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Abstract

Transitioning artificial intelligence from dissipative von Neumann CMOS architectures toward
the ultimate physical bounds of non-equilibrium thermodynamics requires hardware substrates
capable of non-thermal state reconfiguration, reversible logic execution, and phase-coherent
optical routing. Building upon our recent formulations of high-frequency Zeeman–Floquet
gauge dynamics, extended topological electrodynamics, and two-century physical bounds
on machine intelligence, we construct a rigorous theoretical blueprint for sub-Landauer,
in-memory neuromorphic computing in twisted van der Waals moiré Chern ferromagnets
coupled to nanophotonic and slow-light waveguides. By operating in flat-band regimes
where scalar kinetic dispersion is quenched (v0 → 0) and the dimensionless optomagnetic
mixing ratio Rmix(k) =

⃦⃦⃦
H

(1)
mixed(k)

⃦⃦⃦
op
/
⃦⃦⃦
H

(1)
electric(k)

⃦⃦⃦
op

is maximized, we demonstrate that
structured optical pulses satisfying Eopt · Bopt ≠ 0 drive coherent, bijective topological
switching across 0- and π-quasienergy gaps without carrier thermalization. Using the non-
equilibrium Keldysh–Floquet formalism on a regularized two-dimensional lattice, we integrate
out electronic degrees of freedom to derive the adiabatic Chern–Simons response alongside
explicit upper bounds on dissipative entropy production ∆Sirr per topological gate operation.
Finally, we show that coupling these pseudoscalar optomagnetic memory arrays to ultra-cold
atomic Bose–Einstein condensates (BECs) under Electromagnetically Induced Transparency
(EIT) and dispersion-engineered waveguides (m∗(q) < 0) resolves relativistic clock-skew and
synchronization latency constraints, establishing an actionable experimental pathway toward
1010–1020 compression in energy per operation.

Keywords: Optomagnetic logic, Floquet–Chern switching, reversible neuromorphic computing,
pseudoscalar electrodynamics, Keldysh–Floquet theory, Electromagnetically Induced Trans-
parency (EIT), non-equilibrium thermodynamics.
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1 Introduction

In a recent long-horizon perspective on the trajectory of machine intelligence through the year
2226 [1], we established that the macroscopic evolution of artificial intelligence is governed by three
fundamental physical invariants: non-equilibrium thermodynamics, relativistic synchronization
latency, and formal mathematical verification. Contemporary frontier foundation models execute
stateless autoregressive token prediction on dissipative silicon CMOS hardware operating six to
nine orders of magnitude above the thermodynamic Landauer erasure threshold,

ELandauer = kBT ln 2 ≈ 2.87 × 10−21 J (at T = 300 K). (1)

Even if CMOS transistor scaling reaches its atomic limit, irreversible charge transport, capacitive
line charging (Ecap = 1

2CV
2), and ohmic Joule heating (Q̇ = J · E) impose a hard planetary

heat-rejection ceiling on synthetic intelligence [1, 9, 10]. Achieving a 1010 to 1020 reduction in
energy per operation requires abandoning dissipative von Neumann charge movement in favor of
integrated nanophotonics, thermodynamically reversible logic, and in-memory neuromorphic
substrates.

However, translating reversible photonic and spintronic computing from abstract informa-
tion theory into a viable condensed-matter platform faces a well-known microscopic obstacle:
conventional all-optical switching relies on electric-dipole transitions that inject high-energy
photoexcited carriers into dispersive bands. Subsequent electron–electron and electron–phonon
relaxation thermalizes this energy on sub-picosecond timescales, reintroducing severe entropy
production.

In parallel work on condensed-matter optomagnetism [6] and extended topological electrody-
namics [2, 4], we uncovered the exact microscopic and geometric mechanisms required to bypass
this thermalization bottleneck:

1. Secular Optomagnetic Floquet Driving: In spin-orbit-coupled flat-band media such
as twisted van der Waals moiré heterostructures, evaluating the high-frequency Magnus
expansion reveals a manifestly Hermitian cross-coupling at order O(Ω−1) between the
optical vector potential Aopt(t) and the optical magnetic field Bopt(t), governed by the
spin-dependent velocity operator vspin = ℏ−1∇kd(k) · σ [6].

2. Pseudoscalar Topological Continuity: Extending Maxwellian electrodynamics via
higher-dimensional topological currents Js ∈ Ω3(X) and pseudoscalar axion couplings yields
the generalized continuity law d(∗F − θF − Js) = 0, alongside negative effective dispersion
curvature m∗(q) < 0 and phase-coherent light storage in ultra-cold atomic Bose–Einstein
condensates (BECs) via Electromagnetically Induced Transparency (EIT) [2, 4].

The purpose of the present paper is to unify these theoretical tracks into an explicit,
experimentally actionable hardware architecture for sub-Landauer optomagnetic logic. We
demonstrate that quantized Chern domains in moiré van der Waals ferromagnets can serve
as non-volatile, zero-leakage topological memory cells and reversible logic gates when driven
through two distinct optical channels: Channel I (transverse Zeeman–Floquet driving where
Eopt · Bopt = 0) and Channel II (structured pseudoscalar electrodynamics where Eopt · Bopt ̸= 0).
By quenching the scalar kinetic dispersion (v0 → 0), optical pulses reconfigure the bulk Chern
invariant C ∈ Z adiabatically and bijectively without ohmic carrier heating.

The remainder of this paper is structured as follows. In Section 2, we formulate the
microscopic high-frequency Magnus expansion and prove the flat-band isolation theorem for the
optomagnetic mixing ratio Rmix(k). In Section 3, we construct universal reversible logic gates
(controlled-Chern inversion and Fredkin-type routing) utilizing structured pseudoscalar fields
(Eopt · Bopt ̸= 0). In Section 4, we evaluate the non-equilibrium Keldysh–Floquet functional
integral on a regularized 2D lattice to derive the adiabatic Chern–Simons action and prove a

3



strict upper bound on irreversible entropy production ∆Sirr. In Section 5, we integrate EIT
slow-light BEC delay lines and negative-dispersion photonic interconnects to solve relativistic
synchronization latency across distributed neuromorphic arrays. Section 6 provides quantitative
performance benchmarks against 2026 CMOS and Mach–Zehnder photonic hardware, and
Section 7 concludes.

2 Microscopic High-Frequency Magnus Formalism and Flat-
Band Isolation

2.1 Spin-Orbit-Coupled Moiré Hamiltonian under Electromagnetic Drive

Consider a two-dimensional spin-orbit-coupled crystalline or moiré superlattice described in the
low-energy two-band subspace by the unperturbed Bloch Hamiltonian

H0(k) = ϵ0(k) I2 + d(k) · σ, (2)

where k = (kx, ky) denotes crystal quasi-momentum in the moiré Brillouin zone mBZ, I2 is the
2 × 2 identity matrix, σ = (σx, σy, σz) is the vector of Pauli spin/pseudospin matrices, ϵ0(k) is
the scalar band dispersion, and d(k) = (dx(k), dy(k), dz(k)) encodes the spin-orbit and exchange
texture.

The velocity operator associated with H0(k) decomposes naturally into a scalar group velocity
v0(k) and a spin-dependent velocity operator vspin(k):

v(k) = 1
ℏ

∇kH0(k) = v0(k) I2 + vspin(k), v0(k) ≡ 1
ℏ

∇kϵ0(k), vspin(k) ≡ 1
ℏ

∇kd(k) · σ.

(3)
When illuminated by a monochromatic or quasi-monochromatic optical field of angular

frequency Ω, the system experiences both Peierls minimal substitution k → k + e
ℏAopt(t) and

direct magnetic Zeeman coupling to the optical magnetic field Bopt(t) = ∇ × Aopt(t):

H(k, t) = H0

(︃
k + e

ℏ
Aopt(t)

)︃
+HZ(t), HZ(t) = geffµB

2 Bopt(t) · σ, (4)

where e > 0 is the elementary charge, µB is the Bohr magneton, and geff is the effective Landé
factor enhanced by Berry curvature orbital magnetism in twisted van der Waals layers.

Expanding H0(k + e
ℏAopt(t)) in powers of the vector potential for a time-periodic drive

Aopt(t+ TΩ) = Aopt(t) with period TΩ = 2π/Ω:

Aopt(t) = A+e−iΩt + A−e+iΩt, Bopt(t) = B+e−iΩt + B−e+iΩt, (5)

where A− = A∗
+ and B− = B∗

+, the first-harmonic Fourier components of the time-dependent
Hamiltonian H(k, t) = ∑︁

m∈ZHm(k)e−imΩt take the explicit form:

H±1(k) = HE,±1(k) +HZ,±1, (6)

with electric-dipole Peierls component and optical Zeeman component given respectively by

HE,±1(k) = eA± · (v0(k) I2 + vspin(k)) , HZ,±1 = geffµB
2 B± · σ. (7)

2.2 High-Frequency Magnus Expansion and Secular Zeeman Torque

In the high-frequency off-resonant regime where ℏΩ exceeds the single-particle bandwidth W
of the moiré minibands (ℏΩ ≫ W ), direct multiphoton interband absorption is exponentially
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suppressed. The stroboscopic evolution over one optical cycle is governed by the Floquet effective
Hamiltonian HF(k) via the Magnus expansion [6, 11,12]:

HF(k) = H0(k) +H
(0)
diam(k) +H(1)(k) + O(Ω−2), (8)

where the first-order high-frequency commutator is

H(1)(k) = [H+1(k), H−1(k)]
ℏΩ . (9)

Substituting Eq. (6) into Eq. (9) yields a decomposition into three distinct physical sectors:

H(1)(k) = H
(1)
electric(k) +H

(1)
mixed(k) +H

(1)
Zeeman, (10)

where:

H
(1)
electric(k) = 1

ℏΩ [HE,+1(k), HE,−1(k)]

= 2ie2

ℏ3Ω
∑︂

α,β∈{x,y}
Im(A+,αA−,β)

(︂
∂kαd(k) × ∂kβ

d(k)
)︂

· σ, (11)

H
(1)
mixed(k) = 1

ℏΩ ([HE,+1(k), HZ,−1] + [HZ,+1, HE,−1(k)]) , (12)

H
(1)
Zeeman = 1

ℏΩ [HZ,+1, HZ,−1] = i(geffµB)2

2ℏΩ (B+ × B−) · σ. (13)

Evaluating the Pauli commutators [σi, σj ] = 2iεijkσk in Eq. (12) reveals two profound
structural properties first identified in Ref. [6]:

Proposition 2.1 (Flat-Band Isolation of the Secular Optomagnetic Sector). Let H(k, t) be the
driven spin-orbit-coupled moiré Hamiltonian (4). Then:

(i) The scalar kinetic velocity v0(k) I2 commutes identically with HZ,±1 and drops out of
H

(1)
mixed(k). Explicitly, the mixed optomagnetic secular Hamiltonian is manifestly Hermitian

and takes the form

H
(1)
mixed(k) = 2egeffµB

ℏ2Ω Im[(A+ · ∇k) d(k) × B−] · σ ≡ bmix(k) · σ. (14)

(ii) Define the dimensionless operator mixing ratio

Rmix(k) ≡

⃦⃦⃦
H

(1)
mixed(k)

⃦⃦⃦
op⃦⃦⃦

H
(1)
electric(k)

⃦⃦⃦
op

. (15)

In flat-band moiré regimes where the scalar group velocity is quenched (v0(k) → 0) and
the spin-orbit texture maintains finite momentum gradient ∥∇kd(k)∥ ∼ ℏvspin, intraband
ohmic current heating Jscalar ∝ ev0(k) vanishes while Rmix(k) scales as

Rmix(k) ∼ geffµB|Bopt|
evspin(k)|Aopt|

= geffµBΩ
ec vspin(k) ηcav, (16)

where ηcav ≡ c|Bopt|/(Ω|Aopt|) is the local sub-wavelength magnetic field enhancement
factor in a high-index dielectric or Tamm-plasmon nanophotonic cavity.

Proof. Because v0(k)I2 is proportional to the identity matrix in spin space, [v0(k)I2,B± · σ] = 0.
Expanding Eq. (12) using [(a · σ), (b · σ)] = 2i(a × b) · σ with a = e

ℏ(A+ · ∇k)d(k) and
b = geffµB

2 B− and adding the Hermitian conjugate term directly yields Eq. (14). Taking the
spectral operator norm ∥w · σ∥op = |w| on Eqs. (11) and (14) yields the scaling relation (16).
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Proposition 2.1 solves the core materials challenge of reversible optical computing: by tuning
a twisted bilayer or trilayer van der Waals heterostructure (such as twisted MoTe2, WSe2, or
multilayer graphene on CrI3) to its flat-band angle where v0 → 0 and vspin ≪ c, one eliminates
dissipative scalar Drude absorption while amplifying Rmix(k) into the Rmix ≳ O(1) regime inside
magnetic nanophotonic resonators (ηcav ∼ 102–103).

3 Dual Interaction Channels and Pseudoscalar Photonic Logic
Gates

To construct a functionally complete reversible computing architecture, we require both a
single-bit state preparation/inversion mechanism and a universal multi-input conditional gate
(such as the Toffoli or Fredkin gate). The symmetry of the electromagnetic field tensor Fµν

naturally partitions the optomagnetic response into two orthogonal operational channels [2, 6].

3.1 Channel I: Transverse Zeeman–Floquet Driving (Eopt · Bopt = 0)

In Channel I, the driving beam is a standard transverse electromagnetic wave satisfying the
Lorentz scalar constraint Eopt(t) · Bopt(t) = 0. For circularly polarized light of helicity λ = ±1
propagating along +ẑ, A+ = E0

2Ω(x̂ + iλŷ) and B+ = E0
2c (−iλx̂ + ŷ).

In this geometry, A+ and B− lie entirely in the (x, y) plane. Consequently, for a 2D material
whose spin-orbit vector has in-plane Rashba/Dirac components (dx(k), dy(k)) = ℏvD(kx, ky)
and an out-of-plane exchange mass dz(k) = M0 −Bcurvk2, the mixed field bmix(k) in Eq. (14)
acquires a strictly out-of-plane topological mass shift along ẑ:

b
(I)
mix,z(k;λ) = λ

egeffµBvDE
2
0

2ℏΩ2c
ηcav, (17)

which adds coherently to the electric Haldane-type Floquet mass belec,z(k;λ) = λ (evDE0)2

ℏΩ3 .

Definition 3.1 (Topological Bit Encoding). A non-volatile logical bit q ∈ {0, 1} is encoded in
the ground-state valley-Chern invariant C of a gated moiré domain Di:

C = 1
4π

∫︂
mBZ

d2k d̂F(k) ·
(︄
∂d̂F
∂kx

× ∂d̂F
∂ky

)︄
∈ {−1,+1}, q = C + 1

2 ∈ {0, 1}, (18)

where d̂F(k) = dF(k)/|dF(k)| is the unit vector of the Floquet Hamiltonian HF(k) = dF(k) · σ.

Coherent switching between |0⟩top (C = −1) and |1⟩top (C = +1) occurs when the helicity-
dependent effective mass Meff(λ) = M0 + belec,z(λ) + b

(I)
mix,z(λ) inverts sign across either the

0-quasienergy gap or the π-quasienergy zone boundary.

3.2 Channel II: Pseudoscalar Electrodynamics (Eopt · Bopt ̸= 0) and Universal
Fredkin/Toffoli Gates

While Channel I controls single-domain state preparation, universal multi-input logic requires
a conditional interaction between two optical control channels (A,B) acting on a target moiré
domain Dtarget. This is achieved via Channel II (Pseudoscalar Electrodynamics), where
two counter-propagating or phase-locked structured optical beams EA and EB intersect on
Dtarget such that the Pontryagin pseudoscalar density is non-vanishing:

Popt(r, t) ≡ Eopt(r, t) · Bopt(r, t) ̸= 0, χopt(r) ≡ ε0
2 Im

(︂
E∗

opt(r) · Bopt(r)
)︂
. (19)

In our recent unification of axion electrodynamics and higher-dimensional photon–Higgs
continuity [2,4], the macroscopic electrodynamic response of a medium endowed with pseudoscalar
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topological susceptibility θ(r, t) and higher-dimensional topological current Js ∈ Ω3(X) obeys
the generalized continuity law

d (∗F − θF − Js) = 0 ⇐⇒ ∂µ

(︂
Fµν − θ F̃µν − Jµν

s

)︂
= 0, (20)

where F̃µν = 1
2ε

µνρσFρσ is the dual electromagnetic tensor and F ∧ F ∝ (E · B) d4x.
Inside the moiré heterostructure, integrating out the gapped Dirac/Chern fermions in

the presence of both Aµ and the effective axial/Zeeman gauge field generates an emergent
pseudoscalar coupling Lθ = e2

4π2ℏc
θeff(r, t) Eopt · Bopt. Taking the variational derivative with

respect to the bulk magnetization M (or spin density ⟨σ⟩) yields the Channel II pseudoscalar
torque Hamiltonian:

H
(II)
pseudo(r) = −gθ χopt(r)σz = −gθε0

2 Im[(EA + EB)∗ · (BA + BB)]σz. (21)

Crucially, if beam A is a pure TE mode (EA = EAŷ, BA = BAẑ) and beam B is a phase-
locked TM mode (EB = iEBẑ, BB = iBBŷ), then each beam individually satisfies EA · BA = 0
and EB · BB = 0. Thus, neither beam alone activates Channel II. However, when both beams
arrive simultaneously with relative phase ∆ϕAB = ±π/2, the cross-term produces a non-zero
pseudoscalar invariant:

Im(E∗
total · Btotal) = Im(E∗

A · BB + E∗
B · BA) = (EABB − EBBA) sin(∆ϕAB). (22)

This interference structure directly implements a logically reversible Toffoli (CCNOT)
and Fredkin (CSWAP) gate at the hardware level:

1. Bijective Unitary Map: Let the input state be (A,B, qtarget) ∈ {0, 1}3, where optical
phases ϕA, ϕB ∈ {0, π/2} encode the two control bits and qtarget ∈ {0, 1} is the Chern
domain bit.

2. Threshold Gap Inversion: Set the optical field amplitudes EA, EB such that the Channel
II pseudoscalar mass shift ∆MII = gθχopt exceeds the bare moiré gap M0 if and only if
sin(∆ϕAB) = +1:

q′
target = qtarget ⊕ (A ∧ B) , A′ = A, B′ = B. (23)

Because the transformation (A,B, qtarget) ↦→ (A′,B′, q′
target) is a one-to-one permutation

on {0, 1}3 with Jacobian determinant det J = ±1, no logical information is erased during
gate execution, eliminating the Landauer erasure penalty kBT ln 2 at the logical level [10].

4 Non-Equilibrium Keldysh–Floquet Thermodynamics and Sub-
Landauer Bounds

Logical reversibility is a necessary but insufficient condition for thermodynamic reversibility; the
physical trajectory through the Hilbert space must also minimize non-adiabatic excitations and
bath dissipation. We now evaluate the microscopic entropy production using the non-equilibrium
Keldysh–Floquet formalism developed in Ref. [6].

4.1 Keldysh–Floquet Action and Adiabatic Chern–Simons Response

Consider the two-dimensional lattice fermion field ψ(r, t) coupled to the external background
electromagnetic gauge potential Aµ(r, t), the effective optomagnetic axial/Zeeman four-potential
amix

µ (r, t) = (amix
0 ,amix), and a weak acoustic phonon bath at temperature T . On the closed
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Schwinger–Keldysh time contour CSK = C+ ∪ C−, performing the Keldysh rotation to classical
and quantum fields ψcl, ψq and Acl

µ , A
q
µ yields the matrix Green’s function

Ĝ(k; t, t′) =
(︄

GR(k; t, t′) GK(k; t, t′)
0 GA(k; t, t′)

)︄
, (24)

where GR,GA,GK are the retarded, advanced, and Keldysh components in Floquet replica space
HF = Hband ⊗ ℓ2(Z).

Integrating out the fermionic fields and performing a gradient expansion in slow envelope
variations of the background fields around the quasi-Floquet gap ∆F = mink |dF(k)| > 0, the
effective Keldysh action Seff [Acl, Aq] = Stop +Sdiss separates into a real topological Chern–Simons
piece and an imaginary dissipative piece:

Stop[Acl, Aq] = e2

2πℏ

∫︂
dt d2r CK(t) εµνρAq

µ ∂νA
cl
ρ , (25)

where the non-equilibrium Keldysh–Floquet Chern number CK(t) is given by

CK(t) = i
8π2

∫︂
mBZ

d2k

∫︂ Ω/2

−Ω/2
dω Tr

[︂
Ĝ0
(︂
∂ωĜ−1

0

)︂
Ĝ0
(︂
∂kx Ĝ−1

0

)︂
Ĝ0
(︂
∂ky Ĝ−1

0

)︂
− (kx ↔ ky)

]︂K
.

(26)

For an ideal quasi-thermal Floquet occupation distribution fF(ϵF,±(k)) where the lower Floquet
band is filled (f− ≃ 1 − nex) and the upper Floquet band is empty (f+ ≃ nex), Eq. (26) reduces
to CK(t) = C (1 − 2n̄ex(t)).

Crucially, because the Chern–Simons action (25) is metric-independent and antisymmetric
in (µ, ν, ρ), the induced topological Hall and chiral edge currents satisfy JCS · E = 0 identically:
adiabatic Chern–Simons state transport generates zero ohmic Joule dissipation.

4.2 Theorem on Sub-Landauer Irreversible Entropy Production

Dissipation arises exclusively from two microscopic sources during a finite-time switching pulse
of duration τp: (1) non-adiabatic Landau–Zener defect generation across the minimum Floquet
gap ∆min during topological inversion, and (2) higher-order O(Ω−2) photon-assisted acoustic
phonon scattering at rate γph.

Theorem 4.1 (Sub-Landauer Optomagnetic Switching Bound). Consider a topological moiré
domain of area Adom = Nma

2
M (containing Nm moiré unit cells of lattice constant aM) driven

across a topological switching trajectory over pulse duration τp in the flat-band regime v0(k) =
0. Let ∆F,0 denote the equilibrium Floquet gap, ∆min ≥ ℏvspinπ/Ldom denote the finite-size
hybridized gap at the critical crossing, and γph = γ0(∆F,0/ℏΩ)2 denote the Floquet-assisted
electron–phonon relaxation rate. Then the total irreversible heat dissipated per gate operation,
Qirr = T∆Sirr, is bounded above by

Qirr(τp) ≤ Nm∆F,0 exp
(︄

−π∆2
minτp

2ℏ∆F,0

)︄
+NmℏΩ

(︃
eA0vspin

ℏΩ

)︃4
γ0τp. (27)

Minimizing Eq. (27) with respect to the pulse duration τp yields the optimal adiabatic switching
time τ∗

p and minimum dissipated energy Qmin
irr :

τ∗
p = 2ℏ∆F,0

π∆2
min

ln
(︄

π∆2
min

2ℏ2Ωγ0F4

)︄
,

Qmin
irr = 2Nmℏ2Ω∆F,0γ0F4

π∆2
min

[︄
1 + ln

(︄
π∆2

min
2ℏ2Ωγ0F4

)︄]︄
,

(28)
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where F ≡ eA0vspin/(ℏΩ) ≪ 1 is the dimensionless Floquet drive parameter. Whenever the
high-frequency detuning satisfies

F4
(︃ ℏγ0

∆min

)︃(︃ ℏΩ∆F,0
∆min kBT

)︃
<
π ln 2
2Nm

, (29)

the irreversible energy dissipated per logical gate operation strictly satisfies the sub-Landauer
inequality Qmin

irr < kBT ln 2.

Proof. From the imaginary part of the Keldysh effective action Sdiss[Acl, Aq], the instantaneous
rate of energy transfer to the bath is Q̇(t) =

∫︁ d2k
(2π)2 ϵF,+(k) ṅex(k, t) + Q̇Floquet−ph(t). During the

linear sweep of the effective mass Meff(t) = (∆F,0/τp)t across the finite-size gap ∆min, the non-
adiabatic Landau–Zener excitation probability per mode is PLZ = exp(−π∆2

minτp
2ℏ∆F,0

), contributing
the first term in Eq. (27). The second term follows from Fermi’s golden rule applied to the
second-order Floquet micromotion dressing |ψF(t)⟩ = ∑︁

m e−imΩt|ϕm⟩ where ∥|ϕ±1⟩∥2 ∼ F2 and
virtual two-photon phonon emission scales as F4γ0. Setting ∂Qirr/∂τp = 0 gives τ∗

p and Qmin
irr in

Eq. (28), from which the sub-Landauer criterion (29) follows immediately.

5 Relativistic Synchronization via EIT Slow-Light BEC Waveg-
uides and Cohomological Readout

In Intelligence in 2226 [1], we emphasized that as individual gate energies compress toward the
sub-Landauer regime, the primary architectural bottleneck shifts from local gate dissipation
to relativistic synchronization latency and interferometric phase dispersion across
distributed computing substrates. Over a clock period τclk, causal state synchronization is
restricted to a spatial horizon Lsync ≤ vgτclk. Conversely, in optical neuromorphic pipelines
where signals travel at vg ∼ c/neff , holding intermediate optical tensors in flight without
electro-optic conversion requires meter-scale fiber delay loops that destroy chip-scale integration
density.

Here, we resolve this trade-off by directly embedding two mechanisms derived in our recent
topological electrodynamics works [2, 4]:

5.1 Coherent Optical Tensor Buffering in Ultra-Cold Atomic BECs via EIT

As formulated in Ref. [2], coupling a probe optical pulse Eopt(z, t) to a three-level Λ-type ultra-
cold atomic Bose–Einstein condensate (BEC) driven by a control laser of Rabi frequency Ωc(t)
induces Electromagnetically Induced Transparency (EIT). Within the transparency window, the
refractive index profile n(ω) exhibits a steep linear slope while absorption vanishes, reducing the
group velocity vg by up to seven orders of magnitude:

vg(t) = c

1 + ng(t) = c

1 + g2
atomNBEC

|Ωc(t)|2+γ12Γ3

Ωc(t)→0−−−−−→ 0, (30)

where gatom is the atom–photon coupling constant, NBEC is the condensate atomic density,
and γ12 is the ground-state spin-wave decoherence rate (γ12 ≲ 1 Hz in magnetically trapped
condensates).

Adiabatically ramping Ωc(t) → 0 maps the flying photonic state |Ψphoton⟩ onto a stationary
collective dark-state polariton Ψ̂DSP(z, t) = cosϑ(t) Ê(z, t) − sinϑ(t)

√
NBEC Ŝ12(z, t) without

information loss or entropy production. This provides an all-optical, zero-static-power register
capable of synchronizing asynchronous neuromorphic pipelines across arbitrary relativistic
latencies.
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5.2 Negative-Dispersion Compensation and Cohomological Interferometric
Readout

To read out the topological state q ∈ {0, 1} of a moiré domain non-destructively, a weak
probe photon traverses a Mach–Zehnder or Sagnac waveguide coupled evanescently to the
topological current Js ∈ Ω3(X). In Ref. [4], we studied a dimension-six higher-spatial-derivative
operator acting selectively on the spatially projected magnetic two-form F⊥

µν relative to a
preferred background direction uµ associated with ∗Js. Below the stability cutoff momentum
0 < q < qstab = 1/

√
β = Λn/

√
αs (with β = αs/Λ2n), the modified photon dispersion relation is

ω2(q) = q2
(︂
1 − βq2

)︂
, m∗(q) ≡

(︄
∂2ω

∂q2

)︄−1

≃ − 1
3βq = − Λ2n

3αsq
< 0, (31)

while maintaining a strictly positive canonical quadratic Hamiltonian Hcan > 0.
In an engineered photonic crystal waveguide mimicking this dispersion relation, the negative

effective dispersion curvature m∗(q) < 0 directly cancels the normal positive group-velocity
dispersion (m∗

mat > 0) of the dielectric cladding:

∂2ωtotal
∂q2 = 1

m∗
mat(q)

+ 1
m∗(q) = 1

m∗
mat(q)

− 3βq = 0 at q = qcomp. (32)

Consequently, ultrashort optical pulses propagate across the neuromorphic chip without temporal
broadening. Furthermore, as established in Refs. [2, 4], the interferometric visibility V and
differential phase shift ∆Φtop between the two interferometer arms provide a direct topological
measurement of the cohomology obstruction class ω(η) and the local Chern domain state:

1 − V ∼ ω(η)2Λ−2k, ∆Φtop(qtarget) = π qtarget + δϕgeom, (33)

enabling single-shot, quantum-non-demolition readout of the in-memory synaptic weights.

6 Quantitative Architecture and Benchmark Comparison

To evaluate the practical engineering impact of the proposed Floquet–Chern optomagnetic archi-
tecture, we calculate explicit device parameters for a prototype moiré heterostructure—specifically
twisted bilayer MoTe2 (θtwist ≈ 3.7◦) or twisted bilayer graphene aligned with hexagonal boron
nitride (tBG/hBN) encapsulated in a high-Q dielectric Tamm-plasmon nanocavity:

• Moiré Domain Footprint: Ldom = 100 nm × 100 nm (Nm ≈ 400 moiré supercells for
aM ≈ 5 nm), with equilibrium topological gap ∆F,0 = 25 meV and finite-size hybridized
crossing gap ∆min = 2.5 meV.

• Optical Drive Parameters: Mid-infrared / near-infrared drive frequency ℏΩ = 250 meV
(Ω/∆F,0 = 10), spin velocity vspin = 2 × 104 m/s, cavity magnetic enhancement ηcav = 250,
and effective Landé factor geff = 18 (orbital Berry curvature enhanced).

• Mixing Ratio & Switching Energy: Substituting these parameters into Eq. (16) yields
Rmix ≈ 1.65, confirming that the secular Zeeman–Floquet mixed term dominates scalar
electric heating. From Theorem 4.1 with F = 0.08 and γ0 = 109 s−1 at cryogenic/ambient
hybrid packaging, the optimal adiabatic pulse duration is τ∗

p ≈ 12 ps, and the irreversible
heat dissipated per gate operation is Qmin

irr ≈ 4.2 × 10−22 J ≈ 0.15 kBT300K ln 2.

Table 1 compares our Floquet–Chern Optomagnetic Logic architecture against state-of-the-
art 2026 CMOS Tensor Cores, classical Mach–Zehnder Interferometer (MZI) silicon photonics,
and superconducting Josephson junction (RSFQ) logic.
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Table 1: Quantitative comparison of computing substrates across thermodynamic, spatial, and
architectural invariants (typical benchmark ranges at system scale).
Metric / Invariant 2026 CMOS

Tensor Core
MZI Silicon
Photonics

Cryogenic RSFQ
Logic

Floquet–Chern
Optomagnetic (This
Work)

Irreversible Energy
/ Gate

10−14–10−13 J 10−15–10−14 J 10−19–10−18 J 10−22–10−21 J

Ratio to kBT300K ln 2 ∼ 107 ∼ 106 ∼ 102 (ex-cooling) 0.15–1.0 (Sub-Landauer)
Gate Switching
Latency τp

100–300 ps 10–50 ps 2–10 ps 5–20 ps

Active Device
Footprint

0.02 µm2 103–104 µm2 1–10 µm2 0.01 µm2

(100 × 100 nm2)
Non-Volatile
In-Memory

No (SRAM
leakage)

No (Thermo-optic) No (Flux bias) Yes (Quantized C ∈ Z)

Optical Buffer /
Sync

Electro-optic ADC Fiber delay loops Josephson line EIT Slow-Light BEC
(vg → 0)

Primary
Dissipation Source

Ohmic I2R /
1
2 CV 2

Thermo-optic
heater

Quasiparticle loss O(Ω−2) Floquet-phonon

7 Conclusion

We have established a unified theoretical and experimental framework for sub-Landauer optomag-
netic computing that directly links the microscopic physics of high-frequency Zeeman–Floquet
driving [6] and extended topological electrodynamics [2,4] to the macroscopic thermodynamic in-
variants governing twenty-third-century artificial intelligence [1]. By isolating the spin-dependent
velocity operator vspin(k) in flat-band moiré Chern ferromagnets (v0 → 0) and exploiting the
pseudoscalar optical invariant Eopt · Bopt ̸= 0 to execute bijective Toffoli/Fredkin logic gates,
our architecture suppresses ohmic Joule heating at its microscopic root.

Through the non-equilibrium Keldysh–Floquet functional integral, we proved that adiabatic
state transport along the topological Chern–Simons trajectory is non-dissipative, bounding
residual entropy production strictly by exponentially small Landau–Zener tunneling and O(Ω−2)
photon-assisted phonon scattering. Coupled with Electromagnetically Induced Transparency
(EIT) slow-light buffering in ultra-cold atomic BECs and negative-dispersion waveguide compen-
sation (m∗(q) < 0), this blueprint offers condensed-matter and quantum-optics laboratories an
immediately testable pathway toward zero-leakage, reversible neuromorphic hardware.

In our companion paper, we turn to the third invariant of twenty-third-century intelligence—
formal mathematical verification—constructing a neuro-symbolic world-model architecture
governed by non-equilibrium GENERIC thermodynamic brackets and cellular sheaf cohomology.
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