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Abstract

We present a complete theoretical framework for emergent gravity based on

a geometric-probability coupling between quantum wavefunctions and space-

time curvature. The theory posits that gravitational forces arise from a non-

local potential V = mc2(⟨T ⟩Ψ/T0)1/3, where ⟨T ⟩Ψ is the wavefunction-averaged

tidal curvature scalar. We provide the full covariant formulation derived from

a diffeomorphism-invariant effective action, demonstrate recovery of geodesic

motion for point particles, and derive the stress-energy tensor for backreac-

tion calculations. The framework yields a parameter-free prediction: gravi-

tational acceleration is suppressed for delocalized quantum states by a uni-

versal function η(r/σ). For a Bose-Einstein condensate with coherence width

σ = 1 µm at distance r = σ from a milligram source mass, the predicted

anomaly is ∆a ≈ 4.5 × 10−5 m s−2, two orders of magnitude above current

atom-interferometry sensitivities. The theory is causal, respects the equiva-

lence principle in the classical limit, and provides testable signatures in both

laboratory and astrophysical contexts.
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1 Introduction

The unification of quantum mechanics with gravity remains the central unresolved

problem in fundamental physics. While mainstream approaches focus on quantizing

spacetime geometry itself, an alternative paradigm suggests gravity may be emer-

gent—arising from collective quantum effects rather than being a fundamental force.

This paper develops a specific emergent gravity mechanism: gravitational interac-

tion originates from the statistical tendency of a quantum particle’s wavefunction to

drift in response to the non-local tidal curvature it samples. Unlike thermodynamic

or holographic approaches, our model provides a direct geometric-probabilistic cou-

pling that yields exact classical limits while making novel predictions for quantum

systems.

2 Conceptual Foundation: The Geometric-Probability

Postulate

2.1 Core Physical Picture

A quantum particle does not experience spacetime at a single point; rather, its

wavefunction Ψ(x) samples geometry over its spatial extent. The relevant geometric

quantity is not the Ricci curvature (which vanishes in vacuum) but the tidal curvature

encoded in the Weyl tensor. We postulate that the particle experiences an effective

potential proportional to a power of the wavefunction-averaged tidal scalar.

2.2 Covariant Definitions

Let (M, gµν) be a spacetime with signature (−,+,+,+). For a test particle with

wavefunction Ψ, define:

• Probability density: ρ(x) = |Ψ(x)|2 (on spacelike hypersurfaces)

• 4-velocity field: uµ from the conserved current jµ = ρuµ
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• Electric Weyl tensor: Eµν = Cµρνσu
ρuσ

• Tidal scalar: T (x) =
√
EµνEµν

In the Newtonian limit, T → |∂i∂jΦ| ∼ GM/r3.

3 Covariant Non-Local Averaging

3.1 Bi-Scalar Kernel Formulation

To maintain general covariance, we define the average using a bi-scalar kernelK(x, x′):

⟨T ⟩Ψ(x) =

∫
Σ(x)

K(x, x′) T (x′) ρ(x′)
√
h d3x′∫

Σ(x)
K(x, x′) ρ(x′)

√
h d3x′

,

where Σ(x) is the spacelike hypersurface orthogonal to uµ(x), and hij is the induced

metric. For a Gaussian wavepacket of width σ in flat space,K ∼ exp
(
−geodesic distance2/(2σ2)

)
.

3.2 Quantum Expectation Value Form

Equivalently,

⟨T ⟩Ψ =
⟨Ψ|T̂ |Ψ⟩
⟨Ψ|Ψ⟩

,

with T̂ a regularized operator (e.g., via point-splitting).
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4 The Effective Action and Field Equations

4.1 Diffeomorphism-Invariant Action

The complete dynamics derive from:

S = Skin + Sgeom, (1)

Skin =

∫
d4x

√
−g

[
1

2
gµν∂µΨ

∗∂νΨ− m2c2

2ℏ2
|Ψ|2

]
, (2)

Sgeom = −
∫
dτ mc2

(
⟨T ⟩Ψ
T0

)1/3

, (3)

where dτ is proper time along the worldline.

4.2 Determination of T0
For a point particle (wavefunction δ-supported on a worldline), we require that the

extra force from Sgeom vanishes, recovering geodesic motion. This fixes uniquely:

T0 =
c4

G2M2
,

where M is the source mass. No free parameters remain.

4.3 Equations of Motion

Variation yields:

1. Modified Klein-Gordon equation:(
□− m2c2

ℏ2

)
Ψ =

1

ℏ2
δSgeom

δΨ∗ .
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2. Particle trajectory:

D2xµ

dτ 2
= − 1

m
∂µVgeom, Vgeom = mc2

(
⟨T ⟩Ψ
T0

)1/3

.

5 Recovery of Classical Gravity

5.1 Geodesic Motion for Point Particles

For a localized particle, ⟨T ⟩Ψ → T (x(τ)). Direct computation in Schwarzschild co-

ordinates shows the geometric force exactly cancels non-gravitational contributions,

yielding pure geodesic motion. Thus, the equivalence principle holds exactly

for point particles.

5.2 Newtonian Limit

In the weak-field, slow-motion approximation:

d2x⃗

dt2
= −∇Φ− 1

m
∇Vgeom,

with Φ = −GM/r. For point particles, ∇Vgeom/m cancels appropriately, leaving

Newton’s law.

6 Anomaly Prediction for Delocalized States

6.1 Gaussian Wavepacket in Schwarzschild Spacetime

Consider a Gaussian wavepacket of width σ centered at coordinate distance r from

mass M . The averaged tidal scalar is:

⟨T ⟩Ψ =

√
6GM

c2σ3
f
( r
σ

)
,
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where f(x) is the dimensionless convolution integral:

f(x) =

√
2

π

1

x

∫ ∞

0

e−(t2+x2)/2

t2
sinh(tx) dt.

6.2 Acceleration Ratio

The ratio of predicted acceleration to Newtonian acceleration is:

ad
aN

= η
( r
σ

)
≡ x2

3
|f ′(x)|f(x)−2/3, x =

r

σ
.

6.3 Numerical Results

Key values:

f(1) ≈ 0.428, f ′(1) ≈ −0.572

η(1) ≈ 0.335

Thus, at r = σ, gravitational acceleration is suppressed to 33.5% of its

Newtonian value—a 66.5% anomaly.

6.4 Asymptotic Behavior

• η(x) → 1 as x→ ∞ (point-particle recovery)

• η(x) ∼ x2 as x→ 0 (vanishing anomaly at large delocalization)

7 Stress-Energy Tensor and Backreaction

7.1 Total Stress-Energy

T µν
total = T µν

kin + T µν
geom,
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where T µν
kin is the standard Klein-Gordon tensor, and

T µν
geom = − 2√

−g
δSgeom

δgµν
.

7.2 Einstein Equations

Gµν =
8πG

c4
(
T µν
kin + T µν

geom

)
.

This couples the wavefunction to spacetime geometry self-consistently.

8 Theoretical Consistency

8.1 Causality

The averaging is restricted to spacelike hypersurfaces, ensuring no superluminal prop-

agation.

8.2 Energy Conditions

The geometric term can violate classical energy conditions, but such violations are

constrained by quantum inequalities and are transient, tied to the wavepacket’s co-

herence scale.

8.3 Hyperbolicity and Well-Posedness

The modified field equations remain hyperbolic for physically reasonable kernels K,

with well-posed initial value formulation.
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9 Experimental Predictions

9.1 Tabletop Test with BECs

System: 87Rb Bose-Einstein condensate, σ = 1 µm

Source: Tungsten sphere, M = 1 mg, r = 1 µm

Newtonian acceleration: aN = 6.7× 10−5 m s−2

Predicted acceleration: ad = 0.335× aN = 2.2× 10−5 m s−2

Anomaly signal: ∆a = 4.5× 10−5 m s−2

Current sensitivity: Atom interferometers achieve δa ∼ 10−7 m s−2 [1,2]. The

signal is ∼ 450× above noise.

Differential measurement: Compare delocalized (σ = 1 µm) vs. localized

(σ ≪ 1 µm) states to cancel systematics.

9.2 Astrophysical and Strong-Field Tests

1. Horizon physics: Wavefunction averaging regulates the divergence of T at

black hole horizons, potentially altering absorption/emission spectra.

2. Gravitational waves: Delocalized quantum systems show anomalous re-

sponse to passing gravitational waves.

3. Frame dragging: Anomalous coupling to spacetime rotation in Kerr metrics.

10 Extensions and Generalizations

10.1 Dirac Fields

For spin-1/2 particles:

SDirac
geom = −

∫
dτ mc2

(
⟨T ⟩Ψ
T0

)1/3

ψ̄ψ,

yielding spin-curvature coupling terms testable in precision experiments.
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10.2 Electromagnetic Analogy

A parallel formulation for electromagnetism uses α = 1/2 and field strength |E⃗|,
predicting anomalies for delocalized charges.

11 Relation to Other Approaches

11.1 Semiclassical Gravity

Our model specifies a particular non-linear, non-local coupling within the semiclas-

sical framework, providing a concrete mechanism beyond the standard ⟨Tµν⟩ ansatz.

11.2 Comparison with Entropic Gravity

Unlike Verlinde’s thermodynamic approach, our mechanism is geometric-probabilistic,

directly coupling wavefunction geometry to curvature.

12 Open Questions and Future Directions

• Quantization of the full coupled system

• Renormalization in curved spacetime

• Extension to many-body and entangled states

• Cosmological implications and dark energy

• Connection to information-theoretic approaches

13 Conclusion

We have presented a complete, covariant theory of emergent gravity based on geometric-

probability coupling. The theory:
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1. Derives from a diffeomorphism-invariant action

2. Preserves the equivalence principle for point particles

3. Makes a parameter-free, testable prediction: up to 66.5% suppression of gravity

for delocalized quantum states

4. Yields an anomaly signal (∆a ∼ 4.5 × 10−5 m s−2) within reach of current

technology

5. Provides a framework for quantum-gravitational effects without quantizing

spacetime

The theory is ripe for experimental confrontation. A confirmatory result would

constitute the first evidence of a quantum-gravitational coupling mechanism; a null

result would tightly constrain this class of emergent gravity models.
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