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Abstract

The speed of light c is, in the standard formulation of physics, a postulate of special  
relativity: the laws of physics take the same form in all inertial frames, and a finite  
invariant  speed exists  for all  causal  propagation.  This is  a highly successful  axiom, 
confirmed  to  extraordinary  precision,  but  it  is  a  constraint  rather  than  a  physical 
explanation. Special relativity does not address why a finite invariant speed exists, why 
massless  excitations  travel  at  exactly  that  speed,  or  why  gravitational  waves,  a 
phenomenon arising from an entirely different sector of physics under General Relativity, 
share the identical propagation speed to the precision confirmed by GW170817, one part 
in 10^15. This paper proposes a physical account of these three facts from the properties 
of a universal physical substrate, following the framework established in prior work. We 
show that the observed value of c can be expressed through a non-circular consistency 
relation  connecting  six  independently  measured  or  independently  derived  physical 
quantities, none of which requires the value of c as a prior input, giving agreement with  
the measured speed of light to 0.0003 percent. We propose that photons and gravitational 
waves  share  an  identical  propagation  speed  because  both  are  freely  propagating 
disturbances of the same substrate medium, requiring no persistent localised structure and 
therefore encountering no obstruction diverting energy away from propagation, while 
massive particles travel below this limit because part of their energy budget is committed 
to  maintaining a persistent  condensation structure  rather  than pure propagation.  We 
address directly the objection that any physical medium filling space invites comparison 
to the historical luminiferous aether, explain the specific structural distinction between 
the two proposals, and note that the Michelson-Morley experiment excludes a preferred-
rest-frame aether without excluding a universal substrate from which matter, photons, and 
gravitation themselves are proposed to emerge. We present independent, quantitative, 
cross-validated evidence for the substrate's explanatory power across unrelated areas of 
physics, discuss anticipated objections, and specify falsifiable predictions distinguishing 
this account from the standard treatment of c as an unexplained postulate.
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1. Introduction

The speed of light, c = 2.99792458 × 10^8 m/s exactly by the current SI definition of the metre 
[1], occupies a unique position among the constants of physics. Special relativity, since Einstein's 
original 1905 formulation, takes the existence of a finite, invariant, frame-independent speed as 
one of its two foundational postulates, the other being the equivalence of inertial reference frames 
[2]. This postulate has been confirmed to extraordinary precision across more than a century of 
increasingly  stringent  experimental  tests  [3,4],  and  no  confirmed  observation  has  ever 
contradicted it. It remains, however, a postulate rather than a derivation: special relativity does 
not explain why a finite invariant speed exists, why massless particles are constrained to travel at 
exactly  that  speed,  or  why  phenomena  arising  from  entirely  different  sectors  of  physics, 
electromagnetism and gravitation, share the identical propagation speed.

The equivalence of light speed and gravitational wave speed is a particularly striking case. In 
General Relativity, both electromagnetic radiation and gravitational radiation propagate on the 
light cone of the spacetime metric, so their equal propagation speed is built into the mathematical 
structure of the theory [5]. This mathematical consistency was confirmed observationally to 
extraordinary precision by the near-simultaneous detection of gravitational waves and a gamma-
ray  burst  from the  neutron  star  merger  GW170817,  constraining  any  fractional  difference 
between the two propagation speeds to better than one part in 10^15 [6,7]. General Relativity 
predicts  this  equivalence;  it  does not  explain,  at  the  level  of  physical  mechanism, why an 
oscillation of the electromagnetic field and a ripple in spacetime curvature, phenomena with no 
shared physical substance in the standard formulation, should propagate at identical speeds.

This paper proposes a physical account of these three unexplained facts - the existence of a finite 
invariant speed, the exact propagation speed of massless particles, and the equivalence of light 
speed and gravitational wave speed -  from the properties of a  universal  physical substrate, 
following the framework developed in prior work [8]. The proposal is that light and gravitational 
waves are both propagating disturbances of one physical medium, and that c is the propagation 
speed of that medium, determined by physical properties of the medium rather than postulated as 
an axiom of spacetime geometry.

The  paper  is  organised  as  follows.  Section  2  reviews  the  status  of  c  and  the 
light-speed/gravitational-wave-speed equivalence in standard physics. Section 3 introduces the 
substrate framework and addresses directly the historical objection that any physical medium 
filling space resembles the discredited luminiferous aether. Section 4 presents a non-circular 
consistency derivation of c from independently established quantities. Section 5 discusses why 
photons and gravitational waves both travel at  exactly c.  Section 6 addresses why massive 
particles cannot reach c. Section 7 discusses anticipated objections. Section 8 presents falsifiable 
predictions. Section 9 concludes.
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2. The Status of c and the Light-Speed/Gravitational-Wave-Speed Equivalence

2.1 c as a Postulate

Since 1983, the metre has been defined by fixing the numerical value of c exactly, so that the 
speed of light is, by definition, no longer an independently measured quantity in the SI system [1]. 
This definitional fixing settles the constant's role as a unit reference; it does not constitute, and 
was never intended to constitute, a physical explanation of why light propagates at this specific 
speed rather than some other value. Special relativity's second postulate asserts the existence of a 
finite invariant speed without deriving its magnitude from any deeper physical structure [2].

Figure 1. Standard relativity treats c as an axiomatic postulate with no mechanical origin, while the substrate  
framework derives it from the stiffness and density of a physical medium.

2.2 The GW170817 Constraint

The event GW170817, a binary neutron star merger observed on 17 August 2017, produced both 
a gravitational wave signal and a coincident gamma-ray burst, detected 1.7 seconds apart after 
propagating approximately 130 million light years [6,7].  Accounting for the astrophysically 
expected delay between gravitational wave emission and gamma-ray burst formation, this places 
an upper bound on the fractional difference between the gravitational wave speed and the speed 
of light of order 10^-15, among the most precise multi-messenger tests of fundamental physics 
performed to date [7].  General  Relativity's  mathematical  structure predicts  this  equivalence 
exactly; the result confirms the mathematics but does not, by itself, supply a physical account of 
why an electromagnetic disturbance and a spacetime curvature disturbance should be tied to the 
same propagation speed at the level of physical mechanism rather than geometric coincidence.

3. The Physical Substrate and Relation to the Michelson-Morley Experiment

The account developed in this paper is derived from a framework proposed in prior work [8], in 
which the universe is proposed to possess a continuous physical matter substrate, termed the 
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Spaticle field, with equilibrium density rho_s. Any proposal of this kind invites an immediate and 
reasonable  historical  comparison  to  the  luminiferous  aether,  decisively  excluded  by  the 
Michelson-Morley experiment and its many high-precision successors [9,10]. This comparison 
deserves a direct response rather than a footnote.

The luminiferous aether, as originally conceived, was a medium at rest relative to some preferred, 
absolute reference frame, through which the Earth and all material bodies moved; light was 
expected to propagate at a fixed speed relative to this aether frame, producing a detectable 
directional variation in the measured speed of light as the Earth's motion through the aether 
changed with the seasons [9]. The null result of the Michelson-Morley experiment, and of every 
subsequent interferometric test at ever-increasing precision [10], rules out exactly this specific 
structure: a medium establishing a preferred rest frame detectable through directional light-speed 
anisotropy.

The substrate proposed in [8] does not have this structure. It is not a medium through which 
matter and light move as through a separate background; it is the medium from which matter, 
electromagnetic  radiation,  and gravitational  interaction are  themselves  proposed to  arise  as 
organised  excitations  and  condensations.  Under  this  proposal,  an  observer,  a  measuring 
apparatus, and the light being measured are all, without exception, organised states of the same 
substrate; there is no configuration in which an observer moves "through" the substrate in the 
sense required for the Michelson-Morley experiment to detect a directional anisotropy, because 
the observer's own physical existence is already a substrate phenomenon, not an object embedded 
in and moving relative to an independent background medium. This is a structural distinction, not 
a semantic one: the aether required a preferred frame in which it was at rest and against which 
motion could be measured; the substrate proposed here has no such preferred frame, precisely 
because everything capable of performing a measurement is already made of it.

The Michelson-Morley experiment therefore excludes a preferred-rest-frame aether, but does not 
exclude a universal physical substrate from which matter, photons, and gravitation themselves 
emerge. Whether such a substrate exists must instead be decided by its quantitative explanatory 
and predictive success.

3.1 Independent Cross-Validation of the Substrate Framework

The same substrate makes multiple independent quantitative predictions, each evaluated against 
observations in unrelated areas of physics. These include a single-substrate resolution of the 
cosmological constant problem, reconciling the quantum field theory vacuum energy prediction 
with the observed value without fine-tuning [8]; a consistency derivation of the speed of light 
itself, presented in Section 4, agreeing with the measured value to 0.0003 percent; a geometric 
derivation of  the  reduced Planck constant  from the same substrate  condensation geometry, 
consistent  with  the  CODATA  value  to  0.0007  percent  [11];  and  independent  geometric 
derivations of the W, Z, and Higgs boson masses from the same substrate framework, consistent 
with  measured  values  to  within  0.4  percent  [12].  Importantly,  the  same value  of  rho_s  is 
employed across all of these derivations without adjustment between applications. Numerous 
additional independent applications of the same substrate density exist beyond the scope of the 
present  paper.  We cite  these  specific  results  because  each  is  a  quantitative,  independently 
falsifiable  claim  evaluated  against  measured  data  unconnected  to  the  speed  of  light;  their 
cumulative consistency is offered as evidence that the substrate parameter used throughout this 
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paper is not an ad hoc construction introduced to fit the observations discussed here, but a fixed 
quantity whose value was established prior  to,  and independently of,  much of the analysis 
presented in this paper.

3.2 Convergence With, Not Departure From, Existing Physics

The proposal that space possesses physical substance is not a departure from established physics. 
It is a convergence with it. General relativity describes space as possessing physical properties 
that curve, warp, and support gravitational-wave propagation. Loop quantum gravity reaches a 
related conclusion by an unrelated route, proposing that space is a discrete physical structure at 
the Planck scale [19]. Quantum field theory treats the vacuum as a medium filled with fields 
whose ground-state energy cannot be removed, and this is measured directly through the Casimir 
effect and the Lamb shift. The scalar resonance observed at CERN in 2012 [20,21] shows that the 
vacuum itself can be excited into a massive, localised state. Four independent lines of established 
physics, using different mathematics and different starting assumptions, converge on the same 
statement: space has physical substance.

Einstein argued that space possesses physical qualities and requires a medium in the sense 
described in his 1920 Leiden lecture, delivered five years after general relativity was complete. 
There he stated that according to the general theory of relativity, space is endowed with physical 
qualities, and that space without such a medium would permit no propagation of light and no 
physical meaning for measuring rods or clocks [22]. He drew a boundary immediately after: this 
medium could not be assigned the properties of an ordinary substance, such as parts that can be 
tracked through time, because he had no measured quantity to give it. The substrate proposed in 
this paper extends that concept by assigning the medium a specific, independently constrained 
equilibrium density, ρ_s = 7.3 × 10 ²⁷ kg/m³, which is what converts an unquantified physical⁻  
medium into a falsifiable one.

3.3 Why the Michelson-Morley Null Result Does Not Apply Here

The Michelson-Morley result excludes a medium with an absolute rest frame against which 
motion can be detected, the specific mechanical property the nineteenth-century aether was built 
on. The substrate proposed here has no such property, but the deeper reason the null result carries 
no weight against it is usually missed: light and matter are both organised excitations of the same 
substrate. Every instrument capable of testing for motion relative to the substrate, including the 
interferometer itself, the light path, and the reference standard, is itself constituted from the 
substrate under test. An embedded observer cannot detect substrate-wide motion, because the 
measuring apparatus and the quantity being measured deform together. The null result is not a 
finding the substrate framework must explain away. It is the only result the framework permits, 
and it is also why the framework preserves full Lorentz covariance instead of conflicting with it: a 
substrate with no preferred frame and Lorentz-compatible local dynamics is fully consistent with 
special relativity.



P61  —  6

4. A Non-Circular Consistency Derivation of c

4.1 The Circularity Problem

A natural first attempt to derive c from the substrate framework proceeds from the standard 
relation for wave propagation in a continuous medium, c equals the square root of the medium's 
stiffness divided by its  density,  K_s over rho_s.  This  relation is  dimensionally correct  and 
physically motivated, but it cannot serve as an independent derivation of c: the substrate stiffness 
K_s is itself conventionally fixed via K_s = rho_s c^2, so any evaluation of c through this route 
uses c as an input to define K_s before recovering c as an output. We state this limitation 
explicitly rather than presenting the stiffness-density relation as a derivation; a genuine test of the 
substrate framework's prediction for c requires a route that does not use c on the right-hand side at 
any step.

4.2 Six Independently Established Quantities

Such  a  route  is  available  through  the  substrate's  condensation  geometry,  developed  in  the 
companion derivation of the reduced Planck constant [11]. That derivation gives:

hbar = m_p · c · r_p / (π · R_0) 
(1)

Figure 2. The condensation geometry equation locking the reduced Planck constant to the proton mass, proton  
charge radius, and the condensation minimum R0.

where m_p is the proton mass, r_p is the independently measured proton charge radius [13], and 
R_0 = 1.27348 is a dimensionless condensation constant obtained from the stationarity condition 
of a free-energy functional established independently in [11], with no reference to c, alpha, or any 
electromagnetic quantity. The standard electromagnetic definition of the fine structure constant 
is:

α = e² / (4πε_0 hbar c) 
(2)
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Substituting the expression for hbar from equation (1) into equation (2) and solving algebraically 
for c:

c² = e² · R_0 / (4ε_0 · m_p · r_p · α) 
(3)

c = √[e² · R_0 / (4ε_0 · m_p · r_p · α)] 
(4)

The right-hand side of equation (4) contains six quantities - e, R_0, epsilon_0, m_p, r_p, and 
alpha - none of which is c, and none of which requires c as a prior input to its own independent  
determination: e, epsilon_0, m_p, and r_p are independently measured properties of matter and 
the electromagnetic field [1,13]; R_0 is the dimensionless condensation constant established 
independently in [11] from a free-energy functional with no reference to c; and alpha is measured 
independently  across  multiple  atomic  and  quantum systems,  including  the  Lamb shift,  the 
anomalous magnetic moment of the electron, and the quantum Hall effect [14], none of which 
requires c as an input to the measurement.

4.3 Numerical Evaluation

Substituting e = 1.602176634 × 10^-19 C, epsilon_0 = 8.8541878128 × 10^-12 F/m, m_p = 
1.67262192 × 10^-27 kg, r_p = 0.8414 × 10^-15 m [13], alpha = 1/137.035999 [14], and R_0 = 
1.27348 [11]:

c_derived = 2.9979 × 10^8 m/s 
(5)

Figure 3. Numerical evaluation of the consistency derivation of c from six independently established quantities,  
agreeing with the measured value to 0.0003 percent.

against the measured value c = 2.99792458 × 10^8 m/s [17], a difference of 0.0003 percent. We 
emphasise precisely what this result establishes and what it does not. It does not derive c from 
nothing; four of the six input quantities are independently measured, not derived from first 
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principles  within the substrate  framework.  What  it  establishes is  a  non-trivial,  non-circular 
consistency  relation  among  six  quantities  that  carry  independent  physical  meaning  and 
independent observational support, none of which was adjusted or selected to reproduce the 
measured value of c. The agreement of equation (5) with the measured value is a genuine, 
falsifiable test of the relation in equation (4), not a definitional identity.

5. Why Photons and Gravitational Waves Both Travel at c

5.1 Two Classes of Substrate Excitation

Following the companion derivation of the spin-statistics theorem from substrate embedding 
topology [15], the substrate framework distinguishes two physically distinct classes of localised 
disturbance.  Embedded  condensations  are  stable,  persistent,  organised  deformations  of  the 
substrate,  continuously  and  topologically  connected  to  the  surrounding  substrate  -  the 
condensations  proposed  to  constitute  protons,  electrons,  and  other  stable  matter  particles. 
Propagating  disturbances  are  transient  excitations  that  travel  through  the  substrate  without 
becoming part of its persistent organised structure, proposed to correspond to photons, gravitons, 
and other massless, force-carrying excitations.

5.2 Propagating Disturbances Travel at the Substrate's Maximum Rate

The substrate  possesses  a  characteristic  propagation  speed determined by its  own physical 
properties, evaluated independently in Section 4 through the consistency relation of equation (4). 
Any excitation not burdened by the requirement to persistently maintain its own internal structure 
is proposed to propagate naturally at this characteristic speed, since nothing internal to such an 
excitation  diverts  energy  away  from  propagation  or  introduces  a  competing  process.  A 
propagating disturbance, having no persistent condensation structure to maintain, commits none 
of its energy budget to internal organisation; its entire energy is available for propagation through 
the substrate, and it therefore travels at the substrate's own characteristic propagation speed - the 
quantity c evaluated in Section 4 - rather than at some other, unconnected rate.

5.3 A Shared Physical Origin for Light and Gravitational Waves

Electromagnetic  radiation  and  gravitational  radiation  are,  in  the  standard  formulation, 
phenomena of entirely different physical sectors: excitations of the electromagnetic field in one 
case, and curvature perturbations of the spacetime metric in the other, with no shared physical  
substance connecting the two beyond their mathematical propagation on the same light cone [5]. 
Under the substrate proposal, both are instead proposed to be propagating disturbances of the 
same  physical  medium  -  one  a  transverse  electromagnetic-type  disturbance,  the  other  a 
quadrupolar deformation disturbance arising from time-varying mass distributions - differing in 
their internal structure and the sources that generate them, but sharing the same medium and 
therefore the same maximum propagation rate. Under this account, the equivalence confirmed by 
GW170817 to one part in 10^15 [7] is not a mathematical coincidence of General Relativity's 
geometric structure; it is the expected consequence of both phenomena propagating through one 
physical medium.
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6. Why Massive Particles Cannot Reach c

A massive particle, under the substrate proposal, is an embedded condensation in the sense of 
Section 5.1: a persistent, organised deformation of the substrate that must continuously maintain 
its own internal structure. Maintaining this structure requires a continuous commitment of energy 
that a propagating disturbance does not require. As a massive particle's velocity approaches c, an 
increasing fraction of its available energy is required to sustain its condensation structure against 
the increasing demands of rapid substrate reorganisation, leaving a correspondingly smaller 
fraction available for translational propagation. This is consistent with, and offers a physical 
reading of, the standard relativistic relation between velocity and total energy, v/c = pc/E [2]: the 
velocity deficit from c is set by the ratio of the particle's rest energy, the energy committed to  
maintaining its condensation structure, to its total energy. Neutrinos, with extremely small rest 
masses, are predicted to travel within a correspondingly small fraction of c, consistent with 
existing astrophysical time-of-flight constraints [16].

Figure 4. The propagation budget: a particle's total substrate propagation capacity divides between spatial  
motion and internal structure maintenance, with massless excitations committing the full budget to spatial motion.

7. Discussion: Anticipated Objections

7.1 "Is the consistency relation of Section 4 merely a rearrangement of the definition of 
alpha?"

The definition of alpha in equation (2) is standard electromagnetic theory, not specific to this 
paper [14]. What is specific to the present proposal is the substitution of the substrate-derived 
expression for hbar from equation (1), established independently in [11] from a condensation 
geometry calculation with no reference to c or alpha. The resulting relation for c in equation (4) is 
therefore not a rearrangement of an electromagnetic definition alone; it is a consequence of 
combining that  standard definition with an independently derived expression for  hbar.  The 
correctness of this combination is tested, not assumed, by the numerical agreement of equation 
(5) with the independently measured value of c.
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7.2 "Does this proposal modify Special Relativity or General Relativity?"

No established prediction of Special Relativity or General Relativity is affected. The proposal 
offers a physical account of why a finite invariant speed exists and why light and gravitational 
waves  share  that  speed;  it  does  not  modify  the  Lorentz  transformations,  the  Einstein  field 
equations, or any confirmed relativistic prediction, including the GW170817 timing constraint of 
Section 2.2, which the substrate proposal reproduces rather than contradicts.

7.3 "Why should R_0 be treated as independent of c when it was derived using r_p, which is 
itself connected to atomic and nuclear physics measurements involving electromagnetic 
interactions?"

This is a fair methodological concern. R_0 is obtained in [11] from the stationarity condition of a 
free-energy  functional  whose  coefficients  are  fixed  by  internal  geometric  and  symmetry 
arguments, with c entering nowhere in that calculation. The proton charge radius r_p is measured 
through electron-proton scattering and spectroscopic methods [13] that determine a length scale; 
while these experimental methods do involve electromagnetic interactions in the broad sense that 
essentially all precision measurements do, the value of r_p is not derived from or dependent on a 
prior assumed value of c in the way that would render the present consistency relation circular.  
We regard this as a legitimate point of ongoing scrutiny rather than a settled matter, and note that 
the independent cross-check of R_0 presented in [11] through a route not involving r_p at all 
provides additional support against circularity.

8. Falsifiable Predictions

The substrate framework makes the following falsifiable predictions.

Prediction 1. As the input quantities of equation (4) - e, epsilon_0, m_p, r_p, alpha, and R_0 - are 
measured  or  independently  re-derived with  improved precision,  the  consistency relation  of 
equation (4) is expected to continue to agree with the independently measured value of c to within 
the combined precision of the inputs. A confirmed, statistically significant divergence would 
falsify the specific consistency relation proposed here, in the same spirit as existing experimental 
programmes constraining possible violations of Lorentz invariance in electrodynamics [18].

Prediction  2.  No  confirmed  observation  will  show  a  fractional  difference  between  the 
propagation speed of electromagnetic radiation and gravitational radiation exceeding current 
multi-messenger bounds, since both are proposed to be disturbances of the same underlying 
medium; a confirmed, statistically significant difference between the two propagation speeds in a 
future multi-messenger event would be inconsistent with the shared-medium account of Section 
5.3.

Prediction 3. The velocity deficit from c for any massive particle, evaluated through the rest-
energy-to-total-energy ratio described in Section 6, is expected to remain consistent with the  
standard relativistic relation v/c = pc/E as measurement precision improves for neutrino time-of-
flight and other massive-particle velocity determinations.
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9. Conclusions

We have proposed a physical account of the existence of a finite invariant speed, the exact 
propagation speed of massless particles, and the equivalence of light speed and gravitational 
wave speed, from the properties of a universal physical substrate. A non-circular consistency 
relation connecting six independently established quantities - the elementary charge, the vacuum 
permittivity,  the  proton  mass,  the  proton  charge  radius,  the  fine  structure  constant,  and  a 
dimensionless condensation constant derived independently in a companion paper - gives a value 
for c consistent with the measured speed of light to 0.0003 percent, with no free parameter and no 
use of c as an input at any step. We have proposed that photons and gravitational waves share an 
identical  propagation  speed  because  both  are  freely  propagating  disturbances  of  the  same 
substrate medium, and that massive particles travel below this limit because part of their energy 
budget is committed to maintaining a persistent condensation structure.

We have addressed directly the historical objection that any physical substrate filling space 
resembles the luminiferous aether excluded by the Michelson-Morley experiment, and explained 
the specific structural distinction between the two proposals: the aether required a preferred rest 
frame detectable through directional anisotropy, while the substrate proposed here has no such 
frame, since every observer and measuring instrument is itself a substrate phenomenon. This 
interpretation  requires  no  modification  to  Special  Relativity,  General  Relativity,  or  any 
confirmed experimental result, including the GW170817 timing constraint. It requires only a 
proposed physical origin for three facts that standard physics currently treats as axioms rather 
than as consequences of physical mechanism.

Figure 5. Synthesis matrix comparing the standard-model treatment of c, the reduced Planck constant, the Lorentz  
factor, and the massless speed equivalence against the substrate-derived formulas.
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