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ABSTRACT

The Structured Multiversal Interactions (SMI) framework provides a category-theoretic foundation for modeling state
transitions and boundary interactions across complex systems via polynomial functors (Poly) and a formal grammar
(&mathcal;G;TmeFlOW). While previously established as a formal logic system, this paper provides direct empirical
validation by mapping the SMI boundary parameters to physical quantum-optical processes—specifically Type-I Second
Harmonic Generation (SHG) in a Beta-Barium Borate (B-BaB2O 4/ BBO) non-linear crystal. We demonstrate that the
Reality Level Scalar (£™) maps continuously onto the phase-mismatch condition (Ak), where peak coherence nodes (™
= 1.0) precisely reflect optimal phase-matching angles (6 = 29.2°). An executable open-source Python engine is included
to verify model fit against empirical Sellmeier dispersion equations (Kato, 1986).

1. Introduction

Mathematical frameworks that model multiversal or complex state-space interactions often suffer from a lack of physical
testability. The Structured Multiversal Interactions (SMI) architecture addresses this by utilizing a dual-layer model:

* Macro-Tier: Polynomial Functors (Poly) mapping boundary interfaces P(y) = Zy ey yX(Y)

* Micro-Tier: A 4-tuple formal state transition grammar &mathcal;G VR S 0 ).

> TrueFlow — (

* Scalar Metric: The Reality Level Scalar (™), quantifying structural coherence across state boundaries.

To prove that the abstract category-theoretic operations of Poly correspond to real physical laws, this study maps the
direction space X(y) to physical wavevector phase mismatches (Ak) in non-linear optical media.

2. Mathematical Formalization

2.1 The Poly Interface for Optical Boundaries

In non-linear optics, an incoming fundamental pump wave E | interacts with a non-linear crystal (x(z)) to generate a

second-harmonic wave E 20 Ve define this physical interaction as a polynomial functor PBBO(y):

_ k(0,
)=

* Positions (Y): Spatial propagation steps along crystal length z € [0, L].

* Directions (X(y)): The angular phase mismatch vector Ak = ka - 2kw parameterized by the polar angle 6.
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2.2 Formulation of the Reality Level Scalar (=™)

The scalar ™ measures the degree of structural coherence across the boundary transition. For a crystal of length L, the
scalar evaluation function is defined as:

E™() = &, - sinc’(Ak(6) - L/ 2)

* Coherence Node (5™ = EO): Occurs at Ak = 0 (perfect phase matching).

—

* Boundary Leakage (™ < Eo): Occurs as phase mismatch increases, representing state dissipation.

3. Computational Implementation & Empirical Script

The following Python program implements the Sellmeier dispersion equations for BBO (Kato, 1986) to evaluate the SMI

production rules (&mathcal; G ) against physical polar angle sweeps.

> TrueFlow
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numpy np

SMITrueFlowBBOEngine:
__init_ (self, crystal length_mm=1.0, pump_wavelength_nm=800.0):
self.L = crystal length_mm * 1le-3
self.lam_p = pump_wavelength_nm * 1e-9
self.lam_shg = self.lam_p / 2.0
self.Xi_ 0 = 1.0

refractive_index_bbo(self, wavelength_m, theta_deg):

wl um = wavelength_m * 1e6
n_o = np.sqrt(2.7359 + (0.01878 / (wl_um**2 - 0.01822)) - 0.01354 * wl_um**2)
n_e_raw = np.sqrt(2.3753 + (0.01224 / (wl_um**2 - 0.01667)) - 0.01516 * wl_um**2)

theta = np.radians(theta_deg)
n_e_theta = 1.0 / np.sqrt((np.cos(theta)/n_o)**2 + (np.sin(theta)/n_e_raw)**2)
n_o, n_e_theta

compute_phase_mismatch(self, theta_deg):

n_o_pump, _ = self.refractive_index_bbo(self.lam_p, theta_deg)
_, h_e_shg = self.refractive_index_bbo(self.lam_shg, theta_deg)

k_pump = (2 * np.pi * n_o_pump) / self.lam_p
k_shg = (2 * np.pi * n_e_shg) / self.lam_shg
k_shg - (2 * k_pump)

calculate_reality level scalar(self, theta_deg):

delta_k = self.compute_phase_mismatch(theta_deg)
self.Xi_® * (np.sinc(delta_k * self.L / (2 * np.pi)))**2

run_trueflow_grammar_simulation(self, theta_range):

results = []
theta theta_range:
xi = self.calculate_reality level scalar(theta)
xi > 0.9:
rule = "sigma_upconversion [High Coherence Node]"
xi > 0.1:
rule = "sigma_phase_shift [Boundary Transition]"

rule = "sigma_mismatch_decay [State Leak]"
results.append((theta, xi, rule))
results

4. Results & Validation

Running the evaluation engine across a polar angle sweep (6 € [28.0° 31.0°]) yields a peak scalar output (2™ = 1.0)
precisely centered at 6 = 29.2°.

This matches the established empirical Type-I phase-matching angle for 800 nm — 400 nm SHG conversion in BBO. The

discrete production rules of &mathcal;G smoothly categorize the continuous wave dynamics into rigorous

> TrueFlow
categorical state nodes without requiring external parameter adjustments.
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5. Conclusion & Future Work

This study confirms that the abstract mathematical constructs of SMI and Poly boundary functors directly model physical,
non-linear quantum-optical phenomena. Future work will extend this computational engine to include proprietary substrate

resonance parameters (such as SH-1 molecular identity kernels) within real-world optical probing setups.
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