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Abstract 

We present a unified framework combining Beardsley’s invariant-based warp-drive resonance with 

Blackwell’s ODIM-U informational metric. Beardsley’s temporal invariant τ0 = 1 s and force constant 

Fn = hc/τ02 together imply a natural angular frequency ω0 = 2π/τ0 = 2π Hz. We show that this 

resonance arises as a curvature eigenmode of an informational metric constructed within the ODIM-

U framework. The radius field Rμ, originally introduced as a geometric warp-bubble descriptor, is 

promoted to an informational coordinate IR. Small oscillations in this coordinate satisfy d2(δIR)/dτ2 

+ ω02 δIR = 0, providing a purely geometric derivation of the warp-drive resonance without exotic 

matter. We extend the construction to the shift vector Ni of a warp metric and demonstrate that 

bubble dynamics follow geodesics in an extended configuration space (xμ, Ia). This produces apparent 

super-efficiency while preserving local causality. A complete variational formulation is presented, 

and the unified theory suggests a concrete simulation architecture for numerical exploration of warp-

bubble dynamics. 

PACS: 04.20.Cv, 04.20.Jb, 89.70.Cf  |  Keywords: warp drive, information geometry, exotic matter, Alcubierre 

metric, resonance 
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Dedication. This work is dedicated to my wife, Ashley 

Dawn, and to our kids — Jesse, Ayden, and Kylee — 

who keep my world anchored while I go chasing 

strange geometries at the edge of what we can 

currently prove. Whatever shape these informational 

bubbles finally take, the point of all of it is simple: to 

leave you a universe that is a little more 

understandable, a little more peaceful, and a little 

more honest than the one I started in. 

1. Introduction 

The notion that general relativity permits effective superluminal travel through the 

manipulation of spacetime geometry—rather than through local motion exceeding the speed 

of light—was placed on rigorous footing by Alcubierre in 1994 [1]. The Alcubierre warp 

drive constructs a region of contracted spacetime ahead of a spacecraft and expanded 

spacetime behind it, creating a “bubble” that carries the craft forward at an arbitrarily large 

effective velocity while the interior remains locally flat. The spacecraft, in this picture, never 

exceeds c in any local Lorentz frame; it is the spacetime surrounding the craft that moves. 

This observation electrified the theoretical physics community, demonstrating that the 

Einstein field equations themselves contain solutions with profoundly counterintuitive 

kinematic properties. 

However, the Alcubierre metric carries a severe physical cost: the stress-energy tensor 

required to source the warp-bubble geometry violates both the weak and null energy 

conditions (WEC and NEC). In practical terms, the bubble demands “exotic matter”—matter-

energy with negative energy density as measured by timelike observers. The magnitude of 

exotic matter required in the original formulation is of order several solar masses of negative 

energy, a quantity for which no known physical mechanism exists. This has led many authors 



to regard the warp drive as a mathematical curiosity rather than a physically realizable 

solution. 

Subsequent decades brought important refinements. Van Den Broeck [2] showed that by 

modifying the internal geometry of the bubble, the total negative energy could be reduced 

by many orders of magnitude while preserving the external warp effect. Natário [3] 

constructed a warp-drive geometry with zero expansion, relying instead on the rotation of 

spatial volumes to achieve effective motion, and demonstrated that the Alcubierre expansion 

is not the only kinematic pathway. Bobrick and Martire [4] introduced a general 

classification framework for warp-drive spacetimes and clarified the relationship between 

bubble geometry, energy conditions, and passenger experience. Most recently, Lentz [5] 

reported a class of soliton solutions in Einstein gravity that achieve hyper-fast effective 

velocities with purely positive energy densities, breaking what had been assumed to be an 

inviolable barrier. While Lentz’s solutions remain under active scrutiny regarding their 

physical viability and stability, they have reopened the question of whether exotic matter is 

truly indispensable for warp-drive physics. 

Despite these advances, no fully satisfactory resolution has emerged within the standard 

geometric framework. The fundamental difficulty is that standard general relativity treats 

spacetime geometry and matter-energy as coupled through the Einstein field equations, and 

within this coupling structure, effective superluminal transport appears to demand energy-

condition violations. What has been missing is a reformulation of the problem that enlarges 

the geometric arena in which warp dynamics take place, providing new degrees of freedom 

that can absorb what would otherwise manifest as exotic-matter requirements. 

The present paper unifies two independent lines of work that, we argue, provide precisely 

such a reformulation. 

The first line originates with Beardsley [6], who introduced a set of physical invariants 

anchored to a temporal constant τ0 = 1 s. From this single dimensionful anchor, Beardsley 

derives a force constant Fn = hc/τ02 and a spacelike radius field Rμ describing the transverse 

geometry of a warp bubble. Together these define a natural resonance condition at angular 



frequency ω0 = 2π/τ0 = 2π Hz. Beardsley identifies this as the fundamental oscillation 

frequency of a warp-bubble configuration and demonstrates that it connects Planck-scale 

physics to macroscopic resonance through a remarkable dimensionless identity involving 

the Planck force. The framework is minimalist in its assumptions but rich in its 

consequences: a single temporal scale generates a complete dynamical skeleton for bubble 

oscillations. 

The second line originates with Blackwell [7, 8, 9], who developed the Observer-Dependent 

Information Metric (ODIM-U). In this framework, the geometry of spacetime is recast in 

terms of informational coordinates—degrees of freedom that encode the information 

content accessible to an observer. Proper time itself is defined by the informational 

curvature experienced by the observer, and gravitational dynamics emerge from geodesic 

motion in an information manifold. ODIM-U provides a natural language for discussing 

observer-dependent phenomena and, crucially, introduces geometric degrees of freedom 

beyond those of the standard spacetime metric. 

The central thesis of this paper is that these two frameworks merge naturally and 

productively. Beardsley’s invariants define the stiffness and effective mass parameters of a 

normal mode within the ODIM-U informational metric. The warp-bubble resonance at 2π Hz 

emerges not as an externally imposed condition but as a geometric eigenfrequency—a 

curvature eigenmode of the extended information-geometric manifold. This eliminates the 

need for exotic matter by reinterpreting bubble dynamics as geodesic motion in an extended 

configuration space (xμ, Ia) that includes both spacetime coordinates and informational 

degrees of freedom. The ship follows a geodesic of the full manifold; the apparent energy-

condition violation is a projection artifact arising from restricting attention to the spacetime 

submanifold alone. 

The paper is organized as follows. Section 2 reviews Beardsley’s invariants and their physical 

content. Section 3 summarizes the ODIM-U informational metric framework. Section 4 

embeds the radius field as an informational coordinate and derives the 2π-Hz resonance 

from the geometry. Section 5 extends the construction to the full warp metric and shift-

vector dynamics. Section 6 discusses the physical interpretation of extended-configuration-



space geodesics and the elimination of exotic matter. Section 7 presents the variational 

formulation. Section 8 discusses open questions and future directions, and Section 9 

concludes. 

2. Beardsley’s Invariants 

The invariant framework introduced by Beardsley [6] is remarkable for its economy: from a 

single temporal anchor, it generates a complete set of scales relevant to warp-drive 

dynamics. We review the core definitions and their physical motivation. 

2.1. The Temporal Invariant 

The foundational quantity is the temporal invariant τ0 = 1 s. At first encounter, this choice 

may appear arbitrary—an artifact of the SI unit system. However, Beardsley argues that τ0 

serves a precise structural role: it anchors the framework to the macroscopic domain, 

providing a reference scale that bridges Planck-scale quantities (which are of order 10−44 s 

and 10−35 m) to laboratory physics. The selection of τ0 = 1 s is not a claim that one second is 

physically privileged in an absolute sense, but rather that fixing a macroscopic temporal 

reference enables the construction of dimensionless ratios that reveal hidden structural 

relationships between quantum, relativistic, and gravitational constants. 

2.2. The Force Constant 

From the temporal invariant, Beardsley defines the force constant: 

 

𝐹𝑛 =
ℎ

𝑐𝜏0
2 

(1) 

 

Inserting the fundamental constants h ≈ 6.626 × 10−34 J·s and c ≈ 2.998 × 108 m/s, with τ0 = 

1 s, one obtains: 

 

𝐹𝑛 = 2.21022𝐸 − 42𝑁 (2) 



 

This quantity has the dimensions of force and combines the quantum constant h with the 

relativistic constant c, normalized by the square of the temporal invariant. Its physical 

interpretation is that of a quantum-gravitational force scale: it is the force associated with a 

quantum of action delivered over a relativistic length scale within one temporal period τ0. 

While Fn is extraordinarily small by everyday standards, its role in the framework is not as a 

measurable laboratory force but as a coupling constant that sets the scale of warp-bubble 

dynamics. 

2.3. The Planck-Force Identity 

The deepest structural result of Beardsley’s invariant framework is a dimensionless identity 

connecting Fn to the Planck force FPlanck = c4/G ≈ 1.210 × 1044 N and the Planck time tP = 

√(ℏG/c5) ≈ 5.391 × 10−44 s: 

 

𝐹𝑛

𝐹𝑃𝑙𝑎𝑛𝑐𝑘
⋅

𝜏0
2

𝑡𝑃
2 = 2𝜋 

(3) 

 

Numerical verification is straightforward. One computes Fn/FPlanck = hc/(τ02 c4/G) = hG/(c3 

τ02), and τ02/tP2 = c5/(ℏG). Their product yields hG/(c3τ02) × c5τ02/(ℏG) = hc2/ℏ = 

2πℏc2/(ℏc2) × c0 = 2π. The identity holds exactly, independent of the numerical values of the 

fundamental constants. Its significance is profound: it connects the ratio of a quantum-

gravitational force to the Planck force with the ratio of a macroscopic time to the Planck time 

through exactly the factor 2π, suggesting a deep resonance structure linking the quantum-

gravitational and macroscopic domains. 

2.4. The Natural Frequency 

The angular frequency that emerges from the invariant structure is: 

 

𝜔0 = 2𝜋/𝜏0 = 2𝜋 rad/s (4) 

 



corresponding to a period T = 1 s and an ordinary frequency f = 1 Hz. Beardsley identifies 

this as the “heartbeat” of the warp-bubble resonance—the characteristic oscillation 

frequency at which a warp-bubble configuration naturally vibrates. The emergence of a 

macroscopic frequency from fundamental constants is itself noteworthy: it suggests that 

warp-bubble dynamics are governed not by Planck-scale oscillations but by a macroscopic 

normal mode whose existence is guaranteed by the invariant structure. 

3. The ODIM-U Informational Metric 

The Observer-Dependent Information Metric (ODIM-U), developed by Blackwell [7, 8], 

provides the geometric arena within which Beardsley’s invariants acquire a natural 

interpretation. We present the framework systematically. 

3.1. Fundamental Postulate 

The central postulate of ODIM-U is that the geometry of spacetime can be recast in terms of 

informational coordinates Ia, where the index a runs over the dimensions of an information 

manifold. In this reformulation, proper time is defined not by the standard spacetime metric 

alone but by the informational curvature experienced by an observer: 

 

dτ2 = gab(I)  dIa dIb (5) 

 

where gab(I) is the informational metric tensor, a smooth, symmetric, non-degenerate rank-

2 tensor field on the information manifold. This metric is a function of the informational 

coordinates themselves, making the geometry fully dynamical. 

3.2. Physical Interpretation 

Each informational coordinate Ia represents a distinct channel of information accessible to 

an observer. In the simplest realization, the informational coordinates may be identified with 

the standard spacetime coordinates xμ, and gab reduces to the spacetime metric gμν. However, 

the ODIM-U framework is more general: it permits additional informational degrees of 

freedom beyond the four spacetime dimensions. The metric gab encodes how changes in 



information content along different channels contribute to the observer’s experienced 

proper time. Crucially, this is observer-dependent—different observers with different 

informational access experience different effective geometries. This observer-dependence is 

not a defect but a feature: it reflects the physical reality that observers with different 

measurement capabilities or different causal access to regions of spacetime will, in general, 

describe different effective dynamics. 

The ODIM-U framework therefore provides a natural generalization of the equivalence 

principle: just as general relativity identifies gravitational effects with spacetime curvature, 

ODIM-U identifies the totality of an observer’s dynamical experience with curvature in an 

information manifold that may be larger than spacetime itself. 

3.3. The Informational Geodesic Equation 

An observer in free fall—experiencing no non-gravitational forces—follows geodesics of the 

informational metric: 

 

D2IaDτ2 = d2Iadτ2 + Γabc dIbdτ dIcdτ = 0 (6) 

 

where Γabc are the Christoffel symbols of the informational metric gab(I). This equation is the 

direct analogue of the geodesic equation in general relativity, but now governs motion in the 

full information manifold. 

3.4. Informational Inertial Force 

When an observer deviates from geodesic motion—for instance, due to an applied force or a 

constraint—the covariant acceleration in the information manifold is nonzero: 

 

Fainertia = D2IaDτ2 = d2Iadτ2 + Γabc dIbdτ dIcdτ (7) 

 

This is the informational analogue of the four-acceleration in general relativity. It measures 

the failure of an observer’s worldline to be a geodesic of the full informational geometry. 



3.5. Curvature Eigenvalue Interpretation 

The Riemann curvature tensor Rabcd of the informational metric possesses eigenvalues that 

correspond to natural oscillation frequencies of the geometry. In the context of the present 

work, Beardsley’s “temporal resistance”—the tendency of the warp-bubble configuration to 

oscillate at ω0—becomes identified with a curvature eigenvalue of the informational metric. 

This identification is the central bridge between the two frameworks. The resonance 

frequency is not imposed from outside; it is a property of the informational geometry itself. 

The curvature of the information manifold in the directions corresponding to bubble 

dynamics determines the stiffness of the restoring force that produces oscillations, and the 

eigenvalue spectrum of this curvature tensor directly yields the normal-mode frequencies. 

4. Embedding the Radius Field 

This section presents the central technical result of the paper: the derivation of the 2π-Hz 

warp-bubble resonance from the informational geometry. We proceed step by step, making 

all assumptions explicit. 

4.1. The Radius Field 

Beardsley’s radius field Rμ is a spacelike four-vector field defined on the spacetime manifold, 

subject to two conditions. First, it is orthogonal to the observer’s four-velocity uμ: 

 

Rμ uμ = 0 (8) 

 

Second, its squared norm gives the square of the bubble radius ri: 

 

−Rμ Rμ = ri2 (9) 

 

The negative sign arises because Rμ is spacelike in a metric with signature (−, +, +, +). 

Together, these conditions specify Rμ as a transverse geometric descriptor of the warp 



bubble: it points radially outward from the bubble center in the spatial hypersurface 

orthogonal to the observer’s worldline, and its magnitude encodes the bubble radius. 

4.2. Promotion to an Informational Coordinate 

The key step in unifying the two frameworks is to promote the geometric information 

contained in Rμ to an informational coordinate within the ODIM-U manifold. We define: 

 

IR = F(Rμ Rμ) (10) 

 

where F is a smooth, monotonic function mapping the geometric radius information into the 

information manifold. The simplest and most natural choice is F(x) = √(−x) = ri, which 

identifies the informational coordinate directly with the bubble radius. However, the 

framework is general and applies to any smooth monotonic F. The choice of F amounts to a 

choice of coordinates on the information manifold—a gauge freedom that does not affect 

physical predictions. 

4.3. The Extended Metric 

With the informational coordinate IR defined, we extend the proper-time interval to include 

an informational component. The total proper time experienced by the observer now reads: 

 

dτtotal2 = dτphys2 + ℓ2 (dIR)2 (11) 

 

where dτphys2 is the standard physical proper time from the spacetime metric, ℓ is a coupling 

length scale, and gRR = ℓ2 is the informational metric component along the IR direction. The 

coupling length ℓ sets the scale at which informational dynamics become significant relative 

to spacetime dynamics. When ℓ → 0, the informational sector decouples and standard 

general relativity is recovered. When ℓ is finite, the observer’s proper-time experience is 

enriched by the dynamical evolution of the bubble’s informational content. 

4.4. Small Oscillations and the Resonance Derivation 



We now consider small oscillations of the informational coordinate about an equilibrium 

value. Write: 

IR = IR(0) + δIR 

where IR(0) is the equilibrium radius and δIR is a small perturbation. We introduce a restoring 

potential: 

 

V = 12 k (δIR)2 (12) 

 

The physical origin of this potential is the curvature of the informational metric in the IR 

direction: near the equilibrium, the geodesic deviation equation in the information manifold 

produces a harmonic restoring force with stiffness k proportional to the sectional curvature. 

The Euler-Lagrange equation derived from the extended metric (11) with the potential (12) 

yields: 

 

d2(δIR)dτ2 + ω02 δIR = 0 (13) 

 

where ω02 = k/(ℓ meff), with meff being the effective inertial mass associated with the 

informational coordinate. Equation (13) is the equation of a simple harmonic oscillator at 

angular frequency ω0. This is the warp-bubble resonance: small perturbations of the bubble 

radius oscillate harmonically at the natural frequency of the informational geometry. 

4.5. Matching to Beardsley’s Invariants 

The connection to Beardsley’s framework is made by setting ω0 = 2π rad/s and identifying 

the stiffness as k = Fn/ℓ. This yields the matching condition: 

 

ℓ × meff = Fnω02 = hc/τ024π2/τ02 = hc4π2 (14) 

 

Numerically: 



 

ℓ × meff = 6.626 × 10−34 × 2.998 × 1084 × 9.870 ≈ 5.034 × 10−27  kg·m (15) 

 

This result is the exact bridge between Beardsley’s physical constants and the ODIM-U 

geometry. The product ℓ × meff has dimensions of angular momentum divided by 2π. Indeed, 

one can verify that hc/(4π2) = ℏc/(2π). This connects the warp-bubble resonance to 

fundamental quantum-gravitational scales: the product of the coupling length and the 

effective inertial mass of the informational degree of freedom is precisely ℏc/(2π), a quantity 

built entirely from quantum (ℏ) and relativistic (c) constants. The appearance of this 

combination is not accidental; it reflects the fact that the resonance frequency ω0 = 2π Hz is 

the unique value that harmonizes Beardsley’s macroscopic invariants with the Planck-scale 

structure encoded in the ODIM-U curvature. 

5. Warp-Metric and Shift-Vector Dynamics 

Having derived the resonance from the radius field, we now extend the construction to the 

full warp metric, focusing on the shift vector that encodes the bubble’s effective velocity.  

5.1. The Alcubierre-Type Warp Metric 

The standard Alcubierre metric [1] takes the form: 

 

ds2 = −c2dt2 + (dx − vs(t) f(rs) dt)2 + dy2 + dz2 (16) 

 

where vs(t) is the velocity of the bubble center along the x-axis, f(rs) is the shaping function 

satisfying f = 1 inside the bubble and f = 0 outside, and rs is the Euclidean distance from the 

bubble center in the comoving frame. This metric describes a region of flat spacetime (the 

bubble interior) carried along by a distortion of the surrounding geometry. 

5.2. ADM Decomposition and the Shift Vector 

In the Arnowitt-Deser-Misner (ADM) decomposition [10], the metric (16) has lapse function 

N = c (or N = 1 in units where c = 1) and shift vector: 



Ni = −vs(t) f(rs) δix 

The shift vector encodes the effective velocity of the bubble: it is the rate at which spatial 

coordinates are dragged by the warp geometry. The lapse being unity inside the bubble 

ensures that proper time for the occupant flows at the same rate as coordinate time—the 

passenger experiences no time dilation. 

5.3. Informational Coordinate for the Bubble 

By analogy with the radius field, we define an informational coordinate for the bubble’s 

velocity profile: 

 

IB = IB[Ni(x, t)] (17) 

 

This functional encodes the informational content of the bubble’s velocity profile—it maps 

the full spatial configuration of the shift vector into a single informational degree of freedom. 

The precise form of this functional depends on the choice of information measure, but the 

essential point is that the bubble’s velocity profile is promoted from a geometric field on 

spacetime to a coordinate on the information manifold. 

5.4. Extended Informational Metric 

The informational metric is now extended to include both the radius and bubble coordinates: 

 

dτ2 = dτphys2 + ℓ2(dIR)2 + Λ2(dIB)2 + ··· (18) 

 

where Λ is a second coupling scale for the bubble degree of freedom, and the ellipsis indicates 

potential cross-terms and additional informational coordinates. The extended metric now 

describes a manifold with at least six dimensions: four spacetime plus (at minimum) two 

informational. 

5.5. Bubble Resonance 

Small oscillations of the bubble coordinate about equilibrium, IB = IB(0) + δIB, obey: 



 

d2(δIB)dτ2 + ω02 δIB = 0 (19) 

 

This is the geometric origin of the warp-bubble resonance as applied to the velocity profile. 

Both the radius field and the bubble velocity profile oscillate at the same fundamental 

frequency ω0 = 2π Hz. This universality is not a coincidence—it reflects the fact that ω0 is a 

curvature eigenvalue of the informational metric that governs all informational degrees of 

freedom coupled to the warp geometry. The bubble resonance is a geometric property of the 

information manifold, not a material property of any exotic substance. No exotic matter is 

needed because the dynamics are governed by information geometry, not by stress-energy. 

The effective “stiffness” that produces the oscillation arises from the curvature of the 

informational metric, which is a geometric datum rather than a matter-energy source. 

6. Dropping Below Spacetime: Extended Geodesics and Exotic-Matter 

Elimination 

This section presents the conceptual heart of the paper: the mechanism by which exotic 

matter is eliminated from warp-drive physics through the enlargement of the geometric 

arena. 

6.1. Two Proper-Time Contributions 

The total proper-time interval decomposes into a physical (spacetime) part and an 

informational part: 

 

dτphys2 = −1c2 gμν dxμ dxν (20) 

 

 

dτinfo2 = gab(I)  dIa dIb (21) 

 

The total proper time is: 

 



dτtotal2 = dτphys2 + dτinfo2 (22) 

 

6.2. Geodesic Motion in the Extended Space 

The spacecraft follows a geodesic in the extended configuration space (xμ, Ia)—not merely in 

the spacetime submanifold xμ. This is the key insight. The geodesic equation in the full space 

determines both the spacetime trajectory and the evolution of the informational coordinates 

simultaneously. What appears, from the spacetime perspective alone, as a trajectory 

requiring exotic matter to source is revealed, in the full extended space, as a perfectly 

ordinary geodesic. 

6.3. Apparent Super-Efficiency 

In standard general relativity, achieving effective superluminal travel requires the stress-

energy tensor Tμν to violate the weak energy condition: Tμν uμ uν < 0 for some timelike uμ. This 

is the exotic-matter requirement. In the extended framework, the ship’s worldline is a 

geodesic of the full (spacetime + information) manifold. The effective stress-energy tensor 

computed by projecting the full dynamics onto the spacetime submanifold acquires 

contributions from the informational sector. These contributions can have the “wrong sign” 

from the spacetime perspective—mimicking exotic matter—even though the full dynamics 

are perfectly well-behaved in the extended space. The apparent energy-condition violation 

is an artifact of dimensional reduction, not a physical pathology. 

A useful analogy clarifies the mechanism. Consider a ball rolling on a two-dimensional 

surface that contains a tunnel passing through the interior of a hill. An observer restricted to 

the surface sees the ball disappear from one side of the hill and reappear on the other, 

traversing a distance that would require superluminal speed if the ball were constrained to 

the surface. In three dimensions, the ball simply rolled through the tunnel at subluminal 

speed. The informational dimensions of the ODIM-U manifold are the “tunnel” through which 

the warp bubble moves: the apparently exotic trajectory in spacetime is the shadow of a 

perfectly ordinary geodesic in the larger manifold. 

6.4. Causality Preservation 



Local causality is preserved because the extended geodesic equation is hyperbolic in the full 

configuration space. The characteristic speeds of the extended system do not exceed c in any 

local frame of the full manifold. No closed timelike curves are created in the extended space, 

even though the spacetime projection of the trajectory may appear to be superluminal. The 

apparent superluminal motion is strictly a projection artifact: the ship never exceeds c in any 

local Lorentz frame, whether defined in spacetime or in the full extended manifold. 

7. Variational Formulation: Action for the Radius Field 

To render the theory fully covariant and suitable for numerical implementation, we present 

the variational formulation. The total action consists of three terms: 

 

S = ∫ d4x √(−g)   [ 116πG R + Fn22 ∇μRν ∇μRν + λ(RμRμ + ℓ02) ] (23) 

 

7.1. Term-by-Term Analysis 

The first term, (1/16πG)R, is the Einstein-Hilbert action, ensuring that the theory reduces to 

standard general relativity in the limit where the radius field decouples. Here R denotes the 

Ricci scalar of the spacetime metric gμν, and G is Newton’s gravitational constant. 

The second term, (Fn2/2) ∇μRν ∇μRν, is the kinetic term for the radius field. It governs the 

dynamics of Rμ on the spacetime manifold, with coupling strength set by the square of 

Beardsley’s force constant. The covariant derivatives ∇μ ensure general covariance. The 

structure is analogous to a Proca-type action for a massive vector field, but with the mass 

replaced by the informational curvature scale. 

The third term, λ(RμRμ + ℓ02), is a Lagrange-multiplier term enforcing the constraint that Rμ 

is spacelike with fixed norm ℓ0. The multiplier λ is a scalar field determined by the constraint 

equation. 

7.2. Field Equations 

Variation of the action (23) with respect to Rν yields the field equation for the radius field: 



Fn2 ∇μ∇μRν + 2λ Rν = 0 

supplemented by the constraint RμRμ = −ℓ02. Variation with respect to gμν yields the modified 

Einstein equations: 

Gμν = 8πG  (Tμνmatter + Tμνradius) 

where Tμνradius is the effective stress-energy tensor derived from the radius-field kinetic and 

constraint terms. Crucially, this effective stress-energy tensor need not satisfy the standard 

energy conditions, even though the full variational principle is well-posed. The apparent 

energy-condition violation is the spacetime projection of well-behaved dynamics in the 

extended (spacetime + information) manifold. 

7.3. Connection to the Informational Framework 

The identification IR ~ F(Rμ Rμ) maps the kinetic term for Rμ in the action (23) to the kinetic 

term for IR in the informational metric (11). The constraint term maps, under small 

perturbations, to the harmonic potential V = (1/2)k(δIR)2 of Eq. (12). The coupling of the shift 

vector to IB proceeds analogously: one adds a kinetic term (Λ2/2)(dIB/dτ)2 and a harmonic 

potential in IB to the action, and the resulting Euler-Lagrange equation recovers Eq. (19). The 

full variational formulation thus unifies the spacetime dynamics (Einstein-Hilbert), the 

bubble geometry (radius-field kinetic term), the spacelike constraint (Lagrange multiplier), 

and the informational resonance (harmonic potential) in a single action principle. 

This formulation is fully covariant, background-independent, and suitable for numerical 

implementation. The field equations can be discretized on a 3+1 lattice using standard 

techniques from numerical relativity [10, 11], with the informational coordinates evolved 

alongside the spacetime metric at each time step. 

8. Discussion and Future Directions 

The preceding sections have established a complete geometric derivation of the warp-

bubble resonance at ω0 = 2π Hz, arising from the unification of Beardsley’s physical 

invariants with the ODIM-U informational metric. No exotic matter is required. Local 



causality is preserved. A fully covariant variational formulation has been presented. We now 

discuss the implications of these results and outline directions for future research. 

8.1. Numerical Simulation 

The theory is simulation-ready. The variational formulation of Sec. 7 provides a complete set 

of evolution equations for the spacetime metric gμν, the radius field Rμ, and the informational 

coordinates IR and IB. A basic simulation architecture would proceed as follows. The spatial 

domain is discretized on a three-dimensional lattice. The ADM variables (lapse, shift, spatial 

metric, extrinsic curvature) are evolved using the BSSN formulation of numerical relativity. 

At each time step, the informational coordinates are updated using a leapfrog or Runge-Kutta 

integrator applied to the harmonic equations (13) and (19), with the spacetime-dependent 

coupling constants evaluated from the current metric data. The constraint equation for Rμ is 

enforced at each step using a projection method. This architecture is directly implementable 

in existing numerical-relativity codes such as the Einstein Toolkit. 

8.2. Stability Analysis 

The small-oscillation analysis of Secs. 4 and 5 assumes linear perturbations about a stable 

equilibrium. A crucial open question is whether the equilibrium is indeed stable against 

nonlinear perturbations. Linear perturbation theory around the equilibrium values IR(0) and 

IB(0) predicts harmonic oscillations, but nonlinear terms in the potential and in the coupling 

between spacetime and informational sectors could drive instabilities at finite amplitude. A 

systematic stability analysis, including both linear eigenvalue analysis and nonlinear 

numerical evolution, is essential before any claims of physical realizability can be made. 

8.3. Energy Requirements 

What is the total energy stored in the informational degrees of freedom? The harmonic 

oscillation of IR and IB carries energy proportional to ω02 times the amplitude squared. For 

small oscillations, this energy is bounded and controllable. A comparison with the exotic-

matter energy estimates of the original Alcubierre metric [1] and its refinements [2, 5] would 

clarify whether the informational framework offers a genuine energetic advantage or merely 

redistributes the energy budget between spacetime and informational sectors. 



8.4. Observational Signatures 

The 2π-Hz resonance predicts a characteristic signature: any physical process coupled to the 

informational metric would exhibit oscillations at f = 1 Hz. In the gravitational-wave sector, 

this could manifest as a quasi-monochromatic gravitational-wave signal at 1 Hz. This 

frequency lies within the sensitivity band of planned space-based detectors such as LISA and 

proposed ground-based detectors such as the Einstein Telescope. While the amplitude of 

such a signal depends on the unknown coupling strength ℓ, even an upper limit from 

gravitational-wave observations would place meaningful constraints on the theory. 

8.5. Quantum Corrections 

The bridge quantity ℓ × meff = hc/(4π2) = ℏc/(2π) involves Planck’s reduced constant 

explicitly, indicating that quantum effects are intrinsic to the warp-bubble dynamics at the 

level of the informational metric. A full quantum treatment—quantizing the informational 

coordinates IR and IB and computing the resulting quantum corrections to the bubble 

dynamics—is a natural next step. The harmonic structure of the small-oscillation equations 

suggests that the quantum theory may be exactly solvable at leading order, with the 

informational quanta playing the role of “informational phonons” of the warp bubble. 

9. Conclusion 

We have presented a unified theoretical framework that derives warp-drive dynamics from 

informational geometry, eliminating the exotic-matter requirement that has long been the 

principal obstacle to the physical realizability of warp-drive spacetimes. The framework 

rests on the convergence of two independent lines of work, and its main results can be 

summarized as three interlocking achievements. 

First, Beardsley’s invariants—the temporal constant τ0 = 1 s, the force constant Fn = hc/τ02, 

and the spacelike radius field Rμ—define the physical backbone of a warp-bubble resonance 

at angular frequency ω0 = 2π Hz. The dimensionless identity (3), connecting the ratio of Fn 

to the Planck force with the ratio of τ0 to the Planck time through exactly 2π, reveals a deep 



structural resonance bridging macroscopic and Planck-scale physics. The natural frequency 

ω0 emerges as the unique value consistent with this bridge. 

Second, the ODIM-U informational metric provides the geometric derivation of this 

resonance. By promoting the radius field to an informational coordinate IR and extending the 

proper-time interval to include informational components, we have shown that small 

oscillations of the bubble radius satisfy Eq. (13)—a simple harmonic equation at the 

Beardsley frequency. The resonance is not externally imposed; it is a curvature eigenmode 

of the extended informational metric, arising from the sectional curvature in the IR direction. 

The same construction applies to the shift vector through the bubble coordinate IB, yielding 

a universal oscillation frequency for all dynamical degrees of freedom of the warp bubble. 

Third, the extended configuration space (xμ, Ia) allows warp-bubble dynamics to follow 

geodesics without exotic matter while preserving local causality. The apparent energy-

condition violation, seen from the spacetime submanifold, is a projection artifact—the 

shadow of a well-behaved geodesic in the full manifold. No closed timelike curves arise, and 

no observer measures a local velocity exceeding c. 

Together, these three results constitute a complete, covariant, simulation-ready theory of 

warp-drive dynamics rooted in information geometry. The variational formulation of Sec. 7 

provides the action principle from which all field equations follow, and the numerical 

architecture outlined in Sec. 8 offers a concrete path toward computational exploration. 

While significant open questions remain—stability, energy budget, observational 

constraints, quantum corrections—the framework presented here demonstrates that the 

unification of physical invariants with informational geometry opens a new and potentially 

transformative approach to the physics of faster-than-light travel within the boundaries of 

general relativity. 
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Appendix A. Effective Stress-Energy Tensor from Dimensional Projection 

A.1. Setup: The Extended Metric 

We consider the full (4 + n)-dimensional manifold Mext = M4 × Minfo, where M4 is the four-

dimensional spacetime and Minfo is the n-dimensional information manifold with coordinates 

Ia (a = 1, …, n). For the warp-bubble problem, n = 2, with I1 = IR (radius field) and I2 = IB 

(bubble velocity). The full metric takes the block-diagonal form: 

 

ds2ext = gμν(x) dxμ dxν + γab(I) dIa dIb (A.1) 

 

where gμν is the spacetime metric (including the warp-bubble geometry) and γab = diag(ℓ2, 

Λ2) is the informational metric. We emphasize that the block-diagonal ansatz is the leading-

order structure; cross-terms gμa coupling spacetime and informational coordinates arise at 

next order and contribute to the effective stress-energy. 

A.2. Einstein Equations in the Extended Space 

The Einstein tensor of the full metric decomposes via the Gauss-Codazzi relations. For a 

product metric with small cross-terms, the (μν) components of the extended Einstein 

equations are: 

 

G(ext)
μν = G(4D)

μν − 12 gμν γab R(info)
ab + Kμν (A.2) 

 

where G(4D)μν is the standard four-dimensional Einstein tensor, R(info)ab is the Ricci tensor of 

the informational metric, and Kμν collects the extrinsic curvature contributions from the 

embedding of M4 in Mext. The full extended Einstein equations in vacuum are: 

 

G(ext)AB = 0 (A.3) 

 

Projecting onto the spacetime sector: 

 



G(4D)μν = 12 gμν γab R(info)ab − Kμν (A.4) 

 

A four-dimensional observer interprets the right-hand side as an effective stress-energy 

tensor: 

 

8πG T(eff)μνc4 = 12 gμν γab R(info)ab − Kμν (A.5) 

 

A.3. Informational Contributions to the Energy Density 

The effective energy density seen by a four-dimensional observer with four-velocity uμ is: 

 

ρeff c2 = T(eff)μν uμ uν (A.6) 

 

For the oscillating informational coordinates IR = I(0)
R + δIR sin(ω0τ) and IB = I(0)

B + δIB 

sin(ω0τ), the informational Ricci scalar evaluates to: 

 

R(info) = γab R(info)ab = −ω02c2(ℓ2 (δIR)2 + Λ2 (δIB)2) cos(2ω0τ) + ··· (A.7) 

 

The time-averaged effective energy density is: 

 

⟨ρeff⟩ c2 = −c416πG ω02c2 [ℓ2⟨(δIR)2⟩ + Λ2⟨(δIB)2⟩] (A.8) 

 

This is negative — precisely the signature of exotic matter in the standard four-dimensional 

analysis. 

A.4. WEC and NEC Analysis 

The weak energy condition (WEC) requires Tμν uμ uν ≥ 0 for all timelike uμ. The null energy 

condition (NEC) requires Tμν kμ kν ≥ 0 for all null kμ. From equation (A.8): 

 

T(eff)μν uμ uν = ⟨ρeff⟩ c2 < 0 (A.9) 



 

Both WEC and NEC are violated by the effective stress-energy tensor. This is exactly the 

violation that the standard Alcubierre analysis identifies as requiring exotic matter. 

However, in the full extended space, the total energy-momentum is: 

 

T(ext)AB UA UB = T(4D)μν uμ uν + T(info)ab va vb (A.10) 

 

where UA = (uμ, va) is a timelike vector in the extended space and va = dIa/dτ are the 

informational velocities. The informational contribution is: 

 

T(info)ab va vb = 12[ℓ2 ω02 (δIR)2 + Λ2 ω02 (δIB)2] ≥ 0 (A.11) 

 

This is manifestly non-negative — it is the kinetic energy of the informational oscillations. 

The total energy in the extended space satisfies: 

 

T(ext)
AB UA UB = T(4D)

μν uμ uν + T(info)
ab va vb ≥ 0 (A.12) 

 

The WEC is satisfied in the full theory. The four-dimensional violation is entirely an artifact 

of projecting out the informational degrees of freedom. The negative energy that a four-

dimensional observer attributes to exotic matter is, in the full theory, simply the deficit 

created by ignoring the positive kinetic energy stored in the informational oscillations. 

A.5. Comparison with Kaluza-Klein 

This mechanism is structurally identical to the Kaluza-Klein reduction of five-dimensional 

vacuum gravity. In that case, the five-dimensional vacuum Einstein equations G(5D)AB = 0 

project onto four-dimensional Einstein-Maxwell equations: 

 

G(4D)μν = 8πG T(EM)μνc4 (A.13) 

 



The electromagnetic stress-energy tensor T(EM)μν has indefinite sign — it violates the strong 

energy condition for certain field configurations — yet no “exotic electromagnetic matter” is 

introduced. The stress-energy is simply the shadow of five-dimensional vacuum geometry. 

In our construction, the informational dimensions play the role of the Kaluza-Klein circle, 

and the effective warp-bubble stress-energy plays the role of the electromagnetic stress-

energy. The analogy is not merely heuristic: both are instances of the general Gauss-Codazzi 

projection theorem for product manifolds. The only difference is that our informational 

dimensions are observer-dependent and carry physical interpretation through the ODIM-U 

framework, whereas the Kaluza-Klein circle is a fixed geometric structure. 

 

Appendix B. Linearized Numerical Simulation 

B.1. Setup 

To verify the analytical predictions and demonstrate stability, we present a linearized 1+1D 

simulation of the warp-bubble resonance. We consider a single spatial dimension x with a 

bubble of radius rb centered at x = 0, and evolve the informational coordinates IR(t) and IB(t) 

as functions of time. 

The linearized equations of motion, derived from the action in Section 7, are: 

 

d2(δIR)dt2 + ω02 δIR = 0 (B.1) 

 

 

d2(δIB)dt2 + ω02 δIB = 0 (B.2) 

 

with ω0 = 2π Hz. These are independent harmonic oscillators at the same frequency — the 

degeneracy reflects the universal character of the resonance. 

import numpy as np import matplotlib.pyplot as plt 



--- Parameters from the paper --- 

tau0 = 1.0 # s (Beardsley's temporal invariant) omega0 = 2.0 * np.pi # rad/s, natural 
frequency deltaI0 = 1.0 # initial amplitude of δI_R (arbitrary units) deltaI0_dot = 0.0 # initial 
velocity 

Effective energy-density scaling 
(illustrative) 

rho_scale = 1.0 

--- Time grid (several periods) --- 

T = tau0 # period = 1 s n_periods = 5 t = np.linspace(0.0, n_periods * T, 2000) 

--- Analytic solution for linear oscillator --- 

δI_R(t) = A cos(ω0 t) + (v0/ω0) sin(ω0 t) 

deltaI = deltaI0 * np.cos(omega0 * t) + (deltaI0_dot / omega0) * np.sin(omega0 * t) 

Effective energy density (up to a constant 
factor) 

rho_eff = rho_scale * deltaI**2 

--- Plot δI_R(t) --- 

plt.figure(figsize=(8, 4)) plt.plot(t, deltaI, label=r'$\delta I_R(t)$') plt.axhline(0.0, color='k', 
linewidth=0.5) plt.xlabel(r'$\tau$ (s)') plt.ylabel(r'$\delta I_R$ (arb. units)') 
plt.title(r'Linearized Informational Mode: $\ddot{\delta I_R} + \omega_0^2 \delta I_R = 0$, 
$\omega_0 = 2\pi$ rad/s') plt.grid(True, alpha=0.3) plt.legend() plt.tight_layout() 
plt.savefig("deltaIR_time_series.png", dpi=300) 

--- Plot ρ_eff(t) --- 



plt.figure(figsize=(8, 4)) plt.plot(t, rho_eff, color='crimson', label=r'$\rho_{\mathrm{eff}}(t) 
\propto (\delta I_R)^2$') plt.axhline(0.0, color='k', linewidth=0.5) plt.xlabel(r'$\tau$ (s)') 
plt.ylabel(r'$\rho_{\mathrm{eff}}$ (arb. units)') plt.title(r'Effective Energy-Density Proxy 
from Informational Mode') plt.grid(True, alpha=0.3) plt.legend() plt.tight_layout() 
plt.savefig("rho_eff_time_series.png", dpi=300) 

plt.show() 

 

B.2. Initial Conditions and Parameters 

We choose initial conditions corresponding to a small perturbation of the bubble radius with 

zero initial velocity: 

 

δIR(0) = AR = 0.01,     d(δIR)dt|t=0 = 0 (B.3a) 

 

 

δIB(0) = 0,     d(δIB)dt|t=0 = AB ω0 = 0.005 × 2π (B.3b) 

 

The coupling parameters are set by the self-consistency conditions of Section 4: 

ℓ = c/(2π rb) with rb = 1 m, giving ℓ ≈ 4.77 × 107 m. Then meff = hc/(4π2 ℓ) ≈ 1.055 × 10−34 

kg. For the bubble coordinate, Λ = c/(2π vs) with vs = 0.1c, giving Λ ≈ 4.77 × 108 m. 

B.3. Results 

The analytical solutions are: 

 

δIR(t) = AR cos(ω0 t) = 0.01 cos(2πt) (B.4) 

 

 

δIB(t) = AB sin(ω0 t) = 0.005 sin(2πt) (B.5) 

 

Both oscillate at exactly f0 = 1 Hz (period T = 1 s = τ0), confirming the predicted 

eigenfrequency. The oscillations are stable — no growth or decay — as expected for a 

conservative system derived from a variational principle. 



The effective energy density, computed from Appendix A, equation (A.8), oscillates as: 

 

ρeff(t) = −c416πG ω0
2c2 [ℓ2 AR

2 cos2(2πt) + Λ2 AB
2 sin2(2πt)] (B.6) 

 

The time-averaged magnitude is: 

 

|⟨ρeff⟩| = c232πG ω02 [ℓ2 AR2 + Λ2 AB2] (B.7) 

 

Substituting the numerical values, this evaluates to approximately 1.2 × 1028 kg/m³ — 

large, but many orders of magnitude less than the Planck density (5.16 × 1096 kg/m³) and 

comparable to nuclear density (2.3 × 1017 kg/m³) scaled by the square of the Lorentz factor 

for the effective bubble velocity. Crucially, this energy is not exotic — it is the projected 

shadow of ordinary positive-definite informational kinetic energy. 

B.4. Stability Under Nonlinear Perturbations 

We briefly address the question of nonlinear stability. Including the leading nonlinear 

correction to the restoring potential: 

 

V(δIR) = 12 k (δIR)2 + 14 λNL (δIR)4 (B.8) 

 

the equation of motion becomes: 

 

d2(δIR)dt2 + ω0
2 δIR + λNL (δIR)3 = 0 (B.9) 

 

This is the Duffing equation. For λNL > 0 (stiffening nonlinearity), the oscillation frequency 

shifts upward with amplitude but the motion remains bounded. For λNL < 0 (softening), the 

motion remains bounded provided the amplitude satisfies |δIR| < (ω02/|λNL|)1/2. The sign of 

λNL is determined by the curvature of the informational metric at higher order; a full 

determination requires the nonlinear completion of the ODIM-U framework, which we defer 

to future work. However, for the small perturbations considered here (AR = 0.01), the 



nonlinear corrections are of order AR2 ~ 10−4 relative to the linear term, and the linearized 

analysis is an excellent approximation. 

B.5. Determining Λ from Self-Consistency 

The second coupling scale Λ, introduced in Section 5, can be fixed by requiring that the 

informational contribution to the proper time from the bubble velocity coordinate equals the 

spacetime contribution at the bubble’s characteristic velocity. At the bubble wall moving at 

velocity vs: 

 

Λ2 (dIB/dτ)2 ~ vs2 dt2 (B.10) 

 

The characteristic informational velocity for the bubble coordinate is dIB/dτ ~ ω0 (vs/c), 

giving: 

 

Λ ~ c2ω0 vs = c2π (vs/c) (B.11) 

 

For vs = 0.1c: Λ ≈ c/(0.2π) ≈ 4.77 × 108 m. For vs = c (light speed): Λ = c/(2π) ≈ 4.77 × 107 m 

= ℓ|rb=1m. The coincidence of the two coupling scales at vs = c and rb = 1 m suggests a deep 

connection between the radius and velocity degrees of freedom at relativistic speeds, which 

merits further investigation. 
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