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Abstract: We investigate the non-equilibrium quantum dynamics of a canonical light–matter
system—namely, the Dicke model—when the light–matter interaction is ramped up and down
through a cycle across the quantum phase transition. Our calculations reveal a rich set of
dynamical behaviors determined by the cycle times, ranging from the slow, near adiabatic regime
through to the fast, sudden quench regime. As the cycle time decreases, we uncover a crossover
from an oscillatory exchange of quantum information between light and matter that approaches
a reversible adiabatic process, to a dispersive regime that generates large values of light–matter
entanglement. The phenomena uncovered in this work have implications in quantum control,
quantum interferometry, as well as in quantum information theory.
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1. Introduction

In the last two decades, there have been several breakthroughs in the experimental realization
of systems that mimic specific many-body quantum models [1]. This is especially true in systems
involving aggregates of real or artificial atoms in cavities and superconducting qubits [2,3], as well as
trapped ultra-cold atomic systems [4–6]. These advances have stimulated a flurry of theoretical research
on a wide variety of phenomena exhibited by these systems, such as quantum phase transitions
(QPTs) [7,8], the collective generation and propagation of entanglement [9–15], the development
of spatial and temporal quantum correlations [16,17], critical universality [18], and finite-size
scalability [19–22]. All of these topics have implications for quantum control protocols, which are in
turn of interest in quantum metrology, quantum simulations, quantum computation, and quantum
information processing [23–27].

Future applications in the area of quantum technology will involve exploiting—and hence fully
understanding—the non-equilibrium quantum properties of such many-body systems. Radiation–matter
systems are of particular importance, not only because optoelectronics has always been the main
platform for technological innovations, but also in terms of basic science, because the interaction
between light and matter is a fundamental phenomenon in nature. On a concrete level, light–matter
interactions are especially important for most quantum control processes, with the simplest
manifestation being the non-trivial interaction between a single atom and a single photon [28]. One of
the key goals of experimental research is to improve both the intensity and tunability of the atom–light
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interaction [29,30]. Unfortunately, the relatively weak dipolar coupling between an atom and an
electromagnetic field makes it difficult to obtain a large light–matter interaction, even when atoms are
constrained to interact with a single radiation mode in a cavity. In recent years, some condensed matter
systems have offered an alternative to the traditional atom–cavity implementation. Clear spectroscopic
evidence has recently been presented that a charged Josephson qubit coupled to a superconductor
transmission line behaves like an atom in a cavity [31], and that the dipolar coupling between these
systems is three to four orders of magnitude greater than that in atomic systems. This type of system,
known as a superconducting qubit, enables the study of effective two-level atoms interacting with
a quantized single-mode electromagnetic field [32,33] and allows the exploration of new regimes of
strong coupling [34]. Another very successful approach used to obtain strongly interacting light–matter
systems has emerged in experiments involving ultra-cold trapped atoms or ions [35,36]. In this case,
discrete translational degrees of freedom (vibrational modes) emerging from the optical trap are used
to couple the atoms to the radiation mode. Thanks to the extremely low temperatures, the light–matter
coupling effectively becomes the dominant interaction, once again allowing the exploration of a wide
variety of strong-coupling phenomena.

One important consequence of such strong coupling is that the atom–light interaction can
effectively become all-to-all, in the sense that all atoms are equally coupled to the radiation. In this
case, one of the simplest and yet richest scenarios involves instances in which the Dicke model (DM)
is realized [37]. One of the most striking and important features of the Dicke model is the fact that it
exhibits a superradiant second order QPT in the thermodynamic limit [38]. Despite more than sixty
years of existence, this model has recently attracted renewed interest thanks to major experimental
breakthroughs in terms of its realization and exploration [35,39,40]. This has in turn fueled a surge
in theoretical investigations of the DM, including further detailed proposals for its realization [41].
Regardless of this surge in theoretical interest, however, much of the focus has been on the DM’s static
properties or equilibration schemes, leaving many aspects of its non-equilibrium evolution as an
open problem.

In previous work, we attempted to advance the understanding of the DM’s dynamics by exploring
the effects of crossing the QPT using a tuned interaction, hence taking the system in a single sweep
from a non-interacting regime into one where strong correlations within and between the matter
and light subsystems play an essential role [14,15,18]. Our previous analyses also revealed universal
dynamical scaling behavior for a class of models concerning their near-adiabatic behavior in the region
of a QPT, in particular the Transverse-Field Ising model, the DM and the Lipkin–Meshkov–Glick
model. These findings, which lie beyond traditional critical exponent analysis like the Kibble–Zurek
mechanism [42,43] and adiabatic perturbation approximations, are valid even in situations where
the excitations have not yet stabilized; hence, they provide a time-resolved understanding of QPTs
encompassing a wide range of near adiabatic regimes.

In this work, instead of a single crossing of the QPT, we analyze the effects of driving the system
through a round trip across the QPT by successively ramping up and down the light–matter interaction
so that the system passes from the non-interacting regime into the strongly interacting region and
back again. We restrict ourselves to the case of a closed DM such that a description of the temporal
evolution using unitary dynamics is sufficient. Depending on the time interval within which the
cycle is realized, we find that the system can show surprisingly strong signatures of quantum hysteresis
(i.e., different paths in the system’s quantum state evolution during the forwards and backwards
process), and that these memory effects vary in a highly non-monotonic way as the round-trip time
changes. The adiabatic theorem ensures that if the cycle is sufficiently slow, the process will be entirely
reversible. In the other extreme, where the round-trip ramping is performed within a very short time,
the total change undergone by the system is negligible. However, in between these two regimes,
we find a remarkably rich set of behaviors.

This paper is organized as follows: Section 2 describes the Dicke Model (DM) and discusses its
quantum phase transition (QPT). Section 3 describes the quantum hysteresis process of the DM and
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introduces the Landau–Zener model as a simple two-level approximation for understanding cyclical
crossing of quantum critical points. Section 4 presents and discusses the results of quantum hysteresis
that we uncover in the DM. Our focus is on two main quantities: the ground state fidelity and the
von Neumann entropy. These quantities provide a perspective that is of interest to adiabatic quantum
control in the former case, and quantum information theory and thermodynamics in the latter case.
Section 5 presents our final remarks.

2. Dicke Model (DM) and Its Quantum Phase Transition (QPT)

The DM of a many-body light–matter interacting quantum system features a set of N identical
two-level systems (commonly referred to as qubits), each of which is coupled to a single radiation
mode. It can be described by the following microscopic Hamiltonian:

Ĥ(t) =
ε

2

N

∑
i=1

σ̂i
z + ωâ† â +

λ(t)√
N

(
â† + â

) N

∑
i=1

σ̂i
x . (1)

We purposely avoid common approximations, such as the rotating-wave approximation. Here, σi
α

denotes the Pauli operators for qubit i (α = x, z); ε and ω represent the qubit and field transition
frequencies, respectively; and λ(t) represents the strength of the radiation–matter interaction at
time t, which can be varied over time. In many situations, such as those we consider here in our
work, the dynamics of the DM do not require the consideration of the entire 2⊗N ⊗N dimensional
Hamiltonian. Instead, SU(2) collective operators Ĵα = 1

2 ∑N
i=1 σ̂i

α can be used. The Hamiltonian (1) can
then be written in the following form:

Ĥ(t) = ε Ĵz + ωâ† â +
2λ(t)√

N
Ĵx

(
â† + â

)
. (2)

Here, operators Ĵα act on the totally symmetric manifold (also known as the Dicke manifold), where
the operator Ĵ2

= ∑α Ĵ2
α is a good quantum number (a constant of motion) with eigenvalue J (J + 1),

and J = N/2. The parity operator P̂ = e Ĵz+â† â−N/2 is another conserved quantity of the model, which
also has the advantage of commuting with Ĵ2. For all the numerical results in this paper, we consider
the case of resonance between the qubits and the radiation frequency; i.e., ε = ω = 1 in Equation (1).

The DM is deemed to achieve its thermodynamic limit (TL) when its matter subsystem size goes
to infinity; i.e., when N → ∞. Much of the DM’s attractiveness as a theoretical model lies in the
emergence of a second-order QPT in this limit [38,44,45]. The QPT means that there is a significant
change in the behavior of the DM’s ground state when its parameters vary through a specific set of
critical values. The phase-boundary is described by equation λc =

√
εω
2 . The scaling of the interaction

parameter in Equation (1) is introduced in order to have its phase transition correctly defined in terms
of ε and ω. When the coupling parameter λ is above the critical value, the ground state of the system
is characterized by a non-zero expectation value of its excitation operators or order parameters:

〈
N̂b
〉
≡
〈

â† â
〉

and
〈

N̂q
〉
≡
〈

Ĵz +
N
2

〉
. (3)

When λ < λc, the order parameters are zero. Because of this, the region when λ > λc is called the
ordered or superradiant phase, while the region when λ < λc is called the normal phase. Near the
phase-boundary in the vicinity of this superradiant phase, there is a dependence of the order parameter
as follows:

〈
N̂b
〉

∝ (λ− λc) and
〈

N̂q
〉

∝ (λ− λc)
1/2 [46]. This power-law behavior is typical of

second-order phase transitions where the critical exponents are characteristic of the universality class
to which the model belongs. In the ordered quantum phase (λ > λc), the Z2 symmetry related to parity
is spontaneously broken, which originates from the fact that the TL ground state is two-fold degenerate,
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corresponding to the two different eigenvalues of P̂. The DM also presents an infinitely-degenerate
vanishing energy gap at the QPT [46], as shown in Figure 1.

(a) (b)

Figure 1. (a) Illustration of the Dicke model (DM) network of spins, or equivalently, qubits.
The electromagnetic field mode mediates the all-to-all interaction among these qubits; (b) Energy
spectrum of the DM as a function of the interaction parameter λ(t) for a finite number of qubits
N = 257. The numerical results in this paper are generated under the condition of resonance between
the qubits and the radiation frequency: ε = ω = 1 in Equation (1). All energies are measured with
respect to the ground state energy E0. In the thermodynamic limit (TL), a second order quantum phase
transition (QPT) occurs at value λc = 0.5, at which point the energy gap vanishes. As can be seen in (b)
for finite N, a finite-size version of the quantum critical point (QCP) with minimum gap arises near
to λc. Only the even parity sector of the model is depicted here.

This zero energy gap in the TL imposes an impossible barrier for dynamically crossing the
phase boundary within any finite time, while simultaneously maintaining the system in its ground
state. For finite values of N, where the transition is replaced by an effective quantum critical
point (QCP), there is a minimum finite gap that gets smaller and smaller as the system size N
grows. It also gets slightly shifted to higher values of λ as compared to the TL case. Such scaling
properties (i.e., dependence on size) have been extensively studied in the DM in the equilibrium
situation [19,47–51].

3. Quantum Hysteresis in the DM

Our central objective in this paper is to address the effects of cyclically varying the
radiation–matter interaction λ(t) as a function of time. We will focus on a particularly simple, piecewise
linear form for the time dependence:

λ(t) =

{
λ1 +

2(λ2−λ1)
τ t, t ≤ τ/2

λ2 +
2(λ1−λ2)

τ t, t > τ/2 ,
(4)

where λ1 and λ2 are respectively zero and one, and with ω = ε = 1 in Equation (1). Hence, λ(t) has
a triangular profile (see inset of Figure 2a). The slope of the two portions of the cycle±ν is characterized
by a finite time τ such that ν = 2/τ, where ν is known as the annealing velocity. The strongly interacting
regime is reached when λ(t) ≈ 1. The particular choice of λ(t) given by Equation (4) implies
that the QCP is crossed twice during the cycle; first when t ≈ τ/4, and second when t ≈ 3τ/4.
From Equations (2) and (4), we get the full DM instantaneous state |ψ(t)〉 by numerically solving the
time-dependent Schrödinger equation. The initial state when t = 0 and λ = 0 is the non-interacting
ground state, namely |ψ(0)〉 = |ψGS (0)〉 =

⊗N
i=1 |↓〉⊗ |n = 0〉where both matter and light subsystems

have zero excitations. All qubits are polarized in the state σz = −1, and the field is in the Fock state
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of zero photons. The DM solution is significantly harder to obtain. Nevertheless, we have used the
fact that the total angular momentum is a conserved quantity; therefore, the dynamics will lie in the
J = N/2 subspace. The success of this solution was tested by extending the truncation limit and then
checking that the results do not change (convergence test). The most naive application of this solution
to the DM would be to work with vectors of the form |m〉z ⊗ |n〉, where the first one is an eigenvector
of Jz in the subspace of even parity and the last one is a bosonic Fock state.

(a) (b) (c)

Figure 2. Quantum hysteresis as measured by ground state fidelity |〈ϕGS
Ins (λ(t)) |ψ(t)〉| as a function

of λ(t) when the interaction parameter performs a cycle as specified by Equation (4). The DM system
size is N = 33. The cycle time τ = 2/ν in each case is characterized by an annealing velocity ν:
(a) Log2 (ν) = −8.46, (b) Log2 (ν) = −4.46, and (c) Log2 (ν) = 2.94. Hence, the annealing velocity ν

increases from (a) to (c). Inset in panel (a) shows the time profile of the annealing parameter cycle λ(t)
specified by Equation (4).

To provide a first step toward understanding the complexity of the quantum hysteresis results
that we generate for the DM, there exists a model that constitutes arguably the simplest version of what
happens to a quantum system when it crosses a QCP driven by a time-dependent Hamiltonian. This is
the Landau–Zener (LZ) model, and we will spend the rest of this section reviewing its key properties
concerning the probability that the system transitions out of its ground state, together with the
Landau–Zener–Stückelberg (LZS) process which helps understand the presence of oscillatory features
in our results. The LZ model is represented by a two-level system following the Hamiltonian [52,53]

ĤLZ = −∆0

2
σ̂x +

λ0 − λ(t)
2

σ̂z . (5)

The energy-gap between the ground state and the excited state is ∆(t) =
√

∆2
0 + (λ(t)− λ0)

2.
At the QCP λ = λ0, the system reaches its minimal energy-gap ∆ = ∆0. In this paper, we are
considering the light–matter interaction λ(t) = νt during the ramping up, and a similar form in
the ramping down, where ν is an annealing velocity and where the system starts from its ground
state (i.e., |0〉). It is known from previous work on the LZ model that for a two-level system starting
from its ground state at t = −∞, the probability of it ending in its excited state at t = ∞ is given by

PLZ = exp
(
−π∆2

0
ν

)
, where the ratio ζ =

∆2
0

ν is called the adiabatic parameter. It is worth noting that

when ν is very small, we have zero probability for the system to jump to the excited state. Therefore,
the limit ν→ 0 corresponds to perfect adiabatic evolution. Thus, the parameter ζ allows control of the
probability for the system to perform either an adiabatic or diabatic transition.

One interesting aspect of the LZ model is that much of its dynamics is determined during the
short interval during which the minimum-gap is crossed. For this reason, an LZ system can be seen as
analogous to a beam-splitter [54], since the probability PLZ for the system to stay in state |0〉 can be
seen as equivalent to a transmission coefficient which characterizes the probability for a beam to go
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through a partially reflecting mirror. The analogy with the beam-splitter can be extended to one of
interest to this paper, in which the evolution of λ(t) is reversed, and the critical gap is crossed again.
This complete cycle is known as a Landau–Zener–Stückelberg (LZS) process. At the end of a LZS cycle,
the probability of staying in the |0〉 state can be approximated by the following formula [54]:

PLZS = 4PLZ (1− PLZ) sin (θ12 −ΦS) , with θ12 =
∫ t2

t1

∆(t)dt. (6)

The times t1 and t2 define the interval between the two crossings of the gaps. The phase ΦS
is called the Stokes phase, and it is determined entirely by the form of the minimum gap; hence,
it does not depend on the annealing velocity ν. On the other hand, the dynamical phase θ12 is
inversely proportional to ν; or, equivalently, it is directly proportional to the total time of the cycle
τ ∝ 2ν−1. As a result, Equation (6) implies that one should expect oscillatory behavior, with respect
to τ, for the probability of finishing the cycle in the same state as which the cycle was started.
Such oscillatory behavior is known as Stückelberg oscillations [55]. Despite its simplicity, the LZ problem
has found an enormous range of applications in various experimental situations. Additionally, some
generalizations of its concepts can be performed in order to tackle the dynamics in situations involving
more than two levels [56–58]. Whether it can be extended to provide a full, formal description of the
DM hysteresis results studied here remains an open challenge.

4. Results and Discussion

Although the LZ and LZS can serve as a guide to understanding the full numerical results of
the DM, the complexity of the DM’s non-equilibrium quantum dynamics involves many more than
two energy levels. For any value of λ(t), there is a set of instantaneous eigenstates |ϕn (λ(t))〉. If |ψ(t)〉
represents the actual dynamical state, we can express the probability of being in the instantaneous
eigenstate n as follows:

Pn (t) = [F (ϕn (λ(t)) , ψ(t))]2 (7)

where F (ϕn (λ(t)) , ψ(t)) = |〈ϕn (λ(t)) |ψ(t)〉| is the instantaneous fidelity of the n state. We consider
the ground state fidelity F(t) = |〈ϕGS

Ins (λ(t)) |ψ(t)〉| as a reference quantity for characterizing the
quantum hysteresis, where ϕGS

Ins (λ(t)) is the ground state of the Hamiltonian that corresponds to
time t. In Figure 2, we plot the dependence of the function F(t) for different values of ν. Despite the
fact that the finite-size DM has no true QPT, the system dynamics reveal significant differences between
what would be the normal phase (λ(t) < λc) and the superradiant one. This manifests itself in the
curves, since all functions F(t) start to depart from their initial value of unity after a threshold near the
QCP is crossed. As can be deduced from Figure 1b, the critical point of the finite-size model is slightly
above the TL critical value, displaced to the right in the plot. The crossing of the phase-boundary also
manifests itself in the return stage of the cycle. In general, one can see that the normal phase tends to
stabilize the behavior, while the superradiant phase is the one in which most changes emerge.

Very low values of ν (or equivalently, very high values of τ) correspond to almost zero probability
of exciting the system. Therefore, the system essentially follows the instantaneous eigenstate during
its entire time evolution. This regime can hence be labelled the near-adiabatic limit (see Figure 2a).
In the other extreme of very short cycle times, the system is simply not able to respond to the
change of the Hamiltonian. Hence, it remains frozen in the initial state. This is the sudden quench
limit: see Figure 2c. In this limit, the decrease in the fidelity is due to the differences between the
instantaneous ground state and the starting one as predicted by the QPT. Hence, this change is
concentrated around the QCP. In between these two limits, strong memory effects occur as shown in
Figure 2b. The trajectories enclose an area that can be referred to as a signature of quantum hysteresis
behavior. Recent experimental realizations of the DM [39] show the results of such possible effects.

In order to better understand the transition between the near adiabatic and sudden quench limits,
we present in Figure 3a a dynamical profile of the time evolution of the ground state fidelity for
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a wide range of annealing velocities. It is clear that there is a non-monotonic path between the ν→ 0
limit (i.e., the logarithm of ν is negative) and the ν → ∞ limit (i.e., the logarithm of ν is positive).
In Figure 3b, we are able to clearly distinguish three regimes based on the behavior of the final fidelity
as a function of ν. These are (i) near adiabatic; (ii) intermediate regime; and (iii) sudden quench.
Complex oscillations arise as a function of ν in the near adiabatic regime. This is a many-body version
of the Stückelberg oscillations as defined in Equation (6). The amplitude of being either in the ground
or the first excited state accumulates a dynamical phase until the system returns to the QCP, at which
point these two channels interfere with each other and hence form the oscillatory pattern seen in the
left part of Figure 3b. As is also evidenced in Figure 2a, the time interval τ/4 < t < 3τ/4 (i.e., when
the system is in the superradiant phase) is dominated by oscillations that tend to disappear as the
annealing velocity increases. These oscillations are restricted to the superradiant phase, because it is
only in this interval that there is a non-negligible transition amplitude between the ground and first
excited state, due to a significant change of the ground state as a function of λ. The near-adiabatic
region is the closest to a LZS cycle in the sense that only the ground state and first excited state of the
DM are significantly excited, and hence a two-level approximation is feasible. That is why both the
Stückelberg oscillations and the superradiant phase oscillations are only relevant for slower cycles.
For faster cycles, part of the evolution information leaks to higher excited states so that the simplified
LZS scenario is no longer valid.

Sudden Quench

Intermediate
regime

Near
Adiabatic

(a) (b)

Figure 3. (a) Quantum hysteresis profiles as measured by the ground state fidelity |〈ϕGS
Ins (λ(t)) |ψ(t)〉|

as a function of λ(t). The dashed lines are a guide to the eye; (b) Difference between the values of the
ground state fidelity at the start time t = 0 and end time t = τ. Inset in Figure 3b shows the values of
the ground state fidelity at the end time t = τ/2. The continuous lines are a guide to the eye. In (a,b),
the interaction parameter performs the cycle specified by Equation (4). The profile shows the existence
of the three regimes of annealing velocity: (i) near adiabatic; (ii) intermediate regime; and (iii) sudden
quench. The DM system size is N = 33.

Notwithstanding the oscillatory behavior, the near-adiabatic regime has a general tendency to
show an increase in memory effects as the cycles get faster, which is evidenced by the discrepancy
between the initial and final fidelities in Figure 3b. However, this tendency has an upper limit,
after which the intermediate regime begins. This intermediate regime is characterized by a monotonic
decrease of the difference F(0)− F(τ) as the annealing velocity increases. As can be seen in the inset of
Figure 3b, in this intermediate regime, the system loses any ability to follow the instantaneous ground
state during the superradiant phase, but somehow manages to have a finite probability of remaining
in the ground state of the normal phase after the cycle is completed. This can be interpreted as the
system being significantly quenched only during its passage to the superradiant phase, in a process
that can no longer be approximated as an LZ problem. In previous works, we have shown that this
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process is fundamentally a squeezing mechanism in both subsystems, followed by a generation of
light–matter entanglement [14,15]. This process becomes increasingly irrelevant in terms of being able
to change the initial state as ν increases in the intermediate regime, since the system has less and less
time to undergo any changes. This explains the monotonic tendency toward reduced hysteresis effects
as the sudden quench limit is reached.

In addition to the ground state fidelity, we have analyzed the quantum hysteresis by looking
at the light–matter entanglement generated by the cycle in terms of von Neumann entropy.
Given a subsystem A, the von Neumann entropy is defined as:

SN = −tr {ρ̂A log (ρ̂A)} , ρ̂A = trB {|ψ〉 〈ψ|} (8)

where B is the complementary subsystem and the total system is in a total state |ψ〉 that is pure.
When the total system is in such a pure state, the entropy of subsystem A is equal to the entropy of its
complementary subsystem B, and this quantity SN is a measure of the entanglement between both
subsystems. The natural choice for such a bipartition of the DM is where one subsystem is the light
(i.e., the radiation mode) and the other subsystem is the matter (i.e., the set of N qubits). Figure 4a,b
show results for the von Neumann entropy for the cases discussed so far in this paper for ground
state fidelity. Since the DM is a closed system (i.e., a pure quantum state with a unitary evolution),
the increase of SN in each subsystem is synonymous with an irreversible interchange of information
between the light and matter during the cycle, hence providing a more direct thermodynamical
interpretation for the memory effects of the cycle.

Near
Adiabatic

Intermediate
regime

Sudden Quench
(a) (b)

Figure 4. (a) Quantum hysteresis profile analogous to that of Figure 3a but now depicting the time
evolution of the von Neumann entropy SN as defined in Equation (8). This quantity is an indicator
of the entanglement between the light and matter subsystems; (b) Quantum hysteresis curves for SN ,
illustrating the behavior of light–matter entanglement in the different dynamical regimes.

In Figure 4a,b, the near adiabatic regime shows a new aspect of interest: the von Neumann entropy
is not always increasing over time, which means that for slow annealing velocities, information is not
always dispersing from light to matter and vice versa. Instead, there is some level of feedback for each
subsystem, so that they are still able to retain some of their initial state independence. However, this
feedback becomes increasingly imperfect so that at annealing velocities near the boundary with
the intermediate regime, the information mixing attains maximal levels. After that, the mixing of
information between light and matter is always a monotonic dispersion process, which becomes
reduced as the time of interaction is reduced more and more. This establishes a striking difference
between the lack of memory effects in the adiabatic and sudden quench regimes: the former’s
cycle comprises a large but reversible change, while the latter’s cycle is akin to a very small but
irreversible one. In practice, both mean relatively small changes to the initial condition—however,
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this is a consequence of two very different properties. This interplay between actual change and its
reversibility may explain why the transition between those two regimes is more intricate than might
initially have been imagined.

5. Conclusions

We have presented a quantum hysteresis analysis of the finite-size Dicke model (DM) in cycles
that cross the quantum phase transition (QPT) from the non-interacting to the strong coupling regime
and back again. In order to explore and quantify the resulting collective memory effects, we have
employed the ground state fidelity and the light–matter entanglement measured through the light and
matter von Neumann entropy. The former measure is more oriented to adiabatic quantum control,
while the latter is more related to quantum information and quantum thermodynamics. We have
identified the entire range of regimes of the cyclic dynamical process, from the adiabatic limit at small
annealing velocities to the sudden quench regime. This revealed that the transition between these
two regimes is by no means a trivial one, due to an interplay between the amount of change undergone
by the system as compared to the reversible character of that change. Towards the near-adiabatic
regime, some degree of reversibility is possible, despite the system being forced to undergo large
changes, which means that information can still go back and forward between the light and matter
subsystems. This generates an oscillatory behavior comparable to LZS processes. By contrast, towards
the sudden quench regime, the information exchange between light and matter is always dispersive
but gets smaller and smaller as the interaction times are reduced. These two regimes could have their
own interesting applications, which we leave for future exploration. In particular, the interference
occurring in the near-adiabatic regime could be important for spectroscopy applications, since it reveals
details of the interaction during the hysteresis process. By contrast, characterization of the intermediate
regime is important for quantum control, since it improves understanding of the squeezing process
that precedes the dynamical generation of light–matter entanglement.
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26. Hardal, A.Ü.C.; Müstecaplioğlu, Ö.E. Superradiant Quantum Heat Engine. Sci. Rep. 2015, 5, 12953,

doi:10.1038/srep12953.
27. Niedenzu, W.; Gelbwaser-Klimovsky, D.; Kurizki, G. Performance limits of multilevel and multipartite

quantum heat machines. Phys. Rev. E 2015, 92, 042123.
28. Agarwal, G.S. Vacuum-Field Rabi Splittings in Microwave Absorption by Rydberg Atoms in a Cavity.

Phys. Rev. Lett. 1984, 53, 1732–1734.
29. Will, S.A.; Park, J.W.; Yan, Z.Z.; Loh, H.; Zwierlein, M.W. Coherent Microwave Control of Ultracold 23Na40K

Molecules. Phys. Rev. Lett. 2016, 116, 225306.
30. Begley, S.; Vogt, M.; Gulati, G.K.; Takahashi, H.; Keller, M. Optimized Multi-Ion Cavity Coupling.

Phys. Rev. Lett. 2016, 116, 223001.
31. Gu, X.; Huai, S.N.; Nori, F.; Liu, Y.X. Polariton states in circuit QED for electromagnetically induced

transparency. Phys. Rev. A 2016, 93, 063827.
32. Di Stefano, P.G.; Paladino, E.; Pope, T.J.; Falci, G. Coherent manipulation of noise-protected superconducting

artificial atoms in the Lambda scheme. Phys. Rev. A 2016, 93, 051801.
33. Mao, L.; Liu, Y.; Zhang, Y. Entanglement dynamics of the ultrastrong-coupling three-qubit Dicke model.

Phys. Rev. A 2016, 93, 052305.



Entropy 2016, 18, 319 11 of 11

34. Herrera, F.; Spano, F.C. Cavity-Controlled Chemistry in Molecular Ensembles. Phys. Rev. Lett. 2016,
116, 238301.

35. Baumann, K.; Guerlin, C.; Brennecke, F.; Esslinger, T. Dicke quantum phase transition with a superfluid gas
in an optical cavity. Nature 2010, 464, 1301–1306.

36. Islam, R.; Edwards, E.E.; Kim, K.; Korenblit, S.; Noh, C.; Carmichael, H.; Lin, G.D.; Duan, L.M.;
Joseph Wang, C.C.; Freericks, J.K.; et al. Onset of a quantum phase transition with a trapped ion quantum
simulator. Nat. Commun. 2011, 2, 377, doi:10.1038/ncomms1374.

37. Dicke, R.H. Coherence in Spontaneous Radiation Processes. Phys. Rev. 1954, 93, 99–110.
38. Hepp, K.; Lieb, E.H. On the superradiant phase transition for molecules in a quantized radiation field:

The Dicke maser model. Ann. Phys. 1973, 76, 360–404.
39. Klinder, J.; Kebler, H.; Wolke, M.; Mathey, L.; Hemmerich, A. Dynamical phase transition in the open Dicke

model. Proc. Natl. Acad. Sci. USA 2015, 112, 3290–3295.
40. Guerin, W.; Araújo, M.O.; Kaiser, R. Subradiance in a Large Cloud of Cold Atoms. Phys. Rev. Lett. 2016,

116, 083601.
41. Wang, Z.; Lian, J.; Liang, J.Q.; Yu, Y.; Liu, W.M. Collapse of the superradiant phase and multiple quantum

phase transitions for Bose-Einstein condensates in an optomechanical cavity. Phys. Rev. A 2016, 93, 033630.
42. Zurek, W.H. Cosmological experiments in superfluid helium? Nature 1985, 317, 505–508.
43. Kibble, T.W.B. Topology of cosmic domains and strings. J. Phys. A Math. Gen. 1976, 9, 1387–1398.
44. Wang, Y.K.; Hioe, F.T. Phase Transition in the Dicke Model of Superradiance. Phys. Rev. A 1973, 7, 831–836.
45. Hioe, F.T. Phase Transitions in Some Generalized Dicke Models of Superradiance. Phys. Rev. A 1973,

8, 1440–1445.
46. Emary, C.; Brandes, T. Chaos and the quantum phase transition in the Dicke model. Phys. Rev. E 2003,

67, 066203.
47. Lambert, N.; Emary, C.; Brandes, T. Entanglement and the Phase Transition in Single-Mode Superradiance.

Phys. Rev. Lett. 2004, 92, 073602.
48. Wang, T.L.; Wu, L.N.; Yang, W.; Jin, G.R.; Lambert, N.; Nori, F. Quantum Fisher information as a signature of

the superradiant quantum phase transition. New J. Phys. 2014, 16, 063039.
49. Jarrett, T.C.; Olaya-Castro, A.; Johnson, N.F. Optical signatures of quantum phase transitions in a light-matter

system. Europhys. Lett. 2007, 77, 34001.
50. Chen, Q.H.; Zhang, Y.Y.; Liu, T.; Wang, K.L. Numerically exact solution to the finite-size Dicke model.

Phys. Rev. A 2008, 78, 051801.
51. Wang, C.; Zhang, Y.Y.; Chen, Q.H. Quantum correlations in collective spin systems. Phys. Rev. A 2012,

85, 052112.
52. Landau, L. Zur Theorie der Energieubertragung II. Phys. Sov. Union 1932, 2, 46–51.
53. Zener, C. Non-Adiabatic Crossing of Energy Levels. Proc. R. Soc. Lond. A Math. Phys. Eng. Sci. 1932,

137, 696–702.
54. Huang, P.; Zhou, J.; Fang, F.; Kong, X.; Xu, X.; Ju, C.; Du, J. Landau-Zener-Stückelberg Interferometry of

a Single Electronic Spin in a Noisy Environment. Phys. Rev. X 2011, 1, 011003.
55. Stückelberg, E.K. Theorie der Unelastischen Stösse Zwischen Atomen. Available online: http://www.zvab.

com/Theorie-unelastischen-Stöße-zwischen-Atomen-Habil/1367148986/buch (accessed on 30 August 2016).
56. Altland, A.; Gurarie, V. Many Body Generalization of the Landau-Zener Problem. Phys. Rev. Lett. 2008,

100, 063602.
57. Altland, A.; Gurarie, V.; Kriecherbauer, T.; Polkovnikov, A. Nonadiabaticity and large fluctuations in

a many-particle Landau-Zener problem. Phys. Rev. A 2009, 79, 042703.
58. Sun, G.; Wen, X.; Mao, B.; Chen, J.; Yu, Y.; Wu, P.; Han, S. Tunable quantum beam splitters for coherent

manipulation of a solid-state tripartite qubit system. Nat. Commun. 2010, 1, 51, doi:10.1038/ncomms1050.

c© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Dicke Model (DM) and Its Quantum Phase Transition (QPT)
	Quantum Hysteresis in the DM
	Results and Discussion
	Conclusions

