantum gases to an optical cavity provides an ideal system for studying the
novel long-range interacting nonequilibrium dynamics. Here we report an experimental observation of the
out-of-equilibrium dynamics of a degenerate Fermi gas in the cavity after quenching the pump strength
over a superradiant quantum phase transition. The relaxation dynamics exhibits impressively different
stages of a delay, violent relaxation, long-lifetime prethermalization, and slowly final thermalization due to
the photon-mediated long-range interaction with dissipation. Importantly, we reveal that the lifetime of the
system stayed on the prethermalization exhibits the superlinear scaling of the atom number. Furthermore,
we show that the backaction of the superradiant cavity field on the gas causes the exchange of atoms
between the normal and superradiant state in the early evolution and then induces the prethermalization.
This work opens an avenue to explore complex nonequilibrium dynamics of the dissipatively long-range
interacting Fermi gases.
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The long-range interaction is ubiquitous in many systems
from the gravitationally bound globular clusters in astro-
physics [1], two-dimensional incompressible fluid [2], and
dipolar quantum gases [3] to heavy-ion collision in nuclear
matter [4]. Understanding their dynamics is more challeng-
ing than those of the short-range interacting systems [5–8].
The nonadditivity of such long-range interacting systems
exhibits many interesting out-of-equilibrium dynamics such
as slow relaxation and broken ergodicity. One striking
feature among these dynamics is that there exists a pre-
thermalizing behavior associated with the emergence of a
long-lifetime quasistationary state (QSS), before relaxing to
the final steady state [5,6,8]. These dynamics are predicted
in the isolated long-range systems under the deterministic
Hamiltonian evolution [9]. The subsequent investigations
show that the stochastic process and dissipation play
important roles in the dynamical evolution, changing the
time scales of the QSSs [9,10] and leading to the “scaling
QSS” [11].
Coupling ultracold quantum gases to an optical cavity

provides an ideal platform to study such phenomena with
photon-mediated long-range interaction [12,13]. The super-
radiant quantum phase transition (SQPT), predicted for
more than half a century [14,15], is realized by observing a
self-ordering crystalline phase in the transversely driven
Bose-Einstein condensates (BECs) [16,17]. Subsequently,
the novel phenomena of combining the cavity quantum
electrodynamics (QED) with ultracold bosonic atoms are

investigated, such as a superradiant Mott insulator [18],
dynamical phase transition [19], dissipative time crystal
[20,21], and dissipation-engineered many-body dark states
[22]. Recently, the coupling of Fermi gases and the cavity
QED has been realized [23–25] and the fermionic SQPT
has been observed [24].
Therefore, it is naturally expected to observe QSSs in

such cavity-atom systems. Owing to the inevitable presence
of dissipation via the leaking cavity field, these systems
offer the unique opportunity to study such nonequilibrium
dynamics with the driven-dissipative long-range interacting
interactions. The mean-field calculation shows that the
prethermalization emerges in the quenching dynamics of
the cavity-mediated long-range interacting BEC system
[26–28]. These studies found no evidence of the superlinear
dependence of the QSS timescale on the atom number [5].
However, the observation of prethermalization and the QSS
is still unexplored in the systems of either cavity bosonic or
fermionic quantum gases.
In this Letter, we investigate the relaxation dynamics of

an ultracold Fermi gas in the cavity after a sudden quench
of the pumping strength across a driven-dissipative second-
order phase transition. By transversely pumping the cavity,
when the pumping power is adiabatically ramped over a
critical value (threshold Pth), the intracavity field is
abruptly built up and shows the steady-state SQPT where
the Fermi gas experiences a self-ordering checkerboard
pattern [Fig. 1(b)] [24]. Here, the pump power is suddenly
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quenched to across Pth of the SQPT, and the system
exhibits slow and complex relaxation dynamics that show
several striking stages. After the quench, the cavity field is
not instantaneously built up, experiences a long delay, and
subsequently violently relaxes into a long-lifetime pre-
thermalizing state due to the intracavity photon-mediated
long-range interaction. After staying on the prethermalized
state for several hundreds of the cavity lifetime, the cavity
field further slowly evolves into its final nonequilibrium
steady state. In experiments, the pump laser frequency is
tuned far off resonance from the atom transition to ensure
that the scattering processes are coherent and the dissipa-
tion is mainly from the inevitable leaking of the cavity field.
The frequency detuning between the cavity resonant
frequency and pump frequency is engineered to control
the effective dissipation. Importantly, we investigate the
scaling of the lifetime of the system that resides in the
prethermalized states on the atom number, which clearly
shows a superlinear relation. Our work may open an avenue
to explore the novel many-body physics of the dissipative
long-range interacting Fermi gases.
The experimental schematic is shown in Fig. 1, which is

similar to our previous work [24]. A balanced mixture
of 6Li fermions is prepared in the two lowest hyperfine
states j↑i and j↓i, which is loaded into a crossed dipole
trap to evaporatively cool to quantum degeneracy. The
typical trapping frequencies of the optical potential are
ðωx;ωy;ωzÞ=2π ¼ ð290.69; 380.13; 84.97Þ Hz, where x, y,
and z denote the pump axis, imaging axis, and cavity
axis, respectively. The cavity is near confocal and has a
finesse of F ¼ 1477. The decay rate of the cavity

field is κ ¼ 2π × 677ð36Þ kHz. The magnetically induced
Feshbach resonance is used to tune the atom interaction into
a noninteracting regime, resulting a typical temperature
T=TF ¼ 0.21ð0.01Þ, where TF ¼ EF=kB is the Fermi tem-
perature [EF ¼ ℏðωxωyωzÞ1=3ð6NÞ1=3 is the Fermi energy],
kB is the Boltzmann constant, ℏ is the Planck constant h
divided by 2π, and N is the atom number per spin,
respectively. An laser with frequency ωp is red detuned
about 2π × 20 GHz from the resonant frequency of the D2

line of 6Li to transversely pump the Fermi gas along the x
axis. The frequency detuningΔ between the pump field and
cavity resonant frequencyωc is set asΔ ¼ −2π × 900 kHz.
The cavity field is monitored by a fast response high-gain
photomultiplier. The spatial distribution of atoms is probed
with an electron-enhanced charge-coupled device by using
the standard resonant absorption imaging technique after a
time-of-flight expansion time ttof . When the pump power is
increased over Pth, the cavity field is abruptly built and the
atom fluctuations induce the SQPT [Fig. 1(b)]. The atoms
at the momentum components ðpx; pzÞ ¼ ð�ℏkp;�ℏkpÞ
spontaneously emerge and self-organize a checkerboard
pattern [24].
Here, we adopt a quench scenario to explore nonequili-

brium relaxation dynamics by rapidly turning on the pump
field and quenching the system from the normal state to the
superradiant state [see Fig. 1(b)]. The dynamics evolution
of the intracavity field and atoms are detected in real time
by monitoring the cavity transmission and imaging the
atom distribution, respectively.
We investigate the time evolution of the cavity field by

quenching the pumping power across the Pth. The pumping
power is quenched from zero to the final pumping power
Pf in a timescale less than 1 μs, then kept on the constant at
Pf. The quenching dynamics of the cavity transmission is
displayed for Pf ¼ 1.37Pth in Fig. 2(a), which exhibits four
distinct stages before reaching the final nonequilibrium
steady state. After the pumping field is rapidly turned on,
the cavity field is not instantaneously built up and there
exists an impressive delay between the cavity field and
pumping field at a timescale of several hundreds of the
cavity lifetime (stage I). Subsequently, the evolution
dynamics enters the second stage and the emergent cavity
field experiences a violent relaxation process over the
timescale of about tens of the cavity lifetimes (stage II).
This relaxation stops at an intermediate value and then the
cavity field shows a damped oscillation. After the oscil-
lation is damped out, the cavity field stays a long-lifetime
prethermalized state related to the so-called QSS (stage III).
After remaining in this state for about several hundreds of
the cavity lifetime, the cavity field slowly grows to the final
nonequilibrium stationary state on a much longer timescale,
about 3 orders of magnitude of the cavity lifetime (stage
IV). The numerical simulation of the dynamics including
more momentum states for the Fermi gas qualitatively
agrees with the experimental observation and clearly shows

(a) (b)

FIG. 1. (a) The schematics of experimental setup. Fabry-Perot
cavity, high reflective mirror (M), photomultiplier (PMT),
charge-coupled device (CCD). The frequency ωc of the cavity
is locked by a laser light at 1064 nm. The lower right corner is the
energy levels. A laser light with frequency ωp is red detuned by
2π × 20 GHz from theD2 line of 6Li to transversely pump atoms.
(b) The mean intracavity photon numbers ncav as a function of the
pump power (red curve). When the pumping power is adiabati-
cally ramped over a critical value (threshold Pth), the intracavity
field is abruptly built up and shows a SQPT where atoms self-
organized into a checkerboard pattern. Here, the pump-cavity
detuning Δ≡ ðωc−ωpÞ¼−2π×900 kHz, T=TF ¼ 0.21ð0.01Þ
(TF is the Fermi temperature), ER is the recoil energy. A quench
scenario is adopted by rapidly ramping the pump power over Pth
to a final pump power Pf, which corresponds to quenching the
system from a normal state to a superradiant (SR) state.
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these stages in the evolution [inset in Fig. 2(a), see the
Supplemental Material [29] ]. Figure 2(b) shows the histo-
gram of the cavity transmission with a bin of 3.67 μs
(15.6=κ). It clearly shows that the relaxation dynamics
exhibits three characteristic states in the evolution: one
normal state and two superradiant states. The first peak
represents the fact that the Fermi gas stays in the normal
state where no cavity light is observed. The second one
represents the prethermalized state, and the third denotes
that the system enters the final nonequilibrium steady state.
At stage I, the system stays in the normal state and there

is a delay between the buildup of the cavity field and
pumping field. It is commonly considered that this delay
arises as a result of the quantum description of dynamics of
the Dicke state [30] and has been recently investigated in
pulsed superradiant lasing with bosonic atoms [31]. The
delay time is dependent on the quenching pump power and
the number of atoms. τd=tcav as a function of Pf=Pth is
displayed in Fig. 3, where τd is the delay time and tcav ¼
1=ð2κÞ is the lifetime of the cavity intensity, respectively. It
is clearly shown that the closer the quenching pump power
Pf is to the threshold Pth, the longer is the delay time.
When the quenching pump power is very near to the
threshold of the phase transition, a critical slowing is
expected and the delay time τd could be several thousands
of tcav. The prethermalization is almost difficult to be
observed under this condition and even disappears, as
shown in the inset of Fig. 3(a), where Pf=Pth ¼ 1.08.
For the large Pf=Pth, the delay time quickly becomes
small. Over Pf=Pth ¼ 1.2, τd approaches a fixed value of
around 2h=ER.
After the delay, the cavity field begins to rapidly build

up and experiences the violent relaxation in stage II. With
the increase of the cavity field, atoms that felt optical
potential consisted of the pumping field and the emergent
intracavity field. Therefore, atoms self-organized into

higher momentum states. The growth of the cavity field
in this stage can be well fitted by an exponentially
increasing function A expðt=τÞ þ B. The characteristic
growth rate τ−1 as a function of Pf=Pth is presented in
Fig. 3(b). As the quenching pump power increases, the
relaxation dynamics of the cavity field becomes more
violent. After the stage of the violent relaxation, the cavity
transmission oscillates around the intermediate value as
shown in Fig. 2(a). The energy of the atom is periodically
transferred from the kinetic to the potential energy. With the
large quenching pump power, the oscillated frequencies
become large [Fig. 3(c)]. The oscillation is involved in a
process involving the absorption and emission of cavity
(pump) photon [see the third term of Eq. (2) in the
Supplemental Material [29] ]. Therefore, oscillated
frequencies obey a scaling of P1=2 [red solid curve in
Fig. 3(c)]. Subsequently, the evolution dynamics of the

FIG. 2. The relaxation dynamics of quenching the pump power
over Pth of the SQPT to the final pump power Pf. (a) A typical
trajectory of the mean intracavity photon numbers ncav for
quenching dynamics with different stages (red curve). The
parameters are κ ¼ 2π × 677ð36Þ kHz, Δ ¼ −2π × 900 kHz
and T=TF ¼ 0.21ð0.01Þ, respectively. Insets show that the pump
power is suddenly turned on from 0 to Pf=Pth ¼ 1.37 (blue
curve) and the numerical simulation (green curve), respectively.
(b) The histogram of the cavity transmission. Three peaks are
clearly shown, which refer to the normal state, prethermalized
state, and the steady state, respectively.

(a)

(b)

(c)

FIG. 3. (a) The dependence of the delay time τd on Pf=Pth. τd is
approached to a fixed value of around 2h=ER (dashed horizontal
line) when Pf=Pth > 1.2. Inset: time evolution of the cavity
transmission when quenching pump power is close to the
threshold, Pf=Pth ¼ 1.08. (b) The characteristic growth rate
τ−1 as a function of Pf=Pth, where τ is obtained from an
exponential function fit of A expðt=τÞ þ B for the violent relax-
ation dynamics. The solid line is a quadratic fit to guide the eye.
(c) The dependence of the oscillated frequencies on Pf=Pth in
stage III. Inset: the oscillated dynamics of the cavity transmission
for Pf=Pth ¼ 1.31 (blue curve), Pf=Pth ¼ 1.47 (orange curve),
and Pf=Pth ¼ 1.65 (red curve), respectively, which clearly show
the oscillations and following prethermalization. The red solid
curve is the fit with a function of c1P1=2 þ f0. Error bars
represent the standard statistical deviation.
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cavity field exhibits the prethermalization after the oscil-
lation has died out. The interplay between long-range
conservative and dissipative forces results in the emergence
of the prethermalization [27], which is closely related to
quantum statistics (see the Supplemental Material [29]).
After the prethermalization stage, the cavity transmission
slowly grows to the stationary value over timescales of 3
orders of magnitude of the cavity lifetime.
We investigate the lifetime of the system trapped in

the prethermalized state. It has been well accepted that the
long-range interacting system could quickly relax to the
QSS in the nonequilibrium dynamics. A prototype model
of the long-range interaction, the Hamiltonian mean-field
model, has shown that the system remains trapped in the
QSS for times that increase with a nontrivial scaling of the
atom number as N1.7 [32,33] and the lifetime of the QSS
diverges when the atom number increases in the thermo-
dynamical limit; however, no such feature was found in the
recent study for the BEC in the cavity [26]. For Fermi
gases, the fermionic statistics causes a qualitatively differ-
ent self-ordering behavior [34–36] compared to bosons.
Correspondingly, the Fermi energy would play an impor-
tant role in the quenching dynamics [37]. The simple
numerical calculation shows that the quantum statistics
profoundly affects the lifetime of the prethermalization (see
the Supplemental Material [29]). In the experiment, the
scaling of the lifetime τp of the system in the prethermal-
ized state on the atom number N is investigated, as shown
in Fig. 4. We vary the number N of atoms and keep T=TF
nearly constant by precisely controlling the evaporative
cooling process (inset of Fig. 4). The Pauli exclusion
principle causes the threshold Pth of the fermionic SQPT
to have a scaling of N−1=2 at a low temperature [24].
Therefore, the final quench pump power is set at Pf ¼
1.3Pth for the maximum available atom numbers of about
150 000. As shown in Fig. 4, the scaling clearly exhibits the

different behavior for N. For the smaller N, the lifetimes τp
become longer as N increases and, importantly, the scaling
of τp shows a superlinear relation on N. The fit of the data
with a simple function τp ¼ cNs þ τ0 gives the scaling s ¼
1.53ð1.1Þ for N from 80 000 to 110 000 (red dashing line in
Fig. 4), which is close to the theoretical predictions s ¼ 1.7
[33]. However, this relation breaks down (τp becomes to
deviate this scaling at N ≈ 12 000) and τp shows the sign of
saturating for large N. By continuing to increase N, the
lifetime τp of the system in the prethermalized state shows a
trend of decrease, which may likely be caused by the fact
that more momentum states in the superradiant states are
occupied and the scattering probability is decreased for the
very large atom number.
We also study the quenching dynamic evolution of the

self-organization of fermionic superradiance by measuring
the atom fraction at different momentum states. After the
quench, the emergent superradiant cavity field scattering
from the atoms puts a backaction on the Fermi gas, for
which the dynamics of atoms in momentum space exhibits
new features, as displayed in Fig. 5. Before the SQPT,
atoms are mainly distributed around the momentum states
Pb of jpx; pzi ¼ j0; 0i, j � 2ℏkp; 0i, and j0;�2ℏkpi. After
the SQPT, the interference between the cavity field and
pumping lattice causes the emergent checkerboard pattern

FIG. 4. The lifetimes τp of the system remained on the
prethermalization as a function of the atom number N at the
low temperature of T=TF ¼ 0.21ð0.01Þ for a fixed quenching
pump power of Pf ¼ 1.3Pth, where Δ ¼ −2π × 900 kHz. The
dashed line is a fit with the function of τp ¼ cNs þ τ0, which
gives s ¼ 1.53ð1.1Þ. Inset: the dimensionless temperature T=TF
as a function of the atom number N.

(c)

(a) (b)

FIG. 5. Dynamical evolution of the atom distribution. (a) Atom
number fraction (normalized to the total atom number) for
the different momenta as a function of evolution time. Green
dots are the atom number fraction corresponding to the momen-
tum ranges ðpx; pzÞ ¼ ½�ð−0.5 − 0.5Þ;�ð−0.5 − 0.5Þ�ℏkp and
½�ð−1.5 − 2.5Þ;�ð−1.5 − 2.5Þ�ℏkp. Orange dots are the atom
number fraction corresponding to the momentum ranges
ðpx; pzÞ ¼ ½�ð0.5 − 1.5Þ;�ð0.5 − 1.5Þ�ℏkp. Black dots are the
summation of atoms for these momentum states. Error bars
represent the standard deviation of five measurements. (b) The
closer inspections of the dynamics evolution at κt ∼ 60–600. It
shows an exchange of atoms between different momentum states
and the emergence of the prethermalization after the violent
relaxation. (c) The dynamical evolution of the atom density
distribution with ttof ¼ 1300 μs. The other parameters are the
same as Fig. 2.
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of atoms, where atoms are piled around the momentum
states Pa of jpx; pzi ¼ j � ℏkp;�ℏkpi. Green and oranges
dots in Fig. 5(a) show the fraction of atoms around the
momentum states Pb and Pa, respectively. After the
quench, waiting for several hundreds of the cavity lifetime,
atoms in momentum states of Pb are rapidly decreased and
more atoms are excited into the momentum states around
Pa. Strikingly, after such the initial violent relaxation,
atoms are oscillated back and forth between the momentum
states around Pb and Pa and subsequently enter into a
prethermalized state [Fig. 5(b)]. The atoms stay in the state
for hundreds of microseconds and then slowly evolve into
their final nonequilibrium states. Figure 5(c) shows evolu-
tion of the atom density distribution with a ttof ¼ 1300 μs,
which clearly shows the initially violent relaxation, oscil-
lation, prethermalization, and long-time slow relaxation of
the atom fraction in different states, respectively. The long-
time dynamical behavior of atoms is similar to the
expansion of the Fermi gas in the lattice [38].
In conclusion, we have studied the quenching dynamics

of the harmonically trapped ultracold Fermi gas in the
optical cavity. When the pump strength is quenched over
the phase transition of the driven-dissipative SQPT, the
observed slow relaxation dynamics shows the strikingly
different stages. Both the cavity field and atoms exhibited
the long-lifetime prethermalization. The superlinear scaling
of the lifetime of the system remained on the prethermal-
ization with the atom number revealed. Our Letter will
open the possibilities to study novel nonequilibrium with
long-range interactions, such as dynamical gauge coupling
[39], manipulating the intertwined orders [40], Higgs mode
stabilization [41], and many-body localizations [42].
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