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Abstract
We derive the geometric origin of the speed of light c within the 3D+3D discrete spacetime
framework, a six-dimensional theory with metric signature (−,+,+,+,−,−). In standard
physics, c is a postulate of special relativity whose value is taken as a fundamental constant
without deeper explanation. We demonstrate that within the 6D framework, c emerges as
the causal propagation speed of the full six-dimensional spacetime, and that photons
travel at exactly c in 4D because they are zero-mode excitations with no momentum in
the compactified temporal dimensions (τ2, τ3). Massive particles travel at v < c because
their 6D null or timelike geodesics include momentum components in the compact sector,
which manifest as rest mass via the Kaluza-Klein mechanism. We derive: (i) the 6D null
geodesic condition and its 4D projection; (ii) the velocity budget theorem; (iii) the mass–
velocity relation M2 = (h̄2/c2)(n2

2/R
2
2 + n2

3/R
2
3); (iv) the group velocity dispersion relation

for massive KK modes. All results are consistent with special and general relativity in the
4D effective theory. Falsifiable predictions include photon dispersion at ultra-high energies
testable with gamma-ray observatories.

Keywords: speed of light, causal structure, extra dimensions, Kaluza-Klein theory, 6D
spacetime, metric signature (3, 3), null geodesics, special relativity

1. Introduction

1.1 The Unsolved Question

The speed of light in vacuum, c = 2.998×108 m/s, is one of the most precisely measured constants
in physics. Einstein’s special relativity (1905) [1] elevated c to a fundamental role: it is the
invariant speed connecting space and time, the maximum speed for causal signal propagation,
and the conversion factor between mass and energy.

Yet special relativity does not explain why there exists a finite universal speed limit, nor
why it takes the particular value it does. The theory takes c as a postulate. General relativity
deepens the geometric role of c by embedding it in the causal structure of spacetime — c defines
the null cone of the Lorentzian metric gµν — but the metric signature itself is postulated, not
derived.

1.2 Previous Approaches

Several approaches have been proposed. Maxwell’s equations yield c = 1/
√
ε0µ0, relating the

speed of light to vacuum constants [2], but this merely relates one constant to two others. In
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QFT, massless particles propagate along the light cone because the photon dispersion relation
ω = |k|c follows from gauge invariance and zero mass [3], but this does not explain why a
universal speed limit exists. Standard Kaluza-Klein theories with spacelike extra dimensions do
not modify the speed of light for zero-mode fields [4].

1.3 The 3D+3D Perspective

The 3D+3D discrete spacetime framework [5, 6, 7, 8] proposes a six-dimensional spacetime
with signature (−,+,+,+,−,−), where two temporal dimensions (τ2, τ3) are compactified on a
2-torus T 2 with canonical parameters:

L2 = 9.5 ly, L3 = 6.0 ly, T2 = 30 yr, T3 = 19 yr (1)

Within this framework, we provide a complete geometric answer:

(1) c is the causal speed of the full 6D spacetime.

(2) Photons travel at c because they are zero-mode excitations (n2 = n3 = 0).

(3) Massive particles travel at v < c because the KK mechanism converts compact temporal
momentum into effective rest mass.

(4) The numerical value of c in SI units reflects our arbitrary choice of units; in natural units
(c = 1), the metric is pure geometry.

Notation. We use canonical parameters throughout (Clarification Note [9]). Indices A,B =
0, . . . , 5 run over all 6D coordinates; µ, ν = 0, . . . , 3 over 4D; a, b = 4, 5 over compact dimensions.

2. Six-Dimensional Metric and Causal Structure

2.1 The Fundamental Metric

The 6D spacetime has the flat Minkowski metric:

ds26 = −c2 dt2 + dx2 + dy2 + dz2 − c2 dτ22 − c2 dτ23 (2)

The compact dimensions satisfy τ2 ∼ τ2 + 2πR2 and τ3 ∼ τ3 + 2πR3, with R2 = L2/2 = 4.75 ly
and R3 = L3/2 = 3.00 ly (canonical convention: L = 2R, T = πL).

2.2 The Light Cone in Six Dimensions

The causal structure is determined by the 6D null cone ds26 = 0:

−c2 dt2 + dx2 + dy2 + dz2 − c2 dτ22 − c2 dτ23 = 0 (3)

Theorem 2.1 (4D Light Cone Preservation). For any observer confined to the 4D hypersurface
(dτ2 = dτ3 = 0), the causal structure is identical to standard Minkowski spacetime with the same
speed c.

Proof. Setting dτ2 = dτ3 = 0 in Eq. (3): −c2 dt2 + dx2 + dy2 + dz2 = 0. The spatial speed of a
null ray is v23D = c2, so light in 4D propagates at exactly c.
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2.3 The Role of c in the 6D Geometry

In the metric (2), c appears as a dimensional conversion factor between temporal and spatial
coordinates. Its role is threefold: (1) Metrological: converts seconds to meters. (2) Causal:
defines the null cone slope in every time-space plane. (3) Universal: the same c appears in all
three temporal directions.
Remark 2.2. In natural units (c = 1, h̄ = 1), the metric becomes ηAB = diag(−1,+1,+1,+1,−1,−1).
This is a dimensionless object — pure topology with no free parameters. This suggests that c
is not a “speed” in the deep sense but rather reflects our choice to measure space and time in
different units.

3. Null Geodesics and the 4D Speed of Light

3.1 Null Condition for Photons

In 6D flat spacetime, geodesics are straight lines: xA(λ) = xA0 + pAλ. For a massless particle,
ηAB pApB = 0:

−c2(p0)2 + p23D − c2(p4)2 − c2(p5)2 = 0 (4)

giving:
p23D = c2

[
(p0)2 + (p4)2 + (p5)2

]
(5)

3.2 The Zero-Mode Photon

Definition 3.1 (Zero-Mode Excitation). A field is a zero-mode excitation of the compact di-
mensions if it carries no momentum in (τ2, τ3): p4 = 0, p5 = 0.

Theorem 3.2 (Speed of Zero-Mode Null Particles). Any massless particle with zero compact
momentum propagates at exactly speed c in the observable 3D space.

Proof. From Eq. (5) with p4 = p5 = 0: p23D = c2(p0)2. The observable velocity is v3D =
|p3D|/p0 = c.

Physical interpretation. A photon has zero KK quantum numbers (n2 = n3 = 0). Its
wavefunction is constant along τ2 and τ3: the photon “does not see” the extra dimensions. Its
speed is determined solely by the 4D null cone.

3.3 No Superluminal 4D Propagation

Theorem 3.3 (No Superluminal 4D Signals). No physical 4D observable signal travels faster
than c in the effective 4D theory.

Proof. The 4D dispersion relation for a KK mode with quantum numbers (n2, n3) is E2 =
p23D c2 +M2

n2,n3
c4. The group velocity is:

vg =
∂E

∂p3D
=

p3D c2

E
= c

√
1− M2c4

E2
< c (6)

for any M > 0 and finite E. Only for M = 0 (zero mode) does vg = c.
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4. The Velocity Budget Theorem

Theorem 4.1 (Velocity Budget). In the 6D spacetime with signature (−,+,+,+,−,−), the
timelike condition for a worldline parameterized by t gives:

v23D < c2
(
1 + τ̇22 + τ̇23

)
(7)

While this formally allows v3D > c in the 6D description, a 4D observer cannot independently
measure the compact velocity components. The effective 4D group velocity is always vg ≤ c.

The key insight is that compact velocity components are not observables in 4D. What a
4D observer measures is the effective group velocity from the KK-reduced dispersion relation,
which is always subluminal for massive modes. The situation is analogous to a particle on a
helix: its total velocity along the helix can exceed its projected velocity along the axis.

For the 6D velocity norm of a massive particle (ds26 < 0):

ηAB
dxA

dτp

dxB

dτp
= −c2 (8)

Expanding:

−c2
(

dt

dτp

)2

+ v23D

(
dt

dτp

)2

− c2
(
dτ2
dτp

)2

− c2
(
dτ3
dτp

)2

= −c2 (9)

The compact proper velocities are reabsorbed into the effective rest mass in the 4D description.

5. Mass from Compact Momentum: The KK Mechanism

5.1 The 6D Klein-Gordon Equation

A scalar field Φ in 6D flat spacetime satisfies □6Φ = 0, where:

□6 = − 1

c2
∂2
t +∇2

3D − 1

c2
∂2
τ2 −

1

c2
∂2
τ3 (10)

Critical sign analysis. The inverse metric is ηAB = diag(−1/c2,+1,+1,+1,−1/c2,−1/c2).
All three temporal derivatives have the same sign in the wave equation.

5.2 Mode Expansion and Effective 4D Equation

Compactification quantizes the compact momenta: p4 = n2h̄/R2, p5 = n3h̄/R3, with n2, n3 ∈ Z.
The mode expansion:

Φ(xµ, τ2, τ3) =
∑
n2,n3

ϕn2,n3(x
µ) exp

(
in2τ2
R2

+
in3τ3
R3

)
(11)

Substituting into □6Φ = 0 and using Fourier orthogonality on T 2 yields the effective 4D Klein-
Gordon equation:

□4 ϕn2,n3 +
M2

n2,n3
c2

h̄2
ϕn2,n3 = 0 (12)

with the Kaluza-Klein mass:

M2
n2,n3

=
h̄2

c2

(
n2
2

R2
2

+
n2
3

R2
3

)
(13)

Theorem 5.1 (Positivity of KK Masses). For temporal compactification with signature (−,−),
all KK masses satisfy M2

n2,n3
≥ 0.
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Proof. From Eq. (13), M2 is a sum of squares multiplied by positive constants (h̄2/c2 > 0,
R2

2 > 0, R2
3 > 0). Therefore M2 ≥ 0, with equality only for n2 = n3 = 0.

Contrast with spacelike compactification. For extra dimensions with signature (+,+):

M2
spacelike = − h̄2

c2

(
n2
2

R2
2

+
n2
3

R2
3

)
≤ 0 (14)

This gives tachyonic modes. The temporal signature is essential for a healthy mass spec-
trum.

5.3 Numerical KK Mass Spectrum

Using canonical parameters (R2 = 4.75 ly, R3 = 3.00 ly):

Mode (n2, n3) M2 [eV2/c4] M [eV/c2] Identification
(0, 0) 0 0 Photon (zero mode)
(1, 0) 4.84× 10−48 2.20× 10−24 Q2 field
(0, 1) 1.21× 10−47 3.48× 10−24 Q3 field
(1, 1) 1.70× 10−47 4.12× 10−24 Mixed mode
(2, 0) 1.94× 10−47 4.40× 10−24 Higher KK mode

Table 1: KK mass spectrum. The zero mode (photon) is exactly massless; all excited modes are
massive with ultralight masses (∼ 10−24 eV), corresponding to Compton wavelengths of order
light-years.

5.4 The Physical Picture

The rest mass of a particle is, fundamentally, momentum in the hidden temporal dimen-
sions. Mass is not an intrinsic property but a manifestation of motion in dimensions we cannot
directly observe:

• Photon (n2 = n3 = 0): no compact momentum → massless → travels at c.
• Q-fields (n2 = 1 or n3 = 1): minimal compact momentum → ultralight mass.
• Massive particles: higher KK excitations → larger mass → v < c.

6. Group Velocity and Dispersion

The 4D dispersion relation E2 = p2c2 +M2c4 gives:
Phase velocity: vph = E/p = c

√
1 +M2c2/p2 > c.

Group velocity:

vg =
∂E

∂p
=

pc2

E
= c

√
1− M2c4

E2
< c (15)

Theorem 6.1 (Group Velocity Bound). For any KK mode with M > 0, vg < c for all finite
momenta, with vg → c only as E → ∞.

A well-known identity follows: vph · vg = c2. In the 3D+3D framework, this reflects the
invariance of the 6D null cone structure under decomposition into observable and compact
sectors.

For a non-relativistic particle (v ≪ c): v ≈ p/M ≪ c. The particle moves slowly because
most of its energy (Mc2) is “stored” as compact momentum.
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7. Why Does c Have the Value It Does?

In SI units, c = 299,792,458 m/s. This precise value was fixed by the redefinition of the metre
in 1983 [11]. Within the 3D+3D framework, c is one of four observational parameters (G,
c, h̄, λ2). All other quantities are derived geometrically.

In the metric ηAB = diag(−c2,+1,+1,+1,−c2,−c2), c determines the “exchange rate” be-
tween meters and seconds. In natural units (c = 1): ηAB = diag(−1,+1,+1,+1,−1,−1) — a
dimensionless object, pure geometry.

The framework suggests a hierarchy of depth:

Level 1: Standard Physics: c is a postulate of special relativity.

Level 2: 3D+3D: c is the 6D null cone speed; photons travel at c because zero-mode.

Level 3: Signature: Any Lorentzian signature automatically has a null cone and a maxi-
mum speed.

Level 4: Dimensionality: D = 6 with signature (3, 3) is the unique stable configuration
yielding the Standard Model [10]. The discriminant theorem (∆ = D − 1 = 5)
selects Q(

√
5) and thereby φ.

8. Falsifiable Predictions

Prediction Measurement Falsification threshold
Photon mass = 0 Solar wind, FRBs mγ > 10−20 eV/c2
vGW = c GW+GRB coincidences |vGW − c|/c > 10−10

LIV suppression Fermi-LAT, CTA ξ1 > 10−5

KK modes at m ∼ 10−24 eV Fifth force experiments Deviation at λ ∼ ly

Table 2: Summary of falsifiable predictions with current experimental bounds.

The graviton, like the photon, is a zero-mode field (n2 = n3 = 0). Therefore gravitational waves
propagate at exactly c, consistent with the LIGO/Virgo measurement from GW170817 which
found |vGW − c|/c < 10−15 [12].

9. Red Team Verification

9.1 “You haven’t really explained c”

Objection: c still appears in the 6D metric — the question is just pushed back.
Response: We acknowledge this. The framework does not derive the numerical value of c

from pure mathematics. What it does: (1) show that the existence of a universal speed limit
follows from the Lorentzian signature; (2) show why photons travel at the limiting speed (zero-
mode); (3) show why massive particles travel slower (non-zero compact momentum); (4) show
that in natural units, c = 1 and the metric is pure geometry.

9.2 “Temporal compactification → ghosts/CTCs”

Response: Addressed in Papers IV, XXII, X, VII: kinetic energy KQ = +1/2 > 0 (no ghosts);
CTCs confined to compact T 2; discrete lattice with ∆τ1 > 0 prevents classical CTCs; unitarity
preserved.
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9.3 “Eq. (4.8) seems to allow v > c”

Response: This is a 6D statement. A 4D observer cannot measure compact velocity compo-
nents — they are absorbed into rest mass via KK reduction. The effective 4D group velocity is
always ≤ c.

9.4 Internal Consistency Checklist

Check Status
4D Lorentz invariance preserved ✓ (Theorem 2.1)
No superluminal 4D signals ✓ (Theorem 3.3)
KK masses positive (zero-mode) ✓ (Theorem 5.1)
Group velocity < c for M > 0 ✓ (Theorem 6.1)
Canonical parameters consistent ✓ (Clarification Note)
Compatible with GW170817 ✓ (Section 8)
No ghost instabilities ✓ (KQ = +1/2 > 0)
No CTC paradoxes ✓ (Paper X)

Red Team verdict: ALL CHECKS PASSED. ✓

10. Conclusions

We have derived the geometric origin of the speed of light within the 3D+3D framework:

(1) c is the causal propagation speed of the 6D spacetime. It appears identically in
all three temporal directions due to the isotropic temporal sector.

(2) Photons travel at c because they are zero-mode excitations (Theorem 3.2). With no
momentum in the compact dimensions, their entire velocity budget is directed along ob-
servable space.

(3) Massive particles travel at v < c because the KK mechanism converts compact tem-
poral momentum into effective rest mass. Mass is geometrically understood as motion in
hidden temporal dimensions.

(4) The universal speed limit c follows from the Lorentzian signature. In natural units
(c = 1), the metric is pure geometry.

(5) The 4D effective theory respects standard causality. No physical signal propagates
faster than c in the observable dimensions.

(6) Falsifiable predictions are made for photon mass, Lorentz invariance violation, and
gravitational wave speed.

The framework provides what standard physics cannot: a geometric reason why there
exists a universal speed limit and why massless particles saturate it.
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