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Abstract

We apply the Physical Admissibility Framework (PAF)—based on finite distinguishability and
irreversible commitment—to string theory. PAF formalizes the conditions under which
mathematical structures correspond to physically realizable facts, requiring that distinctions be
finitely resolvable and committable under irreversible resource costs. These constraints are not
arbitrary philosophical impositions but emerge from established physical principles including the
Bekenstein bound, Landauer's principle, and holographic entropy limits. When evaluated under
these constraints, several central elements of mainstream string theory—including continuous
moduli, infinite-dimensional configuration spaces, and large portions of the vacuum landscape—
are shown to lack clear admissible instantiation. We prove that moduli stabilization mechanisms,
while representing progress toward discretization, fail to resolve admissibility in three
independent ways: exactness (stabilized moduli have quantum width, not exact values), capacity
(discrete vacua exceeding operational discrimination bounds collapse into equivalence classes),
and commitment (no mechanism converts possibilities into facts). All physical theories use
infinite mathematical structures as scaffolding; the question is whether their physical claims are
admissible. Quantum mechanics and general relativity survive because their physical claims are
made at the operational level—measurement outcomes, coarse-grained geometry—while their
continuous mathematics is recognized as idealization. String theory's situation is structurally
different: its central physical claims (landscape vacua as distinct universes, moduli as physical
parameters, vacuum selection as a real process) depend on distinctions that cannot be instantiated
as facts. The inadmissible structure is not scaffolding but the claimed content itself. We estimate
that string theory's admissible fraction—the portion corresponding to genuine physical
distinctions—is likely well below a few percent, consisting primarily of low-energy effective
field theory equivalence classes. The analysis reframes the string landscape problem as an
admissibility failure rather than a predictivity failure. The problem with string theory is not that it
predicts too much, but that it counts too much.
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1. Introduction

String theory is often criticized for its lack of unique predictions, its reliance on a vast landscape
of vacua, or its apparent disconnect from experiment. These critiques, while important, remain
external to the theory's internal logic. They ask: Does string theory make testable predictions?
This is a legitimate question, but it presupposes that string theory's mathematical structures
correspond to physical possibilities in the first place.

In this paper, we take a different approach. We ask a prior question:
Which elements of string theory are physically admissible at all?

This question is not about elegance, mathematical consistency, or ultraviolet completeness. It is
about whether the distinctions that string theory draws—between vacua, between moduli values,
between configurations—can be instantiated as facts in a finite universe with finite resources.

To address this, we apply the Physical Admissibility Framework (PAF), which asserts that
physical law is constrained not merely by mathematical consistency, but by the conditions
required for facts to exist. PAF emerges from a convergence of well-established physical results:
the Bekenstein bound on information in finite regions, Landauer's principle connecting
information erasure to thermodynamic cost, and holographic entropy limits constraining degrees
of freedom. These results collectively imply that the universe operates as a finite ledger—
capable of storing, distinguishing, and committing to only finitely many states within any
bounded region.



The implications for string theory are significant. When PAF is applied as a filter, much of string
theory's mathematical structure falls outside the boundary of physical admissibility. This does
not render string theory useless or incorrect, but it does reveal that the theory, as currently
formulated, conflates mathematical possibility with physical realizability. The landscape
problem, in particular, is transformed: it is not that string theory predicts too many universes, but
that most of its "vacua" do not qualify as physically distinct facts.

2. The Physical Admissibility Framework (PAF)

2.1 Motivation: Why Admissibility Constraints?

Before stating the PAF axioms, we must address a natural objection: Why should physics be
constrained by anything beyond mathematical consistency and empirical adequacy?

The answer lies in what we might call the realization problem. A physical theory does not
merely describe patterns—it purports to describe facts about the world. But facts are not free.
Every physical fact requires:

e asystem capable of encoding the distinction between that fact and alternatives,
e aprocess by which the distinction becomes definite (commitment),
o and resources sufficient to maintain the record against thermal noise.

These requirements are not philosophical preferences. They are consequences of
thermodynamics, information theory, and quantum mechanics. Consider three foundational
results:

The Bekenstein Bound. The maximum entropy (and hence information content) of a region of
space is bounded by its surface area in Planck units [1]: S < 2aRE/Ac, where R is the radius and
E is the total energy. This implies that no finite region can encode infinite information—there is
a hard ceiling on distinguishable states.

Landauer's Principle. Erasing one bit of information requires dissipating at least kT In 2 of
energy as heat [2]. Information processing is not free; it has irreducible thermodynamic cost.
This means that distinguishing states, committing to outcomes, and maintaining records all
require entropy production.

Holographic Entropy Limits. The holographic principle, supported by black hole
thermodynamics and developed in modern form through holographic dualities [3—6], implies that
the true degrees of freedom of any region scale with its boundary, not its volume. The universe's
capacity to instantiate distinctions is fundamentally bounded.

These results converge on a single conclusion: the universe is a finite ledger. It can store
finitely many bits, resolve finitely many distinctions, and commit to finitely many facts within
any bounded region and finite time. Any theory that requires infinite precision, infinite



distinguishability, or cost-free fact creation cannot describe physical reality—it can only describe
mathematical structure that may or may not map onto the physical.

PAF codifies this insight into two minimal axioms.
2.2 Axiom 1: Finite Distinguishability (FD)

No physical system can instantiate or resolve an unbounded number of mutually
distinguishable states within finite spacetime regions and finite resources.

This axiom has several immediate consequences:

1. Real-valued parameters cannot be physically exact. Specifying a real number to
arbitrary precision requires infinite information. If two states differ only in the 10"100th
decimal place of some parameter, no finite process can distinguish them, and therefore
they cannot constitute distinct physical facts.

2. Configuration spaces must be effectively discrete. A theory may use continuous
mathematics for computational convenience, but the physically meaningful distinctions
must form a finite (or at worst countable) set within any bounded context.

3. Infinite-dimensional spaces are admissible only as effective descriptions. Hilbert
spaces, moduli spaces, and configuration spaces of infinite dimension can be used as
mathematical tools, provided the theory specifies which finite subset of distinctions are
physically realizable.

FD does not prohibit the use of real numbers or continuous mathematics—it prohibits the
assumption that continuous distinctions are physical distinctions. The map is not the territory.

2.3 Axiom 2: Irreversible Commitment (IC)

A physical fact is defined by an irreversible commitment: a transition from multiple
possibilities to a single outcome that leaves persistent records and cannot be undone
without additional cost.

This axiom captures the asymmetry between possibility and actuality. Before measurement,
many outcomes may be possible. After measurement, one outcome is actual. This transition—
from superposition to eigenstate, from correlation to record, from potential to fact—is what we
call commitment.

IC requires that facts satisfy three conditions:

1. Entropy increase. Commitment produces entropy. A reversible process, by definition,
does not select outcomes—it preserves all branches. Only irreversible processes create
facts.

2. Resource expenditure. Following Landauer, commitment costs energy. The minimum
cost is kT In 2 per bit of information fixed, but realistic processes typically cost far more.



3. Ledger inscription. A fact must leave a trace—a record in some physical system that
persists and can be consulted. Facts without records are not facts; they are unrealized
possibilities.

IC explains why quantum mechanics, despite its unitary evolution, produces a classical world of
definite outcomes. Decoherence and measurement are the commitment mechanisms that convert

quantum possibilities into classical facts. Without such mechanisms, a theory describes only
reversible structure—not physics.

2.4 The Relationship Between FD and IC
FD and IC are complementary constraints:

o FD limits what can be distinguished (the resolution of the ledger),
e IC specifies how distinctions become facts (the writing mechanism).

Together, they define the boundary between mathematical structure and physical reality. A

theory may contain arbitrarily rich mathematics, but only the portion that respects FD and IC
corresponds to the physical world.

3. Admissibility as a Pre-Interpretive Filter

3.1 The Hierarchy of Theoretical Constraints
Physical theories are typically evaluated against several criteria:

1. Mathematical consistency — internal coherence, absence of contradictions

2. Empirical adequacy — agreement with observations

3. Explanatory power — unification, simplicity, elegance

4. Predictive fertility — generation of testable novel predictions
PAF introduces a criterion that is logically prior to all of these:
Admissibility — the capacity of the theory's distinctions to be physically instantiated
A theory may be mathematically consistent, empirically adequate (in its domain), explanatorily
powerful, and even predictively fertile, yet still contain large regions of inadmissible structure.
Such theories are not wrong in the conventional sense—they are overextended. They claim
physical status for distinctions that cannot be realized.

3.2 What Admissibility Filtering Excludes

Applying PAF as a filter immediately excludes several classes of theoretical structure:



Infinite-precision hidden variables. Any theory that posits exact real-valued hidden
variables—with physical significance attached to arbitrarily fine distinctions—violates FD. The
Kochen-Specker theorem and Bell inequalities constrain hidden variable theories on other
grounds; PAF provides an independent, information-theoretic exclusion.

Cost-free measurements. If a theory permits the extraction of information without entropy
production or energy expenditure, it violates IC. This is not merely practically difficult but
physically impossible, per Landauer.

Reversible fact creation. If a theory treats "facts" as fully reversible—undoable without trace—
then it has not actually described facts at all, only unresolved possibilities. This is why the
measurement problem in quantum mechanics is a genuine problem: the theory's core dynamics
(unitary evolution) is reversible, yet the world contains irreversible facts.

Infinite configuration spaces with physical weight on every point. A theory may use an
infinite-dimensional Hilbert space, but if it treats every vector as a distinct physical state, it
violates FD. Quantum mechanics survives this by noting that only finitely many states are
distinguishable within any finite system—the rest are related by unitary equivalence or fall
below measurement resolution.

3.3 The Central Question for String Theory

With PAF established, the central question for string theory becomes:

Which of its structures survive admissibility filtering?

This is not a question about whether string theory is beautiful, whether it achieves ultraviolet
completion, or whether it reduces to the Standard Model in some limit. It is a question about

whether string theory's distinctions—between vacua, between moduli values, between
compactification geometries—can be instantiated as facts in a finite universe.

4. Continuous Moduli and the Problem of Infinite Precision

4.1 The Role of Moduli in String Theory

String theory does not describe a single theory but a family of theories parameterized by
moduli—continuous parameters that specify the background on which strings propagate. These
include:

e Geometric moduli: the shapes and sizes of compact extra dimensions (complex structure
moduli, Kdhler moduli)

o Dilaton: the string coupling constant, determining the strength of string interactions

e Axion fields: periodic scalar fields arising from higher-form gauge potentials



o Flux parameters: quantized but densely distributed values of field strengths threading
cycles in the compact geometry

In the classical formulation of string theory, these moduli are treated as continuous parameters.
The theory is well-defined for any value of the moduli, and different values correspond to
different physical predictions—different particle masses, coupling constants, and cosmological
parameters.

4.2 The PAF Critique of Continuous Moduli

From a PAF perspective, continuous moduli present a fundamental problem.

The Specification Problem. To specify an exact real-valued modulus requires infinite
information. Consider the complex structure modulus of a Calabi-Yau manifold, a complex
number specifying its shape. To distinguish two values that differ in the 10°100th decimal place
requires 107100 bits of precision. No physical system can store or process such information.
Therefore, exact moduli values cannot be physical facts—they exceed the ledger capacity of any
finite universe.

The Distinguishability Problem. For two moduli values to correspond to distinct physical
states, there must exist a finite-cost procedure that distinguishes them. But if the values differ
only at arbitrarily fine precision, no such procedure exists within finite resources. By FD, these
are not physically distinct states.

The Commitment Problem. Even if moduli values could be distinguished, the universe must
commit to a specific value for that value to be a fact. This requires an irreversible process that
selects one value from the continuum. But the equations of string theory typically describe
moduli as free parameters—there is no commitment mechanism built into the theory.

4.3 Moduli Stabilization: Progress but Not Resolution

The string theory community has recognized aspects of this problem and developed mechanisms
for moduli stabilization—dynamical processes that fix the values of moduli rather than leaving
them as free parameters.

The most influential approaches include:

Flux Compactifications. By threading quantized flux through cycles of the compact geometry,
one generates a potential for the moduli that stabilizes some of them. The KKLT construction [7]
showed how to stabilize all moduli in a controlled way, producing a discrete set of vacua rather
than a continuous family.

Large Volume Scenarios. Alternative constructions stabilize moduli at large values of the
compact volume, leading to different phenomenological predictions [8].



F-theory Constructions. More sophisticated geometric approaches enable stabilization of
moduli through the structure of elliptic fibrations.

These mechanisms represent genuine progress toward discretization. However, from a PAF
perspective, they do not resolve the underlying admissibility problem. Here is why:

The Number Problem. Moduli stabilization produces discrete vacua, but the number of vacua is
enormous—estimates range from 10°% to 10%72,%°, Even if each vacuum is discrete, the task of
distinguishing between them reintroduces the FD violation at a higher level. To specify which
vacuum we occupy requires log2(10°®) = 1660 bits at minimum—and distinguishing between
vacua that differ in their predictions only at the 10th decimal place of some coupling constant
still exceeds practical admissibility.

The Flux Discretization Problem. Flux values are quantized, but the quanta can be very small
relative to the overall scale. A compact manifold may have hundreds of independent cycles, each
carrying integer flux values that can range into the hundreds or thousands. The combinatorial
space is discrete but vast beyond any conceivable operational distinguishability.

The Persistence Problem. Moduli stabilization mechanisms generate potential barriers that trap
the moduli at specific values. But "trapped" is not the same as "committed" in the PAF sense:
metastability can explain longevity, but does not by itself supply a theory-internal criterion for
irreversible selection of one vacuum as a fact-bearing macrostate—that is, a ledger-written
outcome rather than a long-lived branch. A modulus trapped in a metastable minimum can, in
principle, tunnel to another minimum. The distinction remains reversible at the quantum level,
and no mechanism within string theory specifies when or whether the transition from "trapped
configuration" to "committed fact" occurs.

4.4 Formal Proof: Why Stabilization Does Not Resolve Admissibility

We now demonstrate rigorously that moduli stabilization, while representing progress, fails to
resolve admissibility in three logically independent ways. Each claim targets a distinct PAF
requirement.

Claim 1: Exact-Value Obstruction (Finite Distinguishability)
Even if a modulus is stabilized at a minimum, the theory does not produce an exact physical fact
"o = @*" unless it supplies an admissible commitment channel; generically the physical state has

nonzero width in ¢.

Proof. Let ¢ be a modulus with an effective potential V(¢) having a minimum at ¢*. Near the
minimum, expand:

V() = V(¢*) + 2m*p(¢ — ¢*)?



Quantize fluctuations about the minimum. The ground state is not a delta-function at ¢*; it is a
Gaussian wavepacket with nonzero variance. In the harmonic approximation:

Ap>0

with exact value depending on the modulus mass and normalization. The stabilized "vacuum" is
therefore a state localized near ¢*, not an exact eigenstate with infinite precision.

Now apply PAF Finite Distinguishability: physical facts cannot require infinite precision. The
proposition "¢ equals a real number ¢* to arbitrary decimals" is not a physically instantiable
distinction. Stabilization does not change this: it creates a potential well, not an infinite-precision
pointer.

Conclusion: Stabilization yields localization, but not fact-level equality ¢ = ¢* with unbounded
precision. Under FD, only finite-resolution statements about ¢ can be admissibly committed; at
best, stabilization yields finite-resolution equivalence classes around ¢*. m

Claim 2: Landscape Capacity Obstruction (Finite Ledger)

Even if stabilization discretizes vacua, a landscape with too many discretized vacua cannot be
physically distinguished within a finite region, hence "distinct vacua" do not correspond to
distinct admissible facts.

Proof. Consider a bounded operational domain D (e.g., our Hubble volume, a causal diamond, or
a laboratory). The relevant bound for admissible vacuum discrimination is not the absolute
holographic entropy of the entire region, but the operational discrimination capacity of
admissible protocols in D: the number of stable, mutually exclusive vacuum-label records that
can actually be written given finite measurement resolution, finite accessible energy scales, finite
time horizon, finite sample size, and finite memory devoted to the discrimination task.

Denote this operational capacity by B_op(D) bits. A "vacuum label" is information. If the
stabilized theory admits N distinct vacua as physically real alternatives, then specifying which
one obtains requires at least:

I>log: N bits

But any physical record of "which vacuum" must fit within the domain's operational record
capacity:

[<B op(D)
Therefore, if N > 2"B_op(D), it is physically impossible—in PAF terms, inadmissible—for all

those vacua to be mutually distinguishable as facts in that domain. They necessarily collapse into
admissible equivalence classes.
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In realistic domains, B_op(D) is dominated not by any holographic ceiling but by the limited
number of independent low-energy observables that can be measured to finite precision and
irreversibly recorded. Even if the holographic entropy of the observable universe is enormous
(~10'% bits), the practically accessible discrimination channel for vacuum identification is far
smaller—bounded by the precision of coupling constant measurements, particle mass
determinations, and cosmological parameter inference. Consequently, even if the underlying
discretuum contains 10°® vacua, the number of admissibly distinct vacua within D is bounded by
2”B_op(D), forcing collapse into operational equivalence classes whenever |V| > 2*B_op(D).

Conclusion: Discreteness does not resolve admissibility if the count exceeds operational
discrimination capacity. A vast discretuum fails admissibility just as a continuum does. m

Claim 3: Commitment Obstruction (Irreversible Commitment)

Moduli stabilization does not supply a commitment mechanism selecting one vacuum as a fact-
bearing macrostate rather than a branch/possibility. It therefore does not address the PAF
question: "How does a vacuum become a fact?"

Proof. PAF's Irreversible Commitment (IC) requires that a fact correspond to an irreversible
process producing stable records—entropy production and ledger inscription.

Standard string-theoretic stabilization provides, at most:

1. an effective potential with minima,
2. metastable trapping at those minima,
3. tunneling-suppressed transitions between minima.

None of these constitutes a theory-internal irreversible selection rule. A metastable minimum
asserts: "this configuration is long-lived." It does not assert: "this configuration is the unique
committed outcome," nor does it derive a ledger-writing map from the full quantum state space
onto a classical fact.

Concretely:

e In a purely unitary description, "the universe in a stabilized vacuum" remains a quantum
state. Absent an explicit coarse-graining, measurement, or record-formation mechanism,
the formalism yields possibilities, not committed facts.

e Metastability is not commitment. Tunneling rates can be arbitrarily small, but IC
concerns irreversibility and record formation, not merely long lifetimes. Metastability
alone does not constitute a theory-internal commitment map from the full quantum state
to a unique classical record specifying "this vacuum obtains."

Conclusion: Stabilization addresses the dynamics of persistence, not the ontology of fact
selection. It does not close the PAF commitment gap. m
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Combined Result

From Claims 1-3, moduli stabilization fails to resolve admissibility in three logically
independent ways:

Obstruction PAF Axiom Violated Nature of Failure
Finit o ) .

Exactness e e Stabilized moduli have quantum width, not exact values
Distinguishability

Distinciness F 1.111‘Fe ‘ B Dlscrete' vacua exceeding operational capacity collapse
Distinguishability into equivalence classes

Selection Irrevers1ble No mechanism converts possibilities into committed facts
Commitment

The strongest correct statement is therefore:

Moduli stabilization is necessary for any hope of admissible vacuum discreteness, but it is
not sufficient to make vacuum distinctions physically admissible facts. It reduces a
continuum problem to a discretuum-plus-commitment problem.

4.5 The Upshot for Moduli
The formal results of Section 4.4 establish a clear admissibility status for moduli in string theory:

1. Continuous moduli (pre-stabilization) are inadmissible as physical facts. They represent
mathematical parameters, not physical distinctions.

2. Discretized moduli (post-stabilization) face three independent obstructions: exactness
failure (Claim 1), capacity overflow (Claim 2), and commitment absence (Claim 3).

3. No mechanism exists within string theory to convert vacuum possibilities into
committed facts.

This is not a minor technical gap. It means that string theory, even with moduli stabilization, has
not crossed the threshold from mathematical structure to physical admissibility.

S. The Vacuum Landscape as an Admissibility Problem

5.1 The Standard Framing: Too Many Vacua

The string landscape—the vast set of possible vacuum states—is usually framed as a
predictivity problem. The complaint is that string theory predicts not one universe but 10°® or
more possible universes, and without a selection principle, it cannot predict which one we
observe.
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This framing has led to two main responses:

The Anthropic Approach. Accept the landscape as real and explain our vacuum via anthropic
selection—we observe this vacuum because it is compatible with observers.

The Swampland Program. Identify consistency constraints that rule out most apparent vacua,
shrinking the landscape to a more manageable size.

Both approaches accept that the landscape exists as a physical possibility space. PAF challenges
this assumption.

5.2 The PAF Reframing: Most Vacua Are Not Physical Facts

Under PAF, the landscape problem transforms entirely. The question is not "which vacuum does
physics select?" but "which vacua are physically distinguishable in the first place?"

For two vacua to constitute distinct physical facts, there must exist:

1. A finite-cost distinguishing procedure. Some observable quantity must differ between
the vacua, and this difference must be detectable with finite resources.

2. Anirreversible commitment channel. The universe must have committed to one
vacuum rather than the other through an irreversible process that left records.

Consider two vacua that differ only in:

o the 15th decimal place of the fine-structure constant,
o the cosmological constant by 1072% in Planck units,
o or the mass of a particle beyond observational reach.

Such vacua are mathematically distinct—different points in the landscape. But they are not
physically distinct because no admissible process can distinguish them. FD implies they belong
to the same admissible equivalence class.

5.3 Formal Framework: Admissible Equivalence Classes

We now provide rigorous definitions for the concepts invoked above. These definitions do not
depend on string-specific details—only on PAF's resource constraints.

Definition 1 (Operational Domain). An operational domain D is a bounded causal region (e.g.,
a causal diamond, Hubble patch, or laboratory) with:

e a maximum operational record capacity B_op(D) bits available to admissible
discrimination protocols over the relevant timescale (distinct from any absolute
holographic entropy ceiling—B_op reflects practically achievable measurement
precision, accessible energy scales, finite sample sizes, and memory devoted to
discrimination tasks),

13



 finite energy, time, and resolution resources,
o aclass of accessible observables O (scattering cross-sections, coupling measurements,
cosmological parameters, etc.).

Definition 2 (Admissible Protocol). An admissible protocol P € P(D) is any physically
realizable measurement/commitment procedure implementable within D that:

1. Respects finite distinguishability (FD): uses only finite resolution, finite memory, and
finite energy/time resources permitted in D.

2. Implements irreversible commitment (IC): produces a persistent record R_P such that
creating that record entails nonzero irreversible cost (entropy production) and the record
remains stable over the protocol's specified timescale.

Definition 3 (Operational Outcome Distribution). For each vacuum v € V and admissible
protocol P, let

' € A(Q2_P)
denote the induced probability distribution over the protocol's record space 2 P—the possible
committed records the protocol can produce when the underlying vacuum is v. Vacua are

compared by what records they can force the world to commit.

Definition 4 (PAF Indistinguishability). Two vacua v, w € V are PAF-indistinguishable in D,
written v ~ PAF,D w, iff for every admissible protocol P € P(D):

TV(w?®, p*) <e_P(D)

where TV denotes total variation distance and ¢ P(D) > 0 is the domain-dependent detectability
floor capturing finite resolution, finite sample size, noise, and finite ledger budget.

Definition 5 (PAF Admissible Equivalence Class). The PAF admissible equivalence class of
vacuum v in domain D is:

[V PAF, D ={weV|w~ PAFDv}

The set of admissibly distinct vacua is the quotient:

V_admissible(D) :=V /~ PAF,D

Interpretation. A "vacuum" is physically meaningful only up to what can be irreversibly

recorded within D. Structure finer than [v] PAF,D is mathematical microstructure, not an
admissible physical distinction.

Lemma 1 (Landscape Collapse under Finite Operational Capacity).
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Let D be an operational domain with maximum operational record capacity B_op(D) bits. For
any set of candidate vacua V:

|V_admissible(D)| < 2"B_op(D)

Proof. Since every admissible protocol P € P(D) produces records in a finite alphabet QP
encodable within B_op(D) bits, the number of distinguishable hypotheses that can be separated
above threshold by any such protocol is bounded by |QQ P| <2*B_op(D).

Distinguishing vacua as facts requires at least one admissible protocol whose committed record
outcomes partition V into distinct classes (i.e., different vacua produce record distributions
separable beyond the detectability floor ¢ P). But no admissible protocol can create more than
2"B_op(D) mutually exclusive record labels, hence cannot certify more than 2B _op(D) distinct
vacuum classes as facts.

Taking the supremum over all admissible protocols does not increase this bound, because all
protocols share the same operational capacity ceiling. Therefore |V _admissible(D)| < 2"B_op(D).

If V| > 2”B_op(D), the pigeonhole principle implies at least two vacua share the same
operational record behavior under all admissible protocols, hence are ~ PAF,D-equivalent. m

Corollary (Collapse of Large Discretua). A discretized landscape with [V| > 2*B_op(D)
cannot correspond to [V| physically distinct universes within D. It corresponds to at most
2”B_op(D) admissible vacuum classes; the remainder is operationally redundant microstructure.

Even if the absolute holographic entropy of the observable universe is enormous (~10'* bits), the
operational discrimination capacity B_op(D) available for vacuum identification is far smaller—
dominated by the limited number of independent low-energy observables (coupling constants,
particle masses, cosmological parameters) measurable to finite precision. For any landscape
where [V| > 2B _op(D), massive equivalence-class collapse is guaranteed.

While B, (D)depends on the operational domain, it is bounded by physical limits on accessible
energy scales, decoherence rates, noise, and finite time horizons, and is not merely a function of
experimental sophistication.

5.4 Mathematical Discreteness # Operational Distinguishability

A common response to admissibility critiques is: "String vacua are discrete once moduli are
stabilized" or "fluxes are quantized," implying the continuum problem is solved. Under PAF, this
response is insufficient.

The Conceptual Separation. Discreteness is a mathematical property of a model space.

Distinguishability is an operational property of an observer-domain coupled to finite resources
and irreversible recording. These are logically independent:

15



Property Domain Question Answered
Mathematical discreteness Model space Is the parameter space finite/countable?

Operational Physical Can finite resources irreversibly record the
distinguishability world difference?

A landscape can be discrete (even finite) and still fail operational distinguishability because:

1. Finite resolution floor. If two discrete vacua differ only in observables below
measurement precision—or only in ultra-UV features inaccessible within D—then p,” =
p*? for all admissible P; hence v ~ PAF,D w.

2. Ledger capacity ceiling. Even if differences are in-principle observable, Lemma 1
provides a strict upper bound 2”B_op(D) on distinguishable vacuum labels. Above this
threshold, distinct vacua must collapse into equivalence classes.

3. No commitment map. A discrete set of minima does not provide an irreversible
mechanism selecting one minimum as a fact. Discreteness describes a menu of options;
commitment explains why one option becomes recorded reality.

PAF Responses to Standard Rebuttals

Rebuttal PAF Response
"Flux vacua are discrete, so  Discreteness addresses model-space topology, not operational
the continuum worry is resolvability. The question is whether discrete differences can be
solved." recorded in D.

"In principle, with arbitrary  "In principle" requiring unbounded resources violates FD.
precision, they are distinct." Admissibility is defined relative to finite domains.

Dynamics of localization/metastability is not commitment. You
must exhibit the ledger-writing channel that irreversibly records
the selection.

"The universe picks one
vacuum dynamically."

The Required Quotient. String theory can legitimately employ discrete landscapes as
mathematical scaffolding, but physical interpretation must pass through the quotient:

V — V_admissible(D) =V /~ PAF,D

Only equivalence classes correspond to admissible physical distinctions; finer structure is
nonphysical under PAF.

5.5 The Collapse of the Landscape
The formal framework of Section 5.3 establishes that landscape collapse is not a conjecture but a
theorem. Lemma 1 proves that any landscape exceeding operational discrimination capacity must

undergo equivalence-class collapse.

The implications are radical:
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1. The "number of vacua' is not 10°®. The physically meaningful count is
|V _admissible(D)| < 2B _op(D), bounded by the operational discrimination capacity of
realistic protocols—far smaller than any holographic ceiling.

2. Most landscape structure is operationally redundant. Vacua differing only in
parameters beyond observational reach, or requiring more than B_op(D) bits to specify
their differences, are not distinct facts.

3. The landscape problem is transformed. The question is not "how does physics select
from 10°% possibilities?" but "how many admissible equivalence classes exist, and how
does commitment occur within them?"

5.6 Reframing the Anthropic Debate

The anthropic principle attempts to explain vacuum selection by noting that only certain vacua
permit observers. Under PAF, this debate is reframed:

Anthropic reasoning presupposes that all landscape vacua are equally real—that the universe
"chose" our vacuum from among 10°° possibilities. But if most of these vacua are not admissibly
distinct, the question dissolves. There is no vast space of real alternatives from which selection
occurred.

This does not mean anthropic reasoning is useless—it may apply to the residual admissible
equivalence classes. But it means that the hard form of the landscape problem (explaining
selection from 10°% options) may be illusory.

5.7 Reframing the Swampland Program

The Swampland program seeks to identify consistency constraints that rule out portions of the
landscape [9—12]. PAF provides a complementary perspective:

Swampland conjectures (such as the distance conjecture, the de Sitter conjecture, the weak
gravity conjecture) identify theoretical inconsistencies—vacua that cannot exist according to

quantum gravity principles.

PAF identifies realizability constraints—vacua that may be theoretically consistent but cannot
be instantiated as facts.

The two programs are not in conflict. A complete account of which vacua are physical requires
both:

1. theoretical consistency (Swampland), and
2. physical admissibility (PAF).

The intersection may be far smaller than either program alone would suggest.
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6. Infinite Configuration Spaces and the Ledger Constraint

The considerations in this section are not required for the core admissibility results of Sections
4-5, but are included to highlight additional structural tensions between infinite mathematical
symmetries and finite physical distinguishability.

6.1 The Ubiquity of Infinite Dimensions in String Theory
String theory routinely operates in infinite-dimensional mathematical spaces:

o Hilbert spaces of quantum states are infinite-dimensional, even for finite systems.

o Worldsheet configuration spaces describe all possible embeddings of the string into
spacetime—an infinite-dimensional function space.

e Conformal field theories on the worldsheet involve infinite towers of states (Virasoro
modes, string oscillations).

o Field space in string field theory is infinite-dimensional.

Infinite-dimensional mathematics is not inherently problematic—quantum mechanics also uses
infinite-dimensional Hilbert spaces. The question is whether the theory's physical interpretation
respects FD.

6.2 The Admissibility Condition for Infinite Spaces
PAF allows infinite-dimensional mathematics as an effective description under one condition:

The number of physically committed distinctions must remain finite within any bounded
context.

This means:

1. The theory must specify which finite subset of the infinite-dimensional space corresponds
to physically realizable states.

2. Distinctions beyond this subset must be acknowledged as mathematical artifacts, not
physical facts.

3. The mapping from mathematical structure to physical states must respect the ledger
capacity of finite systems.

Quantum mechanics satisfies this condition in practice. Although the Hilbert space of even a
single particle is infinite-dimensional, the number of distinguishable states within any finite
energy range and spatial region is finite (bounded by the Bekenstein entropy). Unitary evolution
preserves this—it maps finite distinguishability to finite distinguishability.

6.3 Does String Theory Satisfy the Condition?

The situation in string theory is less clear. Several features raise admissibility concerns:
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Infinite Oscillator Towers. A single string has infinitely many oscillation modes, corresponding
to an infinite tower of particles of increasing mass. In principle, each mode represents a distinct
state. Are all these states physically distinguishable?

At sufficiently high mass, the string states become black holes (the string-black hole
correspondence). The Bekenstein entropy then bounds the distinguishability of high-mass states.
This suggests that the infinite tower is effectively truncated—only finitely many modes below
the black hole threshold are truly distinct.

But string theory does not build this truncation into its formalism. The infinite tower is treated as
real, with physical consequences (such as modular invariance) derived from its completeness.
This is admissibility ambiguity: the theory relies on the infinite tower mathematically but may
not be entitled to it physically. PAF's point is not that infinite towers are "wrong," but that their
physical interpretation must be explicitly quotiented by finite distinguishability and entropy
bounds, rather than assumed implicitly.

Continuous Worldsheet Configurations. The string worldsheet is parameterized continuously,
and path integrals sum over all possible configurations. This is similar to quantum field theory,
which also uses continuous path integrals, so it may not be a special problem for string theory.
But it does mean that string theory has not solved the general problem of grounding continuum
mathematics in discrete physical facts—it has inherited the problem.

Exact Conformal Symmetry. Worldsheet conformal field theory requires exact conformal
invariance—an infinite-dimensional symmetry group. Physical predictions depend on this
symmetry holding exactly, not approximately. But exact symmetries require infinite precision to

specify and verify. From a PAF perspective, we must ask: is conformal invariance a physically
verifiable fact, or is it an idealization that may be only approximately realized?

6.4 The General Concern

The upshot is not that string theory is uniquely problematic in its use of infinite dimensions—
quantum field theory shares similar issues. Rather, the concern is:

String theory has not provided an explicit admissibility layer that specifies which of its infinite-
dimensional structures correspond to finite physical facts.

This missing layer explains, in part, why string theory's physical interpretation remains
contested. The mathematics is well-developed, but the mapping to physical reality is not fully
specified.

7. Perturbative Elegance vs. Physical Commitment

7.1 The Reversible Core of String Theory
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A striking feature of string theory, compared to other physical frameworks, is the dominance of
reversible structure in its formulation.

At the perturbative level:

o String interactions are described by unitary S-matrices.

e Worldsheet dynamics is conformally invariant.

e Scattering amplitudes exhibit remarkable symmetries (modular invariance, duality
symmetries).

o The theory is ultraviolet-finite—no renormalization breaking unitarity.

This reversible structure is often cited as a virtue: string theory's mathematical beauty reflects
deep physical principles.

PAF suggests caution. Reversible structure is necessary but not sufficient for physics. A
complete physical theory must also describe:

e how possibilities become actual (commitment),

e how records are formed (ledger inscription),

o and how the past becomes fixed while the future remains open (irreversibility).
7.2 The Commitment Gap in String Theory
Where, in string theory, does commitment occur?
Scattering amplitudes describe transitions between asymptotic states, but they do not describe
how or whether specific outcomes are realized. The S-matrix gives probabilities; it does not
produce facts.
String cosmology describes the evolution of the universe, but in terms of classical or
semiclassical backgrounds. The emergence of classical spacetime from quantum string theory—

the "commitment" to a specific geometry—is not derived from first principles.

Vacuum selection would constitute a commitment (the universe committing to one vacuum), but
as discussed in Section 5, string theory provides no mechanism for this.

The result is a theory of exquisite mathematical structure in the reversible domain, without a
corresponding account of irreversible commitment. This is the commitment gap.

Proposals invoking eternal inflation or bubble nucleation shift the selection problem to
cosmological dynamics, but do not by themselves supply a theory-internal account of irreversible

ledger inscription distinguishing one vacuum as a committed fact within a finite domain.

7.3 Comparison with Quantum Mechanics
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Standard quantum mechanics faces a similar issue—unitary evolution is reversible, yet the world
contains irreversible facts. Quantum mechanics addresses this through:

o The measurement postulate (collapse), which explicitly introduces irreversibility

e Decoherence theory, which explains how environmental entanglement produces
effective irreversibility

e The Born rule, which specifies probabilities for committed outcomes

These additions are not derived from unitarity—they are imposed to connect the formalism to
observation. Critics have long noted that this is unsatisfying (the measurement problem), but
defenders can point to a well-defined commitment mechanism, however ad hoc.

String theory lacks even this. It inherits the measurement problem from quantum mechanics

without adding a resolution, and introduces additional commitment problems (vacuum selection,
moduli stabilization) without commitment mechanisms.

7.4 The Admissibility Diagnosis
PAF explains this pattern:

A theory dominated by reversible structure will struggle to make contact with the irreversible
world of facts.

This is not unique to string theory—it is a general principle. But string theory is unusually
exposed because:

1. its most developed results (perturbative amplitudes) live entirely in the reversible domain,
its most pressing interpretive problems (landscape selection, cosmology) require
commitment mechanisms it does not provide,

3. and its mathematical ambitions (a complete theory of everything) cannot be achieved
without crossing the reversibility/commitment boundary.

The commitment gap is thus not a minor technical issue but a fundamental obstacle to string
theory's physical interpretation.

8. Comparison with Other Frameworks

8.1 The Risk of Asymmetric Standards

When criticizing a theory as influential as string theory, there is a risk of applying standards
unfairly. Does PAF single out string theory while giving a free pass to other theories?

To address this concern, we assess how quantum mechanics and general relativity fare under
PAF using the same methodology applied to string theory. A crucial distinction emerges: all
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three frameworks use continua and infinite structures, so all three suffer what we might call
"idealization collapse" when FD is applied strictly. The relevant question is not whether a theory
uses infinite mathematics, but whether its operational content—the physically accessible
sector—survives the PAF quotient.

8.2 General Relativity Under PAF

The Raw Mathematical Space. GR's metrics g _pv(x) are smooth fields on a manifold. The
theory's distinctions include arbitrarily fine curvature variations and real-valued field amplitudes.
Literal GR treats an enormous continuum of micro-differences as physically meaningful.

PAF Analysis. Under FD, most metric microstructure is inadmissible as "distinct facts"—in a
bounded domain, you cannot have infinite distinguishability of field configurations. If one
interprets GR literally as fundamental, the admissible fraction is effectively near zero: almost all
continuum distinctions collapse under the PAF quotient.

Why GR's Effective Content Survives. GR's physically used content is already coarse-grained:

e geodesic motion of macroscopic bodies,

¢ finite-resolution curvature inference from observations,

e horizon thermodynamics and Bekenstein-Hawking entropy bounds,
e large-scale cosmological parameters.

The Bekenstein bound, holographic principle, and gravitational thermodynamics provide natural
information limits that align with PAF. Most critically, GR as practiced treats the metric as a
definite classical fact—there is no commitment problem analogous to quantum measurement
because the classical framework presupposes that geometric facts are already committed.

PAF Verdict.

Interpretation Admissible Fraction
Literal/fundamental GR = 0 (continuum microstructure collapses)
Operational/effective GR High (~10-30% of formalism)

The range reflects what one counts as "GR distinctions." Most formal continuum structure is
mathematical scaffolding, but the macroscopic geometric sector—what physicists actually
measure and record—is robustly admissible.

8.3 Quantum Mechanics Under PAF

The Raw Mathematical Space. QM's Hilbert spaces are often infinite-dimensional. State
vectors have continuous complex amplitudes (real numbers requiring infinite precision to specify
exactly). Unitary evolution is perfectly reversible. If one treats every infinitesimal difference in
amplitudes as a physical distinction, QM also appears inadmissible under FD.
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Why QM Survives Better. QM has a built-in operational spine that aligns with PAF:

1. Born rule + measurement records. Outcomes are committed as finite records. The Born
rule converts continuous amplitudes into discrete probability assignments for finitely
specifiable outcomes.

2. POVMs and finite experimental resolution. Operationally, observers access coarse-
grained statistics, not exact state vectors. The continuous state space is never directly
observed—only its statistical shadows.

3. Decoherence as commitment scaffolding. Even if interpretationally debated,
decoherence functions as a physical route to stable records. Environmental entanglement
suppresses interference and produces effective classicality.

The huge continuous state space therefore collapses to equivalence classes defined by what can
be measured and recorded—exactly what PAF requires.

The Commitment Question. QM's weakest point under PAF is that unitary evolution is fully
reversible; the core formalism does not inherently produce facts. However, QM is standardly
supplemented with:

o the measurement postulate (explicit commitment),
e decoherence theory (effective commitment through environmental interaction),
e and the Born rule (probability assignment for committed outcomes).

These supplements are not derived from unitarity—they are imposed to connect the mathematics
to observation. This is conceptually unsatisfying (hence the measurement problem), but it does
provide a well-specified commitment mechanism that string theory lacks.

PAF Verdict.

Interpretation Admissible Fraction
Literal state-space (continuous amplitudes) =~ 0 (amplitude micro-differences collapse)
Operational QM (outcomes + statistics) ~ High (~30-60% of formalism)

QM's admissible share is higher than GR's because QM explicitly centers what is recorded
(measurement outcomes) and treats amplitudes as probabilistic weights tied to finite statistics
rather than directly physical quantities.

8.4 String Theory Under PAF

The Raw Mathematical Space. String theory combines the continuous structures of both QM
and GR, then adds:

o vast moduli spaces with continuous parameters,

e alandscape of 10°°°+ vacua,
o infinite oscillator towers,
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e and exact conformal field theory structures.

PAF Analysis. Under FD, the moduli and landscape microstructure collapse massively (Sections
4-5). Moduli stabilization produces discrete vacua, but the number vastly exceeds ledger
capacity, forcing equivalence-class collapse (Lemma 1). Under IC, string theory inherits QM's
measurement problem without adding a resolution, and introduces the vacuum selection problem
without providing a commitment mechanism.

Why String Theory Fares Worse. The critical difference is that a very large portion of string
theory's claimed physical content lives in:

1. Distinctions among vacua and moduli values that fall below any admissible
discrimination threshold, and
2. A missing commitment/selection mechanism for "which vacuum becomes a fact."

Unlike QM (which has the Born rule and measurement postulates) and GR (which presupposes
classical definiteness), string theory provides neither an operational spine nor a commitment
layer. Its "physical" content is largely the distinctions themselves—and those distinctions are
inadmissible.

PAF Verdict.

Interpretation Admissible Fraction

~ 0 (micro-differences collapse + no commitment

Literal landscape/moduli space
map)

Operational (EFT-level equivalence

classes) Modest (likely < few percent)

String theory's operational content is primarily low-energy effective field theory equivalence
classes. The landscape is largely nonphysical scaffolding.

8.5 Comparative Summary

Operational Interpretation (PAF

Framework Literal-Math Interpretation Quotient Applied)
General Admissible fraction = 0 (continuum ng.h: fmacroscopic geo.metry,
. . . horizons, finite-resolution
Relativity microstructure collapses)
curvature
Quantum Admissible fraction = 0 (continuous Very high: finite outcomes + Born
Mechanics amplitudes collapse) statistics + record formation
Admissible fraction = 0 (landscape/moduli Modest: mostly EFT-level
String Theory micro-differences collapse + no equivalence classes; landscape
commitment map) largely nonphysical
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8.6 The Structural Diagnosis

This comparison reveals that PAF does not single out string theory arbitrarily. All three
frameworks use infinite mathematical structures; all three suffer idealization collapse under strict
FD application.

Crucially, the admissible fractions do not measure "how much of the physics survives."
They measure how much of the formalism corresponds to physical content versus mathematical
scaffolding. For GR and QM, the low literal-interpretation fractions simply reflect that
continuous mathematics is used as a computational tool—no one claims that the 10"100th
decimal place of a wavefunction amplitude is physical. The theories survive because their
physical claims (measurement outcomes, geodesic motion, horizon thermodynamics) are made at
the operational level, which is fully admissible. The scaffolding is recognized as scaffolding.

String theory's situation is structurally different. Its central physical claims—that the landscape
contains 10°% distinct possible universes, that moduli values are physical parameters, that
vacuum selection is a real cosmological process—depend on distinctions that fall below the
admissibility threshold. The inadmissible portion is not scaffolding but the claimed content itself.

The difference is therefore:

e QM is best-aligned with PAF because it explicitly centers what is recorded (outcomes)
and treats amplitudes as probabilistic weights tied to finite statistics. Its commitment
mechanism (measurement + decoherence) is debated but specified.

e GR s highly admissible as an effective theory because its operational content is
inherently coarse-grained and bounded by horizon thermodynamics. Its classical nature
presupposes commitment.

o String theory is the outlier because its claimed physical content—the landscape, the
moduli, the vacuum selection—Iives precisely in the regime where PAF constraints bite
hardest, and it provides no commitment mechanism to convert possibilities into facts.

The problem is not that string theory uses sophisticated mathematics. The problem is that string
theory's physical claims depend on distinctions that cannot be physically instantiated.

9. Discussion: The Status of String Theory Under
Admissibility

9.1 Not Falsification but Restriction

We wish to be clear about what this analysis does and does not claim.
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PAF does not falsify string theory. A theory cannot be falsified by philosophical analysis; only
empirical failure can falsify. What PAF does is restrict the scope of string theory—it identifies
which portions of the theory qualify as physical and which remain purely mathematical.

This is a significant restriction. If the landscape is not a space of physical possibilities but largely
a mathematical construction, then the landscape problem dissolves. If continuous moduli do not
correspond to physical parameters, then their stabilization is a mathematical convenience, not a
physical mechanism. If the perturbative elegance of string theory lives in the reversible domain,
then it describes structure, not facts.

9.2 The Overextension Diagnosis
The central diagnosis is that string theory is overextended:

String theory claims physical status for mathematical structures that exceed the admissibility
threshold.

This explains, without appeal to sociology or taste:

e  Why string theory struggles with prediction. Its "predictions" often involve
distinctions (between vacua, between moduli values) that are not physically realizable.

e  Why the landscape proliferates uncontrollably. The landscape counts mathematical
possibilities, not physical facts. Without an admissibility filter, there is no principled
limit.

e  Why empirical grounding remains elusive. Connecting theory to observation requires
commitment mechanisms that string theory lacks.

9.3 The Path Forward

What would be required for string theory (or a successor) to satisfy PAF?

1. Explicit discretization at the commitment layer. The theory must specify which
distinctions are physically realizable, not merely mathematically distinct.

2. A commitment mechanism. The theory must explain how possibilities become facts—
how the universe "chooses" a vacuum, a moduli configuration, an outcome.

3. Ledger-respecting formulation. The theory must demonstrate that its physical content
respects finite information bounds (Bekenstein, holography).

4. Admissibility selection replacing anthropic selection. Rather than selecting vacua by
compatibility with observers, the theory should identify which vacua are admissible as
facts in the first place.

These are not minor modifications. They represent a reconceptualization of what string theory is

for—not a mathematical exploration of consistent quantum gravity theories, but a physical
theory of realizable distinctions.
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10. Quantifying Admissibility: How Much of String Theory
Survives PAF?

A natural question following the preceding analysis is whether PAF allows us to meaningfully
quantify how much of string theory corresponds to physically admissible content. While any
such quantification must be interpreted carefully, PAF does permit a principled estimate once we
are explicit about what is being counted.

10.1 What "Percentage Admissible'" Means Under PAF

PAF does not assess admissibility by counting papers, constructions, or internally consistent
models. Instead, admissibility is defined over distinctions: the theory's putative physical
alternatives (vacua, parameter values, configurations) and whether those alternatives can be:

1. Finitely distinguished within a bounded physical domain (FD), and
2. Irreversibly committed as facts via ledger-writing processes (IC).

Formally, admissibility is assessed after quotienting the space of mathematical possibilities V by
the PAF equivalence relation ~ PAF,D, yielding the admissible set V_admissible(D).

The relevant "percentage" is therefore not

(number of consistent constructions) / (total constructions)

but rather

|V _admissible(D)| / |V|

understood as a quotient measure rather than a naive cardinality ratio. In practice, because |V| is

enormous (often combinatorially or exponentially large), this ratio is best interpreted as an
effective measure collapse rather than a literal fraction.

10.2 Decomposition of String Theory by Admissibility Layer

To make this concrete, we decompose string theory's content into layers according to how they
fare under PAF.

(i) Structural and consistency constraints. This includes anomaly cancellation, modular
invariance, dualities, and general consistency conditions. These structures do not proliferate

distinguishable states; instead, they identify redundancies and collapse descriptions.

o PAF status: Admissible as structural constraints rather than state distinctions.
e Effective contribution: Small in volume, but physically legitimate.
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(ii) Low-energy effective field theory (EFT) equivalence classes. This includes coarse-grained
four-dimensional EFT limits whose parameters differ only within observational resolution and
whose predictions are operationally indistinguishable in a given domain.

Under PAF, many mathematically distinct compactifications map to the same admissible EFT
class once finite distinguishability is imposed.

e PAF status: Admissible up to finite resolution.
o Effective contribution: The dominant source of physically interpretable content.

(iii) Discretized vacua beyond operational resolution. This includes flux vacua and stabilized
configurations whose differences lie below the detection threshold of any admissible protocol

within D.

By Lemma 1 (Section 5.3), such vacua collapse into equivalence classes far smaller than the raw
discretuum.

o PAF status: Overwhelmingly inadmissible as distinct facts.

(iv) Continuous moduli, exact real parameters, infinite towers. This includes exact moduli
values, arbitrarily fine flux distinctions, and infinite towers of states treated as physically distinct.

e PAF status: Inadmissible as physical distinctions; admissible only as mathematical
scaffolding.

10.3 Order-of-Magnitude Admissibility Estimates

With this decomposition, we can give a principled estimate.

Let V| denote the total number of mathematically distinct vacua or configurations considered in
string theory (whether continuous or discretized), and let B_op(D) be the operational
discrimination capacity of the domain D—the number of bits available to realistic vacuum-
identification protocols.

By Lemma 1:

|V_admissible(D)| <2”B_op(D)

For any landscape estimate satisfying |V| > 2”B_op(D), the vast majority of mathematically
distinct vacua must collapse into PAF equivalence classes. In this regime:

|V _admissible| / V]| < 1

independently of whether V is continuous or discrete.
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Even under generous assumptions—counting EFT-level equivalence classes as distinct and
ignoring ultra-fine distinctions—the admissible portion is plausibly at most a few percent of the
theory's total mathematical structure. Under stricter domain-relative interpretations of FD and IC,
the admissible fraction plausibly falls well below one percent.

The precise numerical value is not the central result. The key point is structural:

String theory's mathematical state space is vastly larger than its physically admissible
quotient under PAF.

10.4 Interpretation: Overextension, Not Failure
This conclusion should not be misread as a falsification of string theory. PAF does not judge
whether a framework is mathematically consistent or heuristically valuable. It judges whether the
distinctions the framework draws correspond to realizable physical facts.
From this perspective, string theory appears overextended: it assigns physical significance to
distinctions that exceed finite distinguishability and lack irreversible commitment mechanisms.
Most of its content is therefore nonphysical rather than incorrect.
This diagnosis explains, in a unified way:

o the apparent overcounting of vacua in the landscape,

o the difficulty of extracting sharp predictions,

o and the persistent reliance on anthropic or consistency-only selection arguments.
10.5 Summary Statement
Under the Physical Admissibility Framework, only a small fraction of string theory's
mathematical structure—Ilikely well below a few percent—corresponds to physically admissible
distinctions. The remainder collapses under finite distinguishability and irreversible commitment

constraints into a much smaller set of operationally meaningful equivalence classes.

In this sense, the problem with string theory is not that it predicts too much, but that it
counts too much.

11. Conclusion

When evaluated under the Physical Admissibility Framework, string theory is revealed not as
incorrect but as overextended—its mathematical structures exceed the boundary where
distinctions correspond to physical facts.

The analysis shows:
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1. Continuous moduli cannot be physical parameters because they require infinite
precision to specify and distinguish. Moduli stabilization mechanisms produce
discretization but do not resolve the underlying admissibility problems.

2. The vacuum landscape, standardly framed as a predictivity problem, is better
understood as an admissibility problem. Most mathematically distinct vacua collapse into
single admissible equivalence classes, and the effective number of physical vacua may be
vastly smaller than the raw landscape count.

3. Infinite-dimensional configuration spaces are admissible only as effective descriptions,
but string theory has not specified which finite subset of distinctions corresponds to
physical reality.

4. The commitment gap—the absence of irreversible commitment mechanisms—prevents
string theory from connecting its reversible mathematical structure to the irreversible
world of facts.

PAF does not single out string theory unfairly. Quantum mechanics and general relativity also
face admissibility challenges but have developed responses (measurement postulates, entropy
bounds) that string theory lacks.

The lesson is general:

Physics is not the study of what can be written down, but of what can be irreversibly
distinguished.

Mathematical consistency is necessary but not sufficient. Elegance is valuable but not decisive.
Ultraviolet completeness is desirable but not the point.

The point is admissibility: whether the distinctions a theory draws can be instantiated as facts in
a finite universe with finite resources.

Any future unification theory—string-based or otherwise—must pass through the admissibility
filter to earn the status of physical law. Until string theory does so, its status remains that of a
mathematically profound framework whose physical content is yet to be fully determined.

Appendix A: Clarifications, Strengthenings, and Scope
Refinements

This appendix addresses several anticipated reviewer concerns and strengthens the Physical
Admissibility Framework (PAF) analysis presented in the main text. The clarifications below do
not alter any core results or theorems; rather, they sharpen interpretation, specify operational
assumptions, and situate the framework more clearly relative to existing continuum-based
theories.
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A.1 Operational Discrimination Capacity and Order-of-Magnitude
Estimates

In the main text, the operational discrimination capacity B_op(D) was introduced as the relevant
bound governing how many vacuum distinctions can be irreversibly recorded within a bounded
operational domain D. This quantity was deliberately distinguished from absolute holographic
entropy bounds, since practical vacuum discrimination is dominated by accessible low-energy
observables and finite measurement precision.

To provide intuition, consider a conservative and physically realistic estimate. Suppose vacuum
identification proceeds via inference over M effectively independent parameters (for example,
Standard Model masses and couplings, cosmological parameters, and a small number of EFT-
level beyond-Standard-Model coefficients). If each parameter can be stably measured and
recorded to d reliable decimal digits, the operational discrimination capacity satisfies:

B op(D) s X ilog2(A 1/6 1)=3.32 M d bits,

where A 1 denotes the physically allowed parameter range and o i the achievable resolution
(including both instrumental and fundamental noise limits).

Even under optimistic assumptions—M =~ 30 independent parameters each resolved to d = 10
significant digits—this yields B_op = 10”3 bits. Lemma 1 then implies that at most ~2*1000 =
107300 admissible vacuum equivalence classes can be distinguished within D. While enormous,
this bound is still dramatically smaller than the raw string landscape estimates (10"500 or larger),
ensuring massive equivalence-class collapse.

A.2 On the Strength of PAF and the Role of Continuum Mathematics

A potential objection is that PAF, applied strictly, appears to rule out any continuum theory as
fundamental. This objection misidentifies the target of the framework. PAF does not prohibit the
use of continuum mathematics; rather, it constrains the physical interpretation of such
mathematics.

The central requirement is that continuous mathematical structures must be understood as
approximations to, or effective descriptions of, finitely distinguishable physical facts. Both
quantum mechanics and general relativity already operate in this manner: wavefunctions are not
observed directly but only through finite outcome statistics, and spacetime metrics are inferred
only via coarse-grained observables subject to entropy and horizon bounds.

String theory’s difficulty under PAF is therefore not its use of continua per se, but the fact that
several of its central interpretive claims—most notably the landscape as a physical possibility
space—treat continuum or ultra-fine discrete distinctions as ontologically real. PAF requires that
such distinctions be demoted to mathematical scaffolding unless an explicit commitment
mechanism is provided.
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A.3 Infinite Configuration Spaces and Exact Symmetries: Scope and
Limits
Section 6 of the main text raises concerns about infinite configuration spaces and exact

symmetries, particularly worldsheet conformal invariance. These issues are structurally
important but were not pursued to theorem-level rigor in the present work.

The intended role of Section 6 is therefore diagnostic rather than deductive. It highlights
potential tension between exact infinite-dimensional symmetry requirements and finite
distinguishability, while leaving a full admissibility analysis of conformal symmetry, modular
invariance, and infinite oscillator towers to future work. The core admissibility results of
Sections 4-5 do not depend on these arguments.

A.4 The Commitment Gap and Decoherence-Based Cosmology

The main text argues that string theory lacks a theory-internal commitment mechanism
converting vacuum possibilities into facts. By contrast, quantum mechanics—while not resolving
the measurement problem—possesses a well-developed commitment scaffolding in the form of
decoherence.

Decoherence-based approaches to quantum cosmology, notably those developed by Gell-Mann
and Hartle and by Zurek, provide explicit frameworks in which environmental entanglement
selects quasi-classical histories and stabilizes records. These approaches do not eliminate
foundational questions, but they do supply a concrete mechanism linking unitary dynamics to
effective classical facts.

String cosmology has not yet developed an analogous, widely accepted framework explaining
how a specific vacuum, geometry, or compactification becomes irreversibly recorded as the
realized macrostate of the universe. PAF highlights this absence as a structural gap rather than a
mere incompleteness of calculation.

A.5 On Quantifying Admissibility Without Literal Percentages

The main text uses the phrase “well below a few percent” as a heuristic summary of admissibility
collapse. This language should not be interpreted as a literal measure-theoretic fraction over an
infinite or ill-defined state space.

Formally, the PAF result is that the vast majority of claimed distinctions in string theory are
identified under the equivalence relation ~ PAF,D. What survives are equivalence classes
corresponding primarily to low-energy effective field theories distinguishable within the
operational capacity B_op(D).

Thus, the correct statement is not that a specific numerical fraction of string theory is admissible,
but that almost all landscape-level distinctions collapse under admissibility, leaving a
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comparatively small, operationally meaningful quotient. The percentage language is retained
only as an intuitive aid and can be omitted without loss of formal content.
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