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Quantum-corrected Floquet dynamics: Bridging fully quantum and semiclassical regimes
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Semiclassical descriptions of a few-level system coupled to an electromagnetic field mode reduce the field to
a time-dependent driving term. Although such methods are widely used, the underlying quantum character of
the field generates corrections to the dynamics that can become significant. Here, we develop a general approach
for systematically calculating quantum corrections to the time-dependent Floquet dynamics that emerges in the
semiclassical description. Taking the Rabi model of a spin-field system as an example, we show how approximate
analytical expressions for short-time quantum corrections to the semiclassical dynamics can be obtained. This
framework helps explain the emergence of semiclassical behavior, sheds light on collapse and revival dynamics
in the Rabi model, and provides a tool for assessing corrections to semiclassical control techniques.
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I. INTRODUCTION

The interaction of electromagnetic fields with few-level
quantum systems—spins, atoms, superconducting qubits,
quantum dots—underpins many emerging quantum tech-
nologies [1–3]. Increasingly sophisticated control techniques
have been developed under the assumption that the fields
may be treated classically [4–6]. Nevertheless, such fields
are quantized and the dynamics they give rise to will
not generally be the same as that of the correspond-
ing semiclassical system. Indeed, even when the field is
prepared in the most classical of quantum states, corrections to
the semiclassical dynamics can lead over time to dramatically
different behavior [7]. Understanding the nature and magni-
tude of quantum corrections to semiclassical dynamics is a
problem of fundamental interest with practical significance
for quantum control algorithms [8]. Unlike other forms of
noise and decoherence that can be mitigated, quantization of
the field is an irreducible source of error in classical control
protocols.

Intensive efforts over several decades have sought ef-
fective means of calculating the fully quantum dynamics
of few-level systems coupled to quantum fields. Many
studies have relied on numerical computation, as analyt-
ical approximation techniques for calculating dynamical
variables are complicated and provide limited physical in-
sight [9–13]. Although this work has uncovered the rich
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phenomenology present in even the simplest models, it
has not managed to construct a complete, coherent pic-
ture of how quantum field dynamics can give rise to
semiclassical behavior. The series of studies on quasiclas-
sical trajectories by Gea-Banacloche [14–16], together with
Finney [17], comes closest. Their work bears similarities
to that presented here, but is rooted in phenomenological
observations rather than the more general first-principles ap-
proach that we take.

In this article we introduce quantum-corrected Floquet
dynamics (QCFD), a formalism that expresses the time
evolution of the joint state of a quantum system inter-
acting with a quantized field in terms of the Floquet
solutions to the corresponding semiclassical Hamiltonian. We
motivate and outline an approximation strategy for lowest-
order quantum corrections to the semiclassical dynamics,
the Floquet-basis rotating-wave approximation (FBRWA).
Applying this approach to the paradigmatic Rabi model,
we show that the FBRWA yields a closed-form analytical
expression for the evolution of the full quantum state vec-
tor with an arbitrary initial state of the quantum field. To
illustrate the power of this technique we derive excited-
state population dynamics in both the Rabi model and
the simpler Jaynes-Cummings model (JCM) and find an-
alytical results for the collapse dynamics of displaced
Fock states and their superpositions. The FBRWA expres-
sions accurately describe the collapse of the Rabi oscil-
lations but not their later revival, which has an intuitive
physical explanation.

II. QUANTUM-CORRECTED FLOQUET DYNAMICS

The basis of QCFD is a division of the dynamics induced
by the field into semiclassical and quantum components. This
enables us to cleanly delineate which features in the evolution
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are semiclassical in nature and which arise from the underly-
ing quantum character of the field. Consider a quantum system
S with a discrete spectrum, described by the Hamiltonian HS ,
and interacting with a single-mode quantum field of frequency
ω0,

H = HS + ω0â†â +
∑

m,n

λmn|Sm〉〈Sn| ⊗ fmn(â, â†), (1)

where â† and â are the raising and lowering operators for the
field and the state vectors {|Sm〉} span the Hilbert space of S.
The energy eigenstates of the field are the Fock states |n〉. The
quantum coupling strengths λmn and the function fmn(â, â†)
define the interaction of S with the field.

To separate the Hamiltonian into semiclassical and quan-
tum terms, we draw on insight from the mathematical
formalism for the quantum-to-semiclassical transition estab-
lished in Ref. [18]. Moving to a rotating frame with respect to
the field, followed by a displacement transformation D̂(α) on
the field operators [18], transforms H into

H̃ I (t ) = HS +
∑

m,n

λmn|Sm〉〈Sn|

⊗ fmn[(â + α)e−iω0t , (â† + α∗)eiω0t ].

(2)

For interactions that can be expressed as a power series,
fmn(â, â†) = ∑∞

j,k=0 c jk
mn(â†) j âk , the transformed Hamiltonian

may be written in the form

H̃ I (t ) = Hsc(t ) ⊗ Î f + HI
q (t ), (3)

where

Hsc(t ) ≡ HS +
∑

mn

λmn|Sm〉〈Sn| ⊗ fmn(αe−iω0t , α∗eiω0t ) (4)

represents an effective time-dependent Hamiltonian for S, in-
dependent of the quantum state of the field mode. Î f is the
identity for the field and HI

q (t ) describes the interaction with
the quantized field. The semiclassical Hamiltonian, Hsc(t ),
is thus defined operationally as a time-dependent effective
Hamiltonian which acts only on the spin states, rather than
via a rigorous limiting procedure [e.g., applying the joint
scaling limit λmn → 0 and |α| → ∞ to Eq. (2)]. However, for
the specific example of the Rabi model which we consider
in detail below, Hsc(t ) does connect naturally with the rig-
orously defined semiclassical limit of the corresponding full
Hamiltonian [18].

The effective Hamiltonian Hsc(t ) is periodic in time and
hence admits Floquet solutions

|�m(t )〉 = e−iqmt |ψm(t )〉 (5)

that satisfy
[
Hsc(t ) − i ∂

∂t

]|ψm(t )〉 = qm|ψm(t )〉, (6)

where the Floquet quasienergies qm are defined up to an
integer multiple of ω0 [17,19]. These Floquet states form a
complete orthonormal basis at any time t . An arbitrary state
of the joint quantum system may be expanded as

|�(t )〉 =
∑

m

|�m(t )〉 ⊗ |φ̃I
m(t )〉. (7)

The field states are denoted in the transformed basis as
|φ̃I

m(t )〉 = ∑∞
n=0 dn

m(t )D̂†(α)eiω0t â†â|n〉, with probability am-
plitudes dn

m(t ). Inserting this form of the wave function into
the Schrödinger equation and projecting onto the Floquet
states yields a set of coupled differential equations for the
quantum field associated with each Floquet state of S:

i
∂

∂t
|φ̃I

m(t )〉 =
∑

n

〈�m(t )|HI
q (t )|�n(t )〉|φ̃I

n(t )〉. (8)

This is the first key conceptual result of QCFD. Working in the
Floquet basis effectively diagonalizes the semiclassical term
in the Hamiltonian, allowing corrections due to the quantum
nature of the field to be isolated.

This approach introduces explicit time dependence in both
the Floquet states |�m(t )〉 and the quantum Hamiltonian
HI

q (t ). Using the definition (5), Eq. (8) can be written as

i
∂

∂t
|φ̃I

m(t )〉 = 〈ψm(t )|HI
q (t )|ψm(t )〉|φ̃I

m(t )〉

+
∑

n 	=m

e−i(qn−qm )t 〈ψm(t )|HI
q (t )|ψn(t )〉|φ̃I

n(t )〉.

(9)

Both |ψm(t )〉 and HI
q (t ) are periodic in ω0 and can be

expressed as a Fourier series. Consequently, the diagonal el-
ements of HI

q (t ) in (9) only involve powers of eiω0t , while
the off-diagonal terms contain the additional factor e−i(qn−qm )t .
The two terms on the right-hand side of Eq. (9) are distinct
in physical character. The first leaves the Floquet states of S
unchanged but generates quantum evolution of the associated
field components; the second creates transitions between Flo-
quet states.

The separation of timescales between the diagonal and
off-diagonal terms of Eq. (9) invites an approximation
strategy in the spirit of the standard rotating-wave approx-
imation. Neglecting fast-rotating off-diagonal terms reduces
(9) to a set of uncoupled differential equations for the
field. The further approximation of retaining only the time-
independent component in the Fourier series representation of
〈ψm(t )|HI

q (t )|ψm(t )〉 (assuming it exists) immediately enables
(9) to be integrated, yielding a propagator for the time evolu-
tion of an arbitrary initial state of the field. We term this the
Floquet-basis rotating-wave approximation (FBRWA).

III. APPLICATION TO THE RABI MODEL

As a concrete example, take the Rabi model, a two-level
quantum system linearly coupled to a single mode of the elec-
tromagnetic field [18,20,21]. For simplicity, we use the term
“spin” for the two-level system. We write the Hamiltonian in
the form

H = 1
2
σ̂z + ω0â†â + λ[ f (â, â†)σ̂+ + f †(â, â†)σ̂−], (10)

where σ̂± = | ± z〉〈∓z| are the raising and lowering operators
for the spin eigenstates | ± z〉. With the choice f (â, â†) =
(â + â†), Eq. (10) corresponds to the quantum Rabi model.
Under the standard rotating-wave approximation (RWA),
f (â, â†) = â and we recover the Jaynes-Cummings model
(JCM).
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With the choice q− = −q+, the Floquet states have the
Fourier series representation [17,22,23]

|�±(t )〉 = e−iq±t [±A±(t )| ± z〉 + B±(t )| ∓ z〉], (11)

where A±(t ) = ∑∞
k=−∞ A2ke±2kiω0t and B±(t ) =∑∞

l=−∞ B2l+1e±(2l+1)iω0t with A2k , B2l+1 real.
Expanding HI

q (t ) in this basis (see Appendix A for detailed
expressions) and keeping only the time-independent terms
yields the FBRWA interaction Hamiltonian, which takes the
same remarkably simple form for both the JCM and the full
Rabi model,

HI
FBRWA(t ) = λeff (â†+â)(|�+(t )〉〈�+(t )|−|�−(t )〉〈�−(t )|),

(12)
where the effective quantum coupling is [24]

λeff = λ

∞∑

k=−∞
A2k (B2k+1 + B2k−1). (13)

The effective equations of motion governing the field evo-
lution are readily solved. Transforming back to the original
frame, the solutions for the field states are given by

|φ±(t )〉 = e−iω0t â†âe±2iλeff |α|t D̂(η±(t ))|φ±(0)〉, (14)

where the time-dependent displacement of the field in phase
space is η±(t ) = ∓ie−iφλefft . This evolution of the coupled
system may be interpreted as a dynamical polaron transforma-
tion, in which the field is displaced in a direction that depends
on the state of the spin [25–27]. Here, the displacement am-
plitude is a function of time as well as coupling strength.

Together with the Floquet solutions for the spin, Eq. (14)
constitutes a closed-form analytical approximation for the
time evolution of the joint spin-field state vector. In the fol-
lowing examples we focus on the excited-state probability
P(+z) = |〈+z|�(t )〉|2 of the spin, a quantity with a clear
connection to well-known results in quantum optics and sig-
nificant relevance to quantum control. However, it is worth
emphasizing that any dynamical quantity may be calculated
from the state vector obtained within the FBRWA.

Consider the initial state |�(0)〉 = |+ z〉 ⊗ |φ0〉, with α =
〈φ0|â|φ0〉 taken to be real. The general expression for the
excited-state probability at later times is

P(+z) = |A+(0)|2|A+(t )|2 + |B−(0)|2|B−(t )|2

+ [
A∗

+(0)B−(0)A+(t )B∗
−(t )e−i(q+−q− )t

×〈φ−(t )|φ+(t )〉 + c.c.].

(15)

The dynamics is determined by the Floquet coefficients and
quasienergies, together with the inner product between the
field states associated with different Floquet states.

Let us first look at the Jaynes-Cummings model. The
corresponding semiclassical model is exactly solvable. On
resonance (
 = ω0), the quasienergies are q± = ±( 1

2ω0 +
λ|α|) and the only nonzero coefficients of the Floquet modes
are A0 = B1 = 1/

√
2. Hence λeff = λ/2. Taking the initial

state of the field to be a coherent state |α〉, the excited-state
probability is readily worked out to be

P(+z) = 1
2 + 1

2 e−λ2t2/2 cos(2λ|α|t ). (16)

This, of course, is the famous expression for sinusoidal Rabi
oscillations with a Gaussian collapse envelope first obtained
by Cummings [28]. In Cummings’ approach, the time evolu-
tion of the joint state is given as a sum over the sinusoidal
Rabi oscillations induced by each Fock state |n〉 contained in
the initial coherent state. For large values of |α| = √

n̄, the
weighting factor becomes sharply peaked around

√
n̄ and the

sum may be approximately evaluated, leading to the above ex-
pression. The collapse results from destructive interference of
oscillations at incommensurate frequencies, each one associ-
ated with a different number state, n, within the superposition
forming the coherent state.

Here, we see a different physical interpretation of the
collapse. The initial spin state is a superposition of the two
semiclassical Floquet states. Within the FBRWA, the quan-
tum interaction term does not cause transitions between the
Floquet states; however, the evolution of the field depends on
which Floquet state it is associated with. As the two field com-
ponents become displaced in opposite directions, their inner
product decreases, causing the collapse of the semiclassical
Rabi oscillations. Gea-Banacloche showed similarly that the
collapse occurs when the field states associated with two spin
states become macroscopically distinguishable [14,15].

Importantly, since Eq. (14) determines the evolution of
any initial field states |φ±(0)〉, the analysis is not restricted
to coherent states. For instance, consider an initial displaced
Fock state |α, n〉 = D̂(α)|n〉. Numerical studies of the dynam-
ics have been carried out [29,30], but no analytical results
appear to have been previously reported. Using our approach,
the only difference from the coherent-state case is in the field
overlap and we easily obtain the expression

P(+z) = 1
2 + 1

2 e−λ2t2/2Ln(λ2t2) cos(2λ|α|t ). (17)

The Gaussian collapse envelope characteristic of a coher-
ent field is modulated by the Laguerre polynomial Ln(λ2t2).
Figure 1 illustrates this behavior. Rabi oscillations persist
over longer times because the displaced Fock states |α, n〉 are
not minimum-uncertainty states, but have a width in phase
space that increases with n. A larger relative displacement
is required for the overlap between the two field states to
become negligible, or, in other words, for the states to become
macroscopically distinguishable. Nodes in the envelope result
from destructive interference between the two displaced Fock
states.

Another interesting example is a superposition of two dis-
placed Fock states:

|φ0〉 = (|β, 0〉 + e−iξ |β, 1〉)/
√

2. (18)

For β = |β|e−iφ and ξ = φ, the excited-state probability of
the spin becomes

P(+z) = 1
2 + 1

2 e−λ2t2/2
[
(1 − 1

2λ2t2) cos(2λ|β|t )

− λtsin(2λ|β|t )
]
. (19)

In this case the result cannot be simply expressed as a
sinusoidal oscillation modified by a collapse envelope. Nev-
ertheless, the analytical expression captures the dynamical
behavior quite well (see Fig. 3 in Appendix B).

Note that all the above results can be trivially extended to
the off-resonance case. The only change required is to replace
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FIG. 1. Collapse of Rabi oscillations for different initial field
states in the JCM. The excited-state probability of the spin is plot-
ted against time. Parameter values are α = 10, λ = 0.05, and 
 =
ω0 = 1. Numerical solutions of the JCM Hamiltonian (magenta)
are compared with Eq. (17) (black); dashed gray lines indicate the
collapse envelope from Eq. (17). The initial state of the system is
|�(0)〉 = |+ z〉 ⊗ |α, n〉 with (a) n = 0, (b) 1, (c) 2, (d) 10.

the Floquet quasienergies and states by the equivalent (also
exact) solutions for 
 	= ω0.

We now turn to the full Rabi model. The solutions have
the same form when written in terms of the Floquet states,
differing only in the value of λeff . Finding the Floquet states of
the Rabi model, however, is a challenging problem in itself. To
illustrate the properties of the FBRWA solution with the Rabi
interaction, we employ the approximate Floquet solutions for

 = ω0 given in Ref. [17], which are valid up to third order
in ε ≡ λ|α|/(2
).

FIG. 2. Collapse of Rabi oscillations in the resonant Rabi model
(
 = ω0 = 1). The initial state is |+ z〉 ⊗ |α, 1〉. Numerical solutions
of the full Rabi Hamiltonian (magenta) are compared with the ana-
lytical solution (black) obtained from the FBRWA together with an
analytical approximation for the Floquet states from Ref. [17]. The
parameters are (a) λ = 0.02, α = 10, (b) λ = 0.02, α = 20, and (c)
λ = 0.01, α = 40.

Figure 2 compares the population dynamics given by
the analytical FBRWA expression in the Rabi model with
a numerical solution of the full Hamiltonian. The field is
initialized in the displaced Fock state |α, 1〉. As the field
components |φ±(t )〉 become displaced, the growing entangle-
ment suppresses the coherence between the Floquet states that
generates oscillations at the Rabi frequency. As in the JCM,
the collapse is governed by the product of a Gaussian and a
Laguerre polynomial.

However, the collapse here is not complete; oscillations
persist in the “quiescent” region, at a frequency near 2ω0

[31,32]. The origin of this phenomenon is readily understood
from Eq. (15). In the quiescent region, 〈φ−(t )|φ+(t )〉 ≈ 0. The
spin dynamics is determined by |A+(t )|2 and |B−(t )|2, which
represent the probability of |+ z〉 in the Floquet states |�+(t )〉
and |�−(t )〉, respectively. In the JCM case, each of the Floquet
coefficients has only one frequency component and hence
the probabilities are constant. In the Rabi model, however,
the counterrotating terms cause the Floquet coefficients to
develop additional components at higher frequencies. Since
A+(t ) [B−(t )] contains only even (odd) multiples of ω0, the
dominant correction involves cross terms with a frequency
difference of 2ω0. Consequently, the residual oscillations are
unrelated to the quantum nature of the field. They arise
because the Floquet states are time-dependent coherent super-
positions of the bare spin eigenstates, a purely semiclassical
effect. Interestingly, a similar effect can be seen around the
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node of the n = 1 Laguerre polynomial in the collapse enve-
lope, for the same reason.

The analytical curves plotted in Fig. 2 involve two ap-
proximations: the FBRWA itself, and the approximate Floquet
solutions. The validity of each approximation depends on
the parameters in different ways. In Fig. 2(a), the Floquet
approximation is indistinguishable from the numerical solu-
tion of the semiclassical model, so differences between the
two curves indicate limitations of the FBRWA. In the lower
two panels, the larger value of ε creates inaccuracies in the
Floquet approximation that have a visible effect at earlier
times, especially in the central region of the bottom plot. By
contrast, as α increases from the top panel to the bottom, the
FBRWA improves, particularly for the residual oscillations in
the collapse region.

IV. DISCUSSION AND CONCLUSIONS

As with any rotating-wave-type approximation, the validity
of the FBRWA is predicated on a separation of timescales: The
frequency of the rotating phase should be large compared to
the associated transition matrix element. For the on-resonance
JCM, this gives the criterion q+ − q− − ω0 
 λ/2, which re-
duces to |α| 
 1/4. Hence the approximation improves as the
phase-space displacement 〈φ0|â|φ0〉 of the initial field state is
increased. The details differ for the off-resonant case and for
the Rabi interaction (and in the latter case, time-dependent
terms that are diagonal in the Floquet basis have also been ne-
glected), but the essential scaling with |α| holds, as seen from
Fig. 2. In general, the error in rotating-wave approximations
also increases as time goes on [33–36], which is true here as
well.

One limitation of the FBRWA is that it predicts only the
collapse of the Rabi oscillations, not their famous revivals.
The interaction-induced displacement of the field components
increases linearly with time, causing the overlap to asymptoti-
cally vanish for long times. Revivals then must originate from
the terms in HI

q (t ) that are off diagonal in the Floquet states.
This leads to the intriguing conclusion that the collapse and
the revivals may be attributed to distinct physical processes in
the Floquet basis. The collapse results from interaction terms
that leave the semiclassical Floquet states unchanged but
cause a state-dependent displacement of the field, generating
entanglement between spin and field and thereby destroying
the coherent oscillations between Floquet states. Revivals,
on the other hand, are linked to interaction terms that drive
transitions between the Floquet states.

As we have established, the QCFD approach is quite gen-
eral. We likewise expect that the FBRWA will prove useful
for a range of models. Extension to an asymmetric [37–39] or
anisotropic [40] Rabi model is simple: Adding a bias term to
the spin will alter the Floquet solutions, while allowing differ-
ent coupling constants for the corotating and counterrotating
terms will change λeff . Multilevel systems and spin chains can

also be treated within this formalism, opening up a systematic
approach to studying Floquet engineering with quantum fields
[41–45]. Multiphoton interactions will be more complicated
to address but intriguing to explore from this perspective.

The framework presented here opens up broad prospects
for future work, both within and beyond the FBRWA.
Closed-form analytic expressions are readily derived from the
FBRWA yet accurately capture even quite complicated short-
time dynamics. Such computational and conceptual simplicity
lends itself to assessing quantum field effects on control
protocols deployed in quantum technologies. As we have
demonstrated using the Jaynes-Cummings and Rabi models,
this approach provides physical insight that draws various
aspects of dynamics into a cohesive picture. Both the prac-
tical applications and the foundational implications for how
classical and semiclassical behavior emerge from quantized
fields offer tantalizing avenues for exploration.
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APPENDIX A: DERIVATION OF SPECIFIC EXPRESSIONS
FOR THE JCM AND QUANTUM RABI MODEL

Here, we demonstrate how the Hamiltonian of Eq. (10) is
separated into semiclassical and quantum terms and derive the
specific forms of Hsc(t ) and HI

q (t ). Following the “recipe” of
Ref. [18] for obtaining the semiclassical limit, two transfor-
mations are carried out. First, the Hamiltonian is written in the
interaction picture with respect to the field, using the operator
Û (t ) = e−iω0t â†â:

HI (t ) = 1
2
σ̂z + λ

[
f (e−iω0t â, eiω0t â†)σ̂+

+ f †(e−iω0t â, eiω0t â†)σ̂−
]
. (A1)

Next, a displacement transformation D̂(α) = exp(αâ† − α∗â)
with α ≡ |α|e−iφ is applied, resulting in a transformed Hamil-
tonian that can be expressed as a sum of two terms,

H̃ I (t ) = Hsc(t ) ⊗ Î f + HI
q (t ), (A2)

where

Hsc(t ) = 1
2
σ̂z + λ

[
f
(|α|e−i(ω0t+φ), |α|ei(ω0t+φ)

)
σ̂+

+ f ∗(|α|e−i(ω0t+φ), |α|ei(ω0t+φ)
)
σ̂−

]
(A3)

is the semiclassical equivalent of Eq. (10) and

HI
q (t ) ≡ λ[ f (e−iω0t â, eiω0t â†)σ̂+ + f †(e−iω0t â, eiω0t â†)σ̂−] (A4)

is the quantum interaction term.
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Now the quantum interaction HI
q (t ) can be expressed in the Floquet basis |�±(t )〉. For the JCM, f (e−iω0t â, eiω0t â†) = e−iω0t â,

and the first term of Eq. (A4) takes the form

λe−iω0t âσ̂+ = λâ
∞∑

k,l=−∞

[
A2kB2l+1e2(l−k)iω0t [|�+(t )〉〈�+(t )| − |�−(t )〉〈�−(t )|]

+ e−i(q+−q− )t B2k+1B2l+1e(2k+2l+1)iω0t |�−(t )〉〈�+(t )|
− ei(q+−q− )t A2kA2l e

−(2k+2l+1)iω0t |�+(t )〉〈�−(t )|].

(A5)

The quantum Rabi model additionally contains the counterrotating term

λeiω0t â†σ̂+ = λâ†
∞∑

k,l=−∞

[
A2kB2l+1e2(l−k+1)iω0t [|�+(t )〉〈�+(t )| − |�−(t )〉〈�−(t )|]

+ e−i(q+−q− )t B2k+1B2l+1e(2k+2l+3)iω0t |�−(t )〉〈�+(t )|
− ei(q+−q− )t A2kA2l e

−(2k+2l+3)iω0t |�+(t )〉〈�−(t )|].

(A6)

In this basis, HI
q (t ) appears as a complicated function of

time with both diagonal and off-diagonal terms in the Floquet
states, making the coupled differential equations (8) for the
field difficult to solve.

Following the same reasoning that justifies dropping the
counterrotating terms from the Rabi model to obtain the
simpler JCM, we argue that the dominant contributions in
Eqs. (A5) and (A6) arise from the time-independent terms.
The first line of each equation, which is diagonal in the Flo-
quet states, possesses zero-frequency components for all l =
k. The off-diagonal terms, however, exhibit an additional time
dependence arising from the quasienergy difference q+ − q−.
Zero-frequency components are only found at isolated reso-
nances satisfying the condition q+ − q− = (2k + 2l + 1)ω0.
Away from any such resonances, the interaction terms that
drive transitions between the Floquet states are suppressed
relative to the time-independent diagonal terms and may be
neglected to lowest order. This is the FBRWA analyzed in the
main text.

Within the range of parameters considered in the examples
shown, we have verified that the lowest frequency at which
a resonance, and hence a zero-frequency contribution from
the off-diagonal Floquet terms, occurs well outside the valid-
ity of the approximate Floquet solutions we have employed.
However, it should be noted that such resonances may need to
be taken into account for other parameter regimes. Exploring
their effect on the dynamics of the coupled system and the
validity of the FBRWA is an open question for future work.

APPENDIX B: RABI OSCILLATION COLLAPSE
FOR SUPERPOSITION STATES

Figure 3 illustrates the dynamics induced by a field ini-
tialized in the superposition of displaced Fock states given
in Eq. (18). The FBRWA expression for the excited-state
spin population [Eq. (19)] agrees extremely well with a full
numerical integration of the JCM, capturing all of the Rabi
oscillation collapse.

FIG. 3. Collapse of Rabi oscillations with the field initialized in
the superposition state given in Eq. (18). The excited-state probabil-
ity of the spin is plotted as a function of time. Parameter values are
β = 10, λ = 0.05, and 
 = ω0 = 1. Numerical solution of the JCM
Hamiltonian (magenta) is compared with the analytical expression
given in Eq. (19) (black).
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