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Abstract

This study examines the time evolution of structural and informational quantifiers in a
damped Rabi oscillator, specifically focusing on fidelity, entropy, disequilibrium, and Fisher
information. We observe that all four measures exhibit damped oscillatory behavior as
the system approaches its steady state. However, the final asymptotic behavior is striking:
while fidelity and disequilibrium indicate a residual, non-zero final state, and entropy quan-
tifies the thermodynamic disorder, Fisher information uniquely vanishes. This vanishing
implies a complete loss of dynamical information—the ability to infer the system’s past
evolution from its current state—even in the absence of complete thermodynamic disorder.
Our findings introduce a new phenomenon where a system can be “informationally silent”,
meaning it becomes structurally ordered yet loses all inferential sensitivity to its own his-
tory, a detail that traditional entropy measures do not fully capture. This work highlights a
critical distinction between thermodynamic disorder (entropy) and inferential sensitivity
(Fisher information) in the context of open quantum systems.

Keywords: Fisher information; Rabi oscillator; decoherence; information degradation

1. Introduction

Simple and well-established models often play a decisive role in foundational physics.
From the ideal gas and harmonic oscillator to the Ising and Rabi models, such systems are
routinely employed not because they introduce new dynamics, but because they provide
controlled settings in which conceptual distinctions can be isolated and analyzed with
precision. The present work adopts this strategy in the context of open quantum systems,
using the damped Rabi oscillator as a theoretical laboratory to investigate the relationship
between entropy, information geometry, and inferential capability.

In recent years, information-theoretic quantities have assumed a prominent role in
the analysis of quantum dynamics, decoherence, and thermalization. Measures such as
Shannon or von Neumann entropy, fidelity, and statistical complexity are widely used to
characterize loss of coherence, disorder, and structural change in open systems [1,2]. In
parallel, Fisher information [3] has emerged as a central object in quantum metrology and
information geometry, where it quantifies the sensitivity of a state to parameter changes
and sets fundamental bounds on estimation precision [4,5].
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Despite this growing body of work, the comparative dynamical behavior of entropy-
based measures and information-geometric quantities remains insufficiently understood.
In particular, it is often tacitly assumed that increasing entropy or decoherence necessarily
implies a corresponding degradation of all informational capacities. Whether this assump-
tion is justified is not obvious, especially in dissipative quantum systems [6] where different
notions of information capture fundamentally different aspects of the state.

The central aim of this paper is to clarify this issue by performing a systematic, compar-
ative analysis of several informational and structural quantifiers—entropy, disequilibrium,
LMC statistical complexity, fidelity, and Fisher information—along the same open-system
evolution. Our focus is not on introducing new measures or dynamics, but on identifying
qualitative distinctions in how these quantities diagnose the system.

Using the damped Rabi oscillator governed by a Lindblad-type master equation
as a paradigmatic example, we show that these quantifiers exhibit markedly different
asymptotic behaviors. In particular, we identify a regime in which Fisher information
vanishes at long times, signaling a complete loss of inferential sensitivity, while entropy,
fidelity, and structural complexity remain finite. This result reveals a form of informational
degradation that is not captured by thermodynamic or overlap-based measures.

This distinction has a clear conceptual significance. Entropy quantifies uncertainty or
disorder in a state, whereas Fisher information measures the resolution with which physical
parameters can be inferred from that state [3]. The vanishing of Fisher information therefore
indicates not merely decoherence or mixing, but a collapse of statistical distinguishability.
Our results demonstrate that these two notions of information loss need not coincide
dynamically, even in simple and well-understood models.

From a foundational perspective, the significance of this finding lies precisely in its
model independence. The Rabi oscillator is not introduced as a novel physical system,
but as a minimal setting in which the distinction between thermodynamic disorder and
inferential capability can be exposed without ambiguity. In this sense, the model plays
a role analogous to that of the textbook systems frequently used to probe the conceptual
foundations of quantum theory and statistical mechanics.

By highlighting a regime of inferential loss that is invisible to entropy-based diagnos-
tics, this work contributes to a more nuanced understanding of decoherence and infor-
mation loss in open quantum systems. It also underscores the importance of information
geometry as a complementary tool to traditional entropic measures, particularly in contexts
related to parameter estimation, metrology, and the interpretation of irreversibility.

Information Quantifier Used Here

Fisher information in a damped Rabi oscillator is crucial for understanding how a
quantum system loses information due to dissipation and decoherence. Fidelity measures
the overlap between the initial and time-evolved states, showing how the system’s quantum
information is lost. Entropy provides a measure of the system’s uncertainty or disorder,
and disequilibrium quantifies the deviation from a steady state. Fisher information is
particularly important because it quantifies the precision of parameter estimation and can
be used to detect quantum phenomena like synchronization, even when other measures
fail [1,3,5-24]. Let us now delve on the importance of each of these quantifiers.

1. Fidelity: it (a) quantifies the loss of quantum coherence in the system over time;
(b) helps determine the overall purity and structural integrity of the quantum state;
and (c) a decline in fidelity indicates that the system is losing the ability to preserve
quantum states accurately, which is a key indicator of how well information is being
transmitted or stored.
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2. Entropy: it (a) measures the degree of “disorder” or the spread of the system’s prob-
ability distribution; (b) in the context of the damped Rabi oscillator, it shows how
information spreads out as the system loses energy and coherence; and (c) by tracking
entropy, researchers can identify how the system’s uncertainty increases over time
due to damping and decoherence.

3. Disequilibrium: it (a) quantifies the system’s deviation from its final equilibrium state;
(b) in the damped Rabi oscillator, it shows how far the system is from reaching a steady
state and helps describe the dynamics leading to it; and (c) it is a useful measure for
understanding how a system is evolving and how it approaches a stable, thermal state
in the presence of dissipation.

4.  Fisher Information: it (a) provides a measure of the precision with which a parameter
can be estimated from the system’s state; (b) it is a sensitive probe of quantum features,
unlike entropy which can be insensitive to certain types of information loss; (c) in the
damped Rabi oscillator, Fisher information can reveal phenomena like the “trapping”
of information, where the system becomes “informationally silent" but still retains
some structural order; and (d) it is a powerful tool for metrology and can be used to
detect quantum synchronization, even when other measures fail.

The organization of the paper is as follows. Section 2 provides a brief contextual
introduction to the Rabi model and to the dissipative mechanisms [6] relevant for the driven
two-level system. Section 3 introduces the Lindblad master equation and presents the
derivation of the Bloch equations that describe the damped dynamics. Section 4 develops
the Fisher information formalism for the two-level dynamics and provides the unified
expression valid in all dissipative regimes. Section 5 defines the Shannon entropy for the
two-level system and gives the explicit time-dependent expression used in our analysis.
Section 6 introduces disequilibrium and the LMC statistical complexity and applies them to
the Rabi populations. Section 7 is devoted to the analysis of the fidelity, where we discuss
its behavior under dissipation and its usefulness as a measure of coherence loss in the
driven system. In Section 8, we define the additional information-based quantifiers used in
this work—entropy, disequilibrium, and Fisher information—and comment on the specific
dynamical features each one captures. Finally, Section 9 summarizes the main findings and
outlines possible extensions of this framework to other driven open quantum systems.

We remark finally that relevant complementary studies include treatments of quantum
Fisher information under dissipation [6], geometric formulations of decoherence and
information contraction [21,22], and the thermodynamic length in quantum systems [23,24],
which provide a natural conceptual framework for the informational degradation to be
observed here.

2. Historical Context of the Rabi Model

The Rabi model [25], introduced in 1937 by Isidor Isaac Rabi [25], describes the simplest
quantum interaction between a two-level system (spin—% particle) and a classical oscillating
field. Originally developed to explain the magnetic resonance of atomic nuclei in a rotating
magnetic field, the Rabi model laid the groundwork for nuclear magnetic resonance (NMR),
electron spin resonance (ESR), and numerous spectroscopic techniques.

The key insight of Rabi’s work was the prediction of coherent oscillations between
the two atomic states when subjected to a resonant field—what are now called Rabi oscil-
lations. These oscillations reflect the time-dependent probability of population inversion
in a driven two-level system and remain a cornerstone of coherent control in modern
quantum technologies.
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While the original Rabi model involves a classical driving field, it serves as the con-
ceptual forerunner of fully quantum models such as the Jaynes—-Cummings model, where
the field itself is quantized. Nonetheless, the classical Rabi model retains fundamental
importance due to its exact solvability and analytical accessibility under both resonant and
detuned driving conditions.

With the advent of quantum computing and coherent control platforms (e.g., trapped
ions, superconducting qubits, and NV centers in diamond), the Rabi model has gained
renewed relevance. It underpins control protocols, gate dynamics, and the study of de-
coherence in driven quantum systems. Moreover, it has been generalized to include
counter-rotating terms (yielding the quantum Rabi model), dissipative environments [6],
and even multi-photon interactions.

In this work, we revisit the Rabi model from a quantum information-theoretic perspec-
tive. By coupling the two-level system to a classical drive and incorporating Lindblad-type
dissipation, we expose a novel mechanism for informational degradation—the vanishing
of Fisher information—even as the system retains low entropy and structural coherence.
This highlights the Rabi model’s continuing power as a theoretical laboratory for probing
the boundaries of coherence, inference, and irreversibility in open quantum systems.

Let us insist that the novel contribution of this work is not the analysis of the Rabi
model itself, but the identification of a dynamical regime in open quantum systems where
Fisher information vanishes asymptotically despite finite entropy, fidelity, and structural
order. Our results reveal a form of inferential loss not detectable by thermodynamic or
overlap-based measures, highlighting a fundamental distinction between entropy-based
disorder and information-geometric sensitivity.

Exact Theory of Damped Rabi Oscillations

One must have in mind, before proceeding, the importance and interesting findings
on Ref. [25], that deal with a driven two-level system subject to dissipation exhibits Rabi
oscillations whose amplitude decays due to population loss and dephasing. While the
standard phenomenological model employs a single exponential envelope, an exact analysis
shows that open-system Rabi dynamics generically contain three distinct decay channels.
This structure was derived in full generality by Kosugi et al. [26], who extended Torrey’s
Laplace-transform method to include both internal relaxation and external loss mechanisms.

The starting point is the driven Hamiltonian matrix

Ep %eiwt
H(t) = ((%()el‘wt E1 ’ (1)

together with four dissipative rates: decay from the excited and ground states (I'; and I'p),
internal relaxation (I'yp), and pure dephasing (I'y). Introducing the usual Bloch variables
u, v, w for coherence and population inversion, and R = p11 + pgo for total population, the
master equation reduces to a linear system f = Mf with f = (u,0,w,R)T. Unlike the
closed Bloch equations, R(t) is no longer conserved because of population leakage.

The exact solution for each component has the universal form

D:
fi(t) = Aje™ + Bie % + C; cos(st) e~ + ?l sin(st) e, ()
revealing two purely decaying exponentials (¢~%, e~%*) and one damped oscillation with

frequency s and decay constant c¢. For experimentally relevant near-resonant driving
(Q > TI), the excited-state population is well approximated by

p11(t) = %[A e M4 Ce sin(Qot + 4))] , (3)
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4
dt

where a = 1(I1 +Tg) and ¢ = 12T, + Iy + T+ 2I'y9) with T, = (T3 + T + T'y9) + L.
This expression explains several features observed experimentally in driven Josephson
phase qubits—including asymmetric upper and lower envelopes, multiple decay rates,
and non-zero initial excited-state populations—that are not captured by the usual single
exponential model.

An important practical outcome of Ref. [26] is a method for extracting all relaxation
rates from the measured envelopes of the damped oscillation. By forming the combina-
tions pglﬂ () = $(Ae ™ + Ce~*!) and pglf) (t) = $(Ae~ — Ce*!), one obtains two single
exponential curves with decay constants 2 and c. Together with the free-evolution decay
rates in the absence of driving, these yield closed-form expressions for I'y, I'y, I'1g, and
Iy, allowing for a complete reconstruction of decoherence channels in the two-level system.

3. Lindblad Formalism for the Damped Rabi Oscillator

Our references in this Section are [1,16]. To incorporate decoherence, we adopt the
Lindblad master equation for Markovian open quantum systems [1,16]. The time evolution
of the density matrix p(t) is

do i 1
a5 = el ’Y(U—P‘7+ - 2{U+U—,P})/ (4)
where 1 is the spontaneous emission rate, 0 = |g) (e, and o = |e)(g|. The coherent part

is governed by the driven two-level Hamiltonian

hA hQ)
H = 70}"‘7

2 Ox, 5)

where 0y and ; denote the Pauli matrices. Here, () is the (bare) Rabi frequency, proportional
to the strength of the coherent driving field, while A = w; — wy is the detuning between
the laser frequency wy, and the internal transition frequency wy. The term proportional to
0y induces coherent population oscillations between the ground and excited states, while
the term proportional to o, reflects the energy splitting in the rotating frame.

In the basis {|e), |g) }, the density operator is [1,16]

Pee  Peg
(1) = , 1 e
P Dge s Pgg Pee

From Equations (4) and (5) one obtains [1,16]

> B —YPee + i%(Pge - Peg) —iApeg + i%(ng — Pee) — %Peg ©)

+iApge + 12 (0ee — Pgg) — FPge +Ypee — i3 (0ge — Peg)

The origin of each contribution is as follows [1,16]: the terms proportional to iA and
i() arise from the coherent commutator — %[7—[, p] and generate Rabi oscillations, whereas
the terms proportional to 7 originate from the Lindblad dissipator. The latter causes the
irreversible decay of the excited-state population (—yp..) and exponential damping of
coherences (— % peg and — 7 pg.), driving the system toward the ground state. Units with
fi = 1 are assumed throughout.

3.1. Bloch Equations, Analytic Solution and Dissipative Regimes
3.1.1. Bloch Equation Representation

Starting from the Lindblad Equation (4) with Hamiltonian (5), it is convenient to
rewrite the dynamics in terms of the Bloch variables [1,16]
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u(t) = Rlpeg(t)], o(t) = Slpeg(t)], w(t) = pee(t) — pgg(t)-
One obtains the dissipative Bloch equations
u= —%u +Av,
v:—%v—Au—Qw, @)

w=—y(w+1)+Qo.

These three coupled linear equations encode the interplay between coherent driving (€2, A)
and spontaneous emission . The excited-state population is recovered as [1,16]

Pee(t) = Pe(t> = %[1+w(t)]- (8)
3.1.2. Closed-Form Solution for p(t) (Initial Ground State)
Let us define the convenient parameters [1,16]

a=2  Og=VR2+A, Q=2 A— a2 ©)

2

and introduce also the amplitude factor

QZ

A= 55—
0?2 + A% —a?

(10)
We consider the initial condition p(0) = |g)(g/|, i.e., u(0) = v(0) =0, w(0) = —1.

In the underdamped regime [1,16] Q%{, > 0, the solution for the density matrix
elements in the basis {|g), |e) } reads

QO o Okt
Pec(t) = Pe(t) = 073% e 51n2<§)/ (11)
Pgg(t) =1 — pee(t), (12)
0 .. A
peg(t) = o oot {_zsm(Q'Rt) + Q—,(l —cos(Qgt)) |, (13)
R R

with pge(t) = pg, (t). These expressions are algebraically equivalent to the solution obtained
by solving the linear system (7) and reconstructing peg = 1 + iv, pee = (1 +w)/2.

On the other hand, if Q% < 0 (so Q%+ A? < a?), the dynamics are [1,16] over-
damped: write Qf, = ix with k = Va2 — O? — AZ > 0 and replace sines and cosines by
hyperbolic functions:

sin(Qgxt) — isinh(kt), cos(Qxt) — cosh(xt),

so that p,, (t) becomes proportional to e~ sinh?(kt/2).

The critically damped case corresponds to Q% = 0 (i.e., Q% + A% = a?), where the
trigonometric/hyperbolic expressions must be expanded to lowest nontrivial order (use
series expansions) to obtain finite limits; in practice one expands sin(Q%t) / Q% etc., around
Ok =0 [1,16].
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3.2. Unified Expression for All Dissipative Regimes [1,16]

For later use in Fisher information, Shannon entropy and LMC complexity, we adopt
a single compact expression valid for underdamped, critically damped, and overdamped
regimes. Introduce unified trigonometric/hyperbolic functions

Ot Ot
sin 2R >, Q% >0, cos(2R , Q% >0,
S(t) = 1O |t C(t) = Q% |t
sinh(2R>, az <, cosh(zR), Oz <.

Then the excited-state population takes the compact form
P.(t) = Ae ™ 5(t)2. (14)

3.3. Coherent and Dissipative Limits [1,16]

Before analyzing the behavior of information-theoretic quantifiers, it is useful to
summarize the main limits and dynamical regimes implied by the Lindblad solution.
Setting v = 0 recovers the coherent Rabi evolution with generalized Rabi frequency

Qr = VQ?2+A?,
O (Ot
P(t) = Q—% smz(; ), (15)
which will serve as a reference for the dissipative case. The complete density matrix solution
also satisfies the expected conditions pe(0) = 0, p4¢(0) = 1, and peg(0) = 0, and in the

long-time limit it relaxes to p(o0) = |g)(g| for any v > 0.
Dissipation modifies the coherent dynamics through the parameter

O = /2 + A2 —42/4,

which determines the qualitative behavior of the system:

e Resonant case (A = 0): the effective frequency reduces to O, = /Q? — y2/4. Os-
cillations persist only in the underdamped regime y < 2Q); otherwise the dynamics
become non-oscillatory.

e Underdamped (Q7 > 0): damped oscillations at frequency Q%, modulated by
e~ 1/2 and

O = /02 — (7/2) - 2

e Critical (O = 0): oscillatory and relaxational timescales coincide, yielding the slowest
non-oscillatory response.

e Overdamped (V7 < 0): no oscillations occur; the dynamics become purely relax-
ational with rates

A =aE+Va2—-02— A2, wherea = /2.

These limits provide the dynamical framework within which the behavior of en-
tropy, disequilibrium, complexity, fidelity, and Fisher information will be analyzed in the
following sections [1,16].

4. Fisher Information: Discrete Definition and Rabi Applications
4.1. Discrete Fisher Information

We consider a discrete distribution {P;(6)} depending on a parameter 6, with
i=1,...,N. The Fisher information is defined as [3]

https://doi.org/10.3390/foundations6010005
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B 1 [9P(6)\?
1(9)_;Pi(9)< %) (16)
For a two-level system with P,(0) and Pg(6) = 1 — P(6), choosing 6 = ¢ yields
(:Pe(t))?
I(t) = —~7—F—. 17
Y= B - 1
Using the unified expression (14) one finds
0P, = Ae ™ S(t)(— aS(t) + QRC(H)),
and therefore the Fisher information takes the compact unified form:
QRC(t) — aS(t))?
I(t) = Aot (ORC(E) —aS(1)) (18)

1—Ae*5(t)?
This expression is valid in all dissipative regimes.

4.2. Coherent Limits
For v = 0 and arbitrary detuning, Equation (18) reproduces

I(t) = 0?02 cos?(Qrt/2) .
0% — 02sin®(Qgt/2)

For the resonant undamped case (A = ¢ = 0), one recovers the constant result
I(t) = Q2.

5. Shannon Entropy and Rabi Applications
5.1. Definition

Shannon entropy was formally introduced by Shannon in 1948 with the purpose of
mathematically quantify the statistical nature of lost information in communication systems
and to define a measure of uncertainty [18].

For a discrete probability distribution P = {p;}}; with p; > 0 and YN, pi=1,the
Shannon entropy is defined as

N
H(P)=— Z pilnp;. (19)
i=1

This time-dependent entropy provides a quantitative measure of the information content
associated with the population dynamics. This quantity measures the statistical uncertainty
(or information content) associated with the distribution. It satisfies 0 < H(P) < In N, with
the lower bound reached for a fully certain distribution (one outcome with probability 1),
and the upper bound reached for the uniform distribution p; = 1/N.

5.2. Shannon Entropy for a Two-Level System

For a driven two-level system the relevant probability distribution is {P,(t), Pg(t)} =
{P:(t), 1 — P.(t)}, where P, (t) is the excited-state population obtained from the Lindblad
dynamics. In this case the Shannon entropy reduces to the binary form

H(t) = —=P(t) InPo(t) — [1 — Pe(t)] In[1 — Pe(t)]. (20)

This expression will be used below to construct the disequilibrium and the LMC complexity.
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Inserting the general form of P,(t) gives

H(t) = —Ae™S (1) In| Ae ™5 (1)?]
= [1- Ae7s (172 mf1 - Ae's(1)?), -

which is an explicit closed expression valid in all regimes.

6. LMC Complexity
6.1. Definition
The LMC (Lépez-Ruiz, Mancini and Calbet) statistical complexity is defined as [19]

Cumc = HD, (22)

where H is the normalized Shannon entropy and D the disequilibrium. For a discrete
distribution of N states the normalized entropy is

H(P)

H= InN "’

and the disequilibrium, that quantifies the departure of the system from the uniform
distribution, is defined as

D %( 1)2 (23)
_1‘:1 pi N .

6.2. Rabi Applications

For the two-level system (N = 2), the disequilibrium, defined as the deviation from
maximal mixedness, becomes

D(t) = (Pg(t) _ ;)2 + (1 _ () - ;)2 . Z(Pe(t) - ;)2 (24)

The disequilibrium vanishes at the fully mixed state P.(t) = %, and increases as the

distribution becomes more peaked.
In this case, the normalized Shannon entropy is

A =0,

with H(t) given by Equation (20). Therefore, the LMC complexity is given by

_H(®) 1\?
Comc(t) = o 2<Pe(t) - 2) : (25)
This quantity is minimal both for perfectly ordered states (P, = 0,1) and for the maxi-
mally mixed state (P, = 1/2), reaching its maximum at intermediate levels of disorder
and disequilibrium.

7. Fidelity in Dissipative Dynamics

In the presence of dissipation, the time evolution of the two-level system is no longer
unitary and the state of the system is described by a density matrix p(t) satisfying the
Lindblad master Equation (4). Since the state ceases to be pure for ¢ # 0, the usual
expression |(p(t)|¢(t))|? for pure states is no longer applicable. Instead, we employ the
Uhlmann fidelity [20], which provides a consistent extension of state overlap to arbitrary
mixed states.

https://doi.org/10.3390/foundations6010005
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Uhlmann fidelity.
For two density matrices p and o, the fidelity is defined as [20]

Fio.0) = [1ey/ Voo b - 2

This expression reduces to the pure-state overlap whenever one (or both) of the states
is pure.
Fidelity with respect to a reference pure state.

When the target state is pure, 0 = |[Pref) (Pref|, Equation (26) simplifies to

Fyo (8) = ($refl0(t) [Pref), (27)

which is often the most relevant quantity in dissipative quantum dynamics. For instance,
choosing |,.¢) = |e) yields

Fe(t) = pee(t) = Pe(t), (28)
so that the fidelity coincides with the excited-state population.
Fidelity between dissipative and coherent evolutions.

A useful quantifier of the effect of dissipation is the fidelity between the state evolving
under Lindblad dynamics, p,.o(t), and the state that would result from coherent evolution
in the absence of decay, |¢,—o(t)). Using Equation (27), this fidelity is

Feon(t) = (y=0(t) [ 0720 (8) [y=0())- (29)

This measure quantifies the loss of coherence and population induced by spontaneous
emission. In particular, Fop(f) — 1 as v — 0, while for v > 0 it decays in time as the
system relaxes toward the ground state.

The Uhlmann fidelity provides a natural extension of overlap-based quantifiers to
dissipative systems and is therefore consistent with the use of the Shannon entropy, dise-
quilibrium and statistical complexity introduced in the following sections. In the present
context, the fidelity can be evaluated analytically once the matrix elements of p(t) are
known from the Bloch-equation solution.

7.1. Fidelity for the Dissipative Rabi Oscillator

To quantify how much the system remains in its initial state under Lindblad dissipa-
tion, we consider the fidelity with respect to the initial pure state. Since the system starts in
the ground state p(0) = |g) (g], the fidelity at time ¢ reduces to

F(t) = (lo(t)[8) =1 = pee(t), (30)

where pe(t) is the excited-state population. This expression holds for any Markovian decay
model where population leaks from |e) to |g), and it automatically satisfies the physical
requirement F(0) = 1.

7.2. Closed Expression for the Fidelity

The Lindblad master equation with spontaneous emission rate 7y and Rabi Hamilto-
nian (5) yields, in the underdamped regime, the well-known analytical solution for the
excited-state population p.(t) given by Equation (11).

https://doi.org/10.3390/foundations6010005
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Substituting Equation (11) into Equation (30), one obtains the closed expression for
the fidelity:
0? Qit
F(t)=1— e—“rf/zsinZ(R). (31)
O 2
We have the following consistency checks:

1. Initial condition. Setting t = 0 in Equation (31) gives F(0) = 1.
Undamped limit y — 0. Since QO — Qg, Equation (31) reduces to

2
F(t) = 1— stin2<QRt>,
02 2

recovering the coherent Rabi result.
3. Long-time limit. Because pe.(f) — 0 as t — oo, the fidelity satisfies F(t) — 1, meaning
the system fully relaxes back to the ground state.

The fidelity therefore provides a concise and physically transparent measure of the
dissipative evolution, fully determined by the same parameters (), A, ) that govern the
Fisher information and Shannon entropy analyzed in previous sections.

8. Quantifiers Interpretation

Figure 1 illustrates the dynamical behavior of the information quantifiers of Shannon
entropy H(t), disequilibrium D(t), complexity Cpyc(t), fidelity F(t), and Fisher informa-
tion I(t) in the strongly underdamped regime, obtained for A = 5, Q) = 1, and a small
dissipation rate ¢ = 0.1. In this parameter range the generalized Rabi frequency is domi-
nated by the detuning, Qg ~ v/ A% + )2, and satisfies 7 < Qp, so the system remains close
to the coherent limit. Accordingly, all quantities exhibit long-lived oscillations with only a
slow exponential decay in amplitude. The coherence I(t) displays large-amplitude revivals
that follow the unitary oscillation frequency, while the Shannon entropy H(t) and the
disequilibrium D(t) oscillate with comparatively small amplitude, reflecting the fact that
the state remains nearly pure during the evolution. The LMC statistical complexity Cpyc (t)
reproduces the same oscillatory pattern, showing intermittent peaks that progressively
decrease in magnitude as dissipation accumulates. In contrast to the overdamped regime,
the fidelity F(f) stays close to unity throughout the dynamics, with only small modula-
tions, indicating that the system does not significantly depart from its initial state. Overall,
the figure captures the characteristic signature of the weak-damping regime: persistent
Rabi oscillations that imprint their structure simultaneously on entropy, disequilibrium,
complexity, coherence, and fidelity.

All five quantifiers display damped oscillations due to coherent Rabi dynamics sup-
pressed by spontaneous emission. The vanishing of Fisher information indicates that,
although the system remains structurally ordered, it becomes dynamically silent. That is,
infinitesimal changes in time produce negligible statistical differences—an effect we term
informational degradation without entropy increase. Our graph illustrates how decoher-
ence, induced by v = 0.1, affects the Rabi-coherent dynamics: the system evolves towards
a mixed state. Fisher informational dynamics degrades and one observes the transition
from a coherent quantum regime to a more “classical” and stationary one. Such a transition
can be said to be the “heart” of the decoherence phenomenon.

Figure 2 illustrates the dynamical behavior of the same quantifiers as in Figure 1 in the
overdamped regime, using the parameters () = 1, A = 2, and v = 5. Since the dissipation
rate greatly exceeds the coherent Rabi drive (y > (), the dynamics are fully non-oscillatory.
All quantities relax monotonically toward their stationary values as the system is rapidly
driven into the ground state by spontaneous emission. The coherence-based quantifier I(t)
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decays on the fastest timescale, reflecting the strong suppression of off-diagonal density
matrix elements by the Lindblad damping. The entropy-like measures H(t) and D(t)
display smooth transient behavior without oscillations, reaching steady values once the
system approaches its asymptotic state. In contrast, the complexity measure Cpyc(t)
exhibits only a small and short-lived maximum, characteristic of transient mixedness,
before vanishing at long times as the system becomes effectively pure. Finally, the fidelity
F(t) monotonically approaches unity, consistent with irreversible relaxation toward the
ground state. Overall, the figure captures the defining features of the overdamped regime,
where coherent Rabi oscillations are fully suppressed by strong dissipation.

1.2

(— HO — DO — Cuncl) — Fi) — 1))
1'0NVW\I\NV\I\I\MI\’\-_

0.8 Q=1,A=5y=0.1

Quantifiers

Figure 1. Underdamped case: Time evolution of Shannon entropy H(t) (red), disequilibrium D(¢)
(blue), complexity Cpyc(t) (Orange), fidelity F(t) (green), and quantum Fisher information I(f)
(purple) for a underdamped Rabi oscillator. The parameters are normalized by setting () = 1; the
detuning is A = 5, and the damping rate is v = 0.1. The time variable is expressed in units of 1/ Qs
so that t is dimensionless.

1.2
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¥
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Figure 2. Overdamped case: Time evolution of Shannon entropy H(t) (red), disequilibrium D(t)
(blue), Complexity Cpyc(f) (Orange), fidelity F(t) (green), and quantum Fisher information I(f)
(purple) for a overdamped Rabi oscillator. The parameters are normalized by setting () = 1; the
detuning is A = 2, and the damping rate is v = 5. The time variable is expressed in units of 1/}, so
that t is dimensionless.

Figure 3 displays the time evolution of the informational quantifiers H(t), D(t),
Cromc (), E(t), and I(t) for the resonant Rabi regime, using the parameters QO =1, A =2,
and 7 = 0. In the absence of dissipation all quantifiers exhibit strictly periodic oscillations
governed by the Rabi frequency. Despite sharing the same underlying period, each mea-
sure displays a distinct amplitude and dynamical pattern—F(t) oscillates around a value
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close to unity, reflecting the preservation of quantum coherence; D(t) fluctuates around
a mid-range value with reduced amplitude; and Cy ¢ (t) remains confined to very small
values—capturing the weak interplay between disorder and structure in this regime. The
quantifiers H(t) and I(t) show faster and higher-contrast oscillations, originating from
their nonlinear dependence on the state populations. Altogether, the figure highlights
how different informational measures encode complementary aspects of the same coherent
two-level dynamics.

1.4
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Figure 3. Resonant case: Time evolution of Shannon entropy H () (red), disequilibrium D(¢) (blue),

Complexity Cpmc (t) (Orange), fidelity F(t) (green), and quantum Fisher information I(t) (purple) for

a resonant Rabi regime. The parameters are normalized by setting () = 1; the detuning is A = 2, and

the damping rate is y = 0. The time variable is expressed in units of 1/Q%, so that t is dimensionless.

9. Conclusions

In this work we have examined the dynamical behavior of several information-
theoretic and structural quantifiers—entropy, disequilibrium, LMC statistical complexity,
fidelity, and Fisher information—along the dissipative evolution of a damped Rabi oscilla-
tor. The purpose of this analysis was not to introduce a new physical model or dynamical
mechanism, but to use a well-controlled and widely understood open quantum system
as a conceptual laboratory for clarifying the distinct roles played by different notions
of information.

Our central result is the identification of a dynamical regime in which Fisher infor-
mation vanishes asymptotically, even though entropy, fidelity, and statistical complexity
remain finite. This behavior reveals a form of informational degradation that is not captured
by entropic or overlap-based measures. While entropy tracks uncertainty or disorder in the
state, Fisher information quantifies inferential sensitivity and statistical distinguishability.
The decoupling of these quantities demonstrates that loss of inferential capability is not
equivalent to thermodynamic mixing or decoherence.

From a foundational perspective, this distinction is significant precisely because it
emerges in a simple and well-established model. The use of the Rabi oscillator is not a
limitation but a strength: by eliminating model-specific complications, it allows for the
conceptual content of the diagnostic measures themselves to be isolated and compared. In
this respect, the present analysis follows a long tradition in theoretical physics in which
elementary systems are used to probe general principles.

The results also have implications beyond conceptual clarification. Since Fisher infor-
mation sets fundamental bounds on parameter estimation, its asymptotic decay identifies a
regime in which no further information about system parameters can be extracted, even
though the system retains structural order. This observation is directly relevant to quantum
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metrology and to the interpretation of decoherence as a loss of statistical resolution rather
than merely a loss of coherence.

More broadly, our findings underscore the need for caution when entropy is used as
a stand-alone diagnostic of information loss in open quantum systems. Entropy-based
measures provide valuable insight into disorder and mixing, but they do not exhaust
the informational content of a quantum state. Information geometry, and Fisher informa-
tion in particular, offers a complementary perspective that captures aspects of dynamical
degradation invisible to thermodynamic indicators.

In summary, this work contributes to a more nuanced understanding of information
loss in open quantum systems by distinguishing thermodynamic disorder from inferential
collapse. By demonstrating this distinction in a paradigmatic model, we aim to clarify
the conceptual scope and limitations of commonly used informational measures and to
motivate their careful and context-dependent application in both foundational studies
and practical settings. Our results reveal a form of inferential loss not detectable by ther-
modynamic or overlap-based measures, highlighting a fundamental distinction between
entropy-based disorder and information-geometric sensitivity.
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