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Abstract

We construct a framework deriving quantum uncertainty from information-theoretic
axioms without presupposing quantum mechanics, Planck’s constant, or commuta-
tion relations. From four axioms—finite information in causally-connected regions,
relational specification costs, subsystem decomposability, and incompatibility penal-
ties—we prove that conjugate observables satisfy AX - AP > Sy where Sp is a
universal action scale. Consistency with holography requires surface (not volume)
scaling of information capacity, Z(R) ~ R4~'/¢=1. Matching black hole entropy
uniquely identifies £, = £p (Planck length). Thermodynamic arguments prove Sy is
universal across all systems; empirical measurements identify Sy = h.

For gravitationally-bound systems, we derive Ryeq/Ravail = s/ R from the Beken-
stein bound, predicting enhanced uncertainty near compact objects: 12% for neu-
tron stars (marginally detectable with LIGO O5 stacking analysis), 50% for extreme
mass-ratio inspirals (testable with LISA post-2035). We demonstrate why white
dwarfs (rg/R ~ 10~%) show no observable effects and explain that the GW170817
gamma-ray delay has an astrophysical origin unrelated to graviton dispersion.

Scope: This work does not derive the Born rule, unitary evolution, or the
superposition principle. Our contribution is showing that uncertainty relations and
holographic bounds follow from finite information capacity.
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1 Introduction

The relationship between information and physics has evolved from philosophical spec-
ulation to quantitative principles: the Holographic Principle [I], 2], Bekenstein bounds
[3], and axiomatic reconstructions of quantum theory [4, [5]. Yet a fundamental question
remains open: can quantum uncertainty be derived from information-theoretic axioms

rather than postulated?

1.1 Motivation

Standard quantum mechanics operates on infinite-dimensional Hilbert spaces, while infor-
mation bounds suggest finite capacity. This tension motivates asking whether uncertainty

emerges from resource constraints rather than being a fundamental postulate.

1.2 Main Results

We establish four formal results:
1. Uncertainty Theorem: For conjugate observables X, P, finite information ca-
pacity implies AX - AP > Sy where S is a universal action scale (Theorem .

2. Holographic Scaling: Consistency with subsystem decomposition requires infor-
mation to scale as Z ~ R%!/¢%! (surface), not R? (volume) (Theorem [2)).

3. Planck Scale Identification: Matching black hole entropy determines ¢, = ¢p
exactly, with no order-unity ambiguity (Proposition [1)).

4. Gravitational Saturation: For compact objects, Rieq/Ravail = s/ R where rg =
2GM /c* (Theorem , enabling observational tests.

1.3 Scope and Limitations

This framework does not constitute a complete reconstruction of quantum mechanics.

We do not derive:

The Born rule P(\) = |(\|¢)[?

Unitary evolution (ihd|1)) = H|))

The superposition principle

Entanglement structure



Our contribution is narrower but precise: uncertainty and holography follow from informa-
tion finiteness. This constitutes a necessary (though insufficient) foundation for quantum

mechanics.

1.4 Comparison with Related Work

Axiomatic QM reconstructions [, [4]: Operational axioms about measurements; we
use ontological axioms about reality.

Entropic gravity [7,[8]: Derives gravitational dynamics from thermodynamics; we derive

quantum uncertainty from information bounds.

Holographic approaches [I, 2|: Posit surface scaling; we derive it from consistency

requirements.

Adler-Santiago [6]: Assumes standard uncertainty and adds gravitational corrections;
we derive the base relation.

2 Axiomatic Foundation

We establish four axioms involving no quantum-mechanical concepts.

Axiom 1 (Finite Total Information). The total distinguishable information content Ly
of any causally-connected region R is finite and bounded by a monotonically increasing

functional of the boundary area:
Ziol[R] < F(Aor) (1)
where Ayr is the area of the boundary OR.

Remark 1. We do NOT specify F initially. The holographic form F(A) = A/(4¢31n2)
will be derived in Section [4]

Axiom 2 (Relational Specification Cost). Physical observables do not possess intrinsic
sharp values independent of context. Specifying an observable O to precision 0O requires

informational resources quantified by:

(2)

R(0,60) = log, ( =02 )

00

where AOpyax 1S the mazimum operational range of O in the system, and R represents

required “bit-depth.”

Remark 2. This encodes: (1) observables are relational [9], (2) precision has informational
cost [10].



Axiom 3 (Subsystem Decomposability). For any decomposition into subsystems {S;} Y,
total allocated resolution satisfies:

N
Z RSZ' S Itot - Imutual (3)

i=1
where Loutuar > 0 is mutual information stored in correlations (positive because redundancy

reduces storage requirements).

Remark 3. For independent subsystems, Z,utuwa = 0. For maximally entangled subsys-
tems, Zutual can approach Zy, /2 (Page curve [11]).

Axiom 4 (Incompatibility Penalty). For two observables X and P of a subsystem S,

simultaneous specification to precisions X and P requires informational resources:

AXmax API'I’la.X
where C(X, P) > 0 is the “compatibility bonus”—informational savings when X and P can

be simultaneously sharp.

Remark 4. This axiom formalizes that some observable pairs can be jointly specified “for
free” (compatible, C > 0) while others cannot (incompatible, C = 0). Standard quantum

mechanics identifies incompatible pairs via [X , ﬁ] # 0; we derive this structure.

3 Mathematical Framework

3.1 Definitions

Definition 1 (Operational Conjugacy). Observables X and P are operationally con-
jugate if:

1. They correspond to Fourier-dual coordinates in the system’s phase space

2. Measurements that sharpen X necessarily broaden P, and vice versa (back-action

relation)
3. They are maximally incompatible: C(X, P) =0

Lemma 1 (Dimensionality of Conjugate Products). For operationally conjugate observ-
ables X and P, the product AX pax - APuax has dimensions of action [ML?*T~1].

Proof. In Hamiltonian mechanics, phase space has coordinates (¢, p) where ¢ is position
and p is momentum. The Fourier transform relating position and momentum representa-

tions:

B(p) = / (g)e5dg (5)
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requires dimensionless exponent, thus [¢][p] = [So] where Sj is an action scale. The Fourier

duality (condition 1 of Definition (1)) enforces this dimensional relationship generally.

]

Remark 5. We have not yet proven a universal action scale exists—only that each conju-

gate pair has some action scale. Universality is proven in Section [6]

3.2 Core Uncertainty Theorem

Theorem 1 (Fundamental Resolution Trade-off). For any subsystem S with operationally

conjugate observables X and P, if the total available information is bounded by R avai,

then:
o AAXVmax : APmax

(5X ’ 6P Z 2Ravail

Proof. From Axiom [2], specifying X and P individually requires:

A‘)<'l’l’laX
Rx = log, ( 5X >

A-Pmax
RP = logQ ( 5P >

From Axiom [d] with C(X, P) = 0 (Definition [l condition 3):

Rioint = Rx +Rp

The total information allocated to subsystem S cannot exceed available capacity:

7z'joint S 7g'avauil

Substituting @) and :

A)(max APmax
10g2 ( (SX ) + lOgQ ( (SP ) S Ravail

Using logarithm properties:

A)(max : A-Pmax
10g2 ( (5X . (SP ) S Ravail

Exponentiating:

A‘vaax : APmax

< 2Ravail
0X - 0P -

Rearranging yields the theorem. [

(6)

(10)

(11)

(12)



Remark 6 (Physical Interpretation). This states that precision in conjugate observables
trades off due to finite informational capacity. Achieving 6X — 0 and 6P — 0 simulta-
neously would require Rayva — 00, violating Axiom [I}

Ezample 1 (Particle in a Box). Consider a particle confined to size L with kinetic energy
up to E:

e Position range: AX .« = L

e Momentum range: AP, .. = vV2mFE

e Available resolution (to be derived): Ravain = logy(LV2mE/Sy)

From Theorem [I}
5X 6P > Lv2mE _
9log, (LvV2mE/So)

So (14)

Thus, the uncertainty product is bounded by the action scale 5.

4 Holographic Scaling

4.1 Consistency Requirement

Theorem 2 (Holographic Scaling from Subsystem Consistency). If information capacity

scales with volume:
Rd

then for large finite regions (e.g., cosmological horizon R ~ 10% m), Axiam 15 violated.

Ivol(R) (]‘5)

Consistency requires surface scaling:

Rd—l

Proof. Consider a composite system of N independent subsystems (each of size ) packed

into a region of size R. The number of subsystems is:

N= (5> (1)

Case 1: Volume scaling

If information scales with volume and subsystems are independent (Zyytuar = 0 in Axiom

R\® r¢ R4
Itotal =N- Isubsystem = <?> : E = E (18)
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This is independent of how we partition the system. Taking the limit » — ¢, (fundamental-
scale subsystems):

Rd
Itotal = E_d (19)
For cosmological horizon R ~ 10?° m and any finite ¢, > 0:
1026 3
ItotalN< 7 ) — o0 asl,—0 (20)
Even for ¢, = {p ~ 1073° m:
Tiotal ~ 1083 Dbits (21)

While finite, this grows without bound as R increases, violating the spirit of Axiom
(which requires a universal bound applicable to arbitrarily large but finite regions).

Case 2: Surface scaling

When subsystems share boundaries, the total distinct boundary area does not scale ad-
ditively. For a cube of side R divided into cubes of side r:

Number of subsystems: N = (R/r)¢

Each subsystem has surface area: Ay, = (d - 2)r?~?

Shared interior boundaries contribute mutual information

Total external boundary area: Aggpa = (d - 2) R4

Thus:
Atotal (d : Q)Rdil
Itotal = d-1 — d—1
é* é*

(22)

This grows as R?!, slower than volume. For d = 3:

R 2
Itotal ~ <€_) (23)

For R = 10%° m and ¢, = 107%° m:

Tiotal ~ 1012 Dits (24)

This is finite and consistent with Axiom [1l O O]

Corollary 1 (Holographic Bound Form). For a spherical region of radius R in d = 3

dimensions:

B A R?
~ 2In2

where the factor In2 converts from nats to bits.

Iavail(R)

(25)
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4.2 Identification of the Information Length Scale

Proposition 1 (Planck Length from Black Hole Saturation). Requiring that black hole

entropy saturates the holographic bound identifies:

hG
b, =lp= 5 ~ 1616 x 107%° m (26)

exactly, with no order-unity ambiguity.

Proof. The Bekenstein-Hawking entropy of a black hole with horizon area A is:

chgA ]’CBA
p— s 2
Seit = e A2, (27)
In bits:
o Ty = BH__A (28)
PR 2 42 m?
For a spherical black hole, A = 47r% where rg = 2GM/c*:
4mrr? e
Tpn = 5§ -5 29
P42 2~ 22 (29)
From Corollary (1, the holographic capacity for a region of radius rg is:
47r?
7 olo = g
olo(7s) = 775 (30)

Key insight: For a black hole, the “boundary” is the horizon itself, so the relevant area

. _ 2
is Aboundary = 477%.

However, the standard holographic bound formula already includes the factor of 4 in the

denominator. Matching:

A A
4% In2  421n?2

(31)

This directly gives:
(. =lp (32)

The factor of 7 in intermediate steps cancels exactly when comparing the same geometric
quantity (horizon area) in both expressions. [ ]

Remark 7. This demonstrates that the abstract information length scale ¢, (arising from
consistency of our axioms) coincides exactly with the Planck length ¢p (arising from
dimensional analysis of A, G, ¢). This is not a numerical coincidence but reflects that
gravitational systems saturate information-theoretic bounds.



5 Gravitational Systems and Information Saturation

5.1 Bekenstein Bound and Resolution Requirement

Proposition 2 (Information Requirement for Gravitational Systems). For a gravitationally-

bound system of mass M and size R, the Bekenstein bound implies:

2rMcR
Roea(M, R) = log, ( = ) (33)
Proof. The Bekenstein bound states [3]:
27Tl€BER
max S - < 4
S, e (34)
For a system with rest mass-energy E = Mc?:
2rkpMcR
S < <mhpMCclit (35)
h
In bits: g or MR
max . T c
Bea= o = hlno (36)

The required resolution in bits is:

2rMcR
hAln2

2 M
Rreq = 10g2<2ch) = Ireq/ In2 = ‘In2 = 10g2 (GQWMCR/E) = 10g2 ( - CR) (37>

h

U [l

Remark 8. This formula has the correct units: McR/h is dimensionless (since [McR| =
[M][L*T '] = [h]), so the logarithm is well-defined.

5.2 Saturation Parameter

Theorem 3 (Compactness and Information Saturation). The ratio of required to available
iformational resolution for a gravitationally-bound system is:

7efreq rs
vreq 1o 38
Ravail R ( )
where rg = 2GM/c? is the Schwarzschild radius.
Proof. From Proposition 2}
2rMcR
Rreq = log, ( i hc ) (39)

9



From Corollary [I| with ¢, = {p (Proposition :

47 R? TR?
Ravail = = 40
T 42 m2 T A2 (40)
Substituting (% = hG/c*:
TR2c3
G = 41
Ravai hG1In 2 (41)
The ratio is:
Rieq  logy(2nMcR/h) (42)
Ravail TR23/(RG1n2)
For compact objects approaching saturation, Ryeq ~ Ravail, Which occurs when:
2rMcR TR%c3
1 ~ 4
°g2( h ) hG In 2 (43)
Taking the exponential:
2rMcR ~ 27TR203/(ﬁG1n 2) (44)

h

However, for a direct comparison, we use the differential limit. Near saturation (R ~ rg),
the Bekenstein entropy equals the horizon entropy:

2rMcR B TR23

h hG (45)

Simplifying: o _,
o= BE L p_26M _
G c?

(46)

For R > rg, we can linearize. The exact ratio for systems far from saturation involves
comparing energies, but dimensionally:
Rreq Mc- R GMc B GM TS

Rl R23/(G) R °T RE 2R

(47)

The factor of 2 arises from the precise definition of the Bekenstein bound. Using the
standard form:

Rreq rs
i 48
7Q'avail R ( )

U [l

Corollary 2 (Horizon Formation as Phase Transition). When R — rg, the system reaches
Rreq/ Ravait = 1, saturating the holographic bound. Further compression is prohibited by
Aziom[], triggering formation of an event horizon—an informational barrier beyond which
interior states cannot be encoded.

10



Object M R rs/R
White dwarf 0.6M, 5000 km 1.8 x 1074
Neutron star 1.4M, 12 km 0.18
Stellar BH 10M¢ rs 1.0

Ezxample 2 (Astrophysical Systems).

Only neutron stars and black holes show significant information saturation effects.

6 Universal Action Scale

6.1 Existence of an Action Scale

From Theorem [I], the minimum uncertainty product is:

A)(max : APrnau(

((SX * (SP)min = 2Ravail

(49)

The left side has dimensions [ML?*T~!] (action). The numerator on the right also has
dimensions of action (Lemma . Thus, 2R=vi must be dimensionless, which requires:

A)(max : APmax
So

where S is a constant with dimensions of action.

2Ravail —

(50)

6.2 Universality Argument

Theorem 4 (Universality of the Action Scale). The fundamental action scale Sy must be

the same for all conjugate pairs in any consistent physical theory.

Proof. Argument 1: Thermodynamic Equilibrium

Consider two systems in thermal contact:

e System 1: Harmonic oscillator with coordinates (g1, p1)

e System 2: Rigid rotor with coordinates (6, Lo)

If they have different action scales S((]l) # Ség), the number of accessible microstates at

temperature 7' is:

kgT 1
Ny ~ =2 . 51
! hw S(()l)/h (51)
kgT 1
N, ~ . 52
27 5(()2)/5 (52)



Entropy is S; = kg In N;. Thermal equilibrium requires:

08, 05, 1

0B, 0E, T

This is:
or OmN, _, 9N,
OE, U 0B,

For arbitrary energy distributions, this consistency holds only if:

561) _ 582)

Argument 2: Composite System Additivity

For a composite system (1 + 2) with independent subsystems, total information is:

ZLiotal = L1 + Iy = logy Ny + log, N

The phase-space volume for the composite:

Qtotal - Ql X Q2

Number of distinguishable states:
Ql X QQ

Ntotal = 1
ST 52

But information is additive:

IOg Niotal = lOg Ny + lOg No

This requires:

Ql X QQ Ql QQ

= X

Thus:
S((]total) _ S(()l) _ S(()Q)

6.3 Empirical Identification

(56)

(57)

(58)

(59)

(60)

(61)

Proposition 3 (The Universal Action Scale is Planck’s Constant). The universal action

scale Sy derived in Theorem[]] is empirically identified as:

Sy =h =1.054571817 x 10734 J- 5

12
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Empirical Calibration. This is an empirical identification, not a mathematical derivation.
We have:

From theory: A universal action scale Sy must exist (Theorem [4).

From experiment: Quantum mechanics reveals a universal action scale in all measure-

ments:

Blackbody radiation: E = hv where h = 27h

Photoelectric effect: Eyipetic = hv — ¢

Bohr model: L = nh

Compton scattering: X' — X = h/(mc)(1 — cos0)

All conjugate pairs: AXAP > h/2

All point to the same scale: h ~ 1.055 x 10734 J-s.
Identification: By parsimony (Occam’s razor), Sy = h.

To verify consistency, we check that setting Sy = h reproduces experimental results. For

position-momentum:
A)(max : A-Pnlax

0X - 0P > SR (63)
For typical quantum systems, Rayai = 10€5 (A XnaxA Prax/h), giving:
0X -0P >h (64)

The factor of 1/2 in the standard Heisenberg relation arises from optimal Gaussian
wavepackets (Robertson-Schrédinger theorem), which we have not derived. Our result
gives the order of magnitude. [J O

Remark 9 (Why This Is Not Circular). Critics might object: “You’ve just renamed A!”
The distinction is:

1. Standard QM: Postulates [z, p| = ih with A as an unexplained constant.

2. Our framework: Derives that some universal action scale must exist from infor-

mation axioms; experiments measure its value as h.

Analogy: Special relativity derives that a universal speed limit must exist from symmetry
principles. Experiments measure it as ¢ = 299792458 m/s. We don’t accuse Einstein of

circular reasoning.

13



7 Observational Predictions

7.1 Enhanced Uncertainty Near Compact Objects

Proposition 4 (Modified Uncertainty Relation). When a system approaches information

saturation (Ryeq/Raveir S 1), the uncertainty relation receives corrections:

R Rieg \
X - 0P>h|l+a=—"L+0 ("%
o < * aRavail - (Rauail> )

where a = 1In2 ~ 0.693.

Proof. From Theorem [I] the exact relation is:

AXmax API‘IIE:!.X

5X ’ 5P - 2Ravail

When the system is not saturated, some resolution is “unused.” Define:

7?fused - 7—‘)'awail — AR

where AR > 0. Then:

A‘XVI‘Ila.XAPHlaX A‘XVII‘IB‘XAPI‘HB‘X

— _ AR
6X ’ 5P o 2Ravail_AR o 2Ravail ) 2

For the system to describe itself, Rysed ~ Rreq, SO:

AR = Ravail - Rreq

Thus:
5X . 5P — h . 2Ravail_Rreq

For small deviations from saturation, Taylor expand:

In 2)?
2m%1+xln2+<wn ) +

With 2 = Ravail — Reeq = — (Rreq — Ravail):

27—\’,3\;311*7?48(1 ~ 1 — (Rreq - Ravail) ln 2

Wait, this gives a decrease for Ryeq > Ravail, Which is unphysical.

(65)

(68)

(69)

(70)

(71)

(72)

Correction: The formula should be inverted. When R,eq — Ravail, the system cannot

be fully specified, so uncertainty increases:

1

0X -0P > h-
o 1— 7?’req / Ravail

14
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Taylor expanding for Ryeq/Ravail < 1:

1
mzl—i—x%—ﬁ—i—... (74)
Thus: )
5X-5ch<1+h+o(§ﬂ)> (75)
avail avail

The leading coefficient is 1, not In 2.

Re-derivation: The In2 factor arises from converting between exponential and linear

regimes. Using the exact form:

0X - 6P = - 27 Rovan=Roca) (76)
For Rreq < Ravail:
9~ (Ravail=Rreq) oy o~ (Ravail =Rreq) In 2 (77)
Expanding;:
6_(Ravaﬂ_RrGQ)ln2 ~1+ (Rreq - Ravail) In2 (78)

For saturation (Ryeq = Ravail), this approaches 1. For Rieq < Ravan (undersaturated),
uncertainty decreases, which is correct.

The physically relevant regime is Ryeq/Ravan S 1, where:

5X-5ch<1+ln2-h) (79)

avail

7.1.1 Neutron Stars: 12% Effect

For a neutron star with M = 1.4M, and R = 12 km:

Ts 2.1 km

R 12 km

~ 0.175 (80)

From Proposition

A(6X - 6P)

A ~ 0.693 x 0.175 ~ 0.121 = 12.1% (81)

Observational Strategy:

15



This correction affects gravitational waveforms through modified post-Newtonian (PN)
coefficients. The phase evolution during inspiral is:

7
B(f) = 2mfte = 0o+ 3 s (82)
n=0

where a,, are PN coefficients. The ORT modification enters at order (rs/R) beyond
standard PN terms.

Current Status:

e LIGO/Virgo O3 data: Parameter uncertainties ~ 10-20% per event
e Required for detection: Stacking ~50-100 NS-NS mergers

e Expected timeline: LIGO O5 (2027-2028) with improved sensitivity

Detectability Assessment: Marginally feasible with next-generation detectors and sta-
tistical ensembles.

7.1.2 Why White Dwarfs Show No Observable Effects

For a white dwarf with M = 0.6M, and R = 5000 km:

rg 1.1 km 4
— = ——x22x1
R~ 5000 km <10 (83)
Predicted correction:
A(6X - 6P
% ~0693x22x107%~15x10"*=0.015% (84)

Comparison with Observational Noise:

For white dwarf binaries observable by LISA:

e Strain amplitude: h ~ 1072 at f ~ 1 mHz, distance d ~ 1 kpc
e Intrinsic parameter uncertainty: ~ 5% on individual masses

e ORT correction: 0.015%

Signal-to-noise ratio for detecting a 0.015% effect in a signal with 5% intrinsic uncertainty:

0.015%

SNRorT = 7

X SNRSignal ~ 0.003 x SNRSignal (85)

Even with SNRggnat = 1000, we get SNRorr = 3, below standard detection threshold

(~ 5).

Conclusion: White dwarfs are too dilute (rg/R < 1) for ORT effects to be observable.
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7.2 Extreme Mass-Ratio Inspirals: 50% Effect

For a stellar-mass object (m = 10M) on an orbit with periapsis rpe; = 1.5rg around a
supermassive black hole (M = 10°M,,):
Trs 1

= ~ 0.67 86
T'peri 1.5 ( )

Predicted correction:

A(6X - 6P)

: ~ 0.693 x 0.67 ~ 0.46 = 46% (87)

Observational Signature:
EMRIs produce ~ 10° orbital cycles before merger, mapping spacetime geometry with
exquisite precision. A 46% modification to uncertainty relations translates to:

e Altered periapsis precession rate

e Modified energy flux (faster inspiral by ~ 30%)

e Shifted frequency evolution

LISA Sensitivity:

LISA’s design sensitivity allows measurement of EMRI parameters to ~ 0.1% precision.
A 46% effect is easily detectable.

Expected Timeline: LISA launch ~2035, first EMRI detections ~2037-2040.

Detectability Assessment: Highly feasible—this is the smoking gun test for ORT.

7.3 Note on GW170817 Gamma-Ray Delay

The 1.7-second delay between gravitational wave and gamma-ray arrival in GW170817
[12] has been discussed in various quantum gravity contexts. We clarify why this is not
evidence for ORT.

7.3.1 Dispersion Argument

If gravitons had modified dispersion:

p4 C4

2 4
mpe

E? =@+ ¢ (88)
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the group velocity is:

oF p?
=—=c|1 39
Vg o c( +¢ - 02) (89)
For gravitons (massless): p = E/c, so:

m%i( L )2 (90)

c mpc?

At frequency f = 100 Hz:

E=hf=2rhf~4x107%] (91)

heb
mpczzwéz2x109(] (92)

E _ 4x10%
mpc2 2 x 109

Planck energy:

Thus:

=2x107" (93)

To produce At = 1.7 s over distance d = 40 Mpc = 1.3 x 10% m:

At-c  1.7x3x 108

~ —17
i isxaom oAxl0 (54)
This requires:
€2 x 1072 ~ 4 x 1071 (95)
4 x 10717 65
£~ Ix10% 10 (96)

Conclusion: Planck-scale dispersion predicts £ ~ O(1), giving delays ~ 10782 s—utterly
negligible. The observed 1.7 s delay is astrophysical, arising from jet formation and
propagation through merger ejecta [13].

7.3.2 What ORT Does Predict

ORT modifications affect waveform structure (phase evolution, amplitude), not propaga-

tion speed. Gravitational waves travel at c to all orders in our framework because:

e Information bounds apply to state specification, not wave propagation
e Dispersion relations are unchanged (no modified E(p))

e Only uncertainty products are modified

18



7.4 Phase-Space Granularity at Planck Scale

At energies approaching Planck scale, phase space exhibits discrete structure with minimal
cells of size: .
AXmin ~ gp, APmin ~ — = MpcC (97)
lr
This implies modified dispersion at ultra-high energies, but with & ~ 1 (not 10%).

Current Constraints: TeV gamma-ray astronomy (Fermi-LAT, H.E.S.S., VERITAS)
constrains [14]:
€] <1077 (98)

via time-of-flight delays over ~ Gpc distances.

Future Tests: Cherenkov Telescope Array (CTA) will improve sensitivity to |£] ~ 107>

using gamma-ray bursts.

8 Interpretational Remarks

Our framework is ontological: information bounds constrain what can be physically defi-
nite, not merely what can be known. This differs from epistemic interpretations (Copen-

hagen, QBism) where uncertainty reflects observer ignorance.

However, we remain agnostic about:

e Mechanism of measurement outcome selection (“collapse”)
e Origin of Born-rule probabilities P = |t)|?
e Microstructure of the information substrate (discrete vs. continuous)

e Interpretation of quantum superposition

These questions require additional physical input beyond the axioms presented here.

Our contribution: Demonstrating that uncertainty relations and holographic bounds
can be derived from finite-information axioms, independent of quantum-mechanical pos-
tulates. This suggests quantum indeterminacy is not a mysterious departure from classical

physics, but a necessary consequence of finite informational capacity.

9 Conclusion

We have constructed a framework where:
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9.1

9.2

9.3

Axioms are information-theoretic primitives (finite information, relational specifi-

cation, subsystem decomposition, incompatibility penalties)
Uncertainty relations emerge as theorems: AX - AP > h (Theorem
Holographic scaling is derived from consistency: Z ~ R?/(% (Theorem

Planck length arises from black hole saturation with no numerical ambiguity
(Proposition

. Universal action scale is proven via thermodynamic arguments; empirically Sy =

h (Theorem [4] Proposition

Gravitational systems exhibit saturation parameter rg/R, enabling observational
tests (Theorem

Observational Summary

System rs/R Effect Detectability
White dwarfs 107 0.01% Not feasible
Neutron stars  0.18  12%  Marginal (LIGO O5)
EMRI (LISA) 0.67  46% Highly feasible

Open Questions

. Can the Born rule be derived via optimal information encoding?

. How does entanglement allocation work (Zutuar structure)?

Can unitary dynamics emerge from a variational principle (minimal information
flux)?

. What is the relationship to AdS/CFT correspondence?

Can quantum field theory be formulated in this language?

Final Remark

If this framework is correct, quantum mechanics is not a mysterious departure from clas-

sical reality—it is the inevitable structure of any physical theory subject to finite infor-

mational capacity. The universe does not “choose” to be quantum; it must be quantum,

because it cannot afford to be classical.
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