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Abstract

We present a two-mode quantum model of coupled neural dynamics in which an ana-
lytic sequential mode (a qubit) interacts with a non-analytic substrate mode (a truncated
harmonic oscillator) through a time-dependent Jaynes–Cummings interaction. Dissipation
is treated in the Lindblad formalism, and the coupling strength is modulated by an empir-
ically accessible signal identified with the Default Mode Network activity. We show that
the naive threshold gcrit = δ/2, previously proposed as a lucidity criterion, is not a dynam-
ical transition: it is a geometric label of the mixing angle. The true control structure is
a two-dimensional phase diagram in the plane (α = g/δ, γϕ). Numerical simulations show
that the boundary between analytic-dominated and substrate-dominated steady states is
a curve gcruce(γϕ), and that two coupling regimes with equal ratio R = g/(γϕ + γa) can
produce qualitatively distinct asymptotic states. We propose a concrete falsifiable predic-
tion for EEG/fMRI: the difference between endogenous (structured) and exogenous (forced)
substrate access is not in the coupling strength but in the steady-state substrate excitation.
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1 Introduction

The idea that cortical dynamics can be described in terms of coupled oscillators with phase-
dependent interaction has a long history in computational neuroscience [1, 2]. More recently,
quantum-optical formalisms have been proposed as effective descriptions of coherent neural
population activity [3, 4]. We do not take a position on whether the brain is fundamentally
quantum. We treat the Jaynes–Cummings formalism as a phenomenological model of two
coexisting dynamical modes and explore its consequences.

The paper is organized as follows. Section 2 defines the model. Section 3 presents the
numerical results. Section 4 states falsifiable predictions. Section 5 discusses the implications.
Section 6 concludes.

2 Model

2.1 Hilbert space

We consider a bipartite quantum system

H = H0 ⊗H1, dimH = 2N0, (1)

with

• H1 = C2: the analytic mode (qubit). Basis {|0⟩1 , |1⟩1}, where |0⟩1 is the inactive state
and |1⟩1 is the active state.

• H0 = ℓ2(N), truncated toN0 levels: the substrate mode (oscillator). Fock basis {|n⟩0}
N0−1
n=0 .

2.2 Free Hamiltonians

The free Hamiltonians are

H0 = ℏω0 a
†a, H1 = ℏω1 σ+σ−, (2)

where a, a† are oscillator operators, σ± are Pauli raising/lowering operators, and

δ ≡ ω1 − ω0 (3)

is the detuning.

2.3 Interaction

We use the standard Jaynes–Cummings coupling in the Rotating Wave Approximation:

Hint = ℏg(t)
(
a†σ− + aσ+

)
, (4)

with
σ− = |0⟩1 ⟨1| , σ+ = |1⟩1 ⟨0| . (5)

This coupling conserves the total excitation number N = a†a+ σ+σ−.
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2.4 DMN modulation

The coupling strength is modulated by the Default Mode Network (DMN) activity ADMN(t) ∈
[0, 1]:

g(t) = g0 η(ADMN(t)), η(A) =
1

1 + eλ(A−Ath)
(6)

where g0 is the maximal coupling, λ is the sigmoid stiffness, and Ath is the threshold.
The DMN activity evolves as an Ornstein–Uhlenbeck process:

τDMN
dADMN

dt
= −(ADMN −A0) + σ ξ(t), (7)

with ⟨ξ(t)ξ(t′)⟩ = 2δ(t− t′).

2.5 Dissipation

The Lindblad dissipator is

Ldec[ρ] = γϕ (σzρσz − ρ)

+ γa(nth + 1)
(
aρa† − 1

2{a
†a, ρ}

)
+ γanth

(
a†ρa− 1

2{aa
†, ρ}

)
, (8)

with σz = |1⟩1 ⟨1| − |0⟩1 ⟨0|.
The master equation is

dρ

dt
= − i

ℏ
[H, ρ] + Ldec[ρ]. (9)

2.6 Rabi frequency and control parameters

At fixed excitation manifold n, the Rabi frequency is

ΩR =
√
g2 + (δ/2)2. (10)

We define two dimensionless control parameters:

α ≡ g

δ
, R ≡ g

γϕ + γa
. (11)

The mixing angle is

θn =
1

2
arctan

(
2g

√
n+ 1

δ

)
. (12)

The naive label gcrit = δ/2 corresponds to θ0 = π/8 and is not a dynamical threshold.

3 Numerical results

3.1 Setup

We integrate the Lindblad master equation with the BDF implicit solver of scipy.integrate.solve ivp,
with tolerances rtol = 10−7 and atol = 10−9. Reference parameters: ω0 = 6 Hz, ω1 = 40 Hz,
δ = 34 Hz, γa = 0.1 Hz, nth = 0.05.

The initial state is |0⟩0⊗|1⟩1 (substrate vacuum, analytic mode active). Note that |0⟩0⊗|0⟩1
is a dark state of the standard Jaynes–Cummings coupling and must be avoided as initial
condition.
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3.2 Rabi oscillation

For g = 17 Hz, γϕ = 0.5 Hz, the Rabi frequency is ΩR = 24.04 Hz. Figure 1 shows 10 periods of
the normalized evolution. The envelope decays at rate ∼ γa/2+γϕ, and the mean drifts toward
⟨σz⟩ < 0 as the initial spin excitation is transferred to the cavity and dissipated.

Figure 1: Rabi oscillation for g = 17 Hz, NRabi = 10 periods. Left: ⟨σz⟩(t). Center: ⟨n0⟩(t).
Right: entropy and purity.

3.3 Endogenous vs exogenous regimes

We compare three cases with equal R = 10 but different individual values of g and γϕ:

• Endogenous: g = 5, γϕ = 0.40.

• Mixed: g = 17, γϕ = 1.36.

• Exogenous: g = 50, γϕ = 4.90.

Table 1 reports the steady-state observables obtained after NRabi = 30 periods.

Table 1: Steady-state observables for three regimes with R = 10.

Regime ⟨σz⟩ss ⟨n0⟩ss SvN,ss Purityss

Endogenous +0.402 0.199 0.933 0.517
Mixed −0.296 0.367 1.213 0.317
Exogenous −0.166 0.435 1.118 0.360

The three regimes are qualitatively distinct despite equal R. The endogenous case remains
analytic-dominated (⟨σz⟩ > 0) with minimal substrate excitation. The exogenous case saturates
the substrate (⟨n0⟩ss = 0.435). This demonstrates that R is not the unique control parameter.

3.4 Phase diagram in the (α, γϕ) plane

We sweep α ∈ [0.05, 2.0] and γϕ ∈ [0.05, 20] Hz, with δ = 34 Hz fixed. Figure 2 shows the four
steady-state observables. Table 2 reports the boundary αcruce(γϕ) at which ⟨σz⟩ss changes sign.

The boundary is not a horizontal line: it is a curve. For γϕ < 1 Hz, the empirical scaling

gcruce(γϕ) · γ0.62ϕ ≈ 3.95 (13)

provides an adequate fit. For γϕ > 5 Hz, the boundary saturates at the lower edge of the swept
range, indicating that strong dissipation drives the system into the substrate-dominated regime
regardless of α.

4



Figure 2: Phase diagram in the (α, γϕ) plane. Red dashed line: α = 0.3. White dotted line:
γϕ = g/2.

3.5 One-dimensional cuts

Figure 3 shows cuts at γϕ ∈ {0.09, 0.44, 2.26, 11.60} Hz. The transition is smooth, and its
location depends on γϕ. This confirms that a single-parameter threshold does not capture the
dynamics.

4 Falsifiable predictions

The model produces four falsifiable predictions for EEG/fMRI experiments.

1. Endogenous access produces low substrate excitation. A subject trained to enter a
coherent state voluntarily (meditative absorption, flow) should show: (i) stable or reduced
BOLD entropy in cortical networks, (ii) increased intra-DMN phase-locking value, (iii)
decreased inter-network coupling with sensory areas. In the model, this corresponds to
⟨n0⟩ss ≈ 0.2 and ⟨σz⟩ss > 0.

2. Exogenous access produces substrate saturation. A subject under pharmacological
intervention (classical psychedelics) should show: (i) increased global BOLD entropy,
(ii) decreased modularity, (iii) collapse of intra-DMN connectivity. In the model, this
corresponds to ⟨n0⟩ss ≈ 0.4 and ⟨σz⟩ss < 0.
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Table 2: Boundary αcruce as a function of γϕ.

γϕ (Hz) αcruce gcruce (Hz)

0.050 0.731 24.9
0.086 0.523 17.8
0.149 0.374 12.7
0.256 0.267 9.1
0.442 0.191 6.5
0.762 0.137 4.7
1.313 0.137 4.7
2.264 0.098 3.3
3.903 0.070 2.4
6.729 0.050 1.7
20.00 0.050 1.7

Figure 3: One-dimensional cuts at fixed γϕ.

3. The boundary is a curve, not a threshold. The transition between analytical domi-
nance and substrate dominance should occur at different effective coupling values depend-
ing on the subject’s baseline decoherence rate. Subjects with high baseline γϕ (anxious,
sleep-deprived) should require lower coupling to reach the substrate regime.

4. The steady state distinguishes endogenous from exogenous at equal R. If two
subjects enter the substrate regime with the same ratio R = g/(γϕ + γa) but different
absolute values, their steady states should differ in ⟨n0⟩ss by a factor of two or more.

5 Discussion

5.1 The failure of gcrit

Earlier proposals [8, 9] suggested gcrit = δ/2 as a threshold for substrate access. Our simulations
show that this is a geometric label of the mixing angle θ0 = π/8, not a dynamical transition.
The system exhibits smooth crossover at a boundary that depends on both α and γϕ.

5.2 What the model does and does not claim

The model is a phenomenological description of two coupled modes with dissipation. It does not
claim that the brain is a quantum system in the physical sense. It claims that the mathematical
structure of two-mode coupling with Lindblad dissipation can capture the qualitative distinction
between two modes of information processing.
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5.3 Limitations

The model uses a single effective DMN signal. Real neural dynamics involve many coupled
populations. The mean-field approximation behind the DMN modulation is a simplification.
The choice of ω0 = 6 Hz and ω1 = 40 Hz is arbitrary and should be fitted to data.

6 Conclusion

We have presented a two-mode Jaynes–Cummings model of endogenous and exogenous phase
coherence. The model predicts that the boundary between analytical and substrate dominance
is a curve in the (α, γϕ) plane, not a single threshold. It further predicts that endogenous and
exogenous substrate access differ in steady-state substrate excitation, even at equal coupling-
to-dissipation ratio. Both predictions are falsifiable with current EEG/fMRI techniques.
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