Emergent Spacetime as Quantum Error Correction: A Theoretical Framework and
Observational Program

Abstract

We present a comprehensive theoretical framework positing that spacetime emerges as a robust manifestation of quantum error-correcting codes (QECCs), synthesizing recent
developments in holographic duality, quantum information theory, and observational cosmology. Building upon the AdS/CFT correspondence and its interpretation through the lens of
quantum error correction, we propose that the fundamental stability, locality, and geometric structure of physical reality arise not as axiomatic features but as emergent properties of an
underlying fault-tolerant quantum computational substrate. This "Emergent Coded Spacetime" (ECS) framework provides a mechanistic foundation for what has previously been
treated as the philosophical simulation hypothesis, transforming it into a falsifiable physical theory. We demonstrate that this framework offers novel interpretative paradigms for
persistent observational anomalies across multiple scales: large-angle cosmic microwave background (CMB) statistical anomalies, unexplained astrophysical acceleration phenomena,
and highly anomalous localized events. Crucially, we advance beyond speculative interpretation by proposing a concrete experimental program with testable predictions for next-
generation observatories including CMB-S4, the Vera C. Rubin Observatory, and advanced quantum simulation platforms. This work aims to establish "computational cosmology" as a
rigorous scientific discipline, bridging fundamental physics, quantum information theory, and observational astronomy.

1. Introduction

1.1 Motivating the Computational Paradigm

The proposition that physical reality may be fundamentally informational rather than material has transitioned from philosophical speculation to serious scientific inquiry over the past
two decades. This shift has been catalyzed by three converging developments: (1) the formalization of the holographic principle through the AdS/CFT correspondence, (2) the
recognition that quantum error correction provides the mathematical structure underlying holographic duality, and (3) accumulating observational anomalies that resist conventional
explanation within the ACDM cosmological framework.

The Simulation Argument, as articulated by Bostrom (2003), provided an initial logical framework suggesting the statistical likelihood that we inhabit a simulated reality. However,
this argument, while philosophically compelling, remains empirically unfalsifiable as it relies on sociological assumptions about hypothetical future civilizations. The challenge facing
theoretical physics is to extract from this philosophical insight a concrete physical mechanism that generates testable predictions.

Wheeler's "It from Bit" doctrine (1990) proposed that physical existence emerges from information, while Lloyd (2006) formalized the notion of the universe as a quantum computer
executing physical laws as algorithms. These ideas found rigorous mathematical expression in the holographic principle, which asserts that the information content of any spatial
volume can be encoded on its lower-dimensional boundary (Susskind, 1995; 't Hooft, 1993). The AdS/CFT correspondence (Maldacena, 1998) provided the first concrete realization
of this principle, establishing an exact duality between gravitational physics in Anti-de Sitter space and quantum field theory on its boundary.

1.2 The Quantum Error Correction Revolution

A conceptual breakthrough emerged when Almheiri, Dong, and Harlow (2015) recognized that the AdS/CFT correspondence possesses the mathematical structure of a quantum error-
correcting code. This insight resolved the bulk reconstruction paradox—the apparent violation of quantum principles when reconstructing bulk operators from multiple boundary
regions—by recognizing that such redundancy is precisely the signature of error correction. The HaPPY code (Pastawski et al., 2015), a tensor network model that explicitly constructs
a holographic spacetime from entangled quantum states, demonstrated that geometric features including distances, areas, and causal structure emerge naturally from the entanglement
architecture of the boundary theory.

Recent comprehensive reviews have documented how quantum error correction provides the framework for bulk reconstruction in holography, naturally resolving apparent
inconsistencies with operator algebra properties in the dual field theory. Cutting-edge work in 2025 has extended this framework to celestial holography, devising quantum error
correction protocols that encode gravitational effects as correctable fluctuations in conformal field theory duals.

This mathematical structure suggests a profound physical interpretation: the robustness of spacetime against quantum fluctuations is not accidental but reflects an underlying error-
correction mechanism. Just as engineered quantum computers require error correction to maintain coherence, the universe may employ quantum error correction to stabilize the
emergent classical reality we observe.

1.3 Scope and Organization

This paper develops the Emergent Coded Spacetime (ECS) framework through four components:

Section 2 establishes the theoretical architecture, detailing how quantum error-correcting codes generate emergent spacetime geometry and protected physical laws. We formalize the
connection between code structure and gravitational physics through Operator Algebra Quantum Error Correction (OQEC).

Section 3 examines signatures of the computational substrate in fundamental physics, particularly the emergence and protection of Lorentz invariance, and interprets null results from
Lorentz Invariance Violation (LIV) searches as evidence for the code's efficacy rather than refutation of discrete structure.

Section 4 analyzes large-scale cosmological anomalies in the CMB through the ECS lens, proposing that persistent statistical anomalies reflect boundary conditions or anisotropies in
the computational lattice. We note that hemispherical power asymmetry in CMB data shows statistical significance above 3¢ for temperature measurements, suggesting directional
dependence in the local power spectrum that extends beyond standard ACDM predictions.

Section 5 considers localized, non-equilibrium phenomena as potential signatures of direct interactions with the spacetime code, examining the paradigmatic case of the interstellar
object 'Oumuamua and the phenomenology of highly anomalous unidentified aerial phenomena.

Section 6 synthesizes these perspectives into a unified observational program, specifying concrete, falsifiable predictions for next-generation experiments and establishing criteria for
empirical validation or refutation.

2. Theoretical Architecture: From Quantum Codes to Emergent Geometry

2.1 Fundamentals of Quantum Error Correction

Quantum information is inherently fragile, susceptible to decoherence through environmental interaction. The no-cloning theorem prohibits simple redundancy, yet quantum error
correction (QEC) achieves robustness through clever encoding: a logical qubit is represented not in a single physical qubit but in the global entanglement pattern of many physical
qubits, defining a protected "code subspace."

Error detection proceeds via syndrome extraction—measurement of stabilizer operators that reveal error type and location without collapsing the protected logical state. Topological
codes, particularly surface codes, achieve fault tolerance through local interactions on a 2D lattice, with logical information encoded in global topological properties. These codes
exhibit a threshold phenomenon: if the physical error rate remains below a critical value, increasing the code distance d exponentially suppresses logical error rates, enabling
arbitrarily long quantum computation.



This threshold behavior provides a powerful analogy for spacetime stability. Local quantum fluctuations occur continuously at the Planck scale, yet macroscopic spacetime remains
remarkably stable and classical. The ECS framework proposes that this stability emerges from error correction: the underlying quantum code actively suppresses fluctuations,
projecting a smooth, classical effective geometry.

2.2 Holographic Duality as Quantum Error Correction

The AdS/CFT correspondence asserts an exact equivalence between (d+1)-dimensional gravitational theory in Anti-de Sitter space (the "bulk") and d-dimensional conformal field
theory on its boundary (the "CFT"). Every bulk entity possesses a boundary dual, and every bulk process corresponds to a boundary calculation.

However, early attempts to complete the holographic dictionary encountered a paradox: a single bulk operator can be reconstructed from multiple, spatially separated boundary
regions. This apparent violation of locality and the no-cloning theorem found resolution in the recognition that AdS/CFT is a quantum error-correcting code (Almheiri et al., 2015).
The bulk represents logical information; the boundary provides redundant physical encoding. Multiple reconstruction schemes are not paradoxical but definitional: they reflect the
error correction property that logical information can be recovered from various subsets of physical qubits.

The HaPPY code (Pastawski et al., 2015) made this concrete. Constructed from a tensor network tiling hyperbolic space, it naturally generates holographic features including a
discrete realization of the Ryu-Takayanagi formula, which relates boundary entanglement entropy to bulk minimal surface area:
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where S(A) is the entanglement entropy of boundary region A, y_A is the minimal bulk surface anchored to 0A, and G_N is Newton's constant. Critically, bulk geometry—distances,
areas, causal structure—emerges from the boundary entanglement architecture as dictated by code structure.

2.3 Operator Algebra and the Defect-Curvature Mapping

To establish quantitative predictions, we must formalize how code errors manifest as physical phenomena. Operator Algebra Quantum Error Correction (OQEC) provides this
formalism, particularly well-suited to the holographic context where the "code subspace" is replaced by a "code subalgebra" of operators.

In OQEC, the AdS/CFT dictionary defines an encoding map from boundary to bulk. A boundary error—perturbation of the CFT state—alters entanglement structure. Via the Ryu-
Takayanagi formula, the change in entanglement entropy AS(A) corresponds to a change in minimal surface area AArea(y_A). Area change implies geometric perturbation: a
modification of the bulk metric g_pv.

We propose that uncorrectable errors—logical errors penetrating the code's protection—Ileave informational "defects" in the logical state. These defects manifest in bulk geometry as
localized curvature sources, effectively acting as a stress-energy tensor:
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Here, T"defect pv represents not conventional matter-energy but "informational energy"—the gravitational signature of a code defect. This formalism provides a quantitative bridge:
quantum information errors on the boundary generate geometric perturbations in the emergent bulk spacetime.

2.4 Beyond AdS: Toward de Sitter Holography

A significant theoretical challenge is that well-understood AdS/CFT applies to spacetimes with negative cosmological constant, while our universe exhibits accelerated expansion
consistent with positive cosmological constant (de Sitter space). Holography for dS space remains an active research frontier with less consensus.

We adopt a pragmatic stance: AdS/CFT serves as a proof-of-principle "toy model" demonstrating that spacetime can emerge from quantum error correction. We conjecture that this

principle generalizes to realistic cosmologies. Specifically, we posit the existence of a dS/CFT correspondence sharing the fundamental QECC structure, though the precise dictionary
differs. The empirical program we propose can test this conjecture by searching for signatures generic to coded spacetime regardless of cosmological constant sign.

3. Emergence and Protection of Fundamental Symmetries

3.1 Discreteness and the Lorentz Invariance Problem

Any computational model of spacetime implies fundamental discreteness—a minimal length scale analogous to pixels in digital images. A naive approach using a fixed spatial lattice,
however, immediately violates Lorentz invariance by introducing a preferred reference frame. Since Lorentz invariance is tested to extraordinary precision, any discrete model must
explain how continuous, frame-independent physics emerges.

Several approaches address this challenge. Causal Set Theory (Bombelli et al., 1987) builds spacetime from discrete causal events with no fixed embedding, preserving Lorentz

invariance by construction. Certain Quantum Cellular Automata (QCA) reproduce relativistic field equations in the continuum limit (Arrighi et al., 2014). Graph-based approaches
(Konopka et al., 2008) derive spacetime from evolving networks where connectivity encodes causal structure.

3.2 Error Correction as Symmetry Protection

The ECS framework offers a distinctive resolution: Lorentz invariance is an emergent, protected symmetry of the code. The underlying computational substrate may possess
discrete structure or anisotropies, but the error correction mechanism actively suppresses these features, projecting a nearly perfect Lorentz-invariant effective theory to low-energy
observers.

This protection mechanism operates through Renormalization Group (RG) flow. In strongly coupled theories—precisely the regime relevant to holographic duality—irrelevant
operators (those growing weaker at low energies) flow toward fixed points exponentially fast. Lattice artifacts and anisotropies act as irrelevant perturbations; the error correction
protocol efficiently removes them, yielding emergent rotational and boost symmetry at accessible energy scales.

Crucially, this predicts that Lorentz violation, if detectable at all, should only emerge near the fundamental scale (presumably near Planck energy), and even there might exhibit
specific patterns reflecting code architecture rather than random breaking.

3.3 Experimental Tests: Null Results as Positive Evidence

A vast experimental program searches for Lorentz Invariance Violation (LIV). Tests include:
¢ Astrophysical observations: Searching for energy-dependent photon arrival times from distant gamma-ray bursts or active galactic nuclei
¢ Particle physics: Testing forbidden decays or threshold anomalies
¢ Precision interferometry: Clock comparison experiments sensitive to directional variations in physical constants

To date, no confirmed LIV has been detected. Constraints push violation scales to or beyond the Planck scale (10719 GeV), far above accessible energies.



Within conventional frameworks, these null results simply imply that Lorentz invariance is more fundamental than discrete structure. The ECS framework offers a more nuanced
interpretation: null results constitute positive evidence for error correction efficacy. These experiments effectively probe the "code distance" of spacetime—the minimal number of
physical qubit errors required to produce a logical error (observable LIV). The extreme precision of null results indicates extraordinary code distance, implying that spacetime error
correction is remarkably robust.

Future searches should focus not merely on detecting LIV but on characterizing its structure if detected. Do violations correlate across different particle species (photons, neutrinos,
gravitational waves) in ways reflecting unified code architecture? Such correlated patterns would constitute a smoking-gun signature of computational substrate.

4. Cosmological Signatures: Large-Scale Anomalies in the CMB

4.1 Statistical Anomalies and the Standard Cosmology

The Cosmic Microwave Background provides our earliest observable snapshot of the universe, with temperature fluctuations predicted by ACDM to be statistically isotropic and
Gaussian. The Planck satellite's exquisite measurements largely confirm these predictions—except at the largest angular scales, where several anomalies persist:

1. Power deficit at low multipoles: The quadrupole and octopole exhibit lower power than ACDM predictions
2. Alignment of low multipoles: The quadrupole and octopole planes show unexpected alignment (the "Axis of Evil")
3. Hemispherical power asymmetry: Systematic power difference between opposite hemispheres
4. Parity asymmetry: Unexpected differences between even and odd multipoles
Recent 2024 reassessments using Planck's final 2020 data release continue to detect hemispherical power asymmetry in CMB temperature signals. These anomalies typically exceed 2-

3o statistical significance. However, the Planck 2018 analysis revealed that while these features appear in temperature data, they are conspicuously absent in polarization
measurements, leading many to conclude they represent statistical flukes within ACDM rather than new physics.

4.2 Alternative Interpretation: Lattice Signatures

The ECS framework offers a reinterpretation: large-scale anomalies may reflect the computational substrate's structure rather than statistical fluctuations. We consider three
mechanisms:

Initial Conditions: The universe's "initialization"—its boundary conditions at the earliest moments—may preserve signatures of the computational lattice geometry. Just as a
computer simulation initializes variables in a specific configuration, the cosmic code may have been "booted up" with initial conditions reflecting its underlying structure.

Residual Anisotropy: If the substrate possesses intrinsic anisotropy (e.g., a preferred direction in an underlying lattice), error correction may not fully suppress this at the largest
observable scales. The anomalies would represent the longest-wavelength modes where correction efficacy is weakest—the "edges" of the correctable domain.

Scale-Dependent Correction: Error correction efficiency may be scale-dependent. The discrepancy between temperature (scalar) and polarization (tensor) anomalies becomes a
crucial diagnostic. It suggests:

¢ The code may couple differently to scalar versus tensor perturbations
¢ Error correction may be more efficient for tensor modes

¢ The computational substrate may have tensor structure naturally protecting gravitational wave-type perturbations

This last point is particularly significant: rather than the polarization null result refuting new physics, it provides specific information about code architecture—how different field
types are encoded and protected.

4.3 Testable Predictions for Next-Generation Surveys

If CMB anomalies reflect substrate structure, they should exhibit specific, non-random higher-order correlations not predicted by ACDM. We propose:

Prediction 1: CMB-S4 and future experiments should conduct detailed searches for non-Gaussian correlations at large scales, particularly seeking patterns consistent with discrete
lattice geometry (e.g., cubic or hexagonal symmetries in higher-order correlation functions).

Prediction 2: If the substrate is universal, similar anisotropies should appear in the large-scale distribution of galaxies as measured by the Vera C. Rubin Observatory and Euclid. The
spatial orientation of galaxy clustering anomalies should correlate with CMB anisotropy directions.

Prediction 3: The temperature-polarization discrepancy suggests searching for other observables where scalar and tensor modes diverge. Gravitational wave backgrounds from the
early universe should exhibit isotropy patterns distinct from CMB temperature but potentially matching polarization.

Recent 2024 analyses have confirmed robust detection of north-south asymmetry in CMB temperature-temperature angular correlations using the latest Planck data, strengthening the
case for systematic investigation of these phenomena.

5. Localized Anomalies: Non-Equilibrium Code Interactions

While cosmological anomalies may represent "imprints" of substrate structure, localized phenomena exhibiting extreme departures from known physics may indicate active, non-
equilibrium interactions with the spacetime code—objects or events that temporarily "edit" rather than propagate through emergent spacetime.

5.1 Paradigm Case: The 'Oumuamua Anomaly

The interstellar object 11/'Oumuamua, observed during its 2017 passage through the inner solar system, exhibited statistically significant non-gravitational acceleration (a_ng =~ 2.5 x
107-6 m/s?) away from the Sun, yet showed no evidence of cometary outgassing—no coma, no tail, no gas emission lines. This "acceleration without propellant" puzzle has resisted
conventional explanations:

Hydrogen iceberg hypothesis: Pure H: ice sublimates without visible coma, potentially providing invisible thrust. However, this requires H- ice to survive interstellar travel
timescales, which thermodynamic calculations show to be implausible given radiative heating and cosmic ray bombardment.

Nitrogen iceberg hypothesis: Evaporating N2 from a Pluto-like composition could explain the lack of visible coma. However, as demonstrated by Siraj & Loeb (2022), producing
even a single 'Oumuamua-sized N fragment requires a mass budget of nitrogen ice exceeding the total nitrogen production capacity of the parent star system by factors of 10-100,
rendering this scenario astrophysically implausible.

Hydrogen-water ice hypothesis: Recent proposals invoke mixed H2-Hz0 ice. However, critiques note that hydrogen evaporation's significant cooling effect (endothermic phase
transition) was neglected in initial models. When properly accounting for thermal balance, the mechanism provides insufficient thrust.

The persistent challenge is momentum transfer without observable mass ejection—a violation of Newton's third law as applied to conventional propulsion.



5.2 ECS Interpretation: Non-Kinetic Interaction

Within the ECS framework, we speculatively propose that 'Oumuamua's acceleration represents a non-kinetic interaction—not propulsion through space but manipulation of the
object's state within the computational substrate. Rather than ejecting mass to generate thrust, such an interaction would directly modify the object's encoded position/momentum in
the quantum code, bypassing emergent conservation laws.
This interpretation makes several predictions:

¢ Such objects should exhibit acceleration without corresponding thermal signatures or mass loss

» Trajectories may violate detailed balance (acceleration not precisely aligned with solar radiation pressure or thermal gradients)

» Similar objects should be discoverable with systematic surveys

The Galileo Project (Loeb, 2021), specifically designed to conduct rigorous, multi-wavelength searches for anomalous interstellar objects, provides the observational program to test
this prediction.

5.3 UAP Phenomenology: The "Five Observables"

A small subset of military-documented Unidentified Anomalous Phenomena exhibits flight characteristics that, if reports are accurate, challenge known physics:
1. Instantaneous acceleration: Transitions from stationary to hypersonic velocities with estimated accelerations exceeding 100-1000 g's
2. Hypersonic flight: Sustained velocities exceeding Mach 5 without visible propulsion
3. Low observability: Minimal radar cross-section despite large apparent size
4. Trans-medium travel: Seamless transition between air and water
5. Lack of obvious propulsion signatures: No exhaust plumes, sonic booms at hypersonic speeds, or thermal signatures commensurate with conventional propulsion

While many UAP videos have prosaic explanations (parallax, gimbal artifacts, optical effects), multi-sensor military encounters such as the 2004 USS Nimitz incident involve
corroboration across radar, infrared, and visual observations, complicating simple dismissal.

The most anomalous feature from a physics perspective is the absence of expected physical consequences. Hypersonic flight through atmosphere should generate massive thermal

signatures, shockwaves, and sonic booms through unavoidable fluid dynamic interactions. Their absence suggests not advanced engineering within known physics but interaction with
spacetime at a different level.

5.4 Code Manipulation Hypothesis

We propose a speculative but falsifiable hypothesis: genuinely anomalous UAP represent localized, transient modifications of the spacetime code. Rather than propelling through
the emergent physical medium (air, water), such objects would "edit" their encoded position coordinates directly, making the conventional notion of "propulsion" inapplicable. This
would explain:

* Absence of reaction: No mass ejection required when motion doesn't involve traversing emergent space

¢ Trans-medium travel: If moving via code manipulation, physical medium properties (air vs. water density) become irrelevant

¢ Lack of thermal signatures: No friction heating if not interacting via emergent electromagnetic forces
This hypothesis makes sharp predictions:

¢ Such phenomena should exhibit trajectory discontinuities incompatible with smooth force application

o Multi-wavelength observations should show decorrelation (e.g., infrared and radar signatures not matching conventional objects)

¢ Close-range interactions should produce unusual electromagnetic effects (interference patterns, localized field distortions) reflecting code manipulation side effects

Critically, this hypothesis is falsifiable: systematic, high-quality multi-sensor observation programs can either detect a population of such objects with consistent anomalous
signatures or conclusively demonstrate that all seemingly anomalous events have prosaic explanations.

6. Synthesis: A Program for Empirical Computational Cosmology

6.1 Unified Framework

The Emergent Coded Spacetime framework provides a unified interpretative structure for diverse phenomena:

Fundamental scale: Lorentz invariance emerges as a protected, low-energy symmetry; LIV searches probe code robustness.

Cosmological scale: CMB anomalies reflect boundary conditions, substrate anisotropy, or differential error correction efficiency for different field types.
Astrophysical scale: 'Oumuamua-type acceleration without mass loss suggests objects interacting non-kinetically with the substrate.

Local scale: Highly anomalous UAP, if genuine, represent direct, localized code manipulation—"editing" position rather than traversing space.

These are not disconnected mysteries but manifestations of a single underlying reality: spacetime as the output of a quantum error-correcting code.
6.2 Falsifiable Predictions and Observational Program

To establish ECS as rigorous science, we specify testable predictions:

Domain Experiment/Observatory
Cosmology CMB-S4, Euclid, Vera C. Rubin Non-Gaussian correlations with lattice symmetry in CMB and galaxy distribution; correla
Astrophysics Galileo Project, Rubin Observatory, LSST Population of objects with persistent non-gravitational acceleration lacking mass-loss
Fundamental Physics Cherenkov Telescope Array (CTA), IceCube, LIGO/Virgo/KAGRA Correlated, energy-dependent arrival time delays for photons, neutrinos, and gravitatic
Laboratory Physics Quantum computers, tensor network simulators Emergence of holographic properties in engineered QECCs; characteristic "glitch" signat

6.3 Near-Term Experimental Priorities

CMB-S4 Higher-Order Analysis (2028-2035): Conduct dedicated searches for non-Gaussian, lattice-symmetric correlations in polarization data at large angular scales. Null
detection in polarization combined with temperature anomalies would strongly constrain substrate coupling to scalar vs. tensor modes.

Rubin Observatory Interstellar Object Survey (2025-2030): Implement dedicated cadences for detecting 'Oumuamua-class objects. Statistical analysis of non-gravitational
accelerations vs. outgassing signatures across populations can test whether non-kinetic acceleration represents rare astrophysical phenomenon or common code interaction.

Multi-Messenger LIV Searches (ongoing): Coordinate CTA, IceCube, and gravitational wave observatories to search for correlated time-of-flight anomalies in photons, neutrinos,
and gravitational waves from common transient sources. Correlated deviations across messenger types would constitute strong evidence for structured substrate rather than random



quantum gravity effects.

Quantum Simulation Experiments (2025-2030): Construct tensor network simulators explicitly implementing holographic QECC architectures. Deliberately introduce "errors" and
characterize how they manifest as geometric distortions in emergent spaces. This provides controlled laboratory settings to develop intuition for substrate signatures.

6.4 Negative Results as Constraint

Importantly, null results remain scientifically valuable:
¢ No CMB higher-order correlations: Constrains substrate structure, suggesting either extraordinarily high symmetry or correction efficiency far exceeding theoretical estimates
¢ No 'Oumuamua population: Implies 'Oumuamua was unique astrophysical event (unusual comet) rather than code interaction
¢ No correlated multi-messenger LIV: Rules out simple discrete lattice models; requires either continuous substrate or correction thresholds beyond Planck scale

* Laboratory holographic codes show different glitch phenomenology: Indicates cosmic signatures, if real, arise from mechanisms not captured in simplified tensor network
models

6.5 Theoretical Developments Required

Parallel to observational programs, theoretical work must advance:
1. dS/CFT formulation: Develop de Sitter holography with explicit QECC structure applicable to realistic cosmology
2. OQEC cosmology: Extend operator algebra error correction formalism to cosmological settings; derive predictions for primordial non-Gaussianity
3. Code phenomenology: Characterize how different code architectures (surface codes, color codes, etc.) produce distinctive observable signatures

4. Non-equilibrium code dynamics: Model interactions of localized "code-editing" processes with equilibrium background; derive electromagnetic and gravitational wave
signatures

7. Epistemological Considerations

7.1 Empirical Metaphysics

This program represents a new approach we term empirical metaphysics—using rigorous scientific methodology to test hypotheses about the fundamental nature of reality
traditionally considered purely philosophical. The simulation hypothesis transitions from unfalsifiable speculation to testable physics once we specify the mechanism (QECC-based
emergent spacetime) and derive observable consequences.

This approach acknowledges that metaphysical questions ("Is reality fundamentally informational?") can have physical manifestations if the proposed mechanism differs observably
from alternatives. The ECS framework succeeds or fails based on whether its predictions are confirmed or refuted—the hallmark of genuine science.

7.2 Responding to Skepticism

Anticipated objections include:

"These anomalies are statistical flukes or systematic errors." This is precisely why we emphasize falsifiable predictions for future data. If CMB-S4 finds no lattice-symmetric
correlations and Rubin Observatory finds no 'Oumuamua population, ECS is strongly disfavored.

"Error correction is just a mathematical tool, not physical mechanism." The HaPPY code and related work demonstrate that error correction is not merely descriptive but
constructive—geometry emerges from code structure. If spacetime has geometric properties, and QECCs generate geometry, the mapping from code to cosmos is direct.

"This is unfalsifiable because you can always claim the code is too good." On the contrary, we specify signatures (CMB correlations, 'Oumuamua populations, correlated LIV)
whose absence would refute specific predictions. The framework constrains itself.

"Occam's razor favors conventional physics." When conventional explanations fail (nitrogen budget for 'Oumuamua, polarization-temperature CMB discrepancy), Occam's razor
favors the simpler unifying framework over proliferating ad hoc solutions.

7.3 Implications if Confirmed
Should the observational program yield positive results, implications would be profound:
Physics: Physical laws are emergent rule-sets of a cosmic code; fundamental ontology shifts from particles/fields to information/computation

Cosmology: The Big Bang represents initialization of a quantum computation; cosmological evolution is execution of an algorithm; fine-tuning problems may reflect optimization of
code architecture

Quantum mechanics: Observer effects and measurement collapse may reflect interaction between observing subsystem and substrate; participatory universe a la Wheeler becomes
mechanistic

Philosophy: Resolves ancient matter-vs-information debates; suggests reality is fundamentally intelligible (being computational)

Technology: Understanding substrate code opens possibilities for "code-level" engineering—technologies that manipulate spacetime informationally rather than energetically

8. Conclusion

We have presented the Emergent Coded Spacetime framework as a comprehensive physical theory unifying quantum error correction, holographic duality, and observational
cosmology. This framework:

1. Provides mechanism: Specifies how spacetime emerges from quantum codes, moving beyond philosophical speculation to concrete physics

2. Explains robustness: Accounts for spacetime stability and Lorentz invariance as emergent, protected features

3. Interprets anomalies: Offers unified perspective on CMB large-scale anomalies, 'Oumuamua acceleration, and anomalous local phenomena

4. Makes predictions: Specifies falsifiable tests for CMB-S4, Rubin Observatory, multi-messenger astronomy, and laboratory quantum simulation

The coming decade presents an extraordinary opportunity. Observatories are coming online with unprecedented precision; quantum computers are achieving scales where holographic
toy models become implementable; theoretical tools connecting quantum information to geometry are maturing.

If this framework is correct, we stand at a threshold: the realization that physical reality is the output of a vast quantum computation, with observers as participants in its ongoing
execution. If incorrect, the observational program will nonetheless advance our understanding of cosmological anomalies, interstellar objects, and quantum gravity phenomenology.

Either outcome advances science. That is the hallmark of a productive theoretical framework—it makes bold, testable claims and accepts empirical adjudication. The universe itself
will render the verdict.
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Appendix A: Mathematical Formalism of OQEC

The Operator Algebra Quantum Error Correction (OQEC) framework generalizes standard QECC to continuous-variable and infinite-dimensional systems, making it particularly
suitable for holographic applications.

A.1 Code Subspace and Code Subalgebra

In standard QECC, a code subspace C C H is a linear subspace of the full Hilbert space H. that encodes logical quantum information. Logical operators OactonC , while physical
operators O actonH.

OQEC generalizes this by considering a code subalgebra A, (logical operators) embedded within a larger algebra Ap (physical operators). The encoding is specified by a
completely positive, trace-preserving (CPTP) map:

E: .AL — Ap
A.2 Error Correction Conditions
For a set of errors {EZ} to be correctable, the quantum error correction conditions require:
"B P — .
PE!E,;P = a;; P
where P is the projector onto the code subspace and Quj are complex numbers. In OQEC, this generalizes to:
i —
EVBLE;) = Bylr
where E1 is the dual recovery map and I, is the identity on logical operators.
A.3 Application to Holography

In AdS/CFT, we identify:

o Ay Bulk local operators (logical)
o Ap: Boundary CFT operators (physical)
o &: The AdS/CFT dictionary (encoding map)

A bulk local operator ¢)(a:) at position 2 in the bulk can be reconstructed from boundary operators in a region A only if A is sufficiently large (satisfying the Ryu-Takayanagi
entanglement wedge condition). This redundancy—multiple boundary regions can reconstruct the same bulk operator—is precisely the signature of error correction.

A.4 Entanglement Wedge Reconstruction

The entanglement wedge W(A) of boundary region A is the bulk region bounded by A and the Ryu-Takayanagi surface 7y 4. The OQEC framework proves that bulk operators in
W(A) can be reconstructed from boundary operators in A:

¢(z € W(A)) = Ral[{Oi(y) : y € A}]



where R 4 is the reconstruction map. Different boundary regions (with overlapping entanglement wedges) can reconstruct the same bulk operator, demonstrating the error-correcting
property.

Appendix B: Observational Data Summary

B.1 CMB Large-Scale Anomalies (Planck 2018/2020)

Anomaly Statistical Significance Temperature Polarization
Quadrupole-octopole alignment ~2.50 Detected Not detected
Hemispherical asymmetry ~30 Detected Not detected
Cold spot ~20 Detected Marginal
Low quadrupole power ~20 Detected Not detected
Parity asymmetry ~2.50 Detected Not detected

Key observation: Systematic absence of anomalies in polarization data despite presence in temperature suggests differential coupling to scalar vs. tensor perturbations.
B.2 'Oumuamua Observational Constraints

Non-gravitational acceleration: (2.5 + 0.5) X 10~ my/s? (radial, outward)
Outgassing upper limits:

+ H.0 production rate: < 1026 molecules/s

« Dust production rate: < 104 g/s
» No detected coma or tail in optical/infrared

Shape constraints: Axial ratio ~6:1 (highly elongated) or possibly disk-like
Size estimate: Characteristic dimension 100-200 m

Critical tension: Acceleration magnitude requires substantial mass loss (~10% of object mass over observational period), yet no mass loss is detected to very stringent limits.

B.3 Lorentz Invariance Violation Current Limits

Test Type Energy Scale Constraint Method
Photon time-of-flight EQG > 1017 GeV Gamma-ray bursts
Clock comparison EQG > 1018 GeV Atomic interferometry
Threshold reactions EQG > 106 Gev Cosmic ray observations
. . E, 1015 : . .
Vacuum birefringence QG > GeV Polarization of distant sources

All constraints approach or exceed the Planck scale (Ep ~ 1019 GeV), indicating extraordinary suppression of any LIV effects.

Appendix C: Quantum Simulation Protocols

C.1 Implementing Holographic Codes on Near-Term Quantum Hardware

Recent advances in quantum computing enable experimental realization of small-scale holographic codes, providing "laboratory universes" to study emergent spacetime phenomena.
Protocol 1: HaPPY Code Implementation

1. Qubit allocation: Arrange [N p physical qubits on 2D lattice representing boundary

2. State preparation: Initialize in maximally entangled state via tensor network contraction

3. Encoding: Map logical bulk degrees of freedom to boundary entanglement pattern

4. Error injection: Deliberately introduce local errors (bit-flip, phase-flip) on boundary qubits

5. Geometry measurement: Compute entanglement entropy S (A) for various boundary regions A

6. Bulk reconstruction: Verify Ryu-Takayanagi formula: .S (A) (o' min—cut(A)

Protocol 2: Defect Propagation Studies

1. Create logical defect: Introduce uncorrectable error pattern exceeding code distance

2. Time evolution: Allow system to evolve under code Hamiltonian

3. Measure spreading: Track how defect propagates through bulk via entanglement measures
4. Geometric signature: Verify if defect manifests as localized "curvature" perturbation

C.2 Scaling Projections

Current quantum processors (IBM: 433 qubits, IonQ: 32 qubits, Google: 70 qubits) are sufficient for implementing $\sim$10-20 logical qubit holographic codes. This enables:

Testing code distance vs. error suppression scaling

Observing bulk locality emergence

Studying entanglement wedge reconstruction

Characterizing how different error types (Pauli, amplitude damping) manifest as "gravitational" effects

By 2030, processors with 1000+ qubits will enable holographic codes with $\sim$50-100 logical qubits, sufficient for studying:

Thermalization and black hole formation analogs
Hawking radiation in simulated AdS space
Cosmological expansion scenarios
Non-equilibrium "code-editing" interactions



Appendix D: Alternative Explanations and Critical Assessment

D.1 CMB Anomalies: Conventional Interpretations

Look-elsewhere effect: With many possible statistical tests, some anomalies are expected by chance. However, several anomalies were predicted by earlier data and confirmed by
Planck, reducing this concern.

Foreground contamination: Galactic foregrounds (dust, synchrotron) could create spurious large-scale signals. However, Planck's multi-frequency component separation should
remove these to high precision.

Instrumental systematics: Satellite-specific artifacts could create false anomalies. However, consistency between WMAP and Planck (different instruments, orbits, analysis pipelines)
argues against this.

Critical assessment: The temperature-only nature of anomalies (absent in polarization) is most naturally explained by statistical fluctuation or a systematic affecting only temperature.
The ECS interpretation must explain why substrate effects couple to scalar but not tensor modes.

D.2 'Oumuamua: Astrophysical Alternatives

Fractal dust aggregate: Low-density "fluffy" structure could provide large surface area for radiation pressure. However, such objects should be destroyed by interstellar medium
passage.

Light sail (natural): Thin, flat structure optimized by natural selection for radiation pressure. Requires formation mechanism producing ~1:10 thickness-to-width ratio.
Tidal disruption fragment: Fragment from planet/comet tidally disrupted by close stellar passage. Must explain unusual shape and lack of outgassing.

Critical assessment: Each conventional explanation requires fine-tuning or implausible formation scenarios. The ECS interpretation is equally speculative but has the advantage of
making population predictions (more objects with similar properties should be found).

D.3 UAP: Prosaic Explanations

Sensor artifacts: Many released videos show signatures of camera/gimbal rotation artifacts, atmospheric distortion, or bokeh effects.
Classified military technology: Advanced drones or aircraft with capabilities not publicly disclosed.

Psychological factors: Observer expectation, cognitive biases, and reporting selection effects can create false patterns.

Critical assessment: Prosaic explanations likely account for majority of reports. The ECS framework only applies to a potential small residue of multiply-corroborated, multi-sensor
cases. The framework's value is not in explaining all UAP but in providing testable predictions for systematic scientific investigation.

Appendix E: Philosophical Implications and Interpretative Questions

E.1 The Nature of Physical Law

If spacetime is coded, are physical laws discovered or designed? This transforms ontological questions into computational ones:
Traditional view: Laws of physics are fundamental, eternal truths about reality's structure.
ECS view: Laws are emergent algorithms executed by the quantum code. Their form reflects optimization for error correction and computational efficiency.
This raises questions:
¢ Are our laws optimal for code robustness, or merely one possibility?

¢ Could different codes produce different low-energy physics?
¢ Is fine-tuning explained by code optimization rather than anthropic selection?

E.2 Observer Status and Measurement
Quantum measurement problems may find resolution in ECS framework:
Traditional collapse: Measurement causes wavefunction collapse via unknown mechanism.

ECS interpretation: Measurement is information extraction from substrate; "collapse" is projection onto error-corrected subspace. Observer is embedded subsystem performing
syndrome extraction.

This suggests:
¢ Consciousness may not be special; any error-correcting subsystem performs "measurement"

* Quantum-to-classical transition is continuous function of error correction efficiency
o Wigner's friend paradox resolves via hierarchical error correction (larger subsystems correct smaller ones)

E.3 Free Will and Determinism

Does a computational universe imply determinism?

Deterministic view: If universe executes algorithm, all outcomes are predetermined by initial conditions and code.

Quantum indeterminacy: If code operates on quantum principles, fundamental randomness persists. "Free will" could be quantum measurement outcomes by observer subsystems.

Participatory universe: Wheeler's vision suggests observers are not passive; measurement acts shape reality. In ECS framework, observation is error correction—observers actively
maintain spacetime coherence.

E.4 Substrate Metaphysics

If our reality is coded, what is the substrate?

Recursive possibility: The substrate itself may be coded, leading to infinite regress or circular structure.



Fundamental substrate: There may be a "bottom level"—fundamental physical qubits implementing the code. But what are these qubits made of?
Modal realism: All possible codes exist; we experience one. This connects to Tegmark's Mathematical Universe Hypothesis.

ECS agnosticism: The framework remains empirically testable regardless of substrate metaphysics. Observations test code architecture, not ultimate ontology.
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