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Abstract

We derive an effective equation of motion for a pointlike particle in the framework of quantum gravity from simple basic assumptions [1]. The geodesic
motion of a classical particle can be deduced by coupling a classical field theory to general relativity. We use a similar method to obtain an effective equation
of motion, starting from an abstract quantum gravity description. We find that entanglement between gravity and matter leads to modifications of the
geodesic trajectory, mainly because of nonzero overlap terms between gravity-matter coherent states. Lastly, we discuss a possible violation of the weak
equivalence principle due to the nongeodesic motion. We show that in the Newtonian limit, the acceleration of the particle depends on its mass and the
inertial and gravitational masses are not equal.

Derivation of the geodesic equation

from general relativity

Single pole approximation:

T µν(x) =

∫
C
dτ Bµν(τ )

δ(4)(x− z(τ ))√
−g

(1)

Assuming the local Poincaré invariance for both SG[g] and SM [g, φ]:

∇νT
µν = 0 (2)

Substituting (1) into (2), we obtain the geodesic equation, with uλ∇λ ≡ ∇, uµ ≡ dzµ(τ )
dτ

and uµuµ ≡ −1 (Mathisson and Papapetrou [2, 3]; see also [4]):

∇uµ = 0

Quantising gravity

Given the fundamental gravitational degrees of freedom ĝ and π̂g:

∆ĝ∆π̂g ≥
~
2

∆φ̂∆π̂φ ≥
~
2

|Ψ〉 = |g〉 ⊗ |φ〉

gµν ≡ 〈Ψ|ĝµν|Ψ〉 Tµν ≡ 〈Ψ|T̂µν|Ψ〉

Deviation of the geodesic motion due to

entanglement

|ΨΨΨ〉 = κ|Ψ〉 + η|Ψ⊥〉

gggµν = gµν + η hµν +O(η2)

TTT µν = Tµν + η tµν +O(η2)

hµν = 2 Re
(
κ〈Ψ⊥|ĝµν|Ψ〉

)
+O(η)

tµν = 2 Re
(
κ〈Ψ⊥|T̂µν|Ψ〉

)
+O(η)

From the quantum analogue of (2), ∇∇∇νTTT
µν = 0, we get:

An effective mass parameter m(τ ),

(B + ηB̄)uµuν ≡ m(τ )uµuν

The proper time evolution of the mass parameter,

∇m = ηmuσ
(
uνuλF

λ
νσ − F ν

νσ

)
,

The effective equation of motion of the particle (modified geodesic trajectory),

∇uµ + ηuνuσF µ
⊥νσ = 0

Equivalence principle and quantum theory Newtonian limit of the effective equation

The acceleration depends on mass and the inertial and gravitational masses are not equal:

mI
d2zk

dτ 2
= −mI

(
1− 1

3
ηhii

)
GM

r3
zk − ηmI

[
∂0h0k −

1

2
∂kh00 −

GM

r3
zjh̃jk

]
mG

mI
≡
(

1− 1

3
ηhii

)

Conclusions and discussion
•We derived an effective equation of motion within an abstract framework of quantum gravity, in particular in the

case where both matter and gravity are in a quantum superposition of macroscopic states. This equation contains
a non-geodesic term, giving rise to an effective force acting on the particle, as a consequence of overlap terms.

•We found a violation of the weak equivalence principle relative to the dominant metric gµν, in the context of
field theory and deriving a point-particle mechanics as a consequence of this theory, working in a fully general-
relativistic regime, and making use of proper relativistic observables (formally quantized).

• It would be interesting to estimate the magnitude of the nongeodesic term to compare different quantum gravity
models. We would need to specify the concrete quantum gravity models. Then, use the equation of motion or
the equation that relates the gravitational and inertial masses.

|g〉 and |φ〉 – coherent
states of gravity and
matter.

“Entangled” metric
and stress-energy:

gggµν = 〈ΨΨΨ|ĝµν|ΨΨΨ〉

TTTµν = 〈ΨΨΨ|T̂µν|ΨΨΨ〉

Orthogonal state.
|κ|2 = 1− η2, with
η small

tµν =

∫
C
dτ B̄µν(τ )

δ(4)(x− z(τ ))√
−g

F
µ
⊥νσ = P

µ
⊥λF

λ
νσ.

Fλνσ ≡ ∇(σh
λ
ν)−

1

2
∇λhνσ

A(σν) ≡
1

2
(Aσν + Aνσ)

hii = 2δij Re
(
κ〈φ|φ̃〉εG

ε
〈g⊥|ĝij|g〉

)
+O(η)

It depends on the overlap of the matter fields,
〈φ|φ̃〉.
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[2] M. Mathisson, Acta Phys. Polon. 6, 163 (1937)

[3] A. Papapetrou, Proc. R. Soc. A 209, 248 (1951)
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