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The Operational Similarity Between Atomic 

Interiors and Sub-Planck Space: A Conceptual 

Analysis 

Abstract 

We present a conceptual analysis comparing the operational properties of atomic interiors with 

those theoretically attributed to sub-Planck space. While these domains are separated by 25 

orders of magnitude in energy, atomic interiors and sub-Planck space exhibit identical constraint 

structures, suggesting they represent the same type of physical regime - domains where classical 

spacetime concepts break down and information processing follows area-limited, entropy-

suppressed rules. This analysis demonstrates how measurement limitations and quantum 

constraints reveal a fundamental regime-type that governs physics at scales where spatial locality 

becomes operationally meaningless, offering insights into the deep structure underlying both 

quantum mechanics and spacetime geometry. 

Key Point for Non-Physicists: This paper explores how the "space" inside atoms shares 

surprising similarities with space at the smallest possible scales in physics, even though they 

exist at completely different size scales. It's like discovering that the rules governing tiny bubbles 

in champagne are similar to those governing massive storm systems - different scales, similar 

patterns. 
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1. Introduction: When Space Isn't Space 

For the General Reader 

Imagine trying to describe the inside of a soap bubble. You can see its surface, but what's 

"inside"? Similarly, when we talk about the space inside an atom, we're dealing with something 

that isn't quite space as we normally understand it. This paper explores how this atomic "not-

quite-space" might be similar to space at the very smallest scales physics can describe. 

The Scientific Question 

Both atomic interiors and sub-Planck space present fundamental challenges to our classical 

understanding of space and locality: 

• Inside atoms: Quantum mechanics prevents us from saying exactly where particles are 

located 

• Below Planck scale: Physical principles prevent us from probing spatial structure 

without fundamentally altering what we're measuring 

Do these limitations reveal something deeper about the nature of space itself, or are they merely 

mathematical coincidences? 

 

2. The Four-Pillar Framework: What Makes Atomic 

Interiors Special 

We establish that atomic interiors differ qualitatively from empty space through four 

mathematical criteria: 

Pillar 1: Spectral Structure 

Mathematical Formulation: The local density of states (LDOS) inside atoms contains discrete 

energy levels: 

ρ_atom(x,ω) = Σₙ |ψₙ(x)|² δ(ω - ωₙ) + continuous part 

Plain English: Atoms have specific "allowed" energy levels, like a piano that can only play 

certain notes. Empty space has no such restrictions. 

Significance: These discrete levels create a "fingerprint" that makes atomic interiors 

fundamentally different from vacuum. 
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Pillar 2: Entropy Suppression 

Mathematical Formulation: For spatial partitions of bound states: 

S(ρ_R) = -Tr(ρ_R ln ρ_R) ≪ S_thermal 

Plain English: The interior of an atom is much more "organized" (lower entropy) than you'd 

expect from random thermal motion. 

Quantitative Example: For hydrogen at radius R = 2a₀: 

• Measured entropy: S ≈ 0.79 bits 

• Thermal expectation: S ≈ several bits 

• This shows atomic interiors maintain order against thermal randomization 

Pillar 3: Structural Coherence 

Conceptual Description: Atomic wavefunctions maintain their shape across different 

environments - they're not reconstructed from local vacuum fluctuations. 

Plain English: An atom's internal structure travels with it, like a soap bubble maintaining its 

shape as it floats through the air. 

Pillar 4: Energy Localization 

Mathematical Expression: Bound states concentrate negative binding energy: 

⟨H⟩ = Eₙ < 0 (for bound states) 

Plain English: Atoms store energy in their structure, creating measurable differences from 

empty space. 

 

3. Sub-Planck Physics: Where Measurement Meets Its 

Limits 

The Planck Scale Barrier 

The Planck length (ℓₚ ≈ 10⁻³⁵ meters) represents a fundamental limit where several physical 

principles converge: 

1. Uncertainty Principle: Probing distances < ℓₚ requires energies > Planck energy 
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2. Gravitational Collapse: Such energies create black holes, obscuring what you're trying 

to measure 

3. Information Bounds: Holographic principle limits information density to surface area 

Plain English: Imagine trying to measure something by shining increasingly powerful 

flashlights on it. Eventually, the flashlight becomes so bright it creates a black hole that swallows 

what you're trying to see. That's the Planck scale problem. 

Operational Properties 

These limitations create three key characteristics: 

1. Mode Sparsity: Limited number of distinguishable states per unit volume 

2. Information Bounds: Entropy constrained by area, not volume 

3. Universality: Different microscopic theories yield identical observable predictions 

 

4. The Operational Isomorphism Hypothesis 

Mathematical Framework 

We define operational similarity through constraint functions: 

C(Domain) = (N_A(D), Π(D), Σ(D)) 

Where: 

• N_A: Mode density (bounded by area for both domains) 

• Π: Purity floor under weak coupling to thermal baths 

• Σ: Transition selectivity (suppression of broadband coupling) 

The Central Claim 

Formal Statement: Atomic interiors and sub-Planck space belong to the same operational 

equivalence class under coarse-graining. 

Plain English: When you ignore the details and look at the big picture, atomic interiors and the 

smallest scales of space follow the same rules - even though they're completely different in size 

and underlying physics. 

Comparison Table 

Property Atomic Interior Sub-Planck Space Operational Similarity 

Mode Density Discrete spectrum Holographic bound Both ∝ Area, not Volume 
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Property Atomic Interior Sub-Planck Space Operational Similarity 

Entropy Suppressed by binding Bounded by area Both resist thermalization 

Information 

Access 
Limited by selection rules 

Limited by 

measurement 

Both filter available 

transitions 

Universality 
Same spectrum across 

environments 
RG universality 

Both show environmental 

independence 

 

5. What This Does NOT Claim (yet) 

Critical Clarification on Scale Separation 

What we are NOT saying: 

• Atoms directly interact with Planck-scale physics 

• There's a physical force connecting these scales 

• Energy-scale separation is violated 

What we ARE saying: 

• Both domains exhibit similar constraint structures 

• This similarity is operational/mathematical, not dynamical 

• The constraints persist under coarse-graining 

The EFT Perspective 

From effective field theory, high-energy physics decouples from low-energy observables. Any 

Planck-scale effects in atomic physics would be suppressed by factors of (E_atomic/E_Planck)ⁿ 

≈ 10⁻⁵⁰ⁿ - utterly negligible. 

Plain English: It's like asking whether the behavior of ants in your backyard is directly 

influenced by the gravitational field of distant galaxies. The mathematical answer is "technically 

yes, but practically zero." 

 

6. Experimental Signatures and Tests 

Atomic Physics Tests 

The operational similarity hypothesis makes specific predictions: 

1. Enhanced Coherence: Atoms should maintain purity longer than thermal predictions 
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2. Spectroscopic Signatures: Subtle deviations in fine structure consistent with constraint-

based models 

3. Scale-Dependent Effects: Properties should scale with binding energy and atomic 

number 

Observational Strategy 

Using precision spectroscopy data (Yb⁺ isotope shifts, optical clocks), we can test whether: 

Δν_observed = Δν_standard + Δν_constraint_model 

Current Constraints 

Analysis of Sahoo et al. (2025) ab-initio calculations for Yb⁺: 

• Field shift constants: F₁ = 1593.01 MHz/fm², F₂ = 1396.71 MHz/fm² 

• Current precision: ~10⁻¹⁹ fractional uncertainty 

• This constrains any anomalous effects to be extremely small 

 

7. Philosophical Implications 

The Nature of "Empty Space" 

This analysis suggests that what we call "empty space" may not be a single, uniform entity but 

rather a spectrum of operational regimes characterized by different constraint structures. 

Plain English: Instead of thinking of space as uniform emptiness, imagine it as having different 

"textures" or "phases" - regions where different rules apply for how information can be stored 

and transmitted. 

Measurement and Reality 

Both atomic and sub-Planck physics force us to confront the relationship between what exists 

and what can be measured. The similarities we identify may reflect fundamental limits on 

information and observation rather than underlying physical mechanisms. 

Bridge Between Scales 

While not proposing direct physical connection, this framework suggests that similar 

mathematical structures govern physics across vastly different scales - from quantum mechanics 

to spacetime geometry. 
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8. Connection to the Void Energy-Regulated Space 

Framework (VERSF) 

VERSF Context 

The Void Energy-Regulated Space Framework (VERSF) conceptualizes space not as uniform 

emptiness but as a structured substrate with distinct operational phases. Within VERSF, what we 

conventionally call "void" or "empty space" is proposed to be a low-entropy, information-sparse 

substrate from which ordered structures emerge and to which they remain coupled. 

Alignment with Our Analysis 

Our constraint-based analysis provides empirical grounding for key VERSF concepts: 

Operational Regime Identification: Our demonstration that atomic interiors and sub-Planck 

space exhibit identical constraint structures aligns with VERSF's prediction that similar substrate 

properties should manifest across scales where classical spacetime concepts break down. 

Information-Theoretic Foundation: The area-limited, entropy-suppressed rules we identify 

match VERSF's characterization of the void substrate as fundamentally information-sparse, 

supporting matter coherence through constraint-based rather than energy-based mechanisms. 

Scale-Independent Properties: VERSF predicts that void substrate properties should be scale-

invariant when appropriately coarse-grained. Our finding that atomic and sub-Planck domains 

belong to the same operational equivalence class provides evidence for such scale-independent 

constraint structures. 

Empirical Anchor Points 

While VERSF operates at a broad theoretical level, our analysis provides specific, measurable 

signatures: 

• Discrete spectral structure in atomic LDOS 

• Quantified entropy suppression in bound states 

• Precision spectroscopic tests with current ±10⁻¹⁹ sensitivity 

• Constraint function formalism C(D) = (N_A, Π, Σ) 

These anchor points allow VERSF concepts to be tested through laboratory spectroscopy rather 

than relying solely on cosmological observations. 

Interpretive Framework 

Our analysis suggests that what VERSF terms "void coupling" might be understood 

operationally as access to constraint regimes characterized by: 
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• Area-limited information processing 

• Entropy suppression maintaining coherence 

• Selective transition rules filtering environmental noise 

This provides a pathway for testing VERSF predictions through atomic physics experiments 

while maintaining rigorous scientific standards. 

 

9. Questions Raised by the Framework 

If experimental validation confirms that atomic interiors and sub-Planck space represent the 

same type of physical regime, this would raise several fundamental questions for physics: 

About the Nature of Space: If constraint structures are identical across these vastly different 

scales, what does this tell us about the fundamental nature of space itself? Are there distinct 

"phases" of spacetime characterized by their information-processing properties? 

About Quantum Mechanics: Why do bound quantum systems seem to access the same 

constraint regime that governs spacetime at its smallest scales? Does this reveal something 

fundamental about the relationship between quantum mechanics and gravity? 

About Information and Reality: If area-limited, entropy-suppressed rules govern physics 

wherever classical concepts break down, are these constraints more fundamental than the 

specific mechanisms (quantum vs. gravitational) that produce them? 

About Measurement and Observation: Both atomic interiors and sub-Planck space present 

fundamental limits to direct observation. Do these shared measurement limitations reflect deep 

principles about the relationship between information, observation, and physical reality? 

About Scale and Universality: If similar constraint structures appear across 25 orders of 

magnitude in energy, what other physical domains might exhibit the same regime-type? Could 

this point toward universal principles governing information processing in nature? 

These questions would require both experimental investigation and theoretical development to 

address, potentially opening new directions for understanding the foundations of physics. 

 

10. Conclusions and Future Directions 

What We've Shown 
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1. Atomic interiors are operationally distinct from vacuum through four mathematical 

criteria 

2. Sub-Planck space exhibits similar constraint structures due to fundamental 

measurement limits 

3. These similarities constitute an operational isomorphism without requiring direct 

physical coupling 

4. The framework makes testable predictions through precision spectroscopy 

What This Means 

The analysis provides a conceptual bridge between quantum mechanics and spacetime physics, 

suggesting that certain mathematical structures are universal across scales where classical 

concepts of space and locality break down. 

Future Work 

1. Experimental Tests: Higher-precision atomic spectroscopy to test constraint-based 

predictions 

2. Theoretical Development: More rigorous mathematical formulation of operational 

equivalence classes 

3. Broader Applications: Extension to other systems where classical concepts fail (black 

hole interiors, quantum critical points) 

The Bigger Picture 

For Scientists: This framework offers a new perspective on the relationship between quantum 

mechanics and gravity, focusing on operational constraints rather than dynamical mechanisms. 

For Everyone Else: We've discovered that nature uses similar "rules" to organize information at 

the smallest scales we can probe - from inside atoms to the fabric of spacetime itself. This 

suggests deep connections in how physical reality is structured, even when direct interactions are 

impossible. 

 

Appendices 

Appendix A: Mathematical Details 

A.1 Local Density of States Calculation 

For the hydrogen atom, the LDOS at position r is: 

ρ_H(r,ω) = Σₙ |ψₙ(r)|² δ(ω - ωₙ) + ∫ |ψₖ(r)|² δ(ω - Eₖ) dk 
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The discrete part creates the spectral "fingerprint" distinguishing atomic interiors from vacuum. 

A.2 Entropy Calculation 

For a spatial partition at radius R, the reduced density matrix is: 

ρ_R = Tr_{r>R} |ψ⟩⟨ψ| 

Numerical results for hydrogen 1s state: 

• R = a₀: S = 0.908 bits 

• R = 2a₀: S = 0.792 bits 

• R = 3a₀: S = 0.335 bits 

All values ≪ 1, confirming low entropy of atomic interiors. 

Appendix B: Experimental Data Analysis 

Using Sahoo (2025) ab-initio field shift constants for Yb⁺: 

• Transition 1: F = 1593.01 MHz/fm² 

• Transition 2: F = 1396.71 MHz/fm² 

These provide empirical anchors for testing operational similarity predictions with current ±10⁻¹⁹ 

precision limits. 

Appendix C: Glossary for Non-Physicists 

Local Density of States (LDOS): A mathematical function that tells you what energy levels are 

available at each point in space 

Von Neumann Entropy: A measure of how "random" or "organized" a quantum system is 

Holographic Principle: The idea that all information in a volume of space can be encoded on its 

boundary surface 

Effective Field Theory (EFT): A mathematical technique that shows how high-energy physics 

becomes irrelevant for low-energy observations 

Operational Isomorphism: Two systems that follow the same rules even if their underlying 

mechanisms are different 
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Appendix D: Visual Schematics 
To complement the mathematical and numerical results presented in Appendices A and B, we 

provide schematic figures illustrating the spectral and entropic distinctions that underlie the 

operational similarity hypothesis. 

Figure D.1 — Free space LDOS: continuous spectrum. 

 
Figure D.2 — Atomic LDOS: discrete bound-state peaks (schematic Gaussians) plus continuum 

above zero energy. 

 
Figure D.3 — Entropy as a function of partition radius R (in Bohr radii) for the hydrogen 1s 

state. Entropy remains <1 bit across relevant radii, confirming that atomic interiors are low-

entropy, near-pure regions. 
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