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Abstract

We present Causal Quantum Relativity (CQR), a framework that unifies
quantum mechanics, general relativity, and the Standard Model gauge group
SU(3)xSU(2)xU(1) from two axioms: (1) spacetime is a locally finite partial
order (causal set), and (2) the Planck length is dynamic, increasing with local
energy density. Quantum mechanics emerges from the path sum over causal his-
tories, with interference forced by the combinatorics of discrete causality. General
relativity is recovered via the Benincasa—Dowker—Glaser action in the contin-
uum limit. The gauge group is derived through two independent mechanisms:
branchial fiber bundles (building on Gorard’s framework) and noncommutative
geometry (building on Connes’ spectral triples), both yielding SU(3) from three
spatial dimensions. Black hole singularities are resolved by finite causal depth and
unitarity is preserved via an explicit S-matrix through the causal bottleneck. We
derive the observed CMB amplitude from Poisson statistics of causal set growth,
and show that the spectral index is achievable through chaotic amplification and
causal knot formation. Crucially, CQR makes specific falsifiable predictions that
distinguish it from competing quantum gravity approaches: gravitational wave
echoes at approximately 10 ms delay (testable with current LIGO/Virgo sensi-
tivity), modified Hawking spectra with Planck-scale UV suppression, vanishing
linear Lorentz violation with quadratic corrections, and density-dependent QED
radiative corrections in extreme astrophysical environments. The combination
of vanishing linear Lorentz violation with GW echoes uniquely identifies CQR



among quantum gravity approaches. All results follow from the two axioms with-
out additional postulates. Open problems include the fermion mass hierarchy
and cosmological constant, which are shared challenges across all approaches to
quantum gravity.

Keywords: quantum gravity, causal set theory, gauge symmetry emergence,
noncommutative geometry, discrete spacetime, Standard Model

1 Introduction: The Unification Problem

The twentieth century produced two extraordinarily successful but fundamentally
incompatible theories: quantum mechanics and general relativity. Adding to this, the
Standard Model of particle physics describes the strong, weak, and electromagnetic
forces with remarkable precision but treats gravity as external and provides no expla-
nation for why the gauge group is SU(3) x SU(2) x U(1) rather than some other

structure. A complete theory of physics must unify all three.

1.1 Why Existing Approaches Fall Short

String theory [1] achieves a formally consistent quantum gravity but requires 10
or 11 dimensions, introduces a vast landscape of vacua (~ 10°°°), and has produced
no unique, testable predictions after five decades of development. The gauge group
emerges from compactification geometry, but the choice of compactification is not
determined by the theory.

Loop quantum gravity (LQG) [2] quantizes the gravitational field directly but
has struggled to recover smooth spacetime in the semiclassical limit and does not
naturally incorporate matter or gauge symmetries. It resolves certain singularities [3]
but remains a theory of gravity alone.

Causal set theory [4, 5] posits that spacetime is fundamentally a discrete partial
order—a causal set. This approach has significant mathematical elegance: the causal

structure of spacetime, combined with volume information from counting, determines



the conformal geometry. However, standard causal set theory uses a fixed Planck scale

and has not derived the Standard Model gauge group.

1.2 The CQR Approach

Causal Quantum Relativity begins with the causal set hypothesis but departs from

the standard program in one crucial way: the Planck length is not a fixed constant but

a dynamical quantity that responds to local energy density. This single modification,

combined with the discrete causal structure, generates a cascade of consequences:

Quantum mechanics is not postulated but emerges from the combinatorics of
paths through discrete causal structure (Section 3).

General relativity is recovered from the Benincasa-Dowker—Glaser (BDG) action
on causal sets in the continuum limit (Section 4).

Gauge symmetries U(1) x SU(2) x SU(3) emerge from the topology and multiway
structure of discrete causality, verified by two independent derivations (Section 5).
The Standard Model Lagrangian is recovered from Connes’ spectral action
principle applied to the causal set spectral triple (Section 6).

Singularities are resolved: finite causal depth replaces infinite curvature
(Section 4).

Black hole information is preserved: an explicit unitary S-matrix describes
evaporation through a causal bottleneck (Section 7).

CMB parameters are derived: the observed amplitude and spectral index

emerge from causal set growth dynamics starting from N =1 (Section 8).

The framework rests on exactly two axioms, stated precisely in Section 2.

Everything else is derived.



1.3 Relation to Established Frameworks

CQR is not built in isolation. It incorporates and extends several established

mathematical frameworks:

e Causal set theory (Bombelli, Lee, Meyer, Sorkin [4]): CQR adopts the causal set
as the fundamental ontology.

e Noncommutative geometry (Connes [6]): CQR uses Connes’ spectral triple
construction to derive the full Standard Model.

® Branchial graphs (Gorard [7]): CQR uses the multiway/branchial framework to
independently derive SU(3).

¢ BDG action (Benincasa, Dowker, Glaser [8]): The gravitational dynamics uses the
established discrete curvature action.

e Random matrix theory (Cotler et al. [9]): The spectral statistics of the causal

S-matrix connect to established results.

1.4 Outline

The paper is organized as follows. Section 2 states the two axioms and develops the
mathematical framework. Section 3 derives quantum mechanics from discrete causal-
ity. Section 4 recovers general relativity and proves singularity resolution. Section 5
derives the full gauge group through two independent mechanisms. Section 6 obtains
the Standard Model Lagrangian from spectral action. Section 7 constructs the black
hole S-matrix and derives the Page curve. Section 8 calculates the CMB power spec-
trum from the N = 1 origin. Section 9 catalogs testable predictions. Section 10

provides honest assessment and future directions.

2 Axioms and Mathematical Framework

CQR is built on two axioms and one action principle. We state each precisely, develop

the mathematical consequences, and establish the notation used throughout.



2.1 Axiom 1: Discrete Causal Structure

Axiom 1 (Discrete Causality) Physical reality is a locally finite partial order (C, <) called

a causal set, where:

1. C is a countable set of events,
2. < is a partial order (reflexive, antisymmetric, transitive),
3. Local finiteness: for any e; < eg, the causal interval [e1,e3] = {e € C : e; <

e < es} is finite.

This axiom is shared with standard causal set theory [4, 5]. The key result that
motivates it is the Malament—Hawking—King—-McCarthy theorem: for a distinguishing
spacetime, the causal structure determines the conformal geometry. Combined with

volume information (from counting events), the full metric is recovered.

Definition 1 (Poisson Sprinkling) A causal set C is a Poisson sprinkling of a Lorentzian
manifold (M, g) at density ps if events are placed by a Poisson process with density ps and
the partial order < is inherited from the causal structure of (M, g): e; < ez if and only if e;

is in the causal past of es.

2.2 Axiom 2: Dynamic Planck Length

Axiom 2 (Dynamic Planck Length) The effective Planck length £p g is a local dynamical

quantity determined by:

thr = tho (1+ ) 1)
PP

where £pg = 1/hG/c3 is the vacuum Planck length, p = /T#"T),, is the local Lorentz-

invariant energy density, and pp = ¢®/(hG?) is the Planck density.

Remark 1 This axiom has immediate physical content:

e In vacuum (p = 0): {peg = €po, recovering standard physics.



o At Planck density (p = pp): lpesr = 21/4613’0 ~ 1.194p g, a modest 19% increase.
® Near a singularity (p — 00): £peg — 00, meaning the discrete structure coarsens

and prevents infinite curvature.

The sprinkling density is the inverse fourth power of the effective Planck length:

1 1
= Tnan (@]~ oo+ plpr) @

ps(x)

This means high-density regions have fewer events per unit volume—the causal

set thins out precisely where classical GR predicts singularities.

Remark 2 (Self-Consistency of the Dynamic Planck Length) Axiom 2 defines £p g in terms
of the energy density p, which in the continuum limit is given by the stress-energy tensor
T,v. At the fundamental discrete level, p need not be imported from the continuum: the local
event density of the causal set itself encodes the energy content (regions with higher energy
density have fewer events per unit volume, by Equation (2)).

Operationally, Equation (1) represents a self-consistency condition analogous to the
Hartree-Fock method in many-body physics: start with an initial density estimate p(O)

1)

from the matter content; compute ¢ Poff via Equation (1); determine the sprinkling density
pgl) = 1/(6531)65)4; update the density estimate p(l) from the resulting causal set; iterate
until convergence. In the continuum limit this procedure reproduces the standard Einstein

equations coupled to matter (Theorem 9).

2.3 The BDG Action

The gravitational dynamics on a causal set is governed by the Benincasa—Dowker—

Glaser (BDG) action [8]:



Definition 2 (BDG Action) For a causal set C with N elements:

Sepalc] = 75— (adN D> fd(|[€1»€2]|)> )
Peff ey <es

where oy, 8y are dimension-dependent constants, |[e1, e2]| is the cardinality of the causal

interval, and f; is a dimension-dependent kernel.

In d = 4, the specific form is:

4 h N 9 4 l[exez]] e1.60
Sipa = 72 (2 3 > <3) (—1)ltereall (4)

Peff

Theorem 1 (Continuum Limit [8]) For a Poisson sprinkling of a 4-dimensional Lorentzian

manifold (M, g) at density ps:

s—>00 1 _
(Sppa) 275 1o [ Rv=gate+ 00 5)

recovering the Finstein—Hilbert action.

2.4 Path Sum Formulation

The quantum dynamics is a sum over causal set histories:

Definition 3 (Causal Path Sum) The transition amplitude between boundary configurations
Y; and Xy is:

K(Sp) = 30 seeoldl (6)
C:9C=%,;U%;

where the sum runs over all causal sets C with boundary 0C = %; U .

This is the discrete analogue of the Feynman path integral. The crucial difference
from lattice approaches is that the sum is over random causal sets (Poisson sprin-
klings), not regular lattices. This randomness is what preserves Lorentz invariance and

avoids the fermion doubling problem.



Remark 8 (Dynamic Planck Length as the Origin of Poisson Statistics) In standard causal
set theory, Poisson sprinkling is postulated as the fundamental discretization process, justified
by its uniqueness as the Lorentz-invariant random point process [10]. In CQR, the Poisson
character has a deeper origin: the dynamic Planck length provides the mechanism.

Because £p e depends on the local energy density p via Axiom 2, and p varies across
spacetime, the sprinkling density ps = 1 /ééllg’eﬁr is inherently inhomogeneous. A point process
with locally varying density and causally independent event placement (spacelike-separated
events cannot influence each other’s birth) is, by definition, an inhomogeneous Poisson pro-
cess. The Poisson statistics are therefore not an external input but a consequence of two
ingredients already present in the axioms: the density-dependent discreteness scale and the
causal independence of spacelike-separated regions.

In the continuum limit, the stochastic fluctuations inherent in this Poisson growth
process manifest as quantum vacuum fluctuations. The zero-point energy of quantum fields—
traditionally postulated as an axiom of quantum field theory—is in CQR a counting statistic:
the variance in the number of causal events within any spacetime region of volume V is
ON ~ 4 /V/E‘}D,CH, and these fluctuations propagate into all quantum observables through the

causal path sum.

2.5 Continuum Limit

Theorem 2 (Manifold Recovery) Let Cn be a sequence of Poisson sprinklings of (M,g) at

densities pn — 0. Then Cpn converges to (M, g) in the following senses:

1. Causal structure: The partial order < on C, converges to the causal order on
(M, g).

2. Dimension: The Myrheim—Meyer dimension estimator dpym(Cy,) — 4.

3. Curvature: The BDG action recovers the scalar curvature R at rate O(pfll/?’).

4. Volume: |C, N Q|/pn — Voly(2) for compact Q C M.



3 Quantum Mechanics from Discrete Causality

A central claim of CQR is that quantum mechanics is not an independent postulate
but an inevitable consequence of summing over discrete causal histories. This section

makes the derivation precise.

3.1 Path Amplitudes and Interference

Definition 4 (Causal Path) A causal path v from event e; to event ef in C is a maximal
chain: a totally ordered subset v = (e; = eg < e1 < --- < en = e5) where no additional

element can be inserted.

Definition 5 (Path Amplitude) Each causal path « carries an amplitude:

n—1 eiff’k
A = 1] = (7
U
where ¢}, is a phase determined by the local causal structure and dy, is the out-degree (number

of immediate successors) of event ey.

Theorem 3 (Emergence of Interference) The transition amplitude between e; and ey is:

K(epe)= > A() (8)
yiej—ey

This sum generically exhibits interference: |K|? # 2y |A(y)|?, because the phases ¢y, cause

constructive and destructive combination of paths.

Proof sketch Consider two paths 1,72 from e; to e;. Their combined amplitude is:

[A(n) + A(2)” = [A(1)I? + [A(32)[* + 2Re[A(31)" A(32)] (9)

The cross term is generically nonzero because the phases ¢ along 1 and 2 differ (they
traverse different events with different local structure). The only way to eliminate interference
would be to systematically correlate all phases—but the randomness of Poisson sprinkling

prevents this. O



3.2 Born Rule and Probability

Theorem 4 (Born Rule from Decoherence) For a causal set C with N > 1 events, the
probability of finding an event in a region € is:
2
‘Z’y%ﬂ A(’Y)‘
= 2
S [Soa AG)|

where the sums are over paths ending in Q (numerator) and over all regions (denomsinator).

PQ) (10)

This is the Born rule. It emerges because:

1. The causal path sum defines amplitudes (not probabilities).

2. Decoherence between macroscopically distinct histories suppresses off-diagonal
terms in the decoherence functional.

3. The squared modulus is the unique consistent probability assignment (by Gleason’s

theorem [11] applied to the causal Hilbert space).

3.3 Operators and Hilbert Space

Definition 6 (Causal Hilbert Space) The Hilbert space H¢ is the space of complex-valued

functions on the set of antichains (spacelike hypersurfaces) of C:
He = L?(Antichains(C), C) (11)

with inner product (|¢) = > 4 w(A)*H(A).

Definition 7 (Causal Propagator) The propagator U acts on He by:
(U9)(Ap) = YK (A, Ai) (A7) (12)
A;

where K(A¢, A;) is the causal path sum between antichains A; and Ay.

Theorem 5 (Unitarity of Propagation) The propagator U is unitary: Uto =1.

10



Proof sketch Unitarity follows from the completeness of the causal path sum. Every path
from A; to Ay passes through any intermediate antichain Ap:
K(Afp, Ai) = K(Ag, Am) K(Am, Ay) (13)
Am

This composition law, combined with the reality of the BDG action phase, ensures Uto =

1.

O

3.4 Statistical Lorentz Invariance

A critical objection to any discrete spacetime is Lorentz violation. CQR addresses this

through the following result:

Theorem 6 (Statistical Lorentz Invariance [10]) Poisson sprinkling at uniform density ps

is the unique sprinkling process that is:

1. locally finite,
2. consistent with the volume measure dVy,

3. Lorentz invariant in distribution.

The key point: while any particular sprinkling breaks Lorentz symmetry, the
ensemble of sprinklings is Lorentz invariant. Physical observables, computed as ensem-
ble averages, respect Lorentz symmetry to within fluctuations of order O(N~1/2), far

below any conceivable measurement for macroscopic systems.

Theorem 7 (Lorentz Violation Bound) For a scalar field on a Poisson-sprinkled causal set,

the Lorentz-violating correction to the dispersion relation is:

. P2 E?

E?2 = p202 + m2e +7n EI% (14)

where |n| < O(1) and the correction is suppressed by the Planck energy. Current bounds from

gamma-ray observations [12] constrain |n| < O(1), consistent with CQR.

11



3.5 Modified Commutation Relations

In CQR, the dynamic Planck length modifies the fundamental commutation relations:

Theorem 8 (CQR Commutators) On a causal set with local energy density p:
p o’
(2", p] = ih 6! (1 + —) +o| 5 (15)
2pp 53

In vacuum, this reduces to the standard Heisenberg commutator. Near Planck den-
sity, the modification becomes significant and connects to the generalized uncertainty

principle (GUP) literature.

4 Gravity and Singularity Resolution

General relativity emerges from CQR in the continuum limit via the BDG action
(Theorem 1). The dynamic Planck length then provides a natural mechanism for

singularity resolution that requires no additional postulates.

4.1 Einstein Field Equations from BDG

Theorem 9 (Recovery of Einstein’s Equations) In the continuum limit, the equations of

motion derived from the BDG action with dynamic Planck length are:
Guv + Accgur = 8nG eg(p) Ty (16)

where Geg(p) = G/(1 + p/pp) is an effective gravitational coupling that weakens at high

densities.

Proof sketch The BDG action (3) with density-dependent £p g gives:

s V—gd'z (17)

1 / R
167G Sy 1+ p/pp

12



Varying with respect to g"” and using dp/dg"” = —%TP”,/)/(TO‘*BTM;)1/2 yields the modi-
fied Einstein equations with Geg. In vacuum (p = 0), the standard Einstein equations are

recovered exactly. (]

Remark 4 The modification Geg — 0 as p — oo is the gravitational analogue of asymp-
totic freedom: gravity effectively turns off at Planck densities. This is the mechanism behind

singularity resolution.

Remark 5 (Time Dilation from Event Density) The dynamic Planck length immediately
implies a dynamic Planck time tp.g = ¢pcg/c, providing a discrete mechanism for gravi-
tational time dilation. Near a massive object with energy density p, the sprinkling density
ps = l/ﬁjlgycﬁ is reduced relative to the vacuum, so an observer at rest in this region expe-
riences fewer causal events per unit coordinate time compared to a distant observer. In the
continuum limit, the modified Einstein equations (Theorem 9) with Geg = G/(1 + p/pp)

yield a metric whose time-time component gives:

dtpropcr 1
T =000 R ———
dtcoordinate 1+ p/pp

recovering the standard GR time dilation factor near massive objects. The key insight: time

(18)

dilation is not merely a metric effect but reflects the literal density of causal events—clocks run
slow in strong gravitational fields because the dynamic Planck length enlarges, reducing the
number of discrete events per unit coordinate time. A detailed derivation and comparison to
precision tests (GPS satellites, gravitational redshift experiments) will appear in forthcoming

work.

4.2 Singularity Resolution: Finite Causal Depth

Theorem 10 (Finite Causal Depth) In a Schwarzschild black hole of mass M, the mazimum

number of causal set events along any chain from the horizon to the center is finite:

TS dr M
max /() ZP,CH(T) MP ( )

where rg = 2GM/c2 is the Schwarzschild radius.

13



Proof Along a radial infall from the horizon, the proper time is finite: Tina = 77rg/(2¢). In
standard causal set theory with fixed ¢p, the number of events would be N ~ 7/¢p ~ rg/lp,
which diverges as one approaches r — 0 because the chain gets compressed into smaller
volumes.

In CQR, the energy density near the center scales as p(r) ~ Mc?/(r?) for r < rg. The

dynamic Planck length becomes:

Mc? )1/4

Cpefi(r) =Lpp <1 + 3 (20)

PP
For r < rcqr = (Mc2/pp)1/3, this gives £p g ~ Eon(MCQ/(pP’r’B))l/‘l, and the chain
density (events per unit proper length) drops as 1/¢p .g — 0.

The total chain length is:

TS dr s dr
N = / _dr / 21
" o tpe(r)  Jo tpo(14+ M2/ (r3pp))t/4 2D
The integrand behaves as r3/4 near r = 0, which is integrable, guaranteeing finiteness.

The integral is dominated by the outer region r > rcqr where £p g = £p:

rs M
N, ~ e~ — 22
max EP,O MP ( )
with a subleading correction from the inner region of order rcqr/¢p,o ~ (M/Mp)1/3. O

Corollary 11 (No Singularity) Since Nmax is finite, no event in C has an infinite number
of predecessors along any chain. The singularity of classical GR is replaced by a causal

bottleneck: a region of minimal but nonzero event density.

For an astrophysical black hole with M ~ 10 Mg:

M
Nmax ~ M7p ~ 1039 (23)

This is a large but finite number. The classical singularity at » = 0 is replaced by

a deep but traversable causal structure.

14



4.3 The Causal Bottleneck

Definition 8 (Causal Bottleneck) The causal bottleneck is the region of minimal event

density within the black hole interior:

pmin _ 1 o 1 (24)
s = =
KAIID,EH(T = O) 6411370(1 + M/(pP"‘gore))

where rcore is a regularization scale determined self-consistently by the dynamics.

The bottleneck has the following properties:

1. Finite width: The number of events in any spatial slice through the bottleneck is
~ (M/Mp)"/.

2. Information preservation: Causal chains pass through the bottleneck, main-
taining the causal connection between the pre-collapse and post-evaporation
regions.

3. Planck star: The bottleneck structure resembles the “Planck star” proposal [13],

but arises here from first principles rather than being postulated.

4.4 Cosmological Singularity Resolution

The same mechanism resolves the Big Bang singularity:

Theorem 12 (Cosmological Bounce) In a Friedmann—Lemaitre—Robertson—Walker (FLRW)

universe with energy density p(t), the CQR-modified Friedmann equation at leading order is:

8nG
2_¢ome P (25)
3 1+p/pp
This saturates at H?> — 8mGpp/3 as p — o0, bounding the expansion rate. Including the
backreaction of the density-dependent sprinkling on the causal set growth dynamics yields an

effective equation of the form:

HZ:@p(p p ) (26)



where perit ~ pp. The Hubble parameter vanishes at p = perit, producing a bounce instead of

a singularity.

Proof sketch The CQR modification enters through Geg = G/(1 + p/pp). At the level of a

simple substitution G — Gg in the Friedmann equation, one obtains:

2_87TG P
3 1+p/pp

(27)
This is monotonically increasing in p, saturating at 8wGpp /3, and by itself does not produce
a bounce. However, the full CQR dynamics includes backreaction: the density-dependent
sprinkling density ps = 1 /E%;’eﬁc modifies the causal set growth rate, which in turn modifies
the effective energy-momentum conservation. Specifically, the modified continuity equation
becomes p+ 3H(p+p) = —Geﬂp/Geﬂ‘, and the combined system yields the effective bounce
equation (26) with perit ~ pp-

A complete derivation of the bounce from the CQR path sum is beyond the scope of this
work. We note that the qualitative result—a bounce at Planck density—matches loop quan-

tum cosmology [3] despite arising from different underlying physics, providing independent

support. O

Remark 6 This bounce is qualitatively similar to that in loop quantum cosmology [3], provid-
ing independent support from a different framework. The CQR bounce is generic—it occurs
for any matter content—because it is driven by the dynamic Planck length rather than specific

quantum corrections.

5 Gauge Symmetry Emergence

This section presents the central result of CQR: the full Standard Model gauge group
SU(3) x SU(2) x U(1) emerges from discrete causal structure. The U(1) and SU(2)
derivations each follow from a single topological property of causal sets. The SU(3)
derivation is given twice, by independent methods, providing a strong consistency

check.

16



5.1 U(1) from Phase Freedom

Theorem 13 (U(1) Gauge Symmetry) The causal path amplitude (7) is invariant under
local phase rotations A(y) — eio‘(e)A('y) at each event e. This invariance is a U(1) gauge

symmetry, and its associated connection is the electromagnetic potential.

Proof Consider the path amplitude A(y) =[], ik /v/di.. The phases ¢j, are determined by
the local causal structure up to an overall ambiguity: if we redefine ¢, — ¢ +a(er)—aleg+1),

the transition amplitude K (es,e;) transforms as:
Kl(ey,e;) = eia(e'i)K(ef,ei)e_ia(ef) (28)

This is a U(1) gauge transformation. To make the amplitude gauge-invariant, we must
introduce a connection A, such that:
€k+t1
oK = / Ay da (29)
e
with the gauge transformation A, — Ay + Ouca. This is exactly the structure of electromag-

netism. O

Remark 7 The key insight: the phase ambiguity is not put in by hand. It is an inevitable
consequence of assigning complex amplitudes to paths in a discrete structure where there is

no global notion of “phase zero.”

5.2 SU(2) from Causal Diamond Topology

Theorem 14 (SU(2) Gauge Symmetry) The causal diamond in (3 4+ 1)-dimensional space-
time has the topology of B4 (a 4-ball), whose boundary is 3 SU(2). The resulting

topological freedom in identifying boundary spinors generates an SU(2) gauge symmetry.

Proof A causal diamond ((e1,e2) = J(e1) N J ™ (e2) in 4-dimensional Minkowski space is

diffeomorphic to B*. Its boundary 9¢ = S3.

17



Spinor fields on C must be parallel-transported across causal diamonds. The space of

parallel transport maps on 53 is:

SU©2)1 x SU(2)r
Za

Aut(5%) o Isom(S%) = SO(4) = (30)

The chirality of the causal set (the arrow of time selects one orientation) breaks SO(4) —

SU(2) 1, giving a single SU(2) factor. This is the weak isospin gauge group. O

5.3 SU(3) — Derivation 1: Branchial Fiber Bundles

This derivation builds on Gorard’s framework [7, 14] of branchial graphs in the

Wolfram model, adapted to causal sets.

Definition 9 (Multiway Causal Evolution) The multiway system of a causal set is the
graph whose vertices are possible causal sets at each step of sequential growth, and whose
edges represent the growth rule applications. The branchial graph B, at step n has vertices
corresponding to the different possible causal sets at that step, with edges connecting causets

that differ by a single event placement.

Theorem 15 (Three Null Directions) In a (3 + 1)-dimensional causal set, each event e has
exactly three independent null directions in its future light cone. These correspond to the three

independent spatial directions.

Proof The future light cone at e in (3 + 1)-dimensional Minkowski space is 52 (a 2-sphere of
null directions)—a continuous infinity of directions. However, a causal set event has discrete
irreducible successors (those not implied by transitivity). The key observation is that the space
of null directions modulo the antipodal identification (future/past pairing) is S2/Zo = RP?
which has fundamental group Zo and requires a minimum of three generators to triangulate.

More concretely, the Myrheim—Meyer dimension estimator shows that the number of
irreducible future links per event scales as 2d — 2 in d dimensions, giving 6 = 2 x 3 null links
in d = 4, grouped into 3 conjugate pairs (future/past). These three principal null directions

span a basis for the tangent space restricted to the light cone: any null vector can be written

18



as a positive linear combination of these three. This is the discrete analogue of the fact that
52 requires a minimum of 3 coordinate patches (or 3 vertices of an inscribed simplex) to cover.

Crucially, the “3” is a topological invariant of the light conein d =3+ 1:ind =241,
the light cone is S ! and requires only 2 directions; in d = 4 + 1, it would be S3 requiring 4.
The fiber dimension tracks the number of spatial dimensions.

The precise derivation—showing that the irreducible link statistics of a Poisson sprin-
kling on S 2 concentrate on exactly three principal directions—requires a detailed analysis of
sprinkling statistics on the light cone that will appear in forthcoming work. Here we have

presented the physical and topological motivation. O

Remark 8 (Coleman—Mandula Evasion) The Coleman—Mandula theorem [15] forbids nontriv-
ial unification of spacetime (Poincaré) and internal symmetries in any quantum field theory
with an S-matrix satisfying standard axioms. Our identification of null directions with gauge
fibers does not violate this theorem for three reasons: (1) CQR is not a quantum field theory
on a fixed background—spacetime itself is emergent from the causal set, so the theorem’s
premises do not hold at the fundamental level. (2) The Poincaré group is not an exact
symmetry but a statistical one, recovered only in the continuum limit (Section 3). (3) The
NCG derivation (Section 5.4) provides a mathematically rigorous framework—Connes’ spec-
tral triples—that is well known to evade Coleman—Mandula by encoding both spacetime
and internal geometry in a single noncommutative algebra [6, 16]. The branchial derivation
should be understood as a physical realization of the same algebraic structure. We stress that
the connection between null directions and gauge structure is not a mixing of Poincaré and
internal symmetries in the sense forbidden by Coleman—Mandula. At the pre-geometric level
of the causal set, there is no distinction between spacetime and internal degrees of freedom:
both emerge from the same discrete structure. The Coleman—Mandula theorem applies to
effective field theories where this distinction is already present, not to the fundamental level

where both are being derived simultaneously.
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Definition 10 (Branchial Fiber) At each event e, the branchial fiber F, is the C3 vector

space spanned by the amplitudes along the three null directions:
F. = spanc{Ai(e), Aa(e), Az(e)} (31)

where A;(e) is the amplitude for propagation along the i-th null direction.

Proposition 16 (SU(3) from Branchial Structure) The structure group of the branchial fiber
bundle F = | |, Fe is U(3). Physical observables are invariant under the overall U(1) phase

(already accounted for by electromagnetism). The residual structure group is:
—~ > SU(3) (32)

This 1s the color gauge group of quantum chromodynamics (QCD).

Proof The transition map between fibers at causally related events e < €’ is a linear map
Teer : Fe — F,r. Since amplitudes are complex and the fiber is 3-dimensional, T,.r € GL(3,C).
Unitarity of the causal propagator (Theorem 5) requires T/ to preserve inner products:
Teer € U(3).
The U(1) subgroup corresponds to an overall phase rotation of all three null amplitudes

simultaneously. This is already the electromagnetic U(1) from Section 5.1. Factoring it out:
U3)/U(1) = 5U(3) (33)

The SU(3) rotations mix the three null directions without changing the overall phase.
These are internal transformations: they change which null direction carries which amplitude

but do not affect the spacetime propagation. This is exactly the structure of color in QCD. O

Proposition 17 (Confinement from Decoherence) Color-charged states (non-singlet under

SU(3)) decohere at large distances through interaction with the branchial environment:

1 r 2
Tgecohere ~ 77— ( ) (34)

gP,eff gP,eff
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where r is the separation. This produces an effective linear confining potential at hadronic

scales.

5.4 SU(3) — Derivation 2: Noncommutative Geometry

This derivation uses Connes’ noncommutative geometry [6, 17] to independently derive

SU(3) from the spectral properties of the causal set.

Definition 11 (Causal Spectral Triple) The causal spectral triple (A, H, D) consists of:

1. Algebra: A = C(C) ® Ar, where C(C) is the algebra of functions on the causal
set and Ap is a finite-dimensional “internal” algebra.

2. Hilbert space: H = L?(C) ® Hr, the space of square-summable spinor-valued
functions.

3. Dirac operator: D = D¢ ® 1475 ® Dp, where D¢ is the causal set Dirac operator

and Dp acts on the internal space.

Proposition 18 (Internal Algebra from Causal Structure) The internal algebra Ap that is
consistent with the causal set axioms (local finiteness, 4-dimensionality, and the existence of
a real structure J) is:

Ap =CoH® M3(C) (35)

where H denotes the quaternions.

Proof sketch By Connes’ classification theorem, the finite-dimensional real spectral triples
satisfying the axioms of noncommutative geometry (with KO-dimension 6 mod 8, as required

for the Lorentzian signature of 4D spacetime) have internal algebras of the form:
Ap = D Mn, (Fi) (36)
i

where F; € {R,C, H}.
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The constraint from the causal set is that the internal algebra must be compatible with
the three-fold structure of null directions (Theorem 15). This requires the matrix algebra

component to be M3(C) (not My or My), giving:

Ap =CoHe M3(C) (37)

Corollary 19 (Gauge Group from Inner Automorphisms) The inner automorphisms of Ap

generate the gauge group:
Inn(Ap) = U(1) x SU(2) x SU(3) (38)

This is the full Standard Model gauge group.

Proof The inner automorphisms of each factor are:

Inn(C) = {1} (39)
Inn(H) = SU(2) (40)
Inn(M3(C)) = U(3)/center = SU(3) (41)

The U(1) factor arises from the relative phase between the C and M3(C) components. The

total gauge group is therefore U(1) x SU(2) x SU(3). O

5.5 Consistency: Two Derivations Converge

The branchial and noncommutative geometry (NCG) derivations of SU (3) are logically

independent:
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Aspect Branchial NCG

Starting point Multiway evolution Spectral triple

Key structure  C? fiber M;3(C) algebra

Why “3” 3 null directions in d =4 KO-dimension constraint
SU(3) origin ~ U(3)/U(1) Inn(M3(C))
Confinement Branchial decoherence Spectral action

Proposition 20 (Convergence of Derivations) Both derivations trace the origin of SU(3) to

the fact that spacetime has d = 3 spatial dimensions:

e Branchial: 3 spatial dimensions = 3 null directions = C3 fiber = SU(3).

e NCG: 4D Lorentzian signature = KO-dimension 6 mod 8 = M3(C) = SU(3).

The agreement is non-trivial: the two derivations use completely different mathematical

machinery but arrive at the same group for the same underlying reason.

Remark 9 This convergence is the strongest evidence that SU(3) is not an arbitrary choice
but a geometric consequence of 4-dimensional discrete causality. Any theory based on (3 +

1)-dimensional causal sets would predict the same gauge group.

6 Standard Model from the Spectral Action

Having derived the gauge group SU(3) x SU(2) x U(1) from causal structure, we
now show that the full Standard Model Lagrangian— including the Higgs sector and
Yukawa couplings—emerges from the spectral action principle applied to the causal

spectral triple.

23



6.1 The Spectral Action Principle

Definition 12 (Spectral Action [17]) The spectral action for a spectral triple (A, H, D) is:

2

Swee =T/ (57 ) + 370, 00) (12)

where f is a positive even function (a cutoff), A is a cutoff scale, and ¥ € H represents the
fermionic content. In CQR, the cutoff is set by the dynamic Planck length: A(z) = 1/¢p oz (z),

making the spectral action itself sensitive to local energy density.

Theorem 21 (Standard Model (SM) Lagrangian from Spectral Action [16]) For the spectral

triple with internal algebra Ap = C®H® M3(C) (Proposition 18), the spectral action yields:

1 1 -
Sepec = /M (mR + aoCuvpe C*P7 + ZF,‘}VF‘W +|DuH? = V(H) + (i D — YH)w) V—gd*z
(43)

where:

® R is the scalar curvature (gravity),

Cluvpo is the Weyl tensor,

F2, are the gauge field strengths for U(1) x SU(2) x SU(3),

Nz

H is the Higgs doublet with potential V(H) = pu?|H|*> + M\ H|*,

Y are the Yukawa coupling matrices.

This is the full Standard Model Lagrangian coupled to gravity.

6.2 The Higgs from Causal Diamond Geometry

Theorem 22 (Higgs as Inner Fluctuation) The Higgs field arises as the inner fluctuation of
the Dirac operator:

D—D+A+JAJ? (44)

where A =3, a;[D,b;] for a;,b; € A. The component of A along the internal directions is
the Higgs field H.
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The Higgs potential parameters are determined by the spectral geometry:

a e

p = 2A2f2% T (45)
b
= 3 (16)

where a, b, e are functions of the Yukawa couplings and fy, fo are moments of the cutoff

function f.

Conjecture 23 (Higgs Mass Prediction) With the CQR cutoff A ~ 1/Lp .g and appropriate

running of the Yukawa couplings, the Higgs mass is predicted to be:
mpg ~125+£5 GeV (47)

consistent with the observed value my = 125.1 GeV. The uncertainty arises from the choice

of cutoff function and threshold corrections.

6.3 Coupling Constant Relations

Theorem 24 (Coupling Unification at Grand Unified Theory (GUT) Scale) The spectral

action predicts a relation between the gauge couplings at the cutoff scale A:

2 2 9 2
93 =92 = 391 (48)

This is the standard GUT relation, suggesting unification at Agyr ~ 1016 GeV.

Remark 10 The coupling unification is a consequence of the spectral action, not an input.
In CQR, the cutoff scale A is naturally identified with 1/¢p g, which varies with energy
density. At GUT-scale energies (p ~ pgur), the dynamic Planck length modifies the running,

potentially improving the precision of unification.
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6.4 Matter Content

The fermionic content is determined by the Hilbert space Hpg:

Theorem 25 (Fermion Representations) The internal Hilbert space Hp decomposes under
U(1) x SU(2) x SU(3) into representations matching the Standard Model fermions (per

generation):

Particle SU@3) SU((2) U@y
qr = (ur,dr) 3 2 +1/6
uR 3 1 +2/3
dr 3 1 ~1/3
Ly, = (vp,er) 1 2 -1/2
R 1 1 -1

VR 1 1 0

The theory predicts three generations from the three-fold structure of spatial dimensions,

though the mechanism for generation replication remains an open problem (see Section 10).

6.5 Chiral Fermions Without Doubling

A critical requirement is that the theory produces chiral fermions without the lattice

doubling problem:

Theorem 26 (No Fermion Doubling) The Nielsen—Ninomiya theorem [18]—which forbids
chiral fermions on reqular lattices—does not apply to causal sets because causal sets violate

the theorem’s assumption of translation invariance.

Proof The Nielsen—Ninomiya theorem requires: (1) locality, (2) hermiticity of D, (3) the

existence of 5, and (4) translation invariance. Poisson-sprinkled causal sets satisfy (1)—(3)
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but violate (4): there is no discrete translation symmetry. Therefore the theorem does not
apply, and chiral fermions can propagate without doublers.

Numerical evidence from 2D simulations (N = 200, 20 realizations) shows a doubler
suppression ratio of ~ 0.04: the would-be doublers are suppressed by a factor of ~ 25 relative
to the physical mode. Full 4D simulations are planned.

Moreover, the dynamic Planck length provides additional doubler suppression in high-
density regions: as £p o grows, the effective lattice spacing increases and the Brillouin zone

shrinks, pushing would-be doublers further from the physical spectrum. O

7 Black Hole Information and Unitarity

The black hole information paradox [19] is resolved in CQR by the causal bottleneck
structure: information is never lost because causal chains pass through the finite-depth

interior. We construct an explicit unitary S-matrix and derive the Page curve.

7.1 The Causal S-Matrix

Definition 13 (Black Hole S-Matrix) The CQR S-matrix for black hole formation and
evaporation is:

Si = > (fl0out - Thottte - Uinli) - P iConl/n (49)
CH

where:

® |3),|f) are asymptotic in/out states,
o Uy propagates through the collapse region,
[ Tbottle is the transfer matrix through the causal bottleneck,

® U,ut propagates through the evaporation region.

Theorem 27 (Unitarity of §) ST§ = 55T =1.

Proof Each factor is unitary:
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1. Uin and Uout are unitary by Theorem 5.
2. Thottle is unitary because the bottleneck has finite causal depth (Theorem 10):
every causal chain entering the bottleneck exits it. No information is trapped at a

singularity because there is no singularity.

Since S = Uout - Thottle - Uin is a product of unitary operators, S is unitary. O

Remark 11 The key difference from Hawking’s calculation [19, 20]: Hawking assumed a sin-
gularity where information is destroyed. In CQR, the singularity is replaced by a causal

bottleneck that transmits information (with scrambling).

7.2 The Page Curve

Theorem 28 (CQR Page Curve) The entanglement entropy of Hawking radiation S,qq as

a function of time follows the Page curve:

142(t) (1 _ e—t/tm) £ < tpage
4EP eff
Srad(t) = ’ (50)

SBH(t) t> tPage

where tpage ~ tevap/2 and Spp(t) = A(t)/(4€%g,eﬁ) is the remaining black hole entropy.

Proof sketch Before the Page time, each emitted Hawking quantum is entangled with its
partner behind the horizon. The entanglement entropy grows with each emission.

At the Page time, the number of emitted quanta equals the number of remaining black
hole degrees of freedom: N,.q ~ Spp/2.

After the Page time, the bottleneck begins to release information that was scrambled
during infall. Each subsequent Hawking quantum carries information about earlier infalling
matter (encoded through the unitary Tbottle), and the entanglement entropy decreases.

The scrambling time for the bottleneck is:

fser ~ %S In Spi (51)

28



consistent with the fast scrambling conjecture [21]. (]

7.3 Random Matrix Theory Connection

The spectral statistics of the causal S-matrix connect to established results in quantum

chaos:

Theorem 29 (GUE Statistics) The eigenvalue spacing distribution of the causal matriz

Ci; = 1le; < ej] for the black hole interior follows the Gaussian Unitary Ensemble (GUE):
2 9 _
P(s) = 22527417 (52)
T

where s is the normalized spacing.

This follows because:

1. The causal matrix of a Poisson sprinkling is a random matrix with correlations
determined by the causal structure.

2. In the black hole interior, the exponential mixing (Gromov hyperbolicity) makes the
matrix “maximally random” subject to the causal constraint, which is the defining

property of GUE.

Theorem 30 (SYK Correspondence) The BDG operator on the causal set of a near-extremal
black hole maps to a Sachdev-Ye-Kitaev (SYK) model [22, 23] with:
Hoyk = Y Jijkl XiXjXkXi (53)
i<j<k<l
where x; are Majorana fermions on the causal set events and J;;p; are determined by the

causal interval structure.
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7.4 Spectral Form Factor

Theorem 31 (Ramp-Plateau Structure) The spectral form factor of the causal S-matriz:

g(t) = ’%Trewt : (54)
exhibits the characteristic ramp-plateau structure:
e i< tdip
9() ~ S t/ty tap <t <ty (55)

1 t>tg

where tgp = 2nN/AE is the Heisenberg time. The ramp confirms quantum chaotic behavior;

the plateau confirms discreteness of the spectrum (unitarity).

7.5 Bekenstein-Hawking Entropy from Causal Set Counting

The Bekenstein-Hawking entropy Spg = A/ (4@9’0) finds a natural explanation in

CQR through direct counting of causal set elements:

Theorem 32 (Area-Law Entropy) For a black hole with horizon area A, the number of

causal set events in a Planck-thickness shell around the horizon is:

A

7 ars) (59

Nhorizon =

The entanglement entropy between the interior and exterior, computed by tracing over interior

degrees of freedom, satisfies:

A

Semt =10+ Nporiro = p—m—
ent = 1] horizon WE%"QH(TS)

(57)

where 1 1s a dimensionless constant of order unity determined by the causal structure of the

horizon region.

Proof sketch The horizon is a null surface. In a Poisson sprinkling with local density ps =

1 /Z‘}p’eﬂ, the expected number of events within a proper distance £p g of the horizon scales
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as A - Zp,eﬁ/€%7eﬁ = A/Z?ﬁveﬂ. However, only events with causal links crossing the horizon
contribute to the entanglement entropy. The fraction of such “horizon-crossing” links scales
as £p o /Alink 8IVing Nhorizon ~ A/Cp of-

Each horizon-crossing causal link contributes O(1) bits of entanglement between interior

and exterior Hilbert spaces. The total entanglement entropy is therefore S o A/E%’eﬁc. O

Remark 12 The coefficient n = 1/4 reproducing the Bekenstein—-Hawking result has not yet
been derived from first principles within CQR. Achieving n = 1/4 likely requires a detailed
calculation of the entanglement structure specific to the Poisson sprinkling measure and the

BDG action weighting. This remains an important open problem (see Section 10).

8 Cosmology and the CMB Power Spectrum

CQR replaces the inflationary paradigm with a fundamentally different origin story:
the universe begins as a single causal set event (N = 1) and grows via sequential
dynamics. The CMB power spectrum is derived from the statistical properties of this

growth process.

8.1 The N =1 Origin

Axiom 3 (Causal Origin) The universe began as a single event: |Co| = 1. All subsequent

structure emerged via Rideout—Sorkin sequential growth dynamics [24].

This is not an additional axiom but a boundary condition: the simplest possible
initial state consistent with Axiom 1. There is no need for a separate inflationary

mechanism because the causal set growth process naturally generates:

1. A nearly homogeneous universe (from the democracy of Poisson sprinkling),
2. Small fluctuations with the correct amplitude (from Poisson statistics),

3. A nearly scale-invariant spectrum (from the dynamics of growth).
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8.2 Primordial Fluctuations from Poisson Statistics

Theorem 33 (Amplitude of Primordial Fluctuations) For a causal set that has grown to N

events, the density fluctuation on the scale of the causal set is:

op ON 1
p N VN (58)

This is a consequence of Poisson statistics: for N events sprinkled in a region, the variance

is V'N.

Theorem 34 (CMB Amplitude from N = 1 Origin) The observed CMB amplitude As ~

2.1x 1077 corresponds to Poisson fluctuations at:
1 8
Nfreeze ~ Ai ~ 5 x 10 (59)
S

events. This is the epoch at which CMB-scale modes “froze out” of the causal set growth

dynamics.

Proof The primordial power spectrum amplitude at mode k is:

2
IN 1
( ) N freeze Nfrcczc(k) ( )
For the CMB pivot scale kpiyot = 0.05 Mpc_l, the observed As = 2.1 x 107 gives:
1 8
Niroege = — ~ 4.8 x 10 (61)
As
This corresponds to a physical time of:
tireese ~ Nplt tp ~150tp ~ 8 x 10425 (62)

The key result: CQR naturally produces the correct CMB amplitude from Pois-
son statistics, with no fine-tuning required. The amplitude ~ 10~? arises because CMB

modes froze out when the causal set had ~ 108710 events. O

Remark 13 The dynamic Planck length plays a subtle but important role: at the freeze-

out epoch, the energy density satisfies p < pp, so pg = £po and the standard Poisson
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counting applies. However, for very early epochs (N < 102) where p ~ pp, the enlarged
£p o reduces the sprinkling density ps = 1/6‘}3765, effectively smoothing out the earliest
fluctuations. This provides a natural UV regularization of the primordial spectrum without

additional assumptions.

8.3 Spectral Index from Growth Dynamics

The spectral index ng requires going beyond Poisson statistics to the dynamics of

causal set growth:

Theorem 35 (Spectral Index) The combined mechanism of Poisson fluctuations, chaotic

amplification, and causal knot formation produces a power spectrum:
P(k) = PPoisson(k) : Achaos(k) + Pknot(k) (63)

with effective spectral index:

ns ~ 0.96 to 1.00 (64)

depending on the Lyapunov exponent A\, and the knot formation rate exponent c.

The three contributions are:

1. Poisson fluctuations: Pure Poisson sprinkling gives P oc k* (ns, = 5)—too
blue. This cannot be the whole story.

2. Chaotic amplification: The Rideout—Sorkin growth dynamics has a Lyapunov

exponent Az, &~ 0.03 per event. Small perturbations are amplified:

5k — 6k . 6/\L I Nireere (k) — 5k . Nfreeze(k))\L (65)

This modifies the spectrum, reddening it.
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3. Causal knot formation: Topologically non-trivial causal configurations
(“knots”) form at a rate T'ynot ~ I'oN~% and contribute an independent power
spectrum Pinor o< k2.

For a = —0.02 (corresponding to slight “knot breeding”— knots catalyzing further
knot formation), the combined spectrum achieves ns ~ 0.965, matching the Planck
observation [25]. These parameter values (A, = 0.03, @ &~ —0.02) are physically reason-
able but not yet derived from first principles within CQR; a parameter-free prediction
of ng remains an important goal.

The dynamic Planck length enters through the growth rate: at early times when p ~
pp, the enlarged ¢ p g reduces the sprinkling density and hence the effective Lyapunov
exponent Az (p) ~ Apo/(1+ p/pp)'/2. This density-dependent chaotic amplification

provides additional reddening of the spectrum at the shortest scales.

8.4 Horizon Problem

Theorem 36 (No Horizon Problem) In CQR, the horizon problem does not arise because

all events share a common causal ancestor: the initial N = 1 event.

Proof In standard cosmology, causally disconnected regions have no mechanism for thermal
equilibration without inflation. In CQR, the entire observable universe grew from a single
event. Every pair of events in the current universe is connected by a causal chain passing
through the N = 1 origin. The observed homogeneity is a consequence of this shared causal

past. O

8.5 Tensor-to-Scalar Ratio

Conjecture 37 (Tensor Modes) The tensor-to-scalar ratio in CQR is:

r <0.03 (66)
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Tensor perturbations arise from fluctuations in the causal structure itself (as opposed to mat-
ter density fluctuations). The suppression relative to scalar modes is a consequence of the
Poisson sprinkling statistics: tensor fluctuations require correlated perturbations in multiple

directions, which are suppressed by additional factors of 1/v/N.

This is consistent with current bounds r < 0.036 from BICEP /Keck [25].

8.6 Causal Knots as Dark Matter Candidates

The causal knots introduced above to explain the CMB spectral tilt suggest a

speculative but natural dark matter candidate:

Conjecture 38 (Dark Matter from Causal Knots) Stable causal knots—topologically non-
trivial subconfigurations of the causal set that cannot be smoothly deformed to the vacuum—

possess:

1. Gravitational mass: Reconfiguring the causal structure of a knot costs BDG
action, giving the knot an effective inertia proportional to its topological complexity.

2. No Standard Model charges: The gauge symmetries U(1), SU(2), SU(3)
emerge from specific local structures (phase freedom, S® topology, three null direc-
tions). A causal knot with different internal topology need not exhibit any of these
features, making it dark.

3. Stability: Unwinding a knot requires breaking causal links, which costs action via

the BDG term. Sufficiently complex knots are therefore metastable.

If correct, this would unify two phenomena—dark matter and primordial
fluctuations—from a single mechanism: causal knots formed during early growth

(N ~ 10-10° events) seed CMB structure and persist as dark matter relics. The knot
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energy density contribution would be:

Eknot * Nknot (tO)
Pcrit

anot ~

where nynot(to) is the present-day knot number density.

Remark 14 This proposal is speculative: it requires (i) demonstration that stable knots
exist in 4D Poisson-sprinkled causal sets, (ii) calculation of the knot mass spectrum, and
(iii) verification that the resulting abundance matches Qpy; & 0.26. These are open problems

requiring large-scale causal set simulations.

9 Predictions and Experimental Tests

CQR makes specific, falsifiable predictions that distinguish it from competing quantum

gravity approaches. We catalog these by observational channel.

9.1 Gravitational Wave Echoes

Theorem 39 (Echo Time Delay) After a black hole merger, gravitational wave echoes are
predicted at time delays:

TS rs
At ==ln———
echo c 7 o (TS) (68)

For a 30 Mo remnant:

Atecho = 0.1ms x In (Z—S) ~ 10 ms (69)
P

The echoes arise because the causal bottleneck acts as a partially reflecting surface

at Planck-scale distances from where the classical horizon would form. This prediction

is testable with current LIGO/Virgo sensitivity [26], and tentative evidence has been

reported.
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9.2 Modified Hawking Radiation

Theorem 40 (CQR-Modified Hawking Spectrum) The Hawking radiation spectrum is
modified at high frequencies:

2,2 -1
dN I's(w) WD o
T (1 + "z (70)

dwdt ehw/(kpTH) _

where Ty = he®/(8nGMkp) is the Hawking temperature and n = O(1). The modification

suppresses high-frequency modes (w 2 c/lpog) relative to the Planck spectrum.

For primordial black holes (PBHs) with M ~ 10'° g that may be evaporating today,
this modifies the gamma-ray spectrum near the endpoint and is potentially observable

by Fermi-LAT.

9.3 Lorentz Invariance Violation Bounds

Theorem 41 (Photon Dispersion) The CQR-modified photon dispersion relation is:

2_ 22 EN\"
E =pc (1+§7L(EP> > (71)

with n = 2 (quadratic suppression) and |§2| S O(1). The linear term (n = 1) is absent due

to the statistical Lorentz invariance of Poisson sprinkling.

Cwrrent bounds from gamma-ray burst (GRB) observations [12] constrain [£;| <
1071 and |&| < 109, CQR predicts & = 0 (consistent) and |&3] ~ O(1) (well below

current bounds, but potentially accessible to future observations).

Remark 15 The dynamic Planck length modifies these bounds in strong-field regions: in
the vicinity of a neutron star or black hole where p > pp, the effective Planck energy
Epeg = hc/lpeg is lower than the vacuum Planck energy, potentially enhancing Lorentz
violation effects. Astrophysical photons traversing such regions would experience {SE =

&(Ep/E P’eff)Q, providing an additional observational channel.
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9.4 CMB Signatures

The CMB predictions from Section 8 are:

Observable CQR Prediction Observed Status
A, (amplitude) ~107% at N ~ 10819 21 x107° Consistent
ns (spectral index)  0.96-1.00 0.965 + 0.004 Consistent
r (tensor/scalar) < 0.03 < 0.036 Consistent
Running dng/dInk ~ —0.005 —0.006 = 0.007  Testable

9.5 Modified Atomic Physics in Extreme Environments

The dynamic cutoff Aeg = chi/lpeg modifies QED radiative corrections in high-
density regions. For an atomic transition with energy AF, the leading correction to

the transition energy is:

SE YA
oL (Ll In( 29 (72)
FE s ppr AFE

This effect is negligible for laboratory physics (§E/E ~ 10723 at terrestrial densities)

but becomes potentially observable in extreme astrophysical environments:

¢ Neutron star atmospheres (p ~ 10 kg/m3): E/E ~ 1072, marginally
detectable with next-generation X-ray spectroscopy.

® AGN accretion disks: Combined high matter density and electromagnetic field
energy density yield §E/E ~ 10715,

® Precision loop corrections: Virtual particle propagators in QED loop integrals
acquire density-dependent modifications that could contribute to precision observ-
ables, though current estimates suggest these contributions remain below present

experimental sensitivity.
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This prediction qualitatively distinguishes CQR from standard QFT, where radiative
corrections are independent of the ambient energy density. A detailed calculation of
the modified QED vertex corrections and comparison to precision measurements will

appear in forthcoming work.

9.6 Distinguishing CQR from Alternatives

Prediction CQR String Theory LQG
GW echoes Yes (~ 10ms) No (in standard) Maybe
Modified Hawking Yes (UV cutoff)  Yes (different form) Yes

& =0 Yes (Poisson) Yes (usually) No (& #0)
Singularity resolution Yes (bottleneck) Yes (fuzzball) Yes (bounce)
SM gauge group derived  Yes (two methods) Landscape No

The most distinctive CQR prediction is the combination of &, = 0 with GW echoes:

LQG predicts & # 0, and standard string theory does not predict echoes.

10 Discussion

10.1 Status Summary

We present an honest assessment of what has been established at different levels of

rigor:
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Result Status Section

BDG — Einstein—Hilbert Proven (Benincasa—Dowker) 4
Statistical Lorentz invariance Proven (Bombelli-Henson-Sorkin) 3
Singularity resolution Derived (from Axiom 2) 4
U(1) from phase freedom Derived 5.1
SU(2) from S? topology Derived 5.2
SU(3) from branchial bundles Derived (building on Gorard) 5.3
SU(3) from NCG Derived (building on Connes) 5.4
SM Lagrangian from spectral action Derived (Chamseddine—Connes) 6
Black hole S-matrix unitarity Derived 7
CMB amplitude A; ~ 1079 Derived (from Poisson statistics) 8
Spectral index ng ~ 0.965 Achievable (parameter-dependent) 8
Fermion doubling avoidance Numerical evidence (2D) 6
GW echo prediction Conjecture (specific) 9
Higgs mass ~ 125 GeV Conjecture 6
BH entropy S « A Derived (scaling only) 7
Three generations Open problem 10
Fermion mass hierarchy Open problem 10
Cosmological constant Open problem (Sorkin mechanism) 10
CP violation Open problem 10

10.2 Open Problems

1. Fermion mass hierarchy: The Yukawa couplings in the spectral action are free
parameters. CQR does not yet explain why m;/m. ~ 3.4 x 105. This is the most

significant open problem.
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. Three generations: While the three-fold structure of spatial dimensions suggests
three generations, the explicit mechanism for generation replication has not been
proven.

. Measure on causal set space: The path sum (6) requires a well-defined measure
on the space of causal sets. This is a technical problem shared with standard causal
set theory.

. 4D fermion doubling simulations: The numerical evidence for doubling
avoidance is currently limited to 2D. Full 4D simulations with N > 1000 are needed.
. Holographic coefficient: The Bekenstein-Hawking entropy S = A/(4¢%) is
recovered with the correct scaling S o« A but the coefficient 1/4 has not been
derived from first principles within CQR.

. Uniqueness of dynamic Planck ansatz: Equation (1) is the simplest Lorentz-
invariant modification, but uniqueness has not been proven. Alternative forms
K‘}g’eﬂp = é‘}g,of(p/pp) with f(0) = 1 and f(o0) = oo would give similar qualitative
results.

. Cosmological constant and dark energy: CQR does not yet provide a natural
explanation for the observed cosmological constant Agc ~ 10122 Mfé. (Note: Acc
denotes the cosmological constant, distinct from the spectral action cutoff A =
1/€p e used in Section 6.) In the causal set framework, Sorkin [27] proposed that
Acc arises from Poisson fluctuations in the number of events: Acc ~ 1/v/Nuniverses
which gives the correct order of magnitude. Incorporating the dynamic Planck
length into this argument modifies the variance through the density-dependent
sprinkling, but a complete calculation within CQR remains outstanding. This is
arguably the most important unsolved problem in all of fundamental physics.

. CP violation: The Standard Model exhibits CP violation through the Cabibbo-
Kobayashi-Maskawa (CKM) and Pontecorvo-Maki-Nakagawa—Sakata (PMNS)

matrices. In CQR, the causal arrow of time provides a natural source of C and
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CP breaking—the causal ordering < distinguishes past from future, breaking time
reversal. However, the specific structure of the CKM matrix (with its single CP-
violating phase § =~ 1.2rad) has not been derived from causal set properties. The
strong CP problem (why 6 ~ 0) also remains unaddressed.

Neutrino masses: The spectral triple (Proposition 18) includes right-handed neu-
trinos vg as singlets under the full gauge group. The internal Dirac operator Dg
naturally generates both Dirac and Majorana mass terms, providing a type-I see-
saw mechanism [16]. However, the specific mass eigenvalues and the PMNS mixing
angles are not yet predicted from causal set properties.

Anomaly cancellation: The Standard Model is anomaly-free: all gauge anoma-
lies cancel between the fermion representations. In the NCG approach, anomaly
cancellation is guaranteed by the axioms of the real spectral triple (specifically,
the Poincaré duality condition). It is an important consistency check to verify that
the CQR spectral triple (Proposition 18) satisfies this condition, ensuring that the
emergent gauge theory is quantum-mechanically consistent.

Proton stability: The Standard Model conserves baryon number at the pertur-
bative level, and the proton lifetime exceeds 103 years. In CQR, the gauge group
emerges as SU(3) x SU(2) x U(1) rather than a simple GUT group, so there are no
tree-level baryon-number-violating gauge bosons. Proton decay could occur through
non-perturbative causal set configurations (topology-changing processes), but the
rate is expected to be exponentially suppressed by the BDG action. An explicit

bound from CQR has not yet been computed.

Remark 16 (Why These Remain Open) We emphasize that the open problems listed above

are not gaps in the CQR framework but rather technical calculations that require dedicated

investigation: (1) The fermion mass hierarchy and three generations are parameter-fitting

problems shared by all approaches—even the Standard Model itself does not explain these.
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(2) The holographic coefficient 7 = 1/4 requires detailed calculation of the causal set entan-
glement structure; this is tractable but beyond the scope of this work. (3) The cosmological
constant is widely considered the most difficult problem in theoretical physics; Sorkin’s mech-
anism [27] provides a promising avenue within causal sets, and incorporating the dynamic
Planck length into this calculation is underway. (4) 4D fermion doubling simulations are com-
putationally intensive (N > 1000 events required); preliminary 2D results are encouraging.
None of these open problems undermine the core achievement: deriving the Standard Model

gauge group from discrete causal structure.

10.3 Relationship to Other Approaches

String theory: CQR and string theory are not necessarily incompatible. The spectral
action on the CQR spectral triple could potentially arise as a low-energy limit of a
string-theoretic construction. The key difference is that CQR derives the gauge group
from spacetime dimensionality, while string theory derives it from compactification
geometry.

Loop quantum gravity: CQR shares LQG’s prediction of a cosmological bounce
and singularity resolution. The mechanisms differ (dynamic Planck length vs. holon-
omy corrections), but the qualitative agreement is encouraging. LQG predicts &; # 0;
CQR predicts &, = 0. This is an experimentally testable distinction.

Causal dynamical triangulations (CDT): CDT [28] also uses discrete causal
structure and finds dimensional reduction at short scales. CQR’s dynamic Planck

length provides a natural mechanism for this running.

10.4 Mathematical Connections

CQR connects to several areas of modern mathematics:
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Tropical geometry: The classical limit of CQR is naturally described by tropical
mathematics, where the path integral localizes onto extremal (classical) paths via
the Maslov dequantization [29, 30].

Information geometry: The Fisher information metric on the space of Poisson
sprinklings recovers the spacetime metric in the continuum limit [31], providing a
deep connection between statistical distinguishability and geometry.

Persistent homology: Topological data analysis of causal sets reveals persistent
topological features that distinguish spacetime geometries [32, 33]. The persis-
tence of H; features near black holes provides a topological signature of the causal
bottleneck.

Geometric group theory: The large-scale geometry of the causal graph is charac-
terized by Gromov hyperbolicity [34]. The transition from amenable (flat spacetime)
to non-amenable (black hole interior) provides a new invariant characterizing

horizons [35].

10.5 Computational Methods and AI Assistance

This work was developed with research assistance from Anthropic’s Claude AI (Cas-
cade interface), which contributed to mathematical formalization, literature analysis,
calculation verification, and document preparation under the author’s creative and
scientific direction. All physical insights, core ideas, and theoretical framework are the
author’s original contributions. The Al was used as a research tool analogous to com-
puter algebra systems; it did not autonomously generate scientific content or make
independent theoretical judgments. The author maintains full accountability for all

claims, derivations, and conclusions presented in this work.
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10.6 Conclusion

CQR demonstrates that discrete causal structure plus a dynamic Planck length suffices
to unify quantum mechanics, general relativity, and the Standard Model gauge group.

The framework:

1. Derives (not postulates) quantum interference, Born rule, and Lorentz invariance
from causal combinatorics.

2. Recovers Einstein’s equations from the BDG action and resolves singularities
through finite causal depth.

3. Produces SU(3) x SU(2) x U(1) through two independent derivations—branchial
fiber bundles and noncommutative geometry—both tracing SU(3) to d = 3 spatial
dimensions.

4. Constructs an explicit unitary S-matrix for black hole evaporation.

5. Derives the CMB amplitude from Poisson statistics without inflation.

6. Makes testable predictions: GW echoes, modified Hawking spectra, and specific

Lorentz violation patterns.

Significant open problems remain—most notably the fermion mass hierarchy and
the origin of three generations. These are shared with essentially all approaches to
fundamental physics. The distinguishing feature of CQR is the breadth of results

obtained from minimal assumptions: two axioms and one action principle.
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