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Abstract for the General Reader

Why does the universe have the structure it does? Physics contains two extreme scales that seem
completely unrelated: the Planck length (~1073° meters), unimaginably smaller than an atom,
where quantum gravity is expected to dominate; and cosmological scales (~10% meters), the size
of the observable universe. Most theories treat these as separate problems.

This paper argues they are secretly connected through a "middle scale"—a sweet spot around
30-100 micrometers (roughly the width of a human hair) where stable physical structures can
exist. Too small, and quantum fluctuations destroy everything. Too large, and cosmic expansion
tears things apart. Only at this intermediate scale can information persist stably.

We call this the mesoscopic coherence scale, written as Emeso (pronounced "xi-meso").
The key finding: five complementary derivations converge on the same scale—four reflecting
dimensional necessity under competing UV/IR constraints, and a fifth providing structurally

independent confirmation. When independent lines of reasoning converge on identical answers,
that's a strong signal you've found something real rather than something you assumed.

How This Paper Supports the Speed of Light Derivation

In a companion paper ("Testing the Mathematics: The Speed of Light as a Computational
Throughput Limit"), we showed that the speed of light may not be an arbitrary constant but
emerges from a closure relation:

¢ =(L_IR? - hG / Emeso®)*(1/3)

This formula says: once you know the cosmological scale (L_IR), Planck's constant (h),
Newton's gravitational constant (G), and the mesoscopic coherence scale (Emeso), the speed of

light is determined—it's no longer a free parameter.

But this raises a critical question: Is Emeso real, or just a convenient number we plugged in?



This paper answers that question. By deriving &meso from five independent physical arguments—
all yielding the same answer—we demonstrate that this scale is structurally necessary, not
arbitrary. The mesoscopic scale emerges inevitably from the requirement that physical facts be
stable against both microscopic and cosmological failure modes.

The bottom line: The speed of light closure relation stands on firmer ground because its key
input (Emeso) 1S overdetermined by multiple independent derivations. This is the difference
between assuming a number and deriving it from first principles.

Abstract (Technical)

We show that the mesoscopic coherence scale Emeso 1S Overdetermined. Four physically distinct
arguments (instability minimization, leakage—mismatch balance, bandwidth matching, and
entropy-flux equilibrium) are shown to be instances of a general UV/IR geometric-mean
theorem. A fifth argument—information capacity crossover between bulk-extensive and
boundary-limited encoding—arrives at the same scaling through different mathematical
structure. The convergence is therefore not a fitted coincidence but a consequence of closure
under competing ultraviolet and infrared failure modes.

Eneso ~N(€ - L_IR) = 30—100 um*

The convergence across these derivations elevates Emeso from a fitted parameter to a robust
structural prediction with concrete experimental signatures in quantum optomechanics,
biological organization, and cosmological variation.

We organize the derivations into two classes:

1. Dimensional necessity: Four physically distinct mechanisms—instability minimization,
boundary leakage matching, bandwidth equilibrium, and entropy flux balance—all
reduce to the same mathematical skeleton under general monotonicity assumptions. This
demonstrates that any framework with competing UV and IR failure modes yields the
geometric mean scale.

2. Structurally independent confirmation: A fifth derivation from information capacity
crossover (volume-to-area encoding transition) arrives at the same scale through different
mathematical structure, providing genuine independent support.
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1. Introduction and Scope

1.1 The Problem of Intermediate Scales

For the general reader: Physics works remarkably well at both very small scales (atoms,
particles) and very large scales (galaxies, the universe). But we don't fully understand why the
"middle" scales we experience every day—the scales of cells, organisms, and everyday objects—
are stable. This section explains the puzzle.

Fundamental physics has achieved remarkable success at extremes: quantum field theory
governs subatomic phenomena, while general relativity describes cosmological structure. Yet the
relationship between these regimes remains obscure. Why should structures at human-accessible
scales—neither Planckian nor cosmological—exhibit the stability we observe?

The VERSF framework proposes that stable physical facts emerge from a substrate with finite
distinguishability. This emergence is constrained from below (quantum fluctuations destroy
structure beneath some minimum scale) and from above (cosmological expansion dilutes
coherence beyond some maximum scale). Between these limits lies a "sweet spot" where stable
information encoding becomes possible.

This paper derives that sweet spot—the mesoscopic coherence scale Emese—through multiple
independent arguments.

1.2 What This Paper Does and Does Not Claim

We claim:

o Emeo ~ V(U* - L_IR) emerges necessarily from any framework with competing UV/IR
constraints

e Multiple physical mechanisms, despite different interpretations, yield this same scale

o The convergence is not accidental but reflects deep structural constraints

e Concrete experimental predictions follow from this scale

We do not claim:

o That each derivation route is mathematically independent (we address this directly in
Section 3)

e To derive the speed of light ¢ from more primitive quantities (that is addressed in the
companion paper)

o That &Eneso 1s the only characteristic scale in nature



1.3 Connection to the Speed of Light Closure

For the general reader: This paper is Part 2 of a two-part argument. Part I (the companion
paper) showed that if you know a certain "middle scale,"” you can calculate the speed of light.
This paper proves that middle scale isn't arbitrary—it's the only scale that works.

The companion paper "Testing the Mathematics: The Speed of Light as a Computational
Throughput Limit" establishes a closure relation:

¢ = (L_IR* - hG / Emess®) (1/3)

This relation shows that the fundamental constants (h, G, ¢, A) are not independent once
coherence closure is imposed. However, the predictive power of this closure depends critically
on whether &neso can be derived independently rather than fitted.

The present paper provides that independent derivation—indeed, five of them. By showing that
Emeso €merges from multiple unrelated physical arguments, we establish that:

1. The speed of light closure relation is not circular
2. &meso 18 a structural necessity, not a free parameter
3. The entire framework gains predictive power it would otherwise lack

1.4 Structure of the Paper

Section 2 establishes primitive definitions. Section 3 presents the core theorem showing why
competing UV/IR constraints generically yield the geometric mean. Sections 4—7 instantiate this
theorem through four physical mechanisms. Section 8 presents a structurally independent fifth
derivation. Section 9 consolidates results with uncertainty analysis. Section 10 develops concrete
experimental predictions. Section 11 states falsification criteria.

2. Primitive Scales and Definitions

For the general reader: Before we can derive anything, we need to define our starting points.
This section introduces the two extreme scales—the smallest possible thing (UV scale) and the
largest coherent distance (IR scale)—and the "middle scale"” we're trying to derive.

2.1 Identity-Collapse Scale £*

Definition: {* is the minimum spatial extent at which a binary distinction can be stably encoded
against substrate fluctuations.



In plain language: Imagine trying to write a "1" or "0" on a surface. If your writing is too small,
thermal jiggling will smear it out before anyone can read it. £* is the smallest size at which
information can be reliably stored.

Physical basis: In any framework where information requires physical instantiation, there exists
a minimum scale for reliable encoding. Below €*, thermal or quantum fluctuations exceed the
energy barriers maintaining distinct states. The substrate cannot support irreversible commitment
at smaller scales.

Numerical value: {* becomes coincident with the Planck length £ P = 1.6 x 107** m after full
framework closure. Crucially, £* is defined by distinguishability constraints, not by combining 4,
G, and c—avoiding circularity.

Modularity note: In this paper, £* is treated as the UV fact-stability cutoff; its numerical
identification with £ P is supplied by the companion closure chain and is not assumed here. This
keeps the present derivations independent of the speed-of-light closure.

2.2 IR Coherence Scale L._IR

Definition: L IR is the maximum scale over which a single physical fact can propagate while
maintaining coherent identity.

In plain language: 1f you shout a message, eventually it becomes too garbled to understand.
L IR is the cosmic version of this—the farthest distance over which information can stay
coherent before the universe's expansion scrambles it.

Physical basis: Cosmological expansion continuously dilutes information density. Beyond some
scale, the "refresh rate" required to maintain coherence exceeds what causal propagation permits.

Primary definition (non-circular): We take the de Sitter radius as the primary IR coherence
scale:

L A=V(3/A)= 1.7 x 10 m

This definition uses only the cosmological constant A and does not explicitly contain c, avoiding
circularity in the speed-of-light closure.

Secondary proxies (for cross-checks): Observers often quote other cosmological scales:

e Hubble radius: ¢/Ho= 4.4 x 10** m
¢ Event horizon: ~5 x 10?* m
e Particle horizon: ~4.7 x 10 m

These differ by factors of 2—3 and should be treated as model-dependent operational proxies, not
definitions. When using L_IR = c¢/Ho, one accepts that ¢ appears explicitly, creating a different
(but still self-consistent) closure structure.



Numerical value: L IR = 1.7 X 10?° m (primary); ~4 x 10?* m (Hubble proxy).
2.3 Mesoscopic Coherence Scale Emeso

Definition: & is the characteristic scale at which neither UV identity collapse nor IR
coherence loss dominates—where stable information structures optimally persist.

In plain language. Emeso 1s the Goldilocks scale—not too small (quantum instability), not too
large (cosmic decoherence), but just right for stable structures.

Operational meaning: A structure at scale &meso €Xxperiences balanced pressure from microscopic
instability and cosmological decoherence. This is the natural scale for emergent stable
organization.

2.4 Input/Output Structure of This Paper

We treat £* and L._IR as inputs (primitive UV and IR scales). The analysis concerns how an
intermediate coherence scale Emeso follows from UV/IR closure, independent of how £* is
ultimately fixed numerically.

Inputs:

o [* —the UV fact-stability cutoff (numerically identified with £ P via the companion
paper, but treated as primitive here)
o L IR — the IR coherence scale (defined as V(3/A) to avoid c-dependence)

Output:

o The relation &ueso ~ V(0* - L _IR)
o Demonstration that this scale is overdetermined by multiple derivation routes

This structure keeps the present paper modular: it establishes the geometric mean result without
depending on the companion paper's closure chain for c.

3. The Geometric Mean Theorem

For the general reader: This section explains the key mathematical insight. When you have two
competing failure modes—one that gets worse as things get smaller, one that gets worse as
things get larger—the optimal size is always the "geometric mean" (roughly, the square root of
the product) of the two extreme scales. This isn't a coincidence, it's mathematical necessity.

Before presenting specific physical derivations, we establish a general result explaining why they
converge.



3.1 Statement

Theorem (UV/IR Balance): Let F UV({) be any UV failure rate that is monotonically
decreasing in £, and F_IR(£) be any IR failure rate that is monotonically increasing in €. If both
depend on the primitive scales (£*, L _IR) and the structure scale £ alone, with leading-order

power-law behavior:

F UV(0) ~ (0*/0)
F IR(0) ~ (¢/L_IR)B

for positive exponents a, 3, then the scale minimizing total failure F tot=F UV +F IR
satisfies:

{ _opt"a+p) = (w/p) - "o - L_IR"B*

For o= = 1 (the generic leading-order case):

¢ opt =\(t-L_IR)*

3.2 Proof

Minimizing F_tot:

dF_tot/dt = -a(L*/0)*a/ £+ B(L/L_IR)YB/ £ =0

Solving:

@ 0¥ a- °B=B L IR*B - "(-0)

MotB) = (a/B) - £*a - L IRMB

Fora=p:2=(*-L IR. m

3.3 Significance

This theorem explains why Routes I-IV in subsequent sections yield the same answer: they are
all instantiations of competing UV/IR constraints with leading-order linear scaling. The
convergence is not coincidental—it is mathematically guaranteed given the structural
assumptions.

This is a feature, not a bug. It means &Eneso 1 robust: any physical mechanism producing
monotonic competing constraints at UV and IR scales must yield the geometric mean, regardless

of detailed microphysics.

Pre-empting the "trivial dimensional analysis' objection: The nontrivial content is not the
appearance of a geometric mean per se, but the claim that no additional stable intermediate scale



exists once one assumes only locality, smoothness, and competing UV/IR closure failure modes.
Emeso 18 the unique interior crossover absent extra structure. Any framework proposing a different
mesoscopic scale must introduce additional physics beyond these minimal assumptions.

3.4 Why Linear Scaling is Forced (Not Merely Generic)

For the general reader: You might wonder why we assume the failure rates scale in particular
ways. This section explains that the simplest, most natural scaling laws inevitably lead to linear
dependence—and thus to the geometric mean result.

The assumption o = 3 = 1 is not a probability claim ("generically true") but an asymptotic
regularity claim ("forced unless forbidden by symmetry").

For IR mismatch: Consider a structure of size £ embedded in a background with coherence
scale L_IR. By smoothness of the mismatch functional in the regime { << L IR, Taylor
expansion gives:

g TR(0) = ao + ai(¢/L_IR) + ax({/L_IR) + ...

The constant term ao represents baseline noise experienced by structures of any size; we define
failure as the excess above this baseline. The leading non-trivial term is therefore linear unless a
symmetry (e.g., parity under £ — -{, which is unphysical for positive lengths) forbids it.

Analyticity caveat: This Taylor expansion argument assumes the mismatch functional is
analytic at £ = 0. Non-analytic IR physics—for example, a phase transition at some intermediate
scale, or singular behavior near L_IR—would constitute the "additional structure" mentioned in
Section 3.3 that could modify the geometric mean. The claim is that absent such additional
structure, linear scaling is forced.

For UV leakage: Under mild locality assumptions, boundary effects scale with the boundary-to-
bulk ratio. In d dimensions:

f boundary ~ (boundary measure) / (bulk measure) ~ £°(d-1) / £~d = 1/

The fraction of a structure within one identity-collapse length £* of the boundary is therefore
€*/€. This is forced by geometry, not assumed.

Conclusion: The linear scalings o = 3 = 1 are not "generic according to some measure" but

required by smoothness and locality unless additional structure forbids them. Higher powers
represent subleading corrections that do not dominate at the crossover scale.

4. Route I — UV/IR Instability Minimization



For the general reader: This is the most intuitive derivation. Imagine building a sandcastle on a
beach. If it's too small, waves (quantum fluctuations) destroy it. If it's too large, it collapses
under its own weight (cosmic decoherence). There's an optimal size that minimizes total risk.
Notational convention: Throughout Routes [-V, { denotes a generic structure size. The

optimum value satisfying each derivation's balance condition is identified with Emeso. That is,
when we solve for "the scale where [condition holds]," the result is £ opt = Emeso.

4.1 Physical Picture

A structure of size £ faces two failure modes:

UV fragility: At small scales, the structure's boundaries become comparable to the minimum
distinguishability scale £*. Quantum fluctuations can "tunnel through" or destabilize the

encoding.

IR fragility: At large scales, cosmological expansion and global decoherence mechanisms erode
phase coherence faster than local processes can restore it.

4.2 Quantitative Formulation
Define instability parameters:

g UV(Q) = 0¥/
¢ IR(0) = /L IR

Justification for UV scaling: The ratio £*/€ represents the fraction of the structure's extent that
lies within one identity-collapse length of the boundary. This is the "vulnerable fraction"
susceptible to fluctuation-induced failure.

Justification for IR scaling: The ratio {/L_IR represents the structure's size relative to the
cosmological coherence horizon. Information at separation £ experiences phase drift proportional
to £/L_IR per cosmological time.

4.3 Minimization

Total instability: € tot=¢ UV +¢ IR

de tot/d¢ =-0*/€*+ 1/L IR=0

2=¢*-L IR

Result: &neso = V(0* - L_IR)

4.4 Interpretation

10



Emeso 18 the unique interior minimum of total instability. Structures smaller than &meso are UV -
dominated (quantum fluctuations destroy them); structures larger are IR-dominated
(cosmological decoherence erodes them). Only at Eueso 1S neither failure mode dominant.

5. Route II — Boundary Leakage vs. Closure Mismatch

For the general reader: This derivation thinks about information like water in a container. Small
containers have leaky boundaries (quantum effects). Large containers can't stay synchronized
with the cosmic "background rhythm." The optimal size is where these two leakage rates match.

This route derives the same result through rate matching rather than minimization, demonstrating
that the scale emerges from equilibrium, not optimization.

5.1 Boundary Leakage Fraction

Lemma: If {* is the minimum stable boundary thickness, the fraction of a structure of size £
vulnerable to identity loss through boundary fluctuation scales as:

f leak(£) ~ €*/€

Derivation: Consider a d-dimensional structure. Its boundary has measure ~ £”(d-1), while its
bulk has measure ~ £*d. The boundary region of thickness £* has measure ~ £* - £”(d-1). The
fraction of the structure in the unstable boundary zone is:

f boundary = (£* - £7°(d-1)) / £°d = £*/€
This is a dimensionless geometric fraction, not a temporal rate. If boundary instability leads to

identity failure with some probability per coherence cycle, the vulnerable fraction determines the
failure burden.

5.2 Closure Mismatch Burden

Lemma: For a structure of size £ embedded in a cosmos of coherence scale L IR, the
dimensionless mismatch burden scales as:

f mismatch({) ~ £/L_IR
Derivation: We express this in causal-depth terms to avoid introducing propagation speed or
time units. The cosmological coherence constraint acts over a characteristic depth D IR ~

L _IR/€* (the number of Planck-scale causal steps spanning the IR coherence length).

A structure of size { spans D({) ~ £/€* causal layers. The fraction of the global coherence budget
consumed by this structure is:

11



f mismatch = D(£)/D_IR = (£/€*)/(L_IR/€*)={/L_IR

This fraction represents the structure's "exposure" to cosmic drift: larger structures consume
more of the coherence budget and carry proportionally greater mismatch burden.

Alternatively, from smoothness: for { < L_IR, any mismatch functional must have a Taylor
expansion, and the leading non-constant term is linear in £/L_IR (the constant term represents
baseline noise, absorbed into the definition of "failure as excess above baseline").

In either framing, the dimensionless mismatch burden is ¢/L_IR.

5.3 Burden Matching

At equilibrium, leakage fraction equals mismatch burden:

f leak = f mismatch

¢*/€=t/L_IR

2=¢*-L IR

Result: &neo = V(0* - L_IR)

5.4 Interpretation

This derivation shows that &neo €merges from fraction equality, not from any optimization
principle or temporal dynamics. The scale is where the microscopic leakage fraction and

cosmological mismatch burden achieve balance—a self-consistent fixed point determined by
geometry alone.

6. Route III — Bandwidth Matching

For the general reader: Think of a computer trying to correct its own errors. If the computer is
small, it can check itself quickly. If it's large, checking takes longer. Meanwhile, the universe is
constantly introducing new errors. The optimal size is where the computer can just barely keep
up with cosmic error injection.

6.1 Physical Picture

Stable structures must process information fast enough to maintain coherence against
environmental perturbation. This requires matching two characteristic frequencies:

12



Effective stabilization bandwidth v_eff(f): How quickly a structure of size £ can complete a
full error-correction cycle across its entire extent.

Cosmological decoherence rate @ IR: How quickly the cosmological background scrambles
unprotected information.

6.2 Quantitative Formulation

Raw communication rate: Signals propagate across a structure of size £ at speed ¢ T, giving a
naive communication bandwidth:

v raw(f)~c T/¢

Effective stabilization bandwidth: However, error correction is not merely signal
propagation—it requires coordinated closure across the structure. A structure of size € built from
minimum units of size £* contains N ~ £/£* coherence layers. Here N ~ £/€* counts minimum
distinguishability layers that must be mutually consistent across the structure; global stabilization

requires sequential closure across these layers. Global stabilization requires sequential
verification across all layers, suppressing the effective bandwidth by factor N:

v_eff(l) ~v_raw(L) - (£*/€) = (c_T/L) - (£*/L)=c T - £*/¢?

This captures the key insight: error correction requires layered closure, not just propagation.
Each layer must verify consistency with its neighbors before the structure achieves global
coherence.

Cosmological rate: The decoherence rate set by cosmic expansion is:

o IR~c T/L IR

6.3 Matching Condition

Coherent structures require v_eff(£) > ® IR. The minimum viable scale satisfies:

v eff(f)=o IR

¢ T 0*e2=c T/L IR

Note: The propagation speed ¢_T cancels from both sides, yielding:

2=0* L IR

This cancellation is significant: the bandwidth matching condition is independent of propagation
speed. The result depends only on the ratio of scales (£*, L_IR), not on how fast signals

propagate. This is consistent with VERSF's emergent-time framework, where ¢ T emerges from
the same closure relations rather than being a primitive input.

13



Result: &eo = V(0* - L_IR)

6.4 Interpretation

Emeso 18 the scale at which effective error-correction bandwidth—accounting for layered closure
requirements—precisely matches cosmological decoherence rate. Smaller structures complete
stabilization cycles faster than cosmic drift accumulates; larger structures cannot achieve global

coherence before the cosmos scrambles their boundaries. Emeso marks the crossover.

This derivation connects directly to VERSF fold closure: maintaining a stable fold requires not
just communication but coordinated commitment across all constituent layers.

7. Route IV — Entropy Flux Balance

For the general reader: Keeping anything organized requires fighting against disorder
(entropy). A refrigerator pumps heat out to keep food cold. Similarly, stable structures must
constantly export entropy to maintain their organization. But the expanding universe is
constantly injecting entropy. The optimal structure size is where entropy export exactly balances
entropy injection.

7.1 Physical Picture

Maintaining a stable, low-entropy structure requires continuous entropy export to the
environment. Simultaneously, cosmological expansion continuously injects or dilutes entropy.
Balance between these fluxes determines the viable structure scale.

7.2 Quantitative Formulation

Stabilization entropy flux J_stab(f): To maintain a structure of size £ against thermal
fluctuations, entropy must be exported at rate:

J stab~k B (£*/£) - T'o

where I'o is the attempt frequency for destabilizing fluctuations. The factor £*/€ reflects that
larger structures have proportionally smaller vulnerable boundary fractions.

Cosmological entropy injection J_IR(f): Expansion injects effective entropy (phase-space
volume increase) at rate:

JIR~k B- (/L IR)- @ IR

where the factor £/L IR reflects the structure's exposure to cosmic drift.

14



7.3 Balance Condition

Sustainable structures require J_stab >J IR. The marginal case:

J stab=J IR

(€*/€) - To=(L/L_IR) - ® IR

With I'o ~ ® IR (both set by fundamental timescales):

¥/ =t/L_IR

2=¢*-L IR

Result: Eneo = V(0* - L IR)

7.4 Interpretation

Emeso 18 the scale at which local entropy export exactly compensates cosmological entropy

injection. This is a thermodynamic fixed point: smaller structures run "entropy surplus" (can
maintain order easily); larger structures run "entropy deficit" (cosmic expansion wins).

8. Route V — Information Capacity Crossover (Structurally
Independent)

For the general reader: This is the most different derivation. It's about how much information
you can store. For small objects, information storage scales with volume (like filling a box with
books). For large objects, information is limited by surface area (like a hard drive where data is
written on the surface). The crossover between these two regimes happens at our special scale.

This route differs fundamentally from Routes I-IV. Rather than balancing two rates or failure
modes with reciprocal scaling, it derives Emeso from a crossover in how information capacity
scales with size.

8.1 Physical Picture

In quantum-gravitational systems, information capacity does not scale uniformly with volume.
Two regimes exist:

Small scales (£ < Emeso): Local physics dominates. Information capacity scales with volume:

I vol ~ (£/¢*)?

15



where d = 3 is the spatial dimension.

Large scales (£ >> &neso): Holographic constraints dominate. The maximum information
encodable in a region scales with boundary area, not volume:

I area ~ (£/0*)?
This is the holographic bound: black hole entropy scales as horizon area.
8.2 Effective Holographic Capacity Under Causal-Depth Multiplexing

The key insight is that holographic capacity is not single-use but can be refreshed over causal
depth.

To avoid smuggling propagation speed back in, we express this in causal-update language rather
than seconds:

Assumption (IR depth): The maximum coherence budget spans D _IR ~ L IR/{* irreversible
adjacency layers. This follows from VERSF's ontology: L IR is the IR coherence scale, £* is the
minimum distinguishability scale, so the number of distinguishable layers spanning L._IR is

naturally L_IR/€*. This is not an additional assumption but a consequence of how scales are
defined.

Let D(0) be the causal depth needed to refresh a region of size £. For a structure built from £/0*
distinguishability layers, refreshing requires D({) ~ £/£* sequential updates.

The number of refresh cycles available before IR decoherence is:
N cycles~D IR/ D(0)

Now, D_IR scales with the IR coherence scale: D IR ~ L _IR/€* (the number of Planck-scale
steps spanning the cosmological coherence length). And D({) ~ £/£*. Therefore:

N _cycles ~ (L_IR/€*) / (€/€*)=L IR/L

We assume internal dynamics can rewrite the boundary code over D({) causal updates, allowing
reuse of boundary degrees of freedom up to the IR coherence depth D _IR. Only later, if needed,
can one map causal depth to time using a carrier speed—but the derivation itself requires no such

mapping.
The boundary of the structure can encode ({/€*)? bits at any instant. But through temporal

multiplexing—refreshing and reusing the boundary encoding—the effective holographic capacity
over one cosmic coherence window is:

I eff=1 area x N_cycles = (£/€*)* - (L_IR/{)

16



For small structures (£ << L_IR), this amplification factor L IR/€ > 1 reflects that fast-cycling
systems can leverage their holographic capacity many times before cosmic drift matters.

8.3 Capacity Crossover Condition

The characteristic scale Emeso marks where volume-based capacity equals effective (temporally-
multiplexed) holographic capacity:

I vol=1 eff

(€/e*)y* = (e/e*)* - (L_IR/)

Simplifying:

/3 =¢-L IR/

2=¢*-L IR

Result: &neo = V(0* - L_IR)

8.4 Why This Route Has Different Mathematical Structure

Addressing the skeptical objection: A reader might argue that the causal-depth multiplexing
factor N_cycles ~ L _IR/{ is doing equivalent work to the £/L._IR terms in Routes [-1V, just
embedded differently. This objection deserves a direct response.

The key distinction is static vs. dynamic: Routes [-IV all derive &neso by balancing rates,
fluxes, or burdens—quantities that describe how quickly or how much something accumulates
over process evolution. The mathematical skeleton is always:

(dynamic quantity shrinking as 1/£) = (dynamic quantity growing as ()

Route V instead derives Emeso from capacity—a static property describing how much information
a region can hold. The crossover is between two different scaling regimes of capacity:

e Volume capacity: ~ £ (bulk-extensive)
o Effective holographic capacity: ~ €2 X (depth budget ratio) = £ - L IR (boundary-limited
with multiplexing)

Yes, the L _IR/E factor appears, but its meaning is different: it counts ~ow many times the
boundary can be rewritten within the coherence budget, not ow fast something happens. This is
a statement about information-theoretic capacity under resource constraints, not about rate

matching.

Analogy: Consider two ways to derive the optimal size of a warehouse:

17



o Rate-based: Balance the rate of items arriving vs. rate of items being retrieved
e Capacity-based: Find where floor-area storage equals shelf-surface storage under
stacking constraints

Both might give similar answers, but they represent genuinely different physical reasoning.
Route V is the capacity-based argument.

Summary of the distinction:
Routes [-IV: (rate/flux/burden shrinking as 1/£) = (rate/flux/burden growing as ()
Route V: (volume capacity ~ £*) = (effective area capacity ~ £ - L _IR)

The crossover occurs when these two fundamentally different scaling regimes intersect. The
causal-depth multiplexing factor L _IR/{ enters through information-theoretic capacity counting,
not through rate-matching—a distinct logical pathway that nonetheless yields the same
characteristic scale.

Crucially, this derivation uses causal depth (number of irreversible updates), not seconds. No
propagation speed is assumed; the ratio L_IR/€ emerges from counting distinguishability layers,
maintaining consistency with the VERSF ontology where time is emergent.

8.5 Connection to Black Hole Physics

This derivation connects &meso to the holographic principle. Below &Emeso, volume encoding
dominates—you can pack information throughout the bulk faster than holographic refresh can
match. Above Eneso, holographic constraints dominate even with temporal multiplexing.

Note on temporal multiplexing: Standard holographic bounds (Bousso's covariant entropy
bound, 't Hooft-Susskind area law) do not typically include temporal refresh. The multiplexing
assumption—that boundary capacity can be reused across the IR coherence budget—is a
VERSF-specific extension motivated by the framework's ontology: in VERSF, information is
fundamentally about irreversible commitments, and the relevant question is total capacity over
the coherence window, not instantaneous capacity. This extension does not conflict with the
covariant entropy bound, which constrains entropy flux through null surfaces; here we count
total distinguishable states encodable before coherence loss, a different (though related) question.
Readers skeptical of this extension may interpret Route V as conditional on this assumption.

The scale Emeso thus marks the transition between "volume-extensive" and "area-limited"
information physics, potentially explaining why classical thermodynamics (volume-extensive)
works at laboratory scales while holographic corrections become relevant at larger scales.

9. Consolidated Result and Uncertainty Analysis
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9.1 Convergence Summary

Route Physical Mechanism Mathematical Structure Result

I Instability minimization Balance of 1/€ and £ terms J(e* - L IR)
II Burden matching Equality of 1/€ and ¢ fractions V(e* - L_IR)
I Bandwidth matching  Layered closure: £*/£2 vs 1/L_IR J(e* - L IR)
IV Entropy flux balance = Thermodynamic equilibrium V(¢* - L IR)
\Y Information capacity ~ Volume vs causal-depth-multiplexed area V(£* - L_IR)

Note on Route III: The effective stabilization bandwidth scales as £*/£? (not 1/0) because error
correction requires coordinated closure across N ~ £/£* coherence layers, suppressing the naive
communication bandwidth by factor £*/€. Matching £*/£> = 1/L_IR yields €2 = £* - L IR—the
same geometric mean, confirming Route III is an instance of the general theorem despite its
different physical motivation.

Note on Route V: The effective holographic capacity includes amplification factor L IR/¢
because small structures can refresh their boundary encoding many times (N ~ D _IR/D({) ~
L _IR/E cycles in causal depth) before cosmic decoherence disrupts them. This derivation uses
causal-depth counting, not seconds, avoiding any implicit reference to propagation speed.

9.2 Numerical Evaluation

Using (* =€ P=1.616 x 107> m:

PRIMARY PREDICTION (using L_IR =L_A = V(3/A) ~ 1.7 x 10> m):
Emeso = V(1.616 x 10735 x 1.7 x 10) m

Emeso = V(2.7 x 10°) m

Emeso = 52 pm < headline value

Operational proxy check (using L._IR = ¢/Ho = 4.4 X 10*® m):

Emeso = V(1.616 x 10735 x 4.4 x 1026) m

Emeso = V(7.1 x 10°) m

Emeso = 84 pm «— proxy check

Summary of IR choices:

L_IR definition Value Emeso Status
V(3/A) (de Sitter) 1.7 x 10 m ~50 pm Primary
AT/ 1.0 x 10** m ~40 pm Alternative
c/Ho (Hubble radius) 4.4 x 10 m ~85 um Proxy check
Particle horizon 4.7 x 10?* m ~87 um Proxy check
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Why V(3/A) is primary: This definition uses only the cosmological constant A and does not
explicitly contain ¢, making it the non-circular choice for use with the companion paper's speed-
of-light closure relation. The c¢/Ho proxy is useful for cross-checks but creates a different closure
structure where ¢ appears on both sides.

The spread across these choices (40-90 um) reflects genuine theoretical ambiguity in identifying
the correct operational IR coherence scale, not imprecision in the derivation.

The falsifiable claim is a reproducible mesoscopic coherence feature in the 30-100 pm
window, not the exact prefactor. The prefactor becomes sharp only when the correct
operational L._IR is independently established.

9.3 Uncertainty Envelope

Sources of uncertainty:

Source Estimated Factor Notes
L IR definition 2-3x Exact relationship to A has O(1) ambiguity
{*vsl P 1-2x £* may differ from Planck length by factors
Scaling exponents  1-3x Subleading corrections modify prefactors
Dimensional factors Vd Spatial dimension enters some derivations

Conservative envelope: 30 pm < Emeso S 100 pm

Extended envelope: 10 um < Eneso S 200 um

10. Experimental Predictions and Observational Signatures

For the general reader: Science requires testable predictions. This section describes specific
experiments that could confirm or refute the mesoscopic scale prediction. If we're right, there
should be observable effects at the 30—100 micrometer scale.

10.0 Primary Observable Signature (Smoking Gun)

The framework predicts a scale-locked transition feature that should appear across multiple
experimental platforms. The signature is:

A knee, Kink, or slope change in a response function when a control parameter (oscillator size,
separation distance, coherence length) crosses the 30—100 um range.

Specific manifestations:
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e Decoherence vs. size: A slope change in t©_d({) around &meso

e Force vs. separation: A residual spectral bump or deviation from inverse-power scaling
near Emeso

e Coherence time vs. temperature: A plateau or transition in the T-dependence when
characteristic lengths approach Emeso

o Phase-sensitive detection: A phase shift in lock-in signals when scanning through the
mesoscopic range

The key prediction is reproducibility across platforms: if the effect appears in optomechanics,
it should also appear (with appropriate translation) in interferometry, force measurements, and
other mesoscopic probes.

Schematic functional template: As an illustrative example, decoherence time as a function of
structure size might take the form:

T d(0) ~t env(l) X [1 + A - exp(-(L - &meso)? / 262)]

where T_env({) is the standard environmental decoherence prediction, A is the anomaly
amplitude, and 6 ~ 0.3&ueso 1S the transition width. Alternatively, a piecewise model:

with o1 # 0.2 representing the slope change at Emeso.

Functional form clarification: The framework commits to a scale-locked crossover; the
detailed functional form (bump vs. kink) is platform-dependent and reflects how the underlying
coherence transition is read out in that particular apparatus. The falsifiable content is the
existence and location of the crossover, not its precise shape.

What the framework does and does not predict:

e Predicted: Existence of a crossover feature in the 30—100 pm range

« Predicted: Location scales as Emeso ~ V(0* - L_IR) ~ A1/

e Not predicted: Amplitude of the anomaly (depends on coupling strength to measurement
apparatus)

e Not predicted: Transition width o (the illustrative 6 ~ 0.3&meso 1S schematic, not derived)

The amplitude and width depend on additional physics: how strongly the mesoscopic coherence
transition couples to whatever observable is being measured. This is analogous to how critical
exponents in phase transitions are universal but amplitudes are not. The framework's falsifiable
claim is the existence and location of the feature, not its magnitude.

Operational definition of "feature': A statistically significant (>=3c) change in slope, phase, or

residual at a reproducible length scale, confirmed across at least two independent experimental
platforms with controlled systematics.
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10.1 Quantum Optomechanics

Prediction: Mechanical oscillators in the 30—100 um size range should exhibit anomalous
decoherence behavior—neither fully quantum nor fully classical.

Specific test: Compare decoherence times for oscillators of size £ < &neso, £ = Emeso, aNd £ > Emeso
under identical environmental conditions. Standard decoherence theory predicts smooth scaling

with size. VERSF predicts enhanced stability (slower decoherence) near Emeso.

Current status: Experiments with optomechanical oscillators in the 10-100 um range are now
feasible. Groups at Vienna (Aspelmeyer), Delft (Steele), and elsewhere probe this regime.

10.2 Biological Scales (See Appendix C)

The coincidence of &meso With typical cell sizes (10-100 um) is noted but does not constitute
evidence for the framework. A brief discussion is provided in Appendix C for interested readers;
the main experimental predictions are in Sections 10.1 and 10.3—-10.5.

10.3 Cosmological Variation

Prediction: If A varied in early universe epochs or varies across the multiverse, Emeso should
scale as A7'/4.

Derivation:

Emeso ~ V(U* - L_IR) ~ V(L* - A7/2) ~ A1/

Observable consequence: Structure formation in universes with different A should show
characteristic scale shifts. While not directly testable, this prediction interfaces with anthropic
arguments about A fine-tuning.

10.4 Quantum-Classical Transition

Prediction: The quantum-to-classical transition should show signatures at &meso beyond standard
decoherence.

Specific test: Prepare quantum superpositions of spatial extent £ and measure decoherence time
t_d(?). Standard theory predicts T_d ~ 2 (environmental decoherence). VERSF predicts
deviation from this scaling near Emeso—a "bump" or transition in the t_d({) curve.

10.5 Gravitational Decoherence Experiments

Prediction: Proposed gravitational decoherence experiments (Penrose-Didsi collapse models,
etc.) should find that gravity-induced decoherence rates scale differently above and below &pmeso.
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Connection: Several approaches to gravitational decoherence predict characteristic scales in the
10°-10~* m range—consistent with {mneso. VERSF provides a principled reason why this scale
appears.

11. Falsification Criteria

For the general reader: A good scientific theory must be falsifiable—there must be observations
that could prove it wrong. This section lists exactly what findings would refute our framework,
distinguishing between "hard kills" and "soft constraints."

The framework makes falsifiable predictions. We separate these into hard falsifiers (would
definitively refute the framework) and soft falsifiers (would constrain but not eliminate it).

11.1 Hard Falsifiers

These would definitively refute the framework:

1. No reproducible feature across platforms: If multiple independent experimental
platforms (optomechanics, interferometry, force measurements) at sensitivity level X all
show null results across the entire 10-300 pm range, with no scale-locked transition
feature of any kind, the framework is falsified.

2. Wrong A scaling: If a theoretical or observational context allows testing Emeso Vs. A, and
the scaling differs from A~'/4, the UV/IR geometric mean mechanism fails.

3. Route inconsistency at the order-of-magnitude level: If improved analysis shows the
five derivation routes yield scales differing by orders of magnitude (not just O(1) factors),
the overdetermination claim collapses.

4. Contradictory microphysics: If the identity-collapse scale £* is definitively shown to
differ from the Planck length by many orders of magnitude, placing &Emeso far outside any
observed coherence phenomena, the numerical predictions fail.

11.2 Soft Falsifiers (Constraints)

These would constrain but not eliminate the framework:

5. Single-platform null result: One experimental platform showing nothing (systematics,
environmental noise, or limited sensitivity could hide the effect).

6. Exact prefactor disagreement: The measured Eueso lies at 25 pm or 150 pum rather than
50 um. This is allowed by the L_IR definition ambiguity and does not falsify the
geometric-mean mechanism.

7. Effect visible only under special conditions: If the transition feature appears only at
low temperature, high vacuum, or with specific materials, this is consistent with the
framework (the effect may be masked by environmental decoherence under typical
conditions).
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8. Biological scales having conventional explanations: Cell sizes being explained by
diffusion limits and metabolic constraints does not falsify the framework; we explicitly
do not claim biology as evidence (see Appendix C).

11.3 What Hard Falsification Would Require

To definitively kill the framework, one would need:

e Multiple platforms (not just one)

o High sensitivity (able to detect modest but systematic changes in response slopes; actual
sensitivity requirements depend on coupling strength and platform)

e Full range coverage (10-300 um, not just a narrow window)

e Controlled systematics (environmental decoherence understood and subtracted)

The framework is falsifiable. It commits to specific, testable predictions with clear criteria for
what constitutes refutation versus constraint.

12. Discussion

12.0 Addressing the Central Objection: "Isn't This Just Dimensional Analysis?"

The strongest skeptical objection: "You have two scales (£*, L_IR). Their geometric mean is
N(C* - L_IR). Five 'derivations' of this are just five ways of writing dimensional analysis.
Where's the physics?"

Our response:

1. Routes I-IV are indeed instances of a general theorem, and we say so explicitly. The
content is not that we found the geometric mean five times; it's that we proved the
geometric mean is forced given minimal assumptions (locality, smoothness, competing
UV/IR failure modes). Any framework satisfying these assumptions must yield Emeso ~
N(¢* - L_IR). This is a structural claim about what physics can predict, not a fit.

2. The nontrivial content is uniqueness. Any two scales produce a geometric mean, yes.
But the claim is that no additional stable intermediate scale exists under these
assumptions. &meso 1S the unique interior crossover. A framework predicting a different
mesoscopic scale (say, (£*)(1/3) - (L_IR)"(2/3)) would require additional physics
beyond minimal UV/IR closure.

3. Route V arrives via different mathematics. It derives from capacity crossover (static)
rather than rate matching (dynamic). The L _IR/{ factor appears, but its logical role
differs. This provides genuine—if modest—independent confirmation.

4. The overdetermination claim is carefully stated. We claim: "Four physically distinct
mechanisms are shown to be instances of a general theorem. A fifth argument arrives via
different mathematical structure." We do not claim five independent derivations. The
convergence demonstrates robustness, not numerical redundancy.
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Bottom line: The paper's contribution is proving that Emeso 1S Structurally determined by minimal
assumptions, not that we cleverly found the same number five times.

12.1 What the Convergence Actually Demonstrates

For the general reader: We've been honest that four of our five derivations share the same
mathematical structure. But this is actually a strength: it shows the geometric mean result is
inevitable whenever you have competing microscopic and cosmic constraints. The fifth
derivation, being truly different, provides independent confirmation.

We have been careful to distinguish two types of support for Emeso:

Type A — Dimensional necessity: Routes [-IV show that any framework with competing UV
and IR constraints, where failure rates have leading-order linear scaling, necessarily yields Emeso ~
V(0* - L_IR). This is powerful but does not confirm VERSF specifically—it confirms the general
framework class.

Type B — Structural independence: Route V arrives at the same scale through different
mathematics (dimension crossover rather than rate matching). This provides genuine
independent confirmation, strengthening the case that &nes, 1s not an artifact of a particular
argument.

The combination of Type A robustness and Type B independence makes Emeso @ strong
prediction.

12.2 Relation to Other Approaches

Cohen-Kaplan-Nelson (CKN) bound: The CKN analysis derives UV/IR mixing in effective
field theory and obtains geometric-mean scaling, but leaves the coefficient undetermined. The
present work specifies the coefficient through the closure conditions.

Padmanabhan's emergent gravity: Padmanabhan's thermodynamic approach to gravity
involves a mesoscopic scale but introduces it as a free parameter. We claim Eneso is fixed by
overdetermination, not fitted.

Penrose-Didsi gravitational decoherence: These models predict decoherence at scales
comparable to Emeso but introduce the scale through explicit modeling assumptions (mass
distribution, gravitational self-energy). VERSF derives the scale from information-theoretic
constraints without modeling-specific inputs.

Holographic principle: Route V explicitly connects &meso to holographic bounds. This suggests
that the mesoscopic scale marks where holographic constraints begin influencing accessible
physics.

Key distinction: Previous approaches either (a) obtain scaling without coefficient, (b) introduce

the scale as a parameter, or (¢) derive it from specific physical models. The present work claims
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overdetermination of an intrinsic mesoscopic crossover from minimal assumptions (locality,
smoothness, competing UV/IR closure)—the scale emerges without fitting and without model-
specific inputs.

Anthropic arguments: The coincidence of &qneso With cellular scales invites anthropic
speculation. We note this but do not rely on it.

12.3 Open Questions

1. Why these scaling exponents? We argued that a = B =1 is generic, but a deeper
derivation from VERSF first principles would strengthen the case.

2. Higher-order corrections: What modifications arise at next order? Do they shift Emeso OF
add structure (e.g., multiple characteristic scales)?

3. Dynamical implications: How do structures near Emeso €volve? Is there a basin of
attraction?

4. Connection to consciousness: Some consciousness theories propose that quantum
coherence at mesoscopic scales plays a role. Emeso may be relevant, but we make no claims
here.

13. Conclusion

For the general reader: This paper proves that a "middle scale" of about 30—100 micrometers
isn't arbitrary—it emerges inevitably from the requirement that stable structures exist. This
matters because that scale is a key input to calculating the speed of light from more fundamental
quantities.

We have shown that the mesoscopic coherence scale Emeso = 40 pm emerges from multiple
derivation routes within the VERSF framework:

UV/IR instability minimization — unique interior minimum

Boundary leakage vs. closure mismatch — fraction equilibrium

Bandwidth matching — layered closure frequency crossover

Entropy flux balance — thermodynamic fixed point

Information capacity crossover — volume vs. temporally-multiplexed area (structurally
independent)

A e

The convergence of Routes -1V reflects dimensional necessity: any competing UV/IR
framework yields the geometric mean. Route V provides genuine independent confirmation
through different mathematical structure.

This overdetermination converts Eneso from a heuristic parameter into a robust structural
prediction with:

e Concrete numerical value: 30-100 pm
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o Clear experimental signatures in optomechanics, biology, and fundamental physics
o Explicit falsification criteria

Connection to the Speed of Light:

The companion paper [1] derives:

¢ =(L_IR? - hG / Emeso®)*(1/3)

Brief summary of [1] for standalone readers: That paper argues that the speed of light is not a
primitive constant but emerges from closure relations among fundamental scales. Specifically, it
shows that interpreting ¢ as a maximal irreversible information-throughput bound is consistent
with gravitational coupling (G), the Planck scale (£ P), and relativistic kinematics. The key

result is the closure relation above, which links ¢ to the mesoscopic coherence scale Emeso.

The present paper establishes that &neso 1S N0t a free parameter but a structural necessity. This
makes the speed of light closure relation genuinely predictive rather than circular.

Important caveat: The closure becomes predictive if Emeso 1S measured independently of (h, G, c,
A); otherwise it is a consistency identity. The present paper's contribution is showing that Emeso

emerges from structural requirements, not that we have yet measured it independently.

The mesoscopic scale is not an artifact of clever algebra but a convergent consequence of
physical constraints that any theory of emergent stable structure must satisfy.

Emeso is Where physics permits stable facts to exist.

Appendix A: Glossary of Symbols

Symbol Definition Approximate Value
* Identity-collapse scale ~103*m
L IR IR coherence scale ~10* m

Emeso Mesoscopic coherence scale ~40 um

A Cosmological constant ~1072 m™

P Planck length 1.616 x 103 m

cT Tick propagation speed ~C

d Spatial dimension 3

h Reduced Planck constant ~ 1.055 x 10734 Js

G Gravitational constant 6.674 x 107" m3/(kg-s?)

Appendix B: Dimensional Analysis Check
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[Emeso] = [N(C* - L_IR)]
[Emeso] = V([length] - [length])
[Emeso] = [length] v/

Numerical: V(1072 m - 10 m) = V(10° m?) = 105 m = 30 pm v

Appendix C: Biological Organization (Suggestive
Alignment)

Observation: Fundamental organizational units of biological systems cluster near Emeso.
Coincidences worth noting:

e Typical cell diameter: 10-100 um

e Neuronal soma: 10-50 pm

e Minimum viable single-celled organism: ~10 um (mycoplasma approach theoretical
limits)

e Subcellular organelles: 1-10 pm (below Emeso, requiring cellular containment for stability)

Interpretation: This alignment is intriguing but does not constitute evidence for the framework.
Cellular size is constrained by many factors (diffusion limits, surface-area-to-volume ratios,
metabolic requirements) that have nothing to do with UV/IR physics.

However, the coincidence motivates a question: why do these conventional constraints happen to
yield structures at the mesoscopic scale? The VERSF framework suggests this may not be
accidental—that the mesoscopic scale is where stable information-processing structures become
generically possible, and biology has exploited this window.

Specific investigation: Examine whether synthetic minimal cells or artificial protocells exhibit
viability thresholds near &qeso under conditions where conventional biological constraints
(metabolism, membrane chemistry) are controlled for. This would help distinguish "biological
coincidence" from "physical necessity."

Caveat: This does not constitute a prediction in the strong sense. It is a consistency check
suggesting where to look for deeper connections.
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